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PARTS

Parts of the Treatise are distinguished by assigned letters with a view to indicating
their systematic sequence while allowing publication of units in whatever order each is
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EDITORIAL PREFACE

Preparation of this volume was post
poned until most volumes in the series were
either published or well on their way to
ward completion. Initial organization and
assignment of authors for Part A began
about 1968 under the direction of CURT
TEICHERT. Some authors soon submitted
manuscripts, but for a variety of reasons,
preparation of other manuscripts was de
layed. With the death of R. C. MOORE in
1974, other Treatise responsibilities required
TEICHERT'S attention, and major responsi
bility for the Part A project was transferred
to R. A. ROBISON for completion.

As originally conceived, this volume was
intended to include three major parts: 1) a
general chapter on fossilization, 2) discus
sions of the evolution and geographic dis
tribution of invertebrate faunas, and 3)
stratigraphic distribution charts compiled
for all invertebrate groups covered by the
Treatise. The first part was assigned to
Prof. A. H. MULLER, the second part was

subdivided with each Phanerozoic system
and the Precambrian being assigned to
either one or two authors, and work on the
third part was begun by T,-eatise staff
members.

Because some authors, again for a variety
of reasons, were unable to complete original
assignments, a few replacements were made
during 1974 and 1975. At the same time
it was decided that publication of the strati
graphic range charts had become imprac
tical, partly because delays had made com
pilations from the earliest Treatise volumes
out-of-date, and partly because of lack of
information for some invertebrates covered
in a few first-edition volumes still in prepa
ration. Therefore, all authors dealing with
evolution and biogeography were asked to
add a discussion of biostratigraphy to their
respective chapters, a request was made for
updating of those manuscripts already re
ceived, and the stratigraphic range charts
were abandoned for Part A. Response was

xu
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poslt!ve, and for this the editors express
appreciation, particularly to those authors
who completed their assignments promptly
and were patient and cooperative when sub
sequent revisions were solicited.

The chapter on the Precambrian differs
from other chapters in this volume by the
addition of a section with systematic descrip
tions of metazoans as well as comprehensive
generic lists of other fossils. Some Ediacaran
taxa were assigned to the Lower Cambrian
in previous Treati.re volumes, but an assign
ment to the Upper Precambrian is now gen
erally accepted. Other recently described
taxa are unrecorded in the Treati.re. There
fore, the updating and assembly of these
descriptions and lists should be of value to
many readers. Features of style in zoolog
ical nomenclature that apply to these Pre
cambrian taxa have been discussed in the
prefaces of other published Treatise parts.

The aim of the Treatise on Invertebrate
Paleontology, as originally conceived and
consistently pursued, is to present the most
comprehensive and authoritative, yet com
pact statement of knowledge concerning
invertebrate fossil groups that can be formu
lated by collaboration of competent special
ists in seeking to organize what has been
learned of this subject up to the year of pub
lication of each individual part. Such work
has value in providing a most useful sum
mary of the collective results of multitudi
nous investigations and thus constitutes an
indispensable text and reference book for all
persons who wish to know about remains of
invertebrate organisms preserved in rocks
of the earth's crust. This applies to neo
zoologists as well as paleozoologists and to
beginners in study of fossils as well as to
thoroughly trained, long-experienced pro
fessional workers, including teachers, strati
graphical geologists, and individuals en
gaged in research on fossil invertebrates.
The making of a reasonably complete in
ventory of present knowledge of inverte
brate paleontology is yielding needed foun
<btion for future research.

The Treatise is divided into parts which
bc-ar index letters, each except the initial
and concluding ones being defined to in
clude designated groups of invertebrates.
The chief purpose of this arrangement is
to provide for independence of the several

parts as regards date of publication, because
it was judged desirable to print and dis
tribute each segment as soon as possible
after it is ready for press. Pages in each
part bear the assigned index letter joined
with numbers beginning with 1 and run
ning consecutively to the end of the part.
In numerous cases materials for individual
parts were so voluminous that these parts
had to be published in two or even three
volumes. In such cases, pagination is con
tinuous through successive volumes.

A generous grant of $35,000 was made in
1948 by the Geological Society of America
for initial work in preparing Treatise illus
trations. Additional grants were made by
The Geological Society of America in 1971
($6,200), 1972 ($6,000), $7,000 each year
for 1973 and 1974, and $20,000 each for
1975-1978. Administration of expenditures
has been in charge of the editors and most
of the work by photographers and artists has
been done under their direction at the Uni
versity of Kansas, but sizable parts of this
program have also been carried forward in
Washington, London, Ottawa, and many
other places.

In December, 1959, the National Science
Foundation of the United States, through
its Division of Biological and Medical Sci
ences and the Program Director for System
atic Bio!ogy, made a grant in the amount
of $210,000 for the purpose of aiding the
completion of yet-unpublished volumes of
the Treatise. Payment of this sum was pro
vided to be made in installments distributed
over a five-year period, with administration
of disbursements handled by the University
of Kansas. An additional grant (No. GB
4544) of $102,800 was made by the National
Science Foundation in January, 1966, for
the two-year period 1966-1967, and this was
extended for the calendar year 1968 by pay
ment of $25,700 in October, 1967. This
grant was extended further by payments
of $57,800 in 1968 for calendar year 1969,
and $66,000 each for calendar years 1970
1972. For the years 1973-1977 grants totaled
$197,400. These funds were used primarily
to maintain editorial operations at the Uni
versity of Kansas and to provide assistance
to authors needed in preparation of manu
scripts and illustrations. Grateful acknowl
edgement to the Foundation is expressed on

Xlll
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behalf of the SOCietIes sponsoring the Trea
tise, the University of Kansas, and innumer-

ab~e individuals benefited by the Treatise
project.

ABBREVIATIONS

Abbreviations used in this division of the Treatise, except for those in the references or
peculiar to specific figures, are explained in the following alphabetically arranged list.

all., affinis (related to)
Afr., Africa, -an
Am., America, -an
approx., approximately
Arg., Argentina
auctt., auctorum (of authors)

B.P., before present
by, billion years

C, centigrade
C., Central
ca., circa (about)
Can., Canada
CCD, carbonate compensation

depth
cf., confer (compare)
Cham., Charnian
em, centimeter(s); em', cubic

centimeter (s)
Co., Company
Coil., Collection
Congr., Congress

Dept., Department
Dev., Devonian
diagramm., diagrammatic
DSDP, Deep Sea Drilling Project

E., East, eastern
ed., editor
e.g., exempli gratia (for ex

ample)
emend., emendatus (-a)

(emended, emendation)
Eng., England
et aI., et alii (and others,

persons)
etc., et cetera (and others,

objects)
et seq., et sequens (-tes) (and

those that follow)

fig., figure(s)

gen., genus
Geol., Geology, Geological
gm,gram
Gr., Group

i.e., id est (that is)

IGC, International Geological
Congress

indet., indeterminata
(indeterminate)

INQUA, International Union for
Quaternary Research

int., internal
InternatI., International
I.U.G.S., International Union of

Geological Sciences

Jour., Journal

K., kaiserlich, koniglich
kg, kilogram(s)
km, kilometer(s)

L., Lower
Loc., locality
low., lower

M, monotypy, monotype
M.,Middle
m, meter(s)
Ma, mega-annum, unit of years

multiplied by 10·, measured
from 1950 A.D. pastward

Miss., Mississippian
mm, millimeters(s); mm2

,

square millimeter(s)
Mt., Mount
Mus., Museum
my, million years
mya, million years ago
MYBP, million years before

present

N., North, northern
n(.), new
N.Car., North Carolina
no., number
nom. nud., nomen nudum

(naked name)
nom. transl., nomen translatus

(transferred name)
nom. van., nomen vanum

(vain, void name)
nr., near
NW, northwest

obj. syn., objective synonym

XIV

OD, original designation
Ord., Ordovician

p., page(s)
Penn., Pennsylvania
Perm., Permian
pers. commun., personal

communication
pl., plate
Precam., Precambrian

R., river
reconstr., reconstruction
reg., region
Repts., Reports

S., South, southern
SE, southeast
sec_, series
Sib., Siberia
Sil., Silurian
s.l., sensu lato (in the wide

sense, broadly defined)
sp., species
Spec., Special
sp. nov., new species
sq km, square kilometer (s)
s.s., senJII stricto (in the strict

sense, narrowly defined)
SSR, Soviet Socialist Republic
SW, southwest
Swed., Sweden

Trias., Triassic

U., Upper
Univ., University
unpub., unpublished
up., upper
USA, United States of America
U.S.S.R., USSR, Union of Soviet

Socialist Republics

v., volume
Vend., Vendian
vs., versus

W., West, western

Yudom., Yudomian
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REFERENCES TO LITERATURE

Each part of the Treatise is accompanied
by a list, or lists, of references to the pale
ontological literature. In Treatise parts pub
lished in the 1950's and early 1960's, these
lists were highly selective, consisting pri
marily of recent and comprehensive mono
graphs, but also including some important
older works. In time, however, Treatise
authors and readers pressed for more ex
haustive documentation, and for volumes
published from about 1965 the aim has been
to provide documentation, complete with
author, publication year, and page number,
for all publications to which reference is
made anywhere in the text.

The following is a statement of the full
names of serial publications which are cited
in abbreviated form in the lists of references
in the present volume. The information
thus provided should be useful in library re
search work. The list is alphabetized accord
ing to the serial titles which were employed
at the time of original publication. Those
following in parentheses are those under

which the publication may be found cur
rently in the Union List of Serials, the
United States Library of Congress listing,
and most library card catalogues. The
names of serials published in Cyrillic are
transliterated; in the reference lists these
titles, which may be abbreviated, are accom
panied by transliterated authors' names and
titles, with English translation of the title.
The place of publication is added (if not
included in the serial title).

The method of transliterating Cyrillic let
ters that is adopted as "official" in the Trea
tise is that suggested by the Geographical
Society of London and the U.S. Board on
Geographic Names. It follows that names of
some Russian authors in transliterated form
derived in this way differ from other forms,
possibly including one used by the author
himself. In Treatise reference lists the al
ternative (unaccepted) form is given en
closed by square brackets (e.g., Chernyshev
[Tschernyschew], T.N.).

List of Serial Publications

Academie Imperiale des Sciences, St. Petersbourg
(Akademiya Nauk, SSSR. Leningrad), Memoires.

Academie Polonaise des Sciences (Polska Akademia
Umiej~tnoSci), Bulletin. Warsaw.

Academie Royale de Belgique, Classe des Sciences,
Bulletins; Memoires. Brussels.

Academie des Sciences, Agriculture, Commerce,
Belles-lettres et Arts du Departement de la
Somme (Academie des Sciences, des Lerrres, et
des Arts d'Amiens), Memoires.

Academie des Sciences de Paris, Comptes-rendus.
Acta Geologica Polonica. Warsaw.
Acta Geologica Sinica (Ti Chih Hsiieh Pao). Peking.
Acta Geologica Taiwanica, Series 1. Taipei, For-

mosa.
Acta Palaeontologica Polonica. Warsaw.
Acta Palaeontologica Sinica (Ku Sheng Wu Hsiieh

Pao). Peking.
Acta Universitatis Stockholmiensis (Stockholm Con

tributions in Geology).
Akadcmie der Wissenschaften in Giittingen, mathe

matisch-physikalische Klass, Nachrichten.
Akadcmie der Wissenschaften und der Literatur

zu Mainz, mathematisch-naturwissenschaftliche
Klasse, Abhandlungen. Wiesbaden.

[K.] Akademie der Wissenschaften zu Wien, mathe
matisch-naturwissenschaftliche Klasse, Anzeiger;
Denkscriften; Sitzungsberichte. Vienna.

xv

Akademiya Nauk Gruzinskoi SSR, Soobshcheniya.
Tillis.

Akademiya Nauk Kazakhskoi SSR, Institut Geolo
gicheskikh Nauk, Trudy. Alma-Ata.

Akademiya Nauk SSSR, Dalnevostochnyy Nauchnyy
Tsentr. Vladivostok.

Akademiya Nauk, SSSR, Doklady; Trudy; Vestnik.
Moscow.

Akademiya Nauk SSSR, Geologicheskiy Institut,
Trudy. Moscow.

Akademiya Nauk SSSR, Izvestiya, Seriya Biolo
gicheskaya; Izvestiya, Seriya Geologicheskaya.
Moscow.

Akademiya Nauk SSSR, Komi Filial, Trudy. Syk
tyvkar.

Akademiya Nauk SSSR, Mezhduvedomstvennyi
Geofizicheskiy Komitet. Moscow.

Akademiya Nauk SSSR, Paleontologicheskiy Institut,
Trudy. Moscow.

Akadcmiya Nauk SSSR, Paleontologicheskiy Zhur
nal. Moscow.

Akademiya Nauk SSSR, Sibirskoe Otdelenie, Insti
tut Geologii i Geofiziki, Trudy. Novosibirsk.

Akademiya Nauk, SSSR, Zoologicheskiy Zhurnal.
Moscow.

Akademiya Nauk Ukrainskoy SSR, Dopovidi. Kiev.
Akademiya Nauk Uzbekskoy SSR, Doklady.

Tashkent.
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Allgemeine Schweizerische Gesellschaft fiir die
gesammten Naturwissenschaften, Neue Denk
schriften (Schweizerische Naturforschende Gesell
schaft). Zurich.

Ameghiniana (Asociacion Paleontologica Argen
tina). Buenos Aires.

American Association for the Advancement of Sci
ence, Publications. Washington, D.C.

American Association of Petroleum Geologists, Bul
letin; Memoirs; Special Publication. Tulsa, Okla
homa.

American Chemical Society, Journal. Baltimore,
Maryland.

American Geologist. Minneapolis, Minnesota.
American Journal of Science. New Haven, Con

necticut.
American Museum of Natural History, Bulletin.

New York, New York.
American Philosophical Society, Proceedings. Phila

delphia, Pennsylvania.
American Scientist: The Sigma Xi Quarterly. New

Haven, Connecticut.
American Zoologist. Utica, New York.
Annales des Mines. Paris.
Annales de Paleontologic, Invertebres. Paris.
Annales des Sciences Naturelles. Paris.
Antarctic Research Series, Antarctic Oceanology.

American Geophysical Union, Washington, D.C.
Archiv fiir Hydrobiologie und Planktonkunde.

Stuttgart.
Archiv fiir Mikroskopische Anatomie. Bonn.
Archiv fur Molluskenkunde. Frankfurt am Main.
Archives Geologiques du Viet-Nam. Saigon.
Arctic Institute of North America, Technical Paper.

Montreal.
Arkticheskiy i Antarkticheskiy Nauchno-issledova

telskiy Institut, Trudy. Leningrad.
Asociacion Geologica Argentina, Revista. Buenos

Aires.
Asociacion Venezolana de Geologia, Mineria y

Petroleo, Boletin Informativo. Chacao.
Ateneo Parmense. Parma.
Australia Bureau of Mineral Resources, Geology and

Geophysics, Bulletin; Reports. Canberra.
Australia, Geological Society of, Journals. Adelaide.
Australian Journal of Science. Sydney.
Bayerisch Akademie der Wissenschaften, Abhand

lungen. Munich.
Bayerische Staatssammlung fur Palaontologie und

Historische Geologie, Mitteilungen. Munich.
Beitrage zur Mineralogie und Petrographie. Berlin.
Beitrage zur Mineralogie und Petrologie. Berlin,

Heidelberg.
Beitrage zur Palaontologie und Geologie Osterreich

Ungarns und des Orients. Vienna.
Biological Reviews (Cambridge Philosophical So-

ciety). Cambridge, England.
Biologisches Zentralblatt. Erlangen, Leipzig.
Boletin de Geologie Publicaeion Especial. Caracas.
Boreas. Oslo.

Brigham Young University, Geology Studies. Provo,
Utah.

British Museum (Natural History), Geology, Bulle
tin. London.

Bulletins of American Paleontology. Ithaca, New
York.

Bureau de Recherches Geologiques et Minieres, Bul
letin; Memoires. Paris.

Canada, Geological Survey of, Department of Mines
and Resources, Mines and Geology Branch, Bul
letins; Economic Geology Reports; Memoirs;
Papers; Report of Activities; Summary Reports.
Ottawa.

Canadian Journal of Earth Sciences. National Re
search Council, Canada. Ottawa.

Canadian Petroleum Geology, Bulletin. Alberta
Society of Petroleum Geologists. Calgary.

Cape Town, University of, Department of Geology,
Chamber of Mines Precambrian Research Unit,
Bulletin. Cape Town.

Centralblatt fiir Mineralogie, Geologie und Palaon
tologie. Stuttgart.

Centre National de la Recherche Scientifique,
Groupe Fran~ais des Argiles, Bulletin. Paris.

Ceska Akademie Ved a Umen! v Praze, THada II.
Matematicko-pl'irodnicka, Rozpravy. Prague.

China, Geological Survey of, Palaeontologia Sinica,
Memoirs. Peking.

Compagnie Fran~aise des Petroles, Notes et
Memoires. Paris.

Congres et Colloques de I'Universite de Liege.
Congres pour I'Advancement des Etudes de Strati

graphie du Carbonifere, 2nd, Heerlen, 1935.
Compte Rendu.

Congres pour l'Advancement des Etudes de Strati
graphie et de Geologie du Carbonifere, 4th,
Heerlen, 1958; 5th, Paris, 1963; 6th, Sheffield,
1967; 7th, Krefeld, 1971. Compte Rendu.

Connecticut Academy of Arts and Sciences, Memoirs.
New Haven, Connecticut.

Copeia. New York, New York.
Cushman Foundation for Foraminiferal Research,

Contributions. Washington, D.C.
Decheniana. Varhandlungen des Naturhistorischen

Vereins der Rheinlande und Westfalens. Bonn.
Deep-Sea Research (Papers in Marine Biology and

Oceanography). London.
Deutsche Akademie der Wissenschaften zu Berlin,
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Deutsche Geologische Gesellschafr, Zeitschrift. Ber-
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Eclogae Geologicae Helvetiae (Schweizerische Geol

ogische Gesellschaft). Basel.
Ecology. Brooklyn.
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Eesti NSV Teaduste Akadeemia (Loodusuurijate
Selts) Toimetised.

Electromedica. Erlangen.
Erdiil und Kohle (Erdgas-Petrochemie Vereinigt mit

Brennstoff-Chemie). Hamburg.
Evolution. Lancaster, Pennsylvania.
Experientia. Basel.
Fieldiana, Geology Memoirs. Chicago, Illinois.
Forschungen und Fortschritte: Korrespondenzblatt

der Deutschen Wissenschaft und Technik. Berlin.
Forschungsberichte des Landes Nordrhein-West

falen. Berlin.
Fortschritte der Geologie und Palaontologie. Berlin.
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Freiberger Forschungshefte. Berlin.
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Science. Sapporo.
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Image. London.
India, Geological Survey of, General Report; Mem

oirs; Records. Calcutta.
Indian Science Congress Association, Proceedings.
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Indiana Academy of Science, Proceedings. Brook
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Iridiana Geological Survey, Bulletin. Bloomington,
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Institut Grand-Ducal de Luxembourg, Section des

Sciences Naturelles, Physiques et Mathematiques,
Comptes-rendus.

Institut Royal des Sciences Naturelles de Belgique,
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International Geological Congress; 15th Session,
Pretoria; 16th Session, Washington, D.C.; 20th
Session, Mexico City; 21 st Session, Copenhagen;
22nd Session, New Delhi; 23rd Session, Prague;
24th Session, Montreal; 25th Session, Sydney;
Comptes Rendus; Proceedings; Reports.
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Inter-Nord. Paris.
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SSSR.
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ence Council of Japan, Tokyo.
Journal of Foraminiferal Research. Washington,

D.C.
Journal of Geography (Chigaku Zasshi). Tokyo.
Journal of Geology. Chicago, lllinois.
Journal of Geophysical Research. Washington, D.C.
Journal of Geosciences. Osaka City University,

Osaka.
Journal fUr Ornithologie. Leipzig.
Journal of Paleontology. Tulsa, Oklahoma.
Journal of Petrology. London.
Journal of Sedimentary Petrology. Tulsa, Okla

homa.
Kansas State Geological Survey, Bulletin. Lawrence,

Kansas.
Kyushu University, Memoirs of the Faculty of Sci
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Leicester Literary and Philosophical Society, Tran
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Leidse Geologische Mededeelingen. Leiden.
Leningradskiy Gosudarstvennyi Universitet, Uchenye
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Vestnik.

Lethaia. Oslo.
Linnean Society of New South Wales, Proceedings.

Sydney.
Louvain Universite, Institut Geologique, Memoires.
Lvovskiy Universitet, Paleontologicheskiy Sbornik.

Lvov.
Lyon Universite, Annales.
Magyar Allami Fiildtani Intezet, Evkiinyve. Buda

pest.
Marine Geology. Amsterdam.
Maroc Service Geologique du Division des Mines et

de la Geologie, Notes et Memoires. Rabat.
Materiaux pour la Carte Geologique de I'Algerie.

Alger, Macon.
Meddelelser om Gr91nland. Kommissionen for

Videnskabelige Unders91gelser i Gr91nland, Copen
hagen.

The Mercian Geologist. East Midlands Geological
Society, Nottingham, England.

Meyniana, Kiel Universitat Geologisches
Mezhvedomstvennyi Stratigraficheskiy

Trudy. Moscow.

Micropaleontologist. New York, New York.
Micropaleontology. American Museum of Natural

History, New York, New York.
Mijnbouwkunde Nederlandisch-Oost-Indle (s'Gra

venhage), Jaarboek. Copenhagen.
Mijnwezen in Nederlandisch-Oost-Ind'ie, Jaarboek.

The Hague.
Monitore Zoologico Italiano. Florence.
Moskovskogo Obshchestva Ispytatelei Prirody, Byul

letin.
Mountain Geologist. Rocky Mountain Association

of Geologists, Denver, Colorado.
Munsterische Forschungen zur Geologie und Pala

ontologie. Marburg.
Musee Royal d'Histoire Naturelle de Belgique, Bul

letin; Memoires. Brussels.
Museum fur Bergbau, Geologie, und Technik,

Landesmuseum Joanneum. Graz.
Museum (National) d'Histoire Naturelle, Bulletin.

Paris.
Musk-Ox. Saskatoon.
Nanking Institute of Geology and Paleontology

(Nan King Ti Chi Ku Sheng Wuh Yan Jiow
Shoo), Memoirs.

National Academy of Sciences, Proceedings. Wash
ington, D.C.

Natur und Museum (Natur und Volk) , Sencken
bergische Naturforschende Gesellschaft. Frankfurt
am Main.

Nature. London.
Nature. Paris.
Nature, Physical Science. London.
Naturforschende Gesellschaft in Basel, Berichte;

Verhandlungen.
[K.K.] Naturhistorisches Hofmuseum, Annalen.

Vienna.
Naturhistorisches Museum in Wien, Annalen.
Die Naturwissenschaften. Berlin.
Nauchno-Issledovatelskiy Institut Geologii Arktiki,

Trudy. Leningrad.
Nederlandisch Geologisch-Mijnbouwkundig Genoot

schap (Geologisch-Mijnbouwkundig Genootschap
voor Nederland en Kolonien), Jaarboek. Amster
dam.

Neftyanoy Geologo-Razvedochnyy Institut, Trudy.
Moscow.

Neues Jahrbuch fur Geologie und PaIaontologie
(Neues Jahrbuch fur Mineralogie, Geologie und
Palaontologie), Abhandlungen; Beilage-Bande;
Monatshefte. Stuttgart.

New York Academy of Sciences, Annals.
New York State Museum and Science Service, Geo

logical Survey Map and Chart Series. Albany,
New York.

New Zealand Geological Survey, Paleontological
Bulletins. Wellington.

New Zealand Journal of Geology and Geophysics.
Wellington.

New Zealand Journal of Science and Technology.
Wellington.

Newsletters on Stratigraphy. E. J. Brill, London.

XVlll

© 2009 University of Kansas Paleontological Institute
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Hanover.

Norsk Geologisk Tidsskrift. Norsk Geologisk
Forening, Oslo.

Norsk Polarinstituut, Skrifter. Oslo.
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ceedings. Chicago, Illinois.
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poldina-Carolina Deutsche Akademie der Natur
forscher, Abhandlungen). Halle.
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und Mitteilungen. Stuttgart.
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Amsterdam.
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Palaeontologia Africana. University of Witwaters-

rand, Bernard Price Institute for Palaeontological
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Survey of India). Calcutta.

Palaeontologia Polonica. Warsaw.
Palaeontologia Sinica, Geological Survey of China.
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Palaontologie von Timor. Stuttgart.
Palaontologische Zeitschrift. Berlin, Stuttgart.
Palaeontology. Palaeontological Association, Lon-

don.
Paleobiology. Menlo Park, California.
Paleontological Society of Japan, Special Paper.

Tokyo.
Paleontologicheskiy Zhurnal. Akademiya Nauk

SSSR, Moscow.
Paleontologiya SSSR. Akademiya Nauk SSSR, Pale

ontologicheskiy Institut, Moscow.
Pan-American Geologist. Des Moines, Iowa.
Peking, National University, Contributions from the

Geological Institute.
Petroleum Geology of Taiwan. Chinese Petroleum

Corporation, Chinese Petroleum Exploration Di
vision, Miaoli.

Philosophical Magazine. London.
[K.] Preussische Geologische Landesanstalt und

Bergakademie, Abhandlungen; Jahrbuch. Berlin.
Problemy Sovetskoi Geologii. Moscow, Leningrad.
Przeglad Geologiczny. Warsaw.
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Quaternary Research. New York, London.
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Queensland Museum, Memoirs. Brisbane.
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dam.
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ton, D.C.
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Rivista Mineraria Siciliana. Palermo.
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Royal Society of Canada, Transactions. Ottawa.
Royal Society of Edinburgh, Transactions.
Royal Society of London, Philosophical Transac

tions; Proceedings.
Royal Society of New South Wales, Journal; Pro

ceedings. Sydney.
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lington.
Royal Society of South Australia, Transactions.
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Royal Society of Tasmania, Papers and Proceedings.

Hobart.
Royal Society of Victoria, Proceedings. Melbourne.
Schweizerische Naturforschende Gesellschaft, Ab

handlungen. Basel.
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of Science, Washington, D.C.
The Science Teacher. Normal, Illinois.
Scientia Sinica, Academia Sinica. Peking.
Search. London.
Sedimentology: Journal of the International Asso

ciation of Sedimentology. Amsterdam.
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forschende Gesellschaft, Wissenschaft1iche Mittei
lungen). Frankfurt am Main.

Senckenbergische Naturforschende Gesellschaft, Ab
handlungen. Frankfurt am Main.
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STRATIGRAPHIC DIVISIONS

As commonly cited in the Treatise, classification of rocks forming the geologic column
is reasonably uniform and firm throughout most of the world as regards major divisions
(e.g., series, systems, and rocks representing eras), but it may be variable and unfirm as
regards minor divisions (e.g., substages, stages, and subseries), which tend to be provincial
in application. Users of the Treatise have suggested the desirability of publishing reference
lists showing the stratigraphic arrangement of at least the most commonly cited divisions.
Accordingly, a tabulation of European and North American units, which generally follows
usage by authors of this volume, is given here. Some of the minor divisions are applicable
also to other continents.

Generally Recognized Divisions of Geologic Column

EUROPE NORTH AMERICA

CENOZOIC ERATHEM

QUATERNARY SYSTEM

Holocene Series (Recent)
Pleistocene Series

TERTIARY SYSTEM1

Pliocene Series

Astian-Piacenzian Stage
Tabanian-Zanklian Stage

Miocene Series
Messinian Stage
Tortonian Stage
Serravallian Stage
Langhian Stage
Burdigalian Stage
Aquitanian Stage

Oligocene Series
Chattian Stage
Rupelian Stage
Lattorfian Stage

Eocene Series
Wemme1ian Stage
Lutetian Stage
Cuisian Stage

Paleocene Series
Ilerdian Stage
Thanetian Stage + Montian
Danian Stage

MESOZOIC ERATHEM

CRETACEOUS SYSTEM

Upper Cretaceous Series
Maastrichtian Stage
Campanian Stage
Santonian Stage
Coniacian Stage
Turonian Stage
Cenomanian Stage

Lower Cretaceous Series
Albian Stage
Aptian Stage
Barremian Stage

XXI

CENOZOIC ERATHEM

QUATERNARY SYSTEM

Holocene Series (Recent)
Pleistocene Series

TERTIARY SYSTEM1, 2

Pliocene Series
Upper Pliocene Stage
Middle Pliocene Stage
Lower Pliocene Stage

Miocene Series

Clovellian Stage

Ducklakean Stage

Napoleonvillean Stage
Anahaucan Stage

Oligocene Series

Chackasawayan Stage

Vicksburgian Stage

Eocene Series
Jacksonian Stage
Claibornian Stage
Sabinian Stage

Paleocene Series

Midwayan Stage

MESOZOIC ERATHEM

CRETACEOUS SYSTEM

Upper Cretaceous Series
Maastrichtian Stage
Campanian Stage
Santonian Stage
Coniacian Stage
Turonian Stage
Cenomanian Stage

Lower Cretaceous Series
Albian Stage
Aptian Stage
Barremian Stage
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Hauterivian Stage
Valanginian Stage
Berriasian Stage

JURASSIC SYSTEM

Upper Jurassic Series
Tithonian Stage
Kimmeridgian Stage
Oxfordian Stage

Middle Jurassic Series
Callovian Stage"
Bathonian Stage
Bajocian Stage'

Lower Jurassic Series (Liassic)
Toarcian Stage
Pliensbachian Stage
Sinemurian Stage
Hettangian Stage

TRIASSIC SYSTEM

Upper Triassic Series
Rhaetian Stage
Norian Stage
Carnian Stage

Middle Triassic Series
Ladinian Stage
Anisian Stage

Lower Triassic Series

Scythian Stage

PALEOZOIC ERATHEM

PERMIAN SYSTEM

Upper Permian Series
Tatarian Stage
Kazanian StageS

Lower Permian Series
Artinskian StageS
Sakmarian Stage
Asselian Stage

CARBONIFEROUS SYSTEM

Silesian Subsystem

Stephanian Series"

Westphalian Series"

Namurian Series"

Dinantian Subsystem

Visean Series"

Tournaisian Series"

XXll

Hauterivian Stage
Valanginian Stage
Berriasian Stage

JURASSIC SYSTEM

Upper Jurassic Series
Portlandian Stage
Kimmeridgian Stage
Oxfordian Stage

Middle Jurassic Series
Callovian Stage"
Bathonian Stage
Bajocian Stage'

Lower Jurassic Series (Liassic)
Toarcian Stage
Pliensbachian Stage
Sinemurian Stage
Hettangian Stage

TRIASSIC SYSTEM

Upper Triassic Series
Rhaetian Stage
Norian Stage
Carnian Stage

Middle Triassic Series
Ladinian Stage
Anisian Stage

Lower Triassic Series (Scythian)
Spathian Stage
Smithian Stage
Dienerian Stage
Griesbachian Stage

PALEOZOIC ERATHEM

PERMIAN SYSTEM

Upper Permian Series
Ochoan Stage
Guadalupian Stage

Lower Permian Series
Leonardian Stage
Wolfcampian Stage

PENNSYLVANIAN SYSTEM

Virgilian Series"

Missourian Series"

Desmoinesian Series"

Atokan Series"

Morrowan Series"

MISSISSIPPIAN SYSTEM

Chesterian Series"

Meramecian Series"

Osagian Series"

Kinderhookian Series"
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DEVONIAN SYSTEM

Upper Devonian Series

Famennian Stage

Frasnian Stage

Middle Devonian Series

Givetian Stage

Eifelian Stage

Lower Devonian Series
Emsian Stage
Siegenian Stage
Gedinnian Stage

SILURIAN SYSTEM

Pridolian Series

Ludlovian Series

Wenlockian Series

Llandoverian Series

ORDOVICIAN SYSTEM

Ashgillian Series

Caradocian Series

Llandeilian Series
Llanvirnian Series
Arenigian Series

Tremadocian Series·

CAMBRIAN SYSTEM

Upper Cambrian Series (Merioneth)

Middle Cambrian Series (St. David's)

Lower Cambrian Series (Comley)

ROCKS OF PRECAMBRIAN ERAS

PROTEROZOIC ERATHEM

Dalradian, Eocambrian,
Vendian, Riphean,
and equivalents

1 For convenience Miocene and Pliocene are often assigned
to the Neogene Subsystem, and Paleocene, Eocene, and Oligo
cene are assigned to the Paleogene Subsystem.

2 Follows essentially Gulf Coast usage.
:J Included in Upper Jurassic by some authors.
'" Lower part includes Aalenian of some authors.
5 The Kungurian Stage of some authors is a probable

DEVONIAN SYSTEM

Chautauquan Series'
Bradfordian Stage'
Cassadagan Stage'

Senecan Series'
Cohocton Stage'
Fingerlakesian Stage'

Erian Series'
Taghanican Stage'
Tioughniogan Stage'
Cazenovian Stage'

Ulsterian Series
Onesquethawan Stage'
Deerparkian Stage'
Helderbergian Stage'

SILURIAN SYSTEM

Pridolian Series

Ludlovian Series

Wenlockian Series

Llandoverian Series

ORDOVICIAN SYSTEM

Cincinnatian Series (Upper Ordovician)
Richmondian Stage
Maysvillian Stage
Edenian Stage

Champlainian Series
(Middle Ordovician)

Mohawkian Stage
Chazyan Stage
Whiterockian Stage

Canadian Series (Lower Ordovician)

CAMBRIAN SYSTEM

Upper Cambrian Series (Croixian)
Trempealeauan Stage
Franconian Stage
Dresbachian Stage

Middle Cambrian Series (Albertan)

Lower Cambrian Series (Waucoban)

ROCKS OF PRECAMBRIAN ERAS

PROTEROZOIC ERATHEM

Algonkian, Beltian,
Hadrynian, Helikian,
Aphebian, and equivalents

RICHARD A. ROBISON and CURT TEICHERT

facies of the upper Artinskian and lower Kazanian stages.
6 These units have been designated as stages in previous

Treatise volumes.
1 Applies essentially to eastern United States; in western

North America, European stage terminology is used.
S Tremadocian is placed in Cambrian by some authors.
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INTRODUCTION

The manner in which organisms become
fossilized is one of the largest and most
diverse areas of research in general paleon.
tology. In essence, the concept of fossiliza-

1 Manuscript received October, 19i3. This contribution
was translated from the original German by W. G. HAKES

and CURT TEICHERT.

tion encompasses what EFREMOV (1940)
called "taphonomy" (nl.po> =burial, vop.o>
= law), which is the study of the transition
of all or part of an organism, and its lebens
spuren (ichnia), from the biosphere into the
lithosphere. Taphonomy studies the intro
duction of the remains of organisms and
their traces into the rock record.
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EFREMOV (1940, p. 85) originally defined the
major concern of taphonomy to be "the study of
the transition (in all details) of animal remains
from the biosphere into the lithosphere, i.e., the
study of a process in the upshot of which the
organisms pass out of the different parts of the
biosphere and, being fossilized, become part of the
lithosphere."

Preservation is dependent upon the
nature of the organism's body, biotope,
rates of sedimentation, as well as the
embedding medium; however, the real ob
jects of study in taphonomy are biologic
structures that are morphologically recogniz
able. Such studies are related to the
destruction or preservation of an organism,
and as a rule, proportionately very little of
its entire mass will be preserved. Only the
calcareous, siliceous, and chitinous hard
parts stand much chance of preservation.
The organic material eventually decom
poses, becomes structureless, and is chem
ically altered, and the study of this organic
material, which is known to influence the
character of sediments, remains primarily
the work of chemists, petrographers, and
geologists.

Probably the first definition of the concept
of fossilization was presented by D'ORBIGNY
(1849) :

The term fossilization is understood by us to
embrace all changes, more or less, through which
the body of a living or extinct organism passes from
one epoch, such as the present, into another one,

thereby leaving in the strata permanent traces of
its characteristic form. We include here a group
of observations which are of great importance, but,
nevertheless, have been completely neglected by
paleontologists.

Fossilization, or rather the process of fossilization,
is the kind of phenomenon through which an
organized body more or less loses its original,
characteristic composition and is converted into a
new substance which displays, in the form of an
organized body, characters of chemical composition
or texture somewhat different from those of the
original body. (Translated by W. G. HAKES.)

In 1869, D'ARCHIAC proposed a short and
significant definition for fossilization:

We shall designate under the name "fossilization"
the different modifications that the bodies of organ
isms undergo during their stay in the rocks of the
earth. These modifications are frequent, numerous,
and highly variable in nature. This has caused
many eminent zoologists to make mistakes. Some
times modifications are so severe that the body's
characteristics are completely obliterated. (Trans
lated by CURT TEICHERT.)

The most important aspects of fossiliza
tion are biostratinomy and fossil diagenesis.
These subjects have been thoroughly dis
cussed by DEECKE (1923), QUENSTEDT
(1927), MULLER (1951b, 1963), PAVONI
(1959), ROLFE and BRETT (1969), and SEI
LACHER (1973). Some of the possible fates
of skeletal material after the death of the
organism are shown in Figure 1.

BIOSTRATINOMY

GENERAL DISCUSSION

The term biostratinomy was proposed as
"biostratonomy" by WEIGELT (1919)1 and
was originally defined as the study of the
manner in which fossils become oriented
and arranged in rocks. Today, it has a
broader meaning but still embraces the
basic concepts developed by WEIGELT. The
study of biostratinomy begins with the

1 WOLFF (1954) suggested that the spelling he changed
from biostratonomy to biostr;ttinomy in order to make the
sp(:lling analogous to stratigraphy. Liter, \\'. KKOCKE
(Hamburg) (in VOlGT, 1962, p. 30) pointed out that hiostrat
inomy is the only possihle spell ing- for etymolo~ical reasons,
but many authors have retained the spelling biostratonomy
for reasons of euphony.

death struggle of an organism and ends
with the final burial and arrangement of
the dead or dying animal or its disarticulated
remalllS.

The fate of materials produced and dis
carded during the life cycles of organisms
must also be included in biostratinomy.
Examples are the exuviae of crabs, trilobites,
and other arthropods, in addition to sporo
morphs and fallen leaves. It is important to
determine whether an assemblage is autoch
thonous (in situ) or whether it is alloch
thonous and has undergone postmortem
transport and sorting. In both cases, the
relative position of assemblages can be
entirely or partially altered by internal and
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chemical and
biological

destruction

sediment

FIG. 1. Diagrammatic representation of fate of skeletal material after the death of the animal (after
Thenius, 1963).

external forces such as currents, gravity,
buoyancy due to gas entrapment during
decay, and predation by scavengers. It
follows that the biostratinomer must pay

special attention to the original deposit and
the types of preservation there. He must
also study his material both quantitatively
and systematically. Application of the prin-
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ciple of actualism is especially important.
Attention must be paid to the recent en
vironment either by direct observation or
experimentation, in order to develop a firm
base for our knowledge of biostratinomy.
In this way, its effectiveness as a tool in the
interpretation of ancient environments will
be enhanced.

The chance of an organism being pre
served as a fossil is dependent upon the
conditions of sedimentation, which can, in
turn, be related to the paleogeography of an
area. Animals living in high altitudes,
which are subject to active erosion, are
seldom preserved. On the other hand, or
ganisms that live in low-lying areas, or in
streams, rivers, swamps, seas, or oceans,
stand the best chance of being covered by
sediment and eventually being preserved.

The first systematic, biostratinomic obser
vations were made by WALTHER. Later, the
trend for this type of investigation was set
by WEIGELT, who is considered to be the
founder of biostratinomy, and since then,
the number of biostratinomic investigations
has increased.

At first, incorporation of invertebrates in
sediment and the mechanical principles that
govern their deposition and arrangement
received special attention. WEIGELT (1927)
has added much to our knowledge of the
manner in which vertebrates become buried
in sediment, and since the publication of
his work on the Kupferschiefer flora
(WEIGELT, 1928b) interest has also grown
in the biostratinomic investigations of fos
silized plants.

Biostratinomy originally dealt with idio
biology (namely, the study of organisms as
individuals). However, after the work of
WASMUND (1926), biostratinomy evolved a
biosociologic-biocenologic approach that per
mitted the interpretation of mode and
direction of transport and cause of death
in allochthonous fossil assemblages.

The cause of death of a fossilized animal,
the manner of its decay, decomposition, and
burial in the sediment can be accurately
interpreted if its morphology, mode of life,
and relationship to the surrounding environ
ment are known. For this reason, it is just
as important to have an understanding of
ecology and behavior of the animals as to
understand geological conditions such as
sedimentation. In general, conditions of

preservation for aquatic animals are better
than those for land dwellers. A similar
relationship applies to sessile (attached) or
infaunal animals when compared to vagile
animals.

The practical importance of biostrati
nomic knowledge is obvious. In question
able cases, it enables the recognition of in situ
positions and, by interpretations of current
conditions, the original orientation of eco
nomic deposits. An outstanding example
of this type of investigation was the develop
ment of the iron ore deposits of Salzgitter
(Germany) by biostratinomic methods
(WEIGELT, 1923).

In principle, every organic body is pre
servable, no matter what the proportion of
its hard and soft parts. Preservation, in
the final analysis, is dependent only upon
the dominant physico-chemical and bio
logical conditions to which an organism is
subjected. In most cases, the fate of both
hard and soft parts is different, and as a
rule, the soft parts decompose and decay,
leading to a relatively large loss of body
material. This process commonly leads to
a more or less complete segregation of the
more resistant hard parts, which can be
broken or macerated depending upon the
chemical or physical processes to which they
are exposed. It is, therefore, justifiable to
discuss the biostratinomy of soft parts and
plantlike substances separately from the
biostratinomy of hard parts, although tran
sitions between these conditions exist.

Studies of recent processes which especi
ally belong to biostratinomy, are called
"actuopaleontology" (RICHTER, 1929; DAL
QUIST & MAMAY, 1963; SCHAFER, 1962,
1972).

NECROTIC PROCESSES

DEATH IN GENERAL

In any given case, it is very difficult to
determine accurately the exact moment of
death, as death is seldom instantaneous.
It is almost always linked to a long or
short period of progressive deterioration of
the metabolic processes, which occurs long
before the organism can be considered
a cadaver. In higher organisms, cells and
cell complexes continue to live for a while
after the heart stops beating and, therefore,
the end of cardial activity cannot be
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considered to record the exact moment of
death. This is especially true when no ex
ternal signs of life activity can be observed.
In vertebrates, the brain center, which regu
lates heart activity and breathing, is first
affected (KORSCHELT, 1924). Autolysis leads
to an important change in the chemistry of
tissues, can influence microbial decay, and
is important in the initiation of the partial
death and natural rejection of certain body
parts. This is especially significant during
the molting of arthropods in which up to
90 percent of the covering cuticle is resorbed
by enzymatic autolysis (RICHARDS, 1951).

The beginning and end of dying, of
course, cannot be determined for fossil
material; however, analysis of the manner
of burial may lead to useful conclusions
about the cause of death, the death struggle,
and the death spasms of an animal.

The processes occurring during the death
of an organism are called "necrosis." The
duration of necrosis varies with the organ
ism and may last for only a few seconds
in small organisms, but in large animals
may last a considerable time.

CAUSES OF DEATH

GENERAL DISCUSSION

The cause of death is generally quite
complex, and in most cases, two or more
of the following factors will take part.

External (allogenic) forces. I) Suffocation
-affects all aerobic organisms, if adequate
oxygen supply is cut off; 2) starvation
death is caused by prolonged absence of
sufficient and properly balanced nutrients;
3) lack of water-death may result from a
change in osmotic pressure within an organ
ism; 4) freezing; 5) rise of an animal's
temperature above a given level; 6) poison
ing through assimilation of toxic, chemically
active substances; 7) absence of an adequate
light supply, especially important to plants;
8) mechanical vibration, disintegration, and
crushing of the entire body or important
body parts due to tumbling, lacerating,
puncturing, striking, and pinching of im
portant veins; 9) increase or decrease of
pressure; 10) infestation by parasites or
bacteria.

Internal (autogenic) forces. 1) Old age;
2) organic disease. In this connection it is
important to note that for pathological and

physiological death, there is no important
singular cause.

The number of individuals in a popula
tion may be considerably reduced by the
regular recurrence of yearly phenomena
(dry summer and cold winter periods) or
by irregular occurrences (catastrophic cli
matic fluctuations, disease, volcanic erup
tions, floods, severe parasitic activity, and
mass appearance of natural enemies).
Parasitism and the appearance of natural
enemies are commonly the result of a rapid
increase in number of individuals within
the community that is being attacked.
CHETVERIKOV (1905) and TIMOFEEFF-REs
SOVSKY (TIMoFEEFF-RESSOVSKY, VORONCOV,
& JABLOKOV, 1975) referred to such situa
tions as "population waves" (Populations
wellen). Mass mortality and the subsequent
reduction in population size generally have
the effect of increasing evolutionary rates.

DEATH DUE TO OVERGROWTH
BY OTHER ORGANISMS

The following are causes of death that
are well documented in the fossil record:

Numerous sessile or slightly vagile organ
isms are able to escape from the danger
of overgrowth by organisms of their own
or other species by means of various adapta
tions; however, the animals are often over
whelmed and die. These are mostly animals
of flat shape that do not possess the ability
to rise coral-like above the sediment. Listed
below are examples of free-living, slightly
vagiIe organisms:

I) Massive colonization of oyster banks
by Mytilus edulis: the meshwork created
by the byssal threads of the attached Mytilus
will entrap enough sediment to suffocate
the underlying oyster population and, event
ually, the Mytilus colonies themselves.
These mussel beds then form potential
sites for future oyster colonization.

2) Mytilus edulis overgrowing Cardium
edule: living Cardium shells are commonly
used as sites for colonization by mussels,
and it is common to find valves of Cardium
"spun" together by the byssal threads of
Mytilus edulis. Death by suffocation there
fore results.

3) Mytilus edulis overgrowing Balanus
colonies: Mytilus can so completely cover a
barnacle colony that the cirri of the barna
cles cannot penetrate the byssal threads of
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Mytilus. Balanus, therefore, dies of starva
tion (SEWERTZOFF, 1934).

The mutual overgrowth and encrustation
of other animals by sessile organisms has
been called immuration by VYALOV (1961).
This is a special case in which encrustation
occurs only during the life span of the
encrusted animal. Encrusting epibionts, in
particular, are calcareous algae, poriferans,
stromatoporoids, corals, bryozoans, brach
iopods, serpulids, bivalves, gastropods, and
cirripeds. Following are some examples:

1) Coral covering hippuritids: It is prob
able that the corals attach themselves to the
opercula of the hippuritids at the beginning
of their life cycle (DEECKE, 1923).

2) Oysters growing on Balanus: Barna
cles will become completely embedded in
the prismatic layer of the bivalves. When
the barnacles die and the scutum and
tergum pairs fall off, the oyster shells can
then begin to fill the hole left by the
barnacles in which frequently organic and
inorganic bodies, which were either washed
in or were in search of shelter, can also be
found.

3) When thick shells of oysters or spondy
lids are sectioned, it is common to find
remains of many organisms that have been
killed by overgrowth of the bivalve shell.
As a rule, such overgrown organisms are
well preserved.

It is especially important that this process
permits the preservation of organisms con
sisting of chitin, spongin, plant substance,
and so forth, which are not preserved under
normal conditions of sedimentation. In this
way, the presence of algae, sea grasses,
hydrozoans, and ctenostomate bryozoans can
be demonstrated (VOIGT, 1966; 1968a).
Some examples are:

1) Leaf of a sea grass (? T halassocharis)
(Fig. 2), serving as a substrate for oysters
and showing molds of prodissoconchs of
several young oysters, from Upper Cretace
ous rocks of the Netherlands.

2) Blades of a sea weed with cheilostome
and ctenostome Bryozoa (Fig. 3), serving
as substrate for an Exogyra from Upper
Cretaceous rocks of Belgium. The arrow
points to Stolonicella schindewolfi VOIGT,
flanked on both sides by the delicate ribbon
like zoaria of Taeniocellaria setifera VOIGT.
On the lower border of S. schindewolfi,

FIG. 2. Leaf of sea grass, ?Thalassocharis, serving
as substrate for oysters and exhibiting molds of
prodissoconchs of several young oysters, from Upper
Cretaceous (upper Maastrichtian, Tuffkreide), St.
Pietersberg near Maastricht, Netherlands, X 6.6

(Voigt, 1966).

transverse structures of the setae are clearly
recognizable.

3) Immuration and molding of the bry
ozoan Onychocella cyclostoma (GOLDFUSS)
by Reteporidea cancellata (GOLDFUSS) from
Upper Cretaceous rocks of the Netherlands.
Figure 4 shows the frontal membranes of
the closed opesia with the outline of the
semicircular operculum.

DEATH FROM SMOTHERING
BY SEDIMENT

The chance of burial by sediment is
especially great for organisms firmly at
tached to substrates. Slightly vagile infauna
also stand a risk of burial, and are quite
commonly embedded in life position; how
ever, such animals are only seldom
preserved as fossils because their remains
are repeatedly redeposited in shallow-water
sediments. Vagile animals are in less dan
ger. Thus, infaunal gastropods are very
adept in burrowing upward through thick
accumulations of sediment. On the other
hand, it has been observed that the starfish,
Asterias rubens, was unable to penetrate 60
cm of sediment deposited during a storm
in less than half an hour (SCHAFER, 1962;
1972). This is even more serious when
great numbers of these animals are affected
and get into each other's way. Their re
mains are then commonly found with their
arms balled up, at an angle to the bedding
plane, or overturned. A. rubens will often
crawl along bedding planes until it becomes
stuck and dies. As the sediment impedes
forward movement, one or two arms will
usually point forward and the rest will
drag behind, or else all arms may be
directed backward. This type of orientation
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FIG. 3. Blade of sea weed with cheilostome and ctenostome Bryozoa serving as ~ubstrate for a? Exogyra;
from Upper Cretaceous (upper Maastrichtian, Tuffkreide), Albert-Kanal near Neercanne, BelgIUm,. X 8._
(Voigt, 1966). Arrow points to Stolonicella sc!lindewolfi VOI~T, flanked on both sIdes by delIcate nbbon
like zooaria of Taeniocellaria setifera VOIGT. Of particular Interest are the transverse structures of the

setae, clearly visible near the lower edge.

can occur on the upper surfaces of bedding
planes. .

Ophiuroids continually work .thelr w~y

upward in the sediment after burial, and In

the process become trapped un~er single
bivalve shells, oriented concave side down
ward. Fossil examples are known from the
Upper Muschelkalk of Germany (MULLER,
1969a). .

Among the Echinoidea, the. Irregulan.a
live more or less deeply buried In the sedi
ment, and are in danger of being smothere:d
by it. Echinocardium is not able to free It
self if it is suddenly buried by 30 or more
centimeters of fine sand, which can com
monly happen in shallow seas where sto:ms
bury numerous individuals at the same time
(SCHAFER, 1962; 1972).

If brachyurans are buried alive and em
bedded in the sediment, their claws can
commonly be found opened slightly and
their ambulatory appendages raised above
their cephalothorax. This position indicates
that the animals raised their legs to lift
themselves in the sediment but no longer
had the strength to do so (SCHAFER, 1962;
1972).

DEATH BY OXYGEN DEFICIENCY
(ASPHYXIATION)

Aerobic organisms will die if deprived of
oxygen. Their needs vary according to
degree of activity and environmental co~di

tions. In any given case, oxygen reqUIre
ments can be extremely different, and such
variations are usually determined by the
affinity of special hemoglobins for oxygen.
The affinity for oxygen in lower animals is
many times that in higher ones, whereas
conditions are the reverse with regard to
carbon dioxide. Humans require an oxygen
to carbon dioxide ratio of 250 to 1. In
contrast, Arenicola marina needs only a
ratio of 50 or 70 to 1. Many lower animals,
especially polychaetes, can tolerate consider
able decreases in the amount of oxygen that
they take in without the slightest organic
damage. As a rule, such lower animals a~e

endangered only if the oxygen supply IS

completely cut off.
Many marine polychaetes have the ability

to maintain their oxygen requirement by
optionally assuming an anoxybiotic exist
ence. The hemoglobin of such animals has
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an increased affinity for oxygen and the
breakdown of stored glycogen enables them
to survive in oxygen-deficient environments,
in addition to oxygen-rich environments.
This is an important fact in the interpreta
tion of ancient environments, as such
organisms will succumb only under ex
tremely adverse conditions. This is true
for sediments containing FeS2' if the overly
ing water is devoid of free oxygen. How
ever, the absence of organic remains does
not necessarily mean that a body or layer
of water is rich in H 2S (i.e., deficient in
oxygen). The absence of the remains of
organisms can be linked to other ecological
factors such as the lack of suitable nutrients.
Environments can be inhospitable only if
H 2S is present in the sediment and in the
overlying water body. Such types of sedi
ments are most likely to be found in quiet
restricted areas with virtually no current
activity. In regions where currents do exist,
continual poisoning of the water does not
occur.

The oxygen content of water is drastically
reduced by the decay products of organic
material, in particular ammonia and hy
drogen sulfide. Reduction in the amount of
oxygen is especially severe if there is not
a continuous and sufficient supply of fresh
water, and if oxygen is not replaced by the
activity of plants. If a water body freezes
over and the ice is covered with snow, water
plants, especially chlorophyll-containing
plankton, are able to produce oxygen only
if the snow cover is thin. Unless there is
influx of oxygen from the outside, the
oxygen content is further depleted by decay
processes. During winter, many organisms
hibernate and thus reduce their oxygen
requirements. However, due to the above
mentioned processes, the oxygen content of
water is decreased and even can drop below
the low level required during hibernation.
This will awaken the organisms. Once these
animals have awakened, their increased
muscular activity increases their oxygen de
mands in an already oxygen-deficient en
vironment. Because of the ice covering
they are unable to reach the surface and
the atmosphere, and they perish.

It is well known that mass mortalities of
fish, oysters, and crabs occur each year in
late summer in Offats Bayou, a narrow
marine bay near Galveston Island on the

FIG. 4. Immuration and molding of the bryozoan
Onychocella cyclostoma (GOLDFUSS) by Reteporidea
cancellata (GOLDFUSS) intra vitam, with the frontal
membranes of the closed opesia reflecting the semi
circular operculum. From Upper Cretaceous (upper
Maastrichtian), Grube Cuds near Berg in the
area around Maastricht, Netherlands, X 16 (Voigt,

1968a).

Gulf Coast of North America (GUNTER,
1938). The hydrogen sulfide released during
decay of the carcasses causes the water of
the bay to "boil" over areas as large as
10m in diameter and to change in color
to a turbid red or black. This process
begins at the innermost end of the bay and
finally spreads into the entire upper part.
After a few days, the water becomes clear
again, and mayor may not remain in this
condition for long. Circulation within the
bay and water exchange with West Gal
veston Bay proceed very slowly and cannot
be considered extensive, because the mouth
of the narrow bayou is extremely shallow.
Tides have little effect on the bayou, and
denser water settles into the deepest part
at the inner end, where it becomes stagnant.
It is in these deep areas during the summer
months that accumulated organic material
decomposes under anaerobic conditions.
The gases produced by this process migrate
upward through the sediment and enter
the upper water layers, causing the death of
organisms living there. Presence of hydro
gen sulfide plays an important role, as does
the anaerobic condition of the upwelling
water. In the summer of 1940, the normal
mass mortality did not occur, probably
because major storms that struck the Texas
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coast sufficiently aerated the waters of the
bayou.

As death approaches in hermit crabs
(pagurids), the oxygen-rich currents that
circulate through their borrowed snail shells
begin to diminish. This reduces the amount
of available oxygen in their domiciles and
causes the animals to vacate the premises
in search of oxygen. Therefore, it is not
surprising that the bodies of fossil and
recent hermit crabs are invariably found
separate from the shells they once inhabited.
A similar phenomenon occurs with crus
taceans that live in their own burrows or
inhabit burrows of other animals. Approach
ing death weakens the thalassinid shrimp,
Callianassa, to such an extent that it can
no longer maintain adequate currents for
oxygen circulation, and therefore leaves its
burrow. This helps to explain why crusta
cean remains are seldom found in supposed
fossil Callianassa burrows such as Ophio
morpha and Thalassinoides (SCHAFER, 1962;
1972).

DEATH BY SUBMERGENCE OR
ENTRAPMENT IN SOFT, INCOHERENT,
YIELDING, OR ADHESIVE SUBSTRATES

By observing recent examples, it is known
that the death of animals by submergence
or entrapment is possible in a variety of
natural substances. Although numerous ex
amples have been discovered in the geologic
record, only a few are discussed here.

Mud and silt. Muddy substrates can
become highly indurated during desiccation;
however, their ability to remain firm and to
support loads can be quite transitory and
can be rapidly lost, as a thorough soaking
is usually sufficient to return them to a
pliable condition. Animals whose weight
exceeds the load capacity of these substrates
will sink more or less deeply into the
substrate. In many cases, the animals will
not remain there and will easily free
themselves.

Salt pans and salt-covered muds are
widely distributed in the recent environ
ment (i.e., the sabhkas of North Africa,
the takyre in Turkestan, and the kewirs
of Iran). Within such areas, the exposed
parts of partially buried bodies are frequent
ly destroyed by exposure to the atmosphere,
removed by scavengers, and eventually
transported away by currents. In the Ten
daguru beds of East Africa, dinosaur re-

mains are preserved in this manner. Masses
of limbs, pelvic bones, and shoulder blades
can be found, but only few backbones have
been preserved.

Thixotropy plays a large role in these
processes; and it is well known that some
viscose media can, under mechanical influ
ences, undergo a decrease in viscosity.
"Thixotropic consistency" falls somewhere
between plasticity and flowability. In such
a state, a quasi-solid material that has the
potential for flowage exists. The develop
ment of thixotropic substrates is dependent
upon an increase in the content of clay and
water within the sediment.

A potentially thixotropic medium can
remain relatively coherent for long periods
of time, as it requires a significant change
in the physical condition of the sediment
to initiate thixotropy. This may be brought
about by earth load, and increase in pore
water pressure. Especially important is the
original water content of the sediment. An
animal, beginning to sink in a thixotropic,
viscose, muddy medium, will thoroughly
agitate that medium in an attempt to free
itself. However, this disturbance decreases
the viscosity, causing the animal to sink
even deeper. Vibration can also play an
important part. A stampeding herd of
animals can change the physical condition
of a thixotropic substrate in which they
thereby become entrapped. However, a
single animal can easily negotiate such a
substrate.

Crude oil, asphalt, and tar. Tar is the
hard residue of petroleum with a paraffin
base. Asphalt corresponds similarly to the
asphaltic oils. Tar and asphalt are both
formed when crude oil containing air comes
in contact with the atmosphere. Their
consistencies can vary from unctuous and
soft to hard and weakly brittle. Either in
a liquid or later in a more or less soft,
solid state, pools of these substances func
tion as traps for unsuspecting animals. Such
pools attract animals because of their shiny
surfaces, and the smell of hydrogen sulfide
attracts scavengers. The struggle of the
entrapped animals releases hydrogen sulfide
already present in the tar or asphalt, the
animals remain stuck, continue to sink, and
their bodies attract predators and scaven
gers. Death by sinking in tar or asphalt
is very similar to death caused by sinking
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into mud, silt, swamps, or quicksand.
Natural upwelling of light paraffin oil

is, in general, quite local and inconspicuous,
whereas the appearance of the heavy asphal
tic oil is more obvious. Light oil is evapo
rated and easily washed out. The heavier,
asphaltic oil appears as dark, tarlike masses,
which will undergo a transformation to
brittle asphalt. A flowable, dark oil occurs
at the center of the asphaltic oil pools, and
this is surrounded by a rim of hardening
asphalt.

There are numerous examples of pools
of asphalt and tar entrapping animals in
the recent environment (i.e., Mesopotamia,
Syria, Sakhalin, Canada, California, and the
Caspian Sea). The best known of these are
the asphalt pits of Rancho La Brea in Los
Angeles, California. These tar pools have
existed since the Pleistocene and are still
present, covering an area of 70,000 square
meters. The asphalt contained in these
pools contains numerous remains of Pleisto
cene animals (WOODWARD & MARCUS, 1973).

At La Brea, in addition to insects, large
numbers of predators (saber-toothed tigers,
wolves, leopards, and lynx) and herbivores
(deer, horses, camels, elephants, and bison)
are found.

The asphalt of McKittrick, California, is
another example of an entire fauna such
as that preserved at Rancho La Brea.

Occurrences of paraffin seepages are not
as well known as those of asphaltic oils.
This is primarily because paraffin oils
evaporate easily, have a relatively small
carbohydrate content, and are easily washed
away during precipitation.

Quicksand. Very fine-grained, thixotropic
sands are called quicksand. In contrast to
other sandy substrates in which animals
can become entrapped, quicksand requires
a steady upwelling of water. The danger
of quicksand and its ability to flow around
and engulf an object is directly related to
the maintenance of a sufficiently renewable
water supply in the deposit. It is the
presence of water that decreases grain-to
grain contact. This renders the mass ad
hesionless and can be easily displaced. The
weight of heavy animals will push apart
the sand grains, which then flow back over
the engulfed animal, and thus trap it.

The most dangerous type of quicksand
is formed where water rises from consider-

0"
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FIG. 5. Part of the head, torso, and forward limbs
of A noZis eZectrum LAZELL, preserved in resin
(Oligocene or Miocene), Chiapas, Mexico; length

of forward limbs about 15 mm (LazeIl, 1965).

able depth under hydrostatic pressure.
However, this environment is dangerous
mainly to larger animals that have fallen
in quicksand. They will thrash about trying
to free themselves from the mire and there
fore quickly weaken and die. The danger
of entrapment of smaller invertebrates in
quicksand is less.

Death in resin. When the bark of a
conifer is cut, resin will flow from the
wound. This makes it possible to observe
recent resin deposits which serve as traps
for small flying insects and to compare them
with ancient deposits. The best known of
these ancient deposits is the Eocene amber
of the Baltic region.

Considerable strength is required for an
insect caught in amber to free itself
Frequently the animal will damage parts
of its body (legs, antennae, wings) during
the struggle. There is only one known
case of a larger animal preserved in amber
and that is a small lizard. However, it is
quite possible that this lizard was either
dead or dying when it was embedded in the
deposit. Figure 5 shows the skeleton of the
lizard, A l10lis electrum LAzELL. which was
discovered in either the Oligocene or Mio
cene amber of Chiapas, Mexico (LAZELL,
1965). The type of preservation and the
pronounced broadening at the ends of the
toes with a large number of suction cups
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FIG. 6. Myriapod, preserved in Eocene amber from the Baltic; length about 5 mm (Muller, 1963).

strongly suggests an arboreal existence for
this animal.

IE resin has been sufficiently warmed by
the sun, it will flow quite easily. Insects

embedded in this medium leave little, if
any, trace of a death struggle (Fig. 6);
however, if the resin is cool (not directly
exposed to the sun, possibly in the shadow),
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FIG. 7. Flies (Nematocera) in copulation, preserved in Eocene amber from the Baltic (E. Voigt in Muller
& Zimmerman, 1962).

it is no longer fluid. Animals entrapped
in this type of medium will put up a strug
gle for varying lengths of time. Examples
of rapid embedding have also been observed
in amber. Insects engaged in copulation

have been embedded so rapidly that they
were unable to separate (Fig. 7), and ants
ha\'e been found with larvae still in their
jaWS.

When beetles become entrapped in resin,
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FIG. 8. Ant with its repichnia (locomotion trails),
preserved in Eocene amber from the Baltic; length
about 2.5 mm (Sektion Geowissenschaften, Berga-

kademie Freiberg, 249/1; Miiller, n).

they violently struggle to free themselves.
In many cases, this struggle is so severe
that its traces can be found preserved in
the amber and the trachea on both sides
of the beetle are filled with small air
bubbles. These bubbles probably represent
the last breath of the animal. Quite
frequently ants are embedded during their
search for food (Fig. 8). Spiders and flies
have been found preserved together with a
spider's web. Such finds probably represent
the hunter and its prey. In other cases,
only the wings and legs of flies are found
wrapped in tiny packages, apparently the
remains of the spider's dinner.

DEATH BY DESICCATION

The drying up of rivers and lakes is a
common phenomenon in arid and semiarid
regions. This has also been observed in
temperate regions. Wherever desiccation
occurs, it often poses mortal danger to
many animals, even in the temperate belts.

The concentration of animals in residual
puddles of water results in selection accord
ing to age, species, and size. Relatively
tall animals perish before small ones do,
and animals that cannot burrow into the
mud die before those that can. Exposed
cadavers of vertebrates exhibit positions
characteristic of desiccation, with the spinal
column flexed dorsally. If firmly held in
the sediment, the friable remains of certain
organisms (such as the carapace of a crab)
will split open upon desiccation.

TRUSHEIM (1938) described a shallow
basin, filled with shale and sandstone in
the Upper Triassic near Ebrach (Franken) .
This ancient basin is thought to be anal
ogous to a residual puddle in the recent
record. The shale contains many remains
of Triops cancriformis minor and the un
dersides of the sandstone beds are covered
with a network of delicate ridges, inter
preted as the infillings of desiccation cracks
that formed in the mud. Therefore, the
basin must have been thoroughly desiccated
prior to the deposition of each successive
bed of sandstone. Each new water current
delivered into the basin coarse sandstone,
which grades upward into fine sand and,
finally, clay. Apparently the death of these
organisms was not the result of sudden,
catastrophic burial by sand, but was caused
by prior desiccation of the mud layers. It
is common knowledge that recent Triops
cannot live out of water.

DEATH BY FLOODING

At the present time, the catastrophic
results of sudden floods are well known.
Land animals, unless they drown immedi
ately, crowd together on high areas, where
they, too, can be killed if the water level
continues to rise; however, this manner
of death is very difficult to prove in the
fossil record and can rarely be interpreted
as such.

THE DEATH STRUGGLE
AND ITS TRACES

Traces of the death struggle not only
tell us something about the last few
moments of the life of an animal, but also
can yield information about the cause of
its death. In many cases, it is possible to
judge whether the medium in which ani
mals are preserved was a foreign and hostile
environment for the victim. Following are
some examples.

Numerous trails of the limulid, Meso
limulus walchi, have been discovered on
the lower surface of the lithographic lime
stone of Solnhofen. Usually, the producers
of these trails can be found at their termina
tions. Figure 9 shows such an animal
which, during its death struggle, beat its
telson several times into the mud.

In the same beds, fossilized cuttlefish
(Trachyteuthis hastiformis RUPPEL), have
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been found, which apparently moved their
tentacles across the sediment before dying,
leaving numerous impressions. Close to the
mouth of the cuttlefish are pieces of another
cuttlefish, and it is thought that these frag
ments may have been the partially digested
portions of a cuttlefish regurgitated during
the death struggle of the animal.

Many traces of the death struggle of
insects are known from amber deposits. If
the insects were caught by only their wings
or legs, they struggled violently to free
themselves and left very characteristic
traces. Click beetles (Elateridae) will at
tempt to free themselves by excited thrash
ing while other beetles will either spin or
swim in circles trying to escape.

RIGOR MORTIS AND ITS TRACES

Shortly after the death of an animal,
rigor mortis normally begins, following a
period of the death struggle. Rigor mortis
spreads slowly, and is typically accompanied
by alteration in the position of single parts
of cadavers. Thereafter, the effects will
gradually diminish. Animals must be rapid
ly buried after rigor mortis has set in if
the rigor mortis position is to be preserved.

In vertebrates, rigor mortis commonly
begins eight to ten hours after death and
slowly spreads through the body, commenc
ing in the head region, then moving to the
neck, and finally the trunk. After about
10 to 20 hours, its effects will vanish and
decomposition becomes noticeable. Occasion
ally, rigor mortis will set in immediately
after death of the animal, especially after
great physical exertion.

Toward the end of rigor mortis, the
clearly visible process of decomposition be
gins. If the organism is not well buried,
decomposition (i.e., muscles) is extensive,
and the typical displacement of body parts
associated with rigor mortis will not be
preserved. In vertebrates, the most common
position is a dorsal bend of the spinal
column. This shrinkage can be caused by
rigor mortis or by a postmortem shortening
of the soft parts, or by desiccation. There
fore, the exact cause for the curvature of
the spine in vertebrates cannot always be
accurately determined.

It follows that observations on the death
position of animal remains do not allow

FIG. 9. Mesolimtllt/s walchi (DESMAREST) preserved
at end of its trail in Solnhofen Limestone (Maim
zeta, lower Portlandian), Solnhofen, Bavaria, ap-

prox. XO.l (Richter, 1954).

one to draw conclusions about the life
positions of the animals. The death position
gives us information only about the moment
of death and subsequent alterations of the
cadaver.

Glide marks produced by ophiuroids and
other well-articulated, lightweight animals
can only be made during rigor mortis on
suitable substrates. An example of this is in
Geocoma sp. in the Solnhofen Limestone
(MaIm Zeta, lower Tithonian) (BARTHEL,
1972).

FATE OF ORGANIC MATERIAL

GENERAL DISCUSSION

Biostratinomic information is not sup
plied only by the study of hard parts of
animals ("true fossils"). There is much
to be learned by studying the soft parts
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of organisms and the products of their
decay. After embedding in sediment, cada
vers are exposed to interactions with the
medium of deposition (air, water, etc.)
and the sediment. Variations in these
factors, therefore, change the course of
the processes of decay and the nature of
the end products. If these reactions are
known for given conditions, it is possible
to draw conclusions concerning different
types of fossil soft parts or traces of them.

The process of decomposition of the
organic material of plants and animals
begins immediately after death. In verte
brates decomposition becomes noticeable
only after rigor mortis has ended. The
decomposition of soft parts is a chemical
process, carried out primarily by bacterial
action, and can be divided into two basic
groups: 1) aerobic-decay in the presence
of ample oxygen, and 2) anaerobic-decay
in the absence of oxygen.

Organic material is rapidly destroyed
during aerobic decay. The end products
of the process are simple chemical com
pounds that have been extensively resynthe
sized by microorganisms, leaving only fos
silizable body fossils. This process is,
therefore, of special geologic interest.

Anaerobic decay occurs under conditions
of incomplete reduction in a sealed environ
ment in which concentration of carbon and
nitrogen takes place. Even very resistant
materials can be metabolized (STEVENSON,
1961). Aerobic decay represents a slow
but complete oxidation of body materials.
The products of aeorbic decay are, there
fore, of less importance than those of anaer
obic decay. They consist mostly of simple
gases and fluids composed of hydrogen,
carbon, nitrogen, sulfur, and phosphorus.

In nature, transitional situations are ob
served, and aerobic and anaerobic decay is
known to occur simultaneously in the same
object. Also, after only partial aerobic decay,
a body may be transported into a medium
of anaerobic conditions, or vice versa. As
a rule, however, the process of decom
position is terminated under anaerobic con
ditions. After embedding, anaerobic de
composition begins. Presence of bacteria
and the results of their activity have been
demonstrated in many fossils, especially in
bones and coprolites.

EFFECTS OF DEGASSING ON
ORGANIC MATERIAL

COVERED BY SEDIMENT

Gases are produced during the decom
pos~tion of organic materials covered by
sediment. Under given conditions, these
gases rise through the sediment, leaving
traces of their movement behind them.

If decay progresses subaqueously, many of
these gases are commonly trapped in
pockets, such as the abdominal cavities or
shells of animals, producing buoyancy.
These gases escape into the sediment, and
their pathways may be preserved, if the
sediment has adequate viscosity and firm
ness.

Long vertical or inclined cavities in the
sediment are called "degassing canals."
Their diameters may be several centimeters,
but as a rule, lie between 5 and 10 mm.
Their lengths can vary and are dependent
upon the surface tension of the gas, the
thickness of the sediment, the height of
water column, and the viscosity and perme
ability of the sediment. Degassing canals
as long as 20 meters have been observed.

In the recent environment, degassing
canals are especially well known from sapro
pelic environments. In sedimentary rocks,
it is frequently difficult to recognize degass
ing canals because they can easily be
mistaken for burrows of different types
of animals. The same is true for the
canals formed in the intertidal zone where
air bubbles rise vertically in the sediment.
Here, air bubbles are produced when
desiccated sand, filled with air, is sub
merged. On beaches, degassing canals oc
casionally terminate in small knolls or
funnels created by the escaping gas.
If the viscosity and the water and sediment

load are greater than the pressure of the
gas produced by organic decay, gases re
main in the sediment, where they commonly
accumulate in rounded or lens-shaped cav
ities. These cavities can be preserved if
conditions of the sediment are suitable,
giving rise to vesicular structure. Very
large pockets of gases occasionally lead to
formation of menisci. Such examples have
been found in Walvis Bay in Southwest
Africa and in many lakes in northern Ger
many where entrapped areas of hydrogen
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sulfide lead -to uparching of small islands.
Uparching and collapse phenomena

caused by decomposition gases will occur
in discrete cavities of sufficient size. In
vertebrates the abdominal cavity is com
monly filled by gas; in mollusks, the shell.

If gases escape through rupture, or
increase in permeability of the walls of the
cavity, and if the sediment covering is not
sufficiently lithified, collapse can occur. If,
however, the cavity is preserved, then it
is gradually filled with minerals and be
comes a druse. The preciptation of these
void-filling cements is commonly initiated
in the bottom of the cavity as the trapped
gases rise to the top of the dome-shaped
structure. Such voids commonly remain
open. Frequently large voids, such as those
formed by brachiopod shells, are filled
with sediment, and a small druse or void
can develop near the tops of such shells
(DEECKE, 1923; QUENSTEDT, 1927; TEICH
ERT, 1930). Thus, geopetal fabrics are pro
duced, which can serve as geologic "bubble
levels" (Wasserwaagen), making it possible
to determine the original horizontal position
in disturbed strata and in unoriented hand
specimens. Figure 10 shows a cross section
through a 3 centimeters-thick terebratulid
bed from the Muschelkalk of Gorazde near
Gogolin in Silesia. Some of the terebratu
lids have been preserved in life positions
with their beaks pointing downward. The
figure also shows that the animals were
embedded in the lower part of the bed
and then covered with sediment. In each
shell, a void filled with drusy calcite is
preserved, where decomposition gases ac
cumulated. However, during diagenesis,
geopetal fabrics can be displaced to such an
extent that it becomes impossible to deter
mine their relationship to the original
bedding. Due to dewatering, shrinkage
cracks appear in clay and other substances.
This is an irreversible reaction in which
sediment and parts of shells can be loosened
and displaced sideways, even assuming a
nested position (HOLLMANN, 1968a). In
such a situation, geopetal fabrics that have
formed prior to fossilization may also be
used as ancient "bubble levels." This is
especially important if the life position of
the animal does not coincide with the stable
embedding position (KRANTZ, 1972).

FIG. 10. Cross section through a thin bank of
sediment containing Coenothyris vulgaris (VON

SCHLOTHEIM), Middle Triassic (Muschelkalk), Go
razde, Poland (MiilIer, 1951b). The upper portions
of many shells have been filled by sparry calcite
(lined pattern) which serves as a geologic "bubble

level."

These fossil "bubble levels" are also
found in coprolites (Fig. 11, 12).

EFFECTS OF DEGASSING ON
EXPOSED ORGANIC MATERIAL

If organic substance on the sediment sur
face or just beneath the sediment surface
is exposed to sufficient free oxygen to de
compose, all traces of such material will
be almost completely lost. After decomposi
tion, the only residuals are simple mineral
substances and gases. The decomposition
of the animal stops as soon as the remains
are covered by a sufficient amount of sedi
ment, and the decomposition products will
float and be transported away.

Processes that happen as a consequence of
the decomposition of exposed organic ma
terial, and the effects of which can still be
seen in rock, can also be observed. Decay
ing organisms, which lie either on the sedi
ment or are lightly covered with sediment,
although originally denser than water, rise
in the water because of gas produced during
decomposition, and become transported
pseudoplanktonically. It is necessary, how
ever, that the buoyancy results from the en
trapment of gases in a sufficiently large body
cavity within the organism.

Special conditions exist as long as soft
parts of invertebrates remain in their shells.
This commonly occurs with cephalopod
shells that sink to the bottom before the
body is decomposed (STURMER, 1967, 1968
a,b; ZEISS, 1969; LEHMANN, 1967b; LEH
MANN & WEITSCHAT, 1973). Shells of recent
nautiloids containing soft parts are only
rarely found. This is probably the result of
an early postmortem detachment of the
animal's body from the living chamber.
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FIG. 11. Cross section through a coprolite (A) displaying place of escape for once contained gases produced
during decomposition (B, en!.), Upper Carboniferous (Staunton, Logan Quarry Shale), Logan Quarry near

Bloomington, Illinois. Width of structure is approx. 50 mm (Zangerl, 1971).

The empty shells then drift for long
periods of time and are finally cast upon a
shore, sometimes in great numbers. The
shells of ammonites and nautiloids that
leaked and sank to the bottom probably no
longer contained soft parts. The shells
sank to the bottom in a vertical position and
later became inclined as bouyancy dimin
ished. Thus, many perisphinctids in the
Solnhofen Limestone are found lying on
their sides on bedding planes and have
next to them an impression of the venter

made when the shells first settled on the
sediment (ROTHPLETZ, 1909) (Fig. 13).
Ammonites with especially broad venters

or long, lateral spines occasionally can be
found vertically embedded (Fig. 14).
REYMENT (1958) conducted numerous ex
periments with models of different types
of chambered cephalopod shells in order to
determine the relationship between the size
of the living chamber and the volume of
gas contained in the chambers. REYMENT

(1970) was able to demonstrate that when
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FIG. 12. Schematic explanation for Figure lI.--A. During aerobic decomposition, a gas bubble develops.
--B. The gas bubble escapes from the coprolite through about 2 mm of overlying mud.--G. As a
result of the rupturing of the coprolite, the fish scales within it are subsequently aligned and compressed.

Width of coprolite approx. 45 mm (Zangerl, 1971).

oxycones or cadicones sank to the bottom,
they remained in a vertical position for
three to four days until the phragmocones
filled with water and tipped over on their
sides. The closer the shell form approached
that of the cadicone, the greater the pos
sibility that the shell would remain vert·
ically embedded in the sediment. Some
examples of vertically embedded Ammon
oidea and Nautilida can be found in the
Paleozoic and Mesozoic rocks of Europe
(MULLER, 1951b; REYMENT, 1970; Voss-

MERBAUMER, 1972). When ammonoid shells
roll along the sea bed, they make distinct
skip marks in the sediment, which have
been misinterpreted (KOLB, 1961, 1967;
SEILACHER, 1963).

Concretionary consolidation during early
diagenesis may simulate the effects of
buoyancy, if the shell happens to have been
covered by a thin sediment layer. This may
be observed in many ammonites in the
Solnhofen Limestone in which the buildup
is several millimeters higher than under the
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FIG. 13. Imprint of an ammonite which at first
stood in a vertical position on the sediment (top)
and then fell over on its side, from Solnhofen Lime
stone (Maim zeta, lower Portlandian), Solnhofen,
Bavaria. Width approx. 190 mm (Rothpletz, 1909).

chambered portion of the shell in which
buoyancy existed while the soft parts of
the animal remained in the shell during
burial (MAYR, 1966).

ROLE OF SeAVENGERS

As a cause of destruction or alteration of
soft parts, the role of scavengers is next in
importance after the decay of organic mater
ial by bacteria. Such animals are: birds
of prey (vultures), foxes, wolves, hyenas,
many fish (piranha, eels), polychaete worms,
snails, crabs, many insects, and insect larvae
(ants, maggots). Direct proof of their
existence in the fossil record is found only
in exceptional cases (mummies; inclusions
in resin). In Siberia, cadavers of mam
moths partially devoured by wolves and
foxes have been found in permafrost. In
the ocean, isopods and decapods rapidly
destroy dead animals. On land, maggots
are particularly effective.

The activity of scavengers and other
animals may be estimated indirectly from
the amount of coprogenic materials within
the sediment. This material influences the
composition of the sediment because the

amount of excrement produced during the
lifetime of an animal is far greater than its
body mass. This is especially true for the
often very resistant excrement of worms,
snails, bivalves, and other invertebrates,
which in both fossil and recent deposits
may constitute up to 50 percent of the
sediment (HANTZSCHEL, EL-BAz, & AM
STUTZ, 1968; SCHAFER, 1962, 1972).

Some animals that bore into hard parts
of other organisms either chemically or
mechancially receive their nourishment
from the organic material contained in
these hard parts (BOEKSCHOTEN, 1966;
BROMLEY, 1970; SOGNNAES, 1963), but the
physical strength of the bored shells is
weakened and their physical destruction
accelerated.

SEQUENCE OF DECAY
OF SOFT PARTS ASSOCIATED

WITH PRESERVABLE
HARD PARTS

(SELECTIVE DECOMPOSITION)

The skeletal parts of echinoderms are held
together only by skin and connective tissue
and are easily disarticulated and scattered.
If complete specimens are preserved, it is
probably because they were buried rapidly
and the remains of the animals were resting
in an environment free of currents.

Echinoid spines will drop off, seven to
ten days after death, due to the progressive
decay of soft parts in an aqueous, aerobic
environment. If the spines are still attached
to the shell, then burial must have occurred
while the echinoid was living or soon after
death. After 12 days, the apical region of
the animal begins to fall apart, starting from
the inside outward. After 17 days, only
the jaw apparatus and disarticulated ele
ments remain.

The taphonomy of the starfish Asterias
rubens has been studied by SCHAFER (1962;
1972) in marine waters of 18°C. After five
days the body of the starfish becomes blown
up to the bursting point and is easily moved
by bottom currents. The integument on
the dorsal side of arms and skeleton will
then begin to separate from the body, start
ing at the arm tips. The dorsal integument
may then be carried away by currents or
it forms folds on the decomposing body. If
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FIG. 14. Vertically embedded ammonite shell; under side (A); upper side of a 12 mm-thick bed (B),
Solnhofen Limestone (MaIm zeta, lower Portlandian) from Bavaria. Diameter approx. 210 mm

(Rothp1etz, 1909).

starfish are buried and killed by a thick
covering of sediment, the dorsal and ventral
skeletons are commonly found wedged to
gether in a tangled heap.

Gas-filled cadavers of holothurians are
not buoyant, but are rolled by currents like
barrels. Complete decomposition of the
thick, hard, resistant dermis may take sev
eral weeks. In the absence of currents, the
sclerites are deposited in small clusters in
the sediment.

SCHAFER (1962, 1972) has demonstrated
that recent coleoids become buoyant im
mediately after death and will remain afloat
at the surface for many days, depending
upon the water temperature. The body of
the animal is almost totally decomposed
before parts of it begin to fall to the bottom.
This explains why the soft parts of coleoids

are rarely preserved even in fine-grained
sediment under anaerobic conditions gener
ally favorable for the preservation of soft
parts. Soft parts or the impressions of cole
oid soft parts are almost always found in
nearshore sediments which were periodically
dried out. Only during these periods of
exposure are the animals dense enough to
sink into the sediment, and then be com
pletely buried by sediment (ABEL, 1916;
NAEF, 1922; JELETZKY, 1966).

The drifting coleoids quickly lose their
very porous, mostly calcareous cuttlebone,
which can float for considerable distances
and can serve as a site for attachment of
many kinds of organisms. The cuttlebone
is commonly destroyed by the action of
boring algae or by the pecking of sea birds.
Larger fragments rarely stay afloat for more
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than eight days. In contrast to shells of
Nautilus and of ammonites, the cuttlebones
of sepiids do not settle to the bottom of
the sea, but may accumulate in large num
bers along beaches. The prominent, mostly
chitinous cuttlebones of the Teuthoidea are
not buoyant and sink immediately to the
bottom where they are embedded together
in areas with entire bodies of the organisms,
unless strong currents are present. The ink
sac is very durable and is occasionally found
inside the animal (ABEL, 1916; NAEF, 1922;
EHRENBERG, 1942; JELETZKY, 1966; STURMER,
1965, fig. 5).

FATE OF PRESERVABLE HARD
PARTS BEFORE FINAL BURIAL

GENERAL DISCUSSION

Accumulations of hard parts of animals
become sedimentary constituents and there
fore obey the laws of sedimentation. There
fore, it is possible to draw many conclusions
about the type of sedimentation by studying
the interrelationships of the preservable
parts of organisms. It is also necessary to
study the relationship of hard parts to the
surrounding rocks before and during the
embedding, as well as the mechanical and
chemical changes of the hard parts induced
by biologic and inorganic factors.

Accumulations of fossils are burial as
semblages or thanatocoenoses (WASMUND,
1926). There are basically three types of
thanatocoenoses: 1) autochthonous-life
assemblages; 2) allochthonous-assemblages
that have been transported over varying
distances; 3) assemblages of living organ
isms that have been washed into hostile
environments where they died.

The composition of a thanatocoenosis is
strongly determined by the nature of the
constituents of the biocoenosis. In autoch
thonous thanatocoenoses, the composition of
life and death assemblages are identical,
and they reflect the conditions of the bio
coenosis. They allow certain conclusions as
to the factors that influenced the biocoenosis
such as conditions of feeding, respiration,
and adaptation. Autochthonous thanato
coenoses are limited in space and dependent
on the ecologic conditions of the environ
ment, and must be understood as parts of
ancient biocoenoses. Associations of trace

TABLE 1. Different Types of Fossil Accumu
lations (Fossil-Lagerstotten) (modified from
Seilacher, 1970; Reineck & Singh, 1973).

1. Enriched deposits (Konzentrat-Lagerstatten).
Concentrated accumulations of disarticulated
skeletal material.
a. Condensation deposits. Concentration of

skeletal material due to slow rates or the
absence of sedimentation. Examples: sub
marine cave deposits, condensation horizons.

b. Placer deposits. Concentration of hard parts
due to transport and sedimentary sorting.
Examples: Bone beds, allochthonous amber
deposits.

c. Sedimentation traps. Inorganic filling of
cavities. Examples: terrestrial and submarine
fissure fillings, burrow fillings.

2. Conservation accumulations (Konservat-Lager
statten). Characterized by the complete or par
tial preservation of soft parts and the common
preservation of complete, articulated skeletons.
a. Stagnation deposits. Accumulation of organic

remains in sapropelic sediments where water
layer directly above sediment surface is
anoxic. Examples: black shales, lithographic
limestones.

b. Conservation traps. Rapid sinking and em
bedding of organic remains into preserva
tional medium or cavities. Examples: amber,
peat, asphalt.

c. Burial deposits. Rapid embedment of organic
remains in reducing sediments. Examples:
Hunsriickschiefer, Sendenhorst fish deposits.

fossils (ichnocoenoses, proposed by DAVIT
ASHVILI, 1945) can be considered as bio
coenoses as well as thanatocoenoses because,
as a rule, they are autochthonous.

Allochthonous thanatocoenoses (tapho
coenoses, QUENSTEDT, 1927) are formed by
the transport of material and the processes
of demixing, sorting, and destruction that
occur during transport. These processes
also act upon the inorganic, clastic consti
tuents of the surrounding sediment. Thus,
the resistivity of skeletal material against
attack by chemical and physical forces prior
to burial is of utmost importance. The
composition of a thanatocoenosis can be
drastically changed by the elimination of
certain forms, and the individuals found in
thanatocoenoses are commonly those ele
ments of the biocoenoses that were most
resistant to selective abrasion and diagenesis.
In many cases, thanatocoenoses contain
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autochthonous as well as allochthonous
elements. Accumulations of products of
special life cycles such as exuviae, leaves,
and sporomorphs have been called pseudo
coenoses (MARTINSSON, 1955).

Naturally, the degree of transportation
can be subject to important change, and
many different types of sorting can result.
On the other hand, tectonic or astro-c1imatic
cycles and rhythms can create repetitive
sequences of conditions of burial. The fact
that 44 percent of the animals in the animal
kingdom lack hard parts explains incom
pleteness of the fossil record as well as the
fact that fossil plants are much rarer than
fossil animals.

SEILACHER (1970) proposed a classifica
tion of fossil deposits which he called
"Fossil-Lagerstiitten." These deposits are
arranged according to their mode of forma
tion and the general shape of accumulation
(Table 1).

ALLOCHTHONOUS BUmAL
GENERAL DISCUSSION

Transportation causes mechanical de
struction of organic material as well as
segregation of particles according to shape,
hardness, and weight. Small bioclastic
particles, just as other sedimentary mater
ials, may be redeposited several times.
There is a direct relationship between qual
ity of preservation and time of transport.
However, particles may even be further
destroyed in situ by abrasion in turbulent
water. In general, the destiny of hard parts
is dependent upon the relationships between
the rate of deposition and reworking.

SORTING BY TRANSPORTATION

This process can be defined as the
sorting and deposition that results from
differences in form, hardness, weight, and
durability of shell material and the related
chemical and mechanical processes. It can
be simulated by the following processes:
1) biological causes, 2) selective removal of
certain ontogenetic stages through death,
and 3) diagenetic processes after embedding.

Diagenetic processes can wholly or parti
ally (often selectively) destroy, or render
unrecognizable, the fossil contents of a rock.

Selection by death occasionally plays a
large role. Thus, WASMUND (1926) observed
how in early spring, numerous, immature

specimens of Limnaea stagnal£s and Lim
naea auricularis daily formed allochthonous
thanatocoenoses along the shore of Lake
Constance. Accumulations of adult shells
were rare. In general, only single shells
were washed ashore.

The reason for these accumulations is
related to the climatic conditions of early
spring. During warm days, the animals
move upward en masse in the sediment
and appear at the surface, where they are
killed by frost during the following night.
WASMUND (1926) also reported observation
of a Spiilsaum of dead larvae of ephemeral
flies in a sand bar of the delta of the Rhine
on the Austrian shore of Lake Constance.
Larvae crawled onto south-facing cliffs, thus
escaping from the cool water into the sun
and warm breezes. They were then killed
by night frosts and added to the enlarging
Spiilsaum. Both of these allochthonous
thanatocoenoses were thus caused by local
meteorologic catastrophes.

The shells of gastropods are commonly
removed by hermit crabs (Paguridae)
(SCHAFER, 1955). Hermit crabs prefer par
ticular shells, and this simulates selective
sorting by transportation. Accumulations of
only large cutting and crushing teeth of
skates and sharks are another example.
These animals shed their teeth in the same
area for many years. The growth and event
ual loss of teeth is related to the reproduc
tive process and change of teeth usually
occurs during mating, which commonly
takes place in the same area, year after
year (SCHAFER, 1962; 1972). The smaller
grasping and crushing teeth fall out all
year long and are found widely scattered
over the sea floor. Mechanical sorting can
also be simulated if organisms of the same
age and size settle and colonize a particular
substrate.

Marine invertebrates, such as clams,
snails, and crabs can be transported by other
animals to the land and become embedded
in lacustrine or terrestrial sediments far
from the sea. This, for instance, is done
by the sea gull Larus argentatus which feeds
mainly on clams and snails, but also on
crabs and fishes. During the mating season
such prey is offered ceremoniously by males
to females. These, and indigestible, regur
gitated remains, pile up in the nesting
territories and represent a special case of
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autochthonous sedimentation. Small clams
which have been swallowed whole and
regurgitated are of an even size and such
accumulations can be mistaken for results
of current sorting (TEICHERT & SERVENTY,
1947; GOETHE, 1958).

Wind occasionally plays an important
role in the transportation and sorting of
organic remains. This is especially true
for small bones in which the periosteum
and marrow have disappeared. The per
iosteum and marrow together can account
for up to two-thirds of the total weight
loss of the bone. The pneumatic bones of
birds are especially light. A humerus of
the crow, Corvus frugilegus, which was
5.4 cm long, weighed only 1.32 gm. On
salt-encrusted sand flats of the island Alte
Mellum near Wilhelmshaven, vertebrae of
seals have been seen to be moved by wind
at velocities at which small valves of
Macoma and Mactra as well as the rounded
shells of Littorina were not moved.

It is necessary to be especially careful in
the study of separation of clam shells, the
right and left valves of which are often
deposited in different places. This is easily
explained if form and weight of the two
valves differ much, as, e.g., those of Ger
villia (Hoernesia) socialis of the Upper
Muschelkalk. Even in equivalve clams, dif
ferences in form and weight of the valves
exist. In equivalve heterodonts and schizo
donts, the right valve is generally heavier
because it carries large hinge teeth. These
examples demonstrate that it is necessary
to exercise caution in the evaluation of
fossil concentrations, especially those consist
ing of individuals or fragments of equal
sizes. In such cases it is necessary to have
independent evidence of mechanical sorting
by currents. In Cardium edule, the weight
difference between right and left valves
ranges from 0.72 to 4.38 percent (KLAHN,
1932). The specific weight even in different
valves of the same species varies so much
that it must be considered when studying
the sorting process affecting bivalve shells.

The significance of these factors related
to the sorting of bivalves is enhanced
by the hinge teeth and chondrophores
acting as anchors. The right valves of
desmodonts do not possess a chondrophore
and therefore are more easily transported
than the left valves which have chondro-

phores and, therefore, offer more resistance
to movement. If a large colony of mussels
(Mya arenaria) is churned up by waves,
the chondrophore-bearing left valves are
transported lesser distances than the right
valves which lack chondrophores. Large
accumulations of these shells can form belts
10 to 50 m wide consisting of up to 90
percent of one valve and 10 percent of the
other. An admixture of different types of
valves usually results from the addition of
new shell material from another nearby
colony. In tidal channels, it is quite com
mon to find valves without chondrophores
transported over long distances (RICHTER,
1922).

Durability strongly influences the preser
vation of shell material in the face of
mechanical processes, both within and on
the sediment. Some shell parts may be
completely destroyed as, for example, in
some bivalves of which only one valve
remained for a long time. Such valves may
even now be rarities (e.g., the right valve
of the pelecypod, Eopecten albertii, found
in the Muschelkalk in the Germanic basin).
Small shell components are more easily
destroyed than large ones (HALLAM, 1967).

The presence of worn-down, delicate, or
easily fragmented hard parts, which have
most probably been redeposited together
with the surrounding sediment, may make
it possible to draw conclusions about the
length of transport. Only very durable
skeletal material can survive long trans
portation in coarse-grained sediment. Me
chanical abrasion and faceting will quickly
destroy any fragments having little dura
bility. Thin and friable bones of animals
found in Pleistocene caves are examples of
skeletal material that has not been trans
ported great distances. Observations of
redepositing have shown that such occur
rences are geographically local and are
accomplished during short periods of in
undation. This is especially true for fragile,
allochthonous remains of recent mollusks.

As a rule, animals living on the sediment
stand a better chance of being redeposited
than those living within the sediment;
however, destruction is not necessarily the
same for all hard parts because infaunal
organisms tend to have less durable shells
than do members of the epifauna.
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TABLE 2. Floatability Constants for some of the Most Common North Sea Bivalves
(after Tauber, 1942).

Average Average
Number of Surface Area Weight Floatability

Specimens Studied Species (mm2
) (gm) Constant

12 Cardium edule 1,930 2.85 169
8 Mya arenaria 7,258 7.10 255

15 Mytilus edulis 1,962 1.30 377
20 Macoma baltica 330 0.27 305

MECHANICAL DESTRUCTION
OF HARD PARTS PRIOR TO BURIAL

Hard parts of organisms may be destroyed
by biologic or by entirely inorganic pro
cesses. Biologic processes as well as inor
ganic, chemical processes are discussed at
length elsewhere.

The degree of physical destruction of
shell material allows one to draw conclus
ions as to the mechanical processes in
operation during the period of shell de
struction. This is especially true for con
ditions of sedimentation. Therefore, it is
not only necessary to know what kind of
destruction occurred but also the speed at
which it took place. These mechanical
processes can be divided into two basic
types: 1) polishing or abrasion, and 2)
breakage or crushing. Because of their
abundance and availability, the hard parts
of mollusks have received considerable at
tention in the literature with respect to
these destructive processes. Therefore, they
are discussed in detail below.

Ambient polishing. If one considers the
appearance of the destroyed shell material
and the composition of the allochthonous
thanatocoenosis, the diversity in preservation
is conspicuous (e.g., in shell accumulations
along swash marks (Spulsaum) or along
sandbars). The following are causes re
sponsible for this condition: 1) different
resistivity of the shells against chemical,
mechanical, and bi 0 I0 gi ca I destruction
(CHAVE, 1964),2) differences in the ability
to float, and 3) different behavior on the
sedimentary surface (i.e., rolling, gliding,
etc.).

A basis for estimating floatability was
developed by TAUBER (1942) who divided
the surface area of the shell (in mm2 ) by
the four-fold value of its weight in grams.

The area is determined by rolling the shell
along millimeter graph paper and counting
the number of covered millimeter squares.
Table 2 shows the floatability constants of
some common clams found along the North
Sea.

Because of their greater floatability, shells
of Mytilus edulis and Macoma baltica are
more easily moved by transporting media
than those of either Cardium edule or Mya
arenaria. Therefore, shells of the two last
mentioned species, as a rule, move with the
sand inside a sand bank whereas Mytilus
edulis and Macoma baltica are commonly
transported across the sand in the turbulent
zone of shells (KLAHN, 1932). This explains
the observation by KLAHN (1932) that shells
of Cardium and Mya are commonly strongly
polished, whereas those of Mytilus and
Macoma rarely are polished at all.

Differences in floatability of shells is a
result of the relative resistivity of different
bodies. This is the reason for differences in
degree and type of mechanical, and, to some
extent, biological destruction of shells.

If bio~ogical factors are ignored, the
mechanical destruction of shell material in
coarse-grained sediment (gravel) results
generally in total destruction of the shells,
whereas in finer grained, sandy sediment
(especially for grain sizes between 05 and
0.005 mm), polishing takes place. In addi
tion to sand, shell debris also acts as a polish
ing agent, whereas the mechancial effect
of the silt and clay fraction on shell material
is minimal.

Ambient polishing can result from 1)
mass transportation in churned-up sand
bodies, and 2) rolling of shells over an
abrading sediment surface. Mass transport
in the marine environment is characteristic
for sand banks and giant ripples. The sec-
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ond method of polishing occurs mainly in
the surf zone, but also in the terrestrial
environment, especially in dune and desert
areas.

During polishing of bivalve and gastropod
shells, the periostracum and the fine details
of the shell surface are destroyed. In bi
valves the ornamentation and hinge teeth are
also lost, and the edge of the shell is
rounded. The valves of bivalved shells
exposed to ambient polish soon become
separated. In addition to being destroyed
by organic decay, the ligaments are grad
ually loosened, and torn or filed through.

KLAHN (1932, 1936) has made quantita
tive investigations on the type, manner, and
duration of reworking, and mechanical de
struction of mollusk shells. In general, the
percentage of reworked shells is less for small
forms than for large ones (see also HALLAM,
1967). The relationship is just the opposite
of that for the chemical dissolution, which is
inversely proportional to size of shell mater
ials. The reason for this phenomenon is
clear. Smaller forms have a relatively high
floatability and sink slowly. The more
bulky the shell, the greater the tendency
for it to remain near the sea bottom where
polishing occurs. However, correlation be
tween the degree of polish and the initial
weight of the shell may also be negative.
This is especially true when there is a
disproportionate increase in shell thickness
with increasing length. Also, angular sand
grains are more effective polishers than
rounded ones, and fine grains more effective
polishers than coarse grains, because they
move more swiftly with the water. Single
valves are more rapidly polished than closely
packed accumulations of shells that protect
each other from destruction. Experiments
performed on the tumbling of pea-sized
shell material show that more abrasion
occurs within the first nine hours of tum
bling than later (HALLAM, 1967). The sculp
ture on the convex side of the shell is
usually the first to be worn away, and this
usually occurs within the first nine hours
of rolling. On the other hand, structures
of the protected, concave surfaces of shells
are commonly preserved for long periods
of time. Dense, fine-grained skeletal parts
are more resistant than porous ones, and
rounded parts more than flat bodies (e.g.,
snail and bivalve shells).

Faceting. In addition to, or in place of
ambient polish, shells may be polished on
only one side. This process is called facet
ing, and the shape and position of the
facets is determined by the abrading medi
um and by the properties of the abraded
body. Commonly, faceted objects appear
broken. MULLER (1951b) distinguished
three types of facets: anchor-facets, roll
facets, and glide-facets.

1) Anchor-facets. Anchor-faceting (or
sand-polishing in the sense of PAPP, 1941)
occurs when hard parts of organisms are
firmly anchored in and project slightly
above the surface of the substrate. If
abrasive materials move across them, they
are faceted. This process is similar to
glacial erosion. Faceting of this sort differs
from roll-faceting and glide-faceting in that
the shell material is firmly embedded in
the substrate.

A unidirectional current produces a single,
oriented facet. 1£ currents are changeable
or the object shifts its position, many differ
ent facets may be produced on the same
object. In addition, anchor-faceting can be
produced on the opposite side of the an
chored object, if this has been flipped over
by currents. The resulting facet will lie
more or less parallel to the first facet. If an
object has been shifted several times, it may
become firmly wedged between pebbles, and
different sides may then be faceted, and the
facets need not necessarily be parallel. One
object may have anchor-, roll-, and glide
facets.

As carrying media for the abrasive mate
rial, water, air, and ice are of primary im
portance; coarse-grained sand is the most
important abrasive. Because coarse-grained
materials are commonly transported only in
shallow water, anchor-faceting is especially
characteristic of beach and nearshore de
posits. On land, this type of faceting occurs
in dune areas, as described by PAPP (1941)
for shells of Pisidium and Dreissena that
had been transported by the wind.

Because faceting can take place only in
a flowing medium, shells are oriented in
their most stable position. Faceting then
affects the upper side of the shell. Dish
shaped bodies (single valves of mollusks,
patellids, etc.) are turned on their valve
margins; high-spired gastropods are mostly
turned on their apertures, and cone-shaped
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Glide-faceting results
of animals glide over
such as coarse-grained

bodies (e.g., shells of Trochus), whose basal
diameter is equal to or greater than their
height come to rest on their base. In such
spiral forms, the tips of the cones are
polished first. The position of facets is,
therefore, dependent upon the shape and
statics of the body being polished.

With progressive polishing or sandblast
ing, bowl-shaped objects (such as single
valves of bivalves and patellids) assume a
ring-shaped appearance. The resulting rings
are very fragile and easily break up into
shell debris. Fossil examples have been
described by PRATJE (1929) from the upper
Pliocene (Red Crag) of Foxhall near Ips
wich, England, and also from the Vienna
Basin. Such occurrences can be documented
if shells are preserved, especially in younger
strata. Otherwise, they may be mistaken
for accumulations of debris caused by ac
cumulation of decomposition gases in the
arches of the shells.

2) Roll-facets. Another type of faceting
can develop by the continual shaking of
bivalve shells with sand, as has been demon
strated experimentally by KLAHN (1932).

Where roll-faceting occurs in nature, it
is found under conditions that correspond
to the above-mentioned experiment. These
are: 1) relatively coarse-grained sand sub
strates, 2) relatively strong turbidity, espec
ially in nearshore environments, and 3)
especially strong, fluctuating rates of move
ment that persistently cause rolling and
tumbling (i.e., tides, strong longshore cur
rents).

Roll-faceting acts especially on bivalve
shells, but it is also common in shells of
snails and other hard-shelled animals. Gen
erally, in rolled bivalve shells abrasion be
gins at the umbo. PRATJE (1929) called
this type of abrasion "umbo-faceting." Sim
ilar abrasions may be found in the middle
of the valves of bivalves such as Scrobicul
aria plana and Mactra corallina cinerea.
HOLLMANN (1968c) called these "median
facets." Shells abraded in this manner
first take on a rounded appearance and
then the abraded area progresses from the
hinge out following growth lines. Eventual
ly the shell takes on a horseshoe-shaped
appearance. On this basis, one may dis
tinguish between roll-faceting, round hole
faceting, and horseshoe-faceting (TAUBER,
1942).

The conditions for the formation of roll
facets are present mostly on sandy beaches
in the intertidal zone. In this area, faceting
of this type is so common that the term
"tidal-faceting" has been proposed and, if
observed in ancient sediments, presence of
tidal flat conditions may be deduced (Kup
PER, 1933); however, because such forms
are also observed elsewhere, under con
ditions of strong movement and an abrasion
substrate, the term "roll-facets" seems more
appropriate. Roll-faceting is also known
from tideless coasts or coasts where tides
are weak, such as the Baltic, Adriatic, and
Black Seas. In these regions, abrasion is
caused by fluctuating coastal currents. As
might be expected, the occurrence of roll
faceting is much less frequent than in
areas of stronger tidal currents. PRATJE
(1929) cited fossil examples from the Eng
lish Red Crag and noted that they appeared
absent in the Mediterranean Vienna Basin.
PAPP (1941) studied abraded parts of Dreis
sena and Pisidium and observed that holes
were worn in the umbal area of the shell.
He deduced that such faceting was the
result of movement of the shells over the
sands of wandering dunes. Thus, roll-facet
ing has been shown to occur in marine to
continental conditions.

The position of the facet in relation to the
shell margin depends on the roundness of
the shell. In bivalves, the angle between
the facets and the shell margin is generally
large. In Cardium edule it varies between
30 to 90 degrees. KLAHN (1932) performed
an experiment to study roll-faceting, using
the following materials: 10 cm3 of sand
with a grain size between 0.25 and 0.12
mm, 100 cm3 of water, and Cardium shells
1.8 to 2.4 cm in length. This mixture was
then tumbled for 92 hours, at 106 revolu
tions per minute, in a tumbling machine.
The first effect oh the shells was the devel
opment of a small hole in the umbonal
region, which gradually increased in size
as did the angle of the facet in relation to
the shell margin. After 160 hours of tum
bling, the angle had increased to 50 degrees.
The process took much longer for smaller
shells.

3) Glide-facets.
when hard parts
abrasive substrates
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sand. As in anchor-faceting, a flow medium
must be present for glide-faceting to occur;
however, glide-faceting results when shells
are not anchored in the substrate. Under
these conditions, cone-shaped shells, with
basal diameter greater than height, glide
along on the larger apertural end, which
is worn away. In some cases, faceting is so
severe than only the points of the shells
remain. This is characteristically observed
on shells of Tmchus and similarly shaped
shells in which glide-faceting was first
reported.

A special case of glide-facets is produced
by pagurids. Most hermit crabs inhabit
the littoral zone where in places they are so
abundant that they occupy practically all
empty gastropod shells. The crabs are gen
erally quite active and drag the shells they
inhabit along the ground so that they be
come faceted, especially on sandy substrates
(pagurid-faceting). Most severely affected
are usually the parts near the aperture, in
dextrally coiled shells the left outer side
of the last whorl. This characteristic posi
tion makes it possible to demonstrate fossil
occurrences of pagurids, even if the crabs
themselves are not preserved.

Table 3 shows the different types of
faceting observed on short-conical gastropod
shells.

TABLE 3. Faceting Present in Short-conical
Gastropod Shells.

a) Glide-faceting
Parallel to the base on the apertural side

b) Anchor-faceting
Parallel to the base on the poin ted side

c) Pagurid-faceting
Somewhat to the side of the oldest whorl on
the apertural side of the shell and somewhat
higher on the shell than the initial glide-facet

FRACTURING

If biologic factors are excluded, mechani
cal fracturing of shells occurs mostly
through the interaction of shells with coarse
grained sedimentary particles over which
the shells are shoved, skipped, and rolled.
In flowing water, mechanical fracturing
occurs in river beds and along pebbly or
gravelly shorelines of the sea. The action
of the waves alone may have similar effects.
Complete destruction of organic debris gen-

FIG. 15. Fracture deformation of recent Cardium
edule LINNE (A, B) collected from broken shell
masses along the shore, Scheveningen and Kattwijk,

Netherlands (Hollmann, 1968b).

erally does not occur below effective wave
base at 50 to 60 m. Tidal and "exchange"
currents, which occur at greater depths,
do not have sufficient strength to fracture
shells, such as those of mollusks.

When the fragments of shells have not
been completely separated, their arrange
ment can sometimes simulate the impres
sion in the sediment of artificially crushed
shells.

KLAHN (1932) demonstrated quantitative
ly that if bivalve shells are shaken together
with pebbles, abrasion plays only a sub
ordinate role in the destruction of the
shells. Because of the relatively large size
of the pebbles more uniform surfaces are
present that can strike against and there
fore break the shell material. On the other
hand, if bivalve shells are initially tumbled
in sand or a similar medium, the dominant
process of abrasion will give way to break
age. As the shells become increasingly
thinner due to the polishing process, they
become more easily fractured. Cracks appear
and eventually they fall apart, and the
pieces are deposited as accumulations of
shell fragments.

Mollusk shells are mostly fractured by
hard impacts. The broken edges are, as a
rule, very irregular and follow structurally
weak parts of the shell. Determining factors
are their laminated structure, differences
in thickness and convexity, relative size,
ornamentation, and microstructure (KESSEL,

1938; SCHAFER, 1962; 1972; HOLLMANN,

1968b). The nature of primary accumula
tions of shell debris is determined by the
mechancial resistivity of the shells and
varies from species to species.

Bivalve valves with well-developed, radial

© 2009 University of Kansas Paleontological Institute
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FIG. 16. Fracture patterns developed in different types of recent bivalve shells (A-F), strand line deposits
from Scheveningen and Kattwijk, Netherlands (Hollmann, 1968b).

ribs generally break parallel to the ribs.
Examples are shells of Cardium echinatum
and C. edule (Fig. 15,A,B). Fracture will
be perpendicular to weakly developed radial
ribs, as in shells of Venus gallina (Fig. 16,
C). Forms with strongly developed growth
lines tend to fracture parallel to the growth
lines (i.e., Mactra corallina, Fig. 16,A).
Oval-shaped or arched fracture patterns are
common in forms such as Spisula (Fig.
16,D). Transverse fractures and curved
fractures with sharply defined boundaries
cut across the umbonal regions of shells of
Mactra corallina, but bypass those of shells
of Spisula. Thin-walled bivalve shells with
distinct, concentric growth lines commonly

break along the growth lines. Small rings
remain, which, at nrst glance, resemble
anchor-facets. Ostrea shells break along the
shell margins and are progressively worn
away until only the ligament area remains.
Cracks in the shells of Mya arenaria and
Scrobicularia plana follow the prismatic
layer along the growth lines. The left valve
of Mya (Fig. 16,B) will splinter and pro
duce wavy or serrated lines of fracture,
essentially in the ligamental groove. Gen
erally, splintery, ragged, or wavy fractures
prevail. In such forms as Pholas dactylus,
Cyprina islandica, and many other bivalves,
destruction of the shells is so complete that
only the hinge areas remain. The shells

© 2009 University of Kansas Paleontological Institute
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FIG. 17. Diagrammatic representation of orientation
patterns (A-D) as they appear in stereographic

projections (Toots, 1965a).

RANDOM EMBEDDING

Random embedding occurs when objects
display no preferred orientation (random
orientation). If their distribution is plotted
as a stereographic projection, no particular
orientation is evident (Fig. 17,A).

Random embedding has received very
little notice in the literature. Generally, it
was regarded as a matter of course and
was thought to have occurred under con
ditions of quiet sedimentation. TOOTS
(1965b) first proved this assumption to be

parallel

B

D

A

c

depth, increased hydrostatic pressure and
low temperatures result in a high concen
tration of dissolved carbon dioxide. The
corrosion of calcium carbonates in water
where CaCOg is precipitated fluctuates with
pH (7.7 to 8.3) (CLOUD, 1962), and this is
thought to be partially related to the libera
tion of carbon dioxide by plants during the
night. The solubility of calcium carbonate
increases with salinity and decreases with
temperature. The compensation depth in
the Antarctic Ocean is only 500 meters
(KENNETT, 1966). Calcareous skeletons of
microfossils may be partially or completely
dissolved in living animals 0ARKE, 1961).
This process is known as subsolution
(HOLLMANN, 1962, 1964) and can result in
all stages of preservation from "ghosts" to
complete destruction (RICHTER, 1931). No
compensation depth is known for siliceous
skeletons.

of elongate thin-shelled forms such as Ensis,
Barnea, and Petricola pholadiformis (Fig.
16,E,F) break along the most strongly
arched parts. Shells of Mactra subtruncata
and Macoma baltica seldom break in this
manner, and those of Donax vittatus almost
never do. Species differ in regard to the
strength of their hinge and umbonal areas
and these parts are often found in rich
concentrations.

The destruction of gastropod shells fre
quently begins with breakage of the aper
ture and a flattening of the whorls. Details
of the process of destruction depend on
sculpture and thickness of the shells. As a
rule, the especially resistant apertures of
shells of Nassa, MU1'ex, Buccinum, and
similar forms are preserved. Columellas are
among the especially resistant parts and
may be preserved even when washed around
for some time by the surf. In short, conical
shells like Littorina and Lunatia, the apex
is commonly the most resistant part. Small
breakages can be enlarged to "spiral facts"
along the areas of greatest curvature of the
whorls and can extend across several whorls
(HOLLMANN, 1968b).

Echinoid tests break up along irregular
fractures as long as the epidermis and spine
muscles are still preserved. When decom
position of the soft tissues is complete, the
tests break up along the sutures, especially
along the ambulacral and interambulacral
areas.

Among crustaceans, especially those hav
ing durable carapaces, only the hardest and
most compact parts commonly remain under
conditions of turbulence. For example, in
lobsters, the rostrum with parts of the cep
halon and eye sockets, the mandibles, the
clawed extremities of the dactylus, the single
clawed teeth of the chelae, the ventral,
thorned segments of the abdomen, and the
basipodites of both uropods are commonly
preserved (SCHAFER, 1962; 1972).

SELECTIVE DISSOLUTION OF HARD PARTS
PRIOR TO BURIAL

Skeletal material is commonly destroyed
prior to burial by selective dissolution. In
sea water, this happens under conditions
of supersaturation with respect to calcium
carbonate. The normal compensation depth,
at which calcareous skeletal material enters
solution, lies at about 4,000 meters. At this

© 2009 University of Kansas Paleontological Institute
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WAVE ORIENTATION
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BIOLOGICAL CONTROL

FIG. 18. Orientation of organisms within bedding plane. Arrow designates current direction for I and
2.--1. Biologically controlled current orientation: suspension feeders are oriented with only a broad
peak into direction of current.--2. Physically controlled current orientation: elongate particles arranged
so that a sharp major peak points into the current and a smaller counterpeak in the opposite direction.
--3. Transverse wave orientation: elongate particles aligned with two equal peaks perpendicular to

wave movement and occasional smaller peaks parallel to wave movement (after Seilacher, 1973).

incorrect and demonstrated that the process
requires special interpretation. Random ori
entation may result under the following
conditions:

1) 1£ organic remains are caught in steep
walled pockets, which act as traps, this
results in primary random embedding. But
the evidence for this is not unambiguous
because gravity plays a part (MULLER,
1951b; RICHTER, 1942; TOOTS, 1965a,b).

2) Comparatively rarely, contemporary
deformation may be due to a plastic flow
of the entire sedimentary mass.

3) Bioturbation. The degree of reworking
is dependent upon the size, type, and num
ber of infaunal elements and the time spent
in reworking the sediment (MULLER, 1951b;
QUENSTEDT, 1927; RICHTER, 1936; REINECK,
1967).

ORIENTED EMBEDDING: MOVEMENT
AROUND HORIZONTAL (EINKIPPUNG) OR

VERTICAL AXES (EINSTEUERUNG)

The types of movement of different media
(water, ice, air, mud, or flowing sand) de
termine the movements of enclosed objects.

Such movements can lead to oriented em
bedding. For example, oblong objects can
be oriented either parallel or perpendicular
to currents (Fig. 18). The orientation of
such objects depends only upon conditions
of equilibrium and friction, not upon the
original life positions of the organisms.
The preservation of fossils and the deposi
tion of them in a fixed position enables
conclusions to be drawn about the direction
of their movement and final deposition.
From this information, it is then possible
to determine the direction of the depositing
water or wind currents. Such interpreta
tions can be reinforced by the study of
independent evidence. This evidence can
be sedimentologic (sedimentary structures
or the alignment of coarse-grained sedimen
tary particles). It is also possible to observe
the reactions of animals to currents, such
as the rheotactic alignments of lebensspuren
(SEILACHER, 1953, fig. 5) and the growth
orientations of epizoans (SEILACHER, 1960b;
MULLER, 1963) and certain types of borings
(SEILACHER, 1968b; 1969) (Fig. 18).
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onchored.

Oriented embedding of bowl-shaped
objects. Bowl-shaped objects are common as
fossils. Most of them are the shells of brach
iopods, bivalves, gastropods, and also ar
thropods, especially trilobites and crusta
ceans. Among brachiopods and bivalves,
only single valves are, as a rule, truly bowl
shaped, but in certain concavo-convex or
plano-convex forms (e.g., many stropho
minids), the entire shell is bowl shaped.
We shall first consider the case of Einkip
pungo

If shells sink freely through quiet water,
they will be oriented convex side downward
(CLIFTON, 1971). A similar orientation will
result if shells settle freely through the air,
but the aquatic medium is more important
geologically. Under conditions of free sink
ing, the following conditions of free Einkip
pung have been observed:

1) Skeletal parts of dead animals, at
tached to seaweed or free living, which were
pseudoplanktonically transported;

2) Bowl-shaped shells that, once settled,
were stirred up by currents and then sank
again;

3) Bowl-shaped objects washed up against
resistant objects will eventually drift across
the obstruction and settle in quiet water on
the lee side. In German, this is called
Stillwasserfallen (still water traps). Two
types of orientation can result from Still
wasserfallen. Whether the resulting position
of the shells is convex side down or ar
ranged in random orientation depends upon
the inclination and roughness of the sedi
ment surface, and whether the object is
moved by rolling, shoving, or sinking.

Convex-side-down orientations can nor
mally be maintained only in quiet water, in
the absence of sufficiently strong, lateral
currents. Only shells with a low center
of gravity may remain in this position also
in the presence of stronger currents. An
example from the fossil record is the cara
pace of Triarthrus eatoni described by
BEECHER (1894) from the Ordovician of
New York, which was found convex down
ward in an orientation similar to the life
position of certain brachiopods and bivalves.

Bowl-shaped shells, whose morphology
approaches that of a calot, can be tilted by
currents if they are lying convex downward
on the sediment. If such tilting occurs

obstructed

Azimuthol orientotion
A

Rotation around horizontal axis

unobstructed~ Ir-t
~~

On the other hand, it is possible to observe
the effect of currents on objects that have
sunk into the sediment or are only stuck
in the sediment. In either case, objects will
acquire the most stable position possible in
relation to the forces acting upon them.

As a rule, intraformational folding results
in rotation of incorporated fossil remains
around a horizontal axis; however, in such
cases differential movements often take
place. The resulting movements can be
very complex and rotation may occur around
the vertical as well as inclined axes. Rota
tion can develop through differential, local
carbonate dissolution within the sediment
causing settling of the sediment. These and
similar processes that result in oriented
positions are called oriented embedding
(Einregelung) (MULLER, 1951b; RICHTER,
1942; SHROCK, 1948; TOOTS, 1965a). Cur
rent mechanics have been applied to the
study of oriented embedding of skeletal hard
parts by investigators such as TRUSHEIM
(1931), JOHNSON (1957), BRENCHLEY and
NEWALL (1970), ABBOTT (1974), and FUT
TERER (1974, 1977).

Following RICHTER (1922; 1937; 1942),
two major categories of oriented embed
ding are recognized: Einkippung (rotation
around a horizontal axis) and Einsteuerung
(rotation around a vertical axis or azimuthal
orientation). Within these categories, a
number of subcategories have been defined
(Fig. 19, Table 4). Stereographic diagrams
are used to record the positions of specific
assemb~ages (Fig. 17,B-D). This facilitates
the recognition of combinations and transi
tions of the basic types of embedding de
scribed above.

orrested

FIG. 19. Types of oriented embedding of skeletal
material (after Geyer, 1973). See also Table 4.
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TABLE 4. Different Types of Shell Orientation (prepared from Richter, 1942).

A33

A. Orientation with respect to the horizontal axis (Einkippung)
This type of orientation results when objects are rotated around a more or less straight axis and become

inclined. Characteristic of different processes and can be divided into the following two groups:

1. "Unobstructed" Inclination

Results when bodies are to move freely in a
medium solely under the influences of hydrody
namic resistance, gravity, and buoyancy. They then
can sink unobstructed to the bottom.
Example: Bivalve valves sinking to the bottom of
a body of water.

2. "Obstructed" Inclination

Results when shells are under the influence of
sufficiently strong lateral currents acting upon the
surface of another medium with a higher density,
such as water moving over sediment.
Example: Plasters of bivalve valves oriented in the
convex-up position.

B. Azimuthal Orientation (Einsteuerung)

This type of orientation occurs when shells are rotated around their vertical axis, and on flat or fairly flat
surfaces, this can result in a right-left orientation. Azimuthal orientation can be divided into two
basic groups:

1. "Unanchored" Azimuthal Orientation

Resistance to motion is influenced only by the
natural hydrodynamic drag of the bodies, and that
determines the orientation.

2. "Anchored" Orientation (Pivotal Orientation)

Results with anchored or attached objects whose
point of anchoring is within or outside the body.

Dragging

Results when an object is not completely lying on
the bottom. A condition results that lies in between
buoyancy and sliding, and is therefore between
hindered and unhindered.

a) freely buoyant

Freely moving within
a medium.

b) hindered

Resting on the ground or
the sediment, either in
one place or sliding along.

a) freely buoyant

Organisms growing to
gether or hanging from
one another.

b) hindered

Resting on the ground or
the sediment, either in
one place or sliding along.
Sliding of the object re
sults in the orientation
of the shells which acts
the same as anchoring.

when the shells are in contact with a
hard substrate, it is said to be obstructed
(gehemmt). This can happen on land
caused by wind, but occurs most frequently
in turbulent water. In water-laid deposits,
the convex-side-up orientation of shells is,
therefore, one of the most important criteria
for turbulence and should be considered
the rule. RICHTER (1942) called it Einkip
pungsregel (Fig. 20). Often the orientation
of shells can be used to clarify difficult
stratigraphic and tectonic problems, espe
cially for the recognition of overturned
position of strata. REINECK et al. (1967)
have demonstrated with the help of box
cores that convex-side-up orientation is also
predominant in deep parts of the North
Sea. The same is true for empty bivalve
valves on the continental shelf (EMERY,
1968).

As a rule, weakly curved, bowl-shaped
objects are stable convex side up, but

stongly curved, almost high-spired, bowl
shaped objects are most stable convex side
down. Examples can be found in the
fossil record. Callovian specimens of Cry
phaea dilatata found redeposited in recent
strandline deposits near Houlgate are gen
erally oriented convex upward, according to
the Eillkippungsregel. Convex-side-down
orientation, as observed for bivalved shells
and also those of Exogyra columba in the
Cenomanian of Saxony, have retained their
life positions (PFANNENSTIEL, 1930; HANTZ
SCHEL, 1924).

Azimuthal orientation of bowl-shaped
bodies is most often found under water,
but it can also be observed subaerially and
perhaps even in more viscose substances
such as soft mud. The orientation depends
upon the degree of streamlining of the body.
The shape of the object determines the
hydrodynamic drag and the direction in
which it will be oriented. Azimuthal orien-
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FIG. 20. Plaster of bivalve shells composed essentially of single valves of Costatoria goldfussi (VON

ALBERTI) from the lower Keuper (Grenzdolomit) in Thuringia, approx. XLI (Sektion Geowissenschaften,
Bergakademie Freiberg, 249/2; Miiller, n).
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tation is best developed when shells have a
long and a short axis and are aligned
along that axis. Teardrop-shaped objects
are best suited to attain azimuthal orienta
tion.

Unobstructed azimuthal orientation has
not yet been observed geologically. Possibly
it could occur in terrestrial muds and flow
ing sands or in submarine slides. Obstructed
azimuthal orientation occurs when bodies
lie upon hard substrates where their trans
portation is slowed down by friction. In
such circumstances, the thickest part of the
shell is oriented against the current, al
though occasionally, and completely unex
pectedly, the opposite orientation can occur.
TRUSHEIM (1931) performed flume experi
ments with shells and observed that their
orientation may be influenced by minute
differences in shape that are often difficult
to observe and may even be destroyed dur
ing fossilization. Such differences in orien
tation were observed for single valves of
Cardium echinatum and C. edule, and of
Mactra corallina and M. solida. FUTTERER
(1974) studied azimuthal orientation of
single valves of recent Cardium edule and
C. echinatum in a flume. These experiments
were concerned with the orientation of the
shells in relation to changing centers' of
gravity and it was discovered that a shift
of the center of gravity by a few millimeters
can lead to very different, opposing orienta
tions of the shells. Apparently, minute
differences in shell shapes are important,
and it is possible to distinguish different
species by the manner in which they are
oriented. A considerable amount of caution
must therefore be taken when applying
results obtained on recent material to the
study of fossil conditions. Generally, other
criteria than shape should be used. Differ
ent modes of orientation of bowl-shaped
shells are illustrated in Figure 21, in which
rose diagrams and orientation quotients for
different biotic constituents of shell plasters
in the upper Buntsandstein are compared.

Right and left valves of more or less
equivalve bivalves commonly show azi
muthal orientations in opposite directions
(see also Fig. 22). Even if both valves of
a bivalve shell are held together by the
ligament, azimuthal orientation can still
result. However, such occurrences can only
happen if both valves can move with respect

FIG. 21. Rose diagrams and ratios of single valve
azimuthal orientations in shell plasters, Lower
Triassic (upper Buntsandstein, Rot), Eisfeld, Thur-

ingia, approx. X 0.5 (Seilacher, 1960a).

to one another and if they lie convex side
up on the sediment.

1) The shells of Mytilus, Modiola, Area,
Venerupis, Petricola, Ensis, Phaxas, and
Donax are oblong, and their hinge parts are
straight. Therefore, these shells behave like
sled runners with the shell edges lying flat
on the substrate and the umbo pointing
toward the current.

2) The shells of Cardium, Scrobicularia,
and Mactra have rounded outlines and even
when gaping widely, rest on only one of the
valves, while the other valve points upward
like the open lid of a can. The umbonal
region, being heaviest, always points ·to
ward the currents.

It has been observed in nature and with
controlled experiments that the thickest end
of the shell is positioned against the current.
For single bivalve valves, this means that
the umbonal region points toward the
current. Therefore, this kind of orientation
can be used to determine current directions.
The situation is different for shells that are
embedded convex side up. Bowl-shaped
shells with projections or spines that extend
over the base of the shell or its margin may
be anchored if the substrate is suitable. The
anchor always points toward the current.
Thus, anchored shells can also be used to
determine current directions.

The different conditions of oriented em
bedding for complete shells and single

© 2009 University of Kansas Paleontological Institute
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A

10 10

B

FIG. 22. Rose diagrams for 302 azimuthally oriented, convex-up, embedded single valves of Costatoria
goldfussi (VON ALBERTI), from the lower Keuper (Grenzdolomit, Ku2) at ?Reisdorf, Thuringia (Muller,
n).--A. Relationships of 149 left valves (=47.6%).--B. Relationships of 153 right valves

(=52.4%). Compare with Figure 20.

valves of Schizothaerus nuttali and Proto
thaca staminea that were exposed to fluctuat
ing current directions and speeds in muddy
sands are shown in Figures 23 and 24.
The orientation of concavo-convex particles
deposited from experimental turbidity cur
rents is shown by MIDDLETON (1967).

Oriented embedding of cone-shaped
bodies. Cone-shaped shells of fossil and
living organisms are commonly preserved
in sediments. Examples are found among
oblong foraminifers, tentaculites, volborthel
lids, belemnites, styliolinids, conularids,
high-spired gastropods, and orthoconic ecto
cochlian cephalopods. Examples are also
found among vertebrate remains. Tilting
(Einkippung) will be considered first. This
is called "unobstructed" if shells are trans
ported without contact with the ground
or other substrates such as air, water, and
very soft, muddy, or sandy sediment, under
the influence of only the shape of the shell,
gravity, and buoyancy. In general, we are
then concerned with orientation perpen
dicular to the smallest cross section of the
object. If conical objects sink freely, they
commonly become oriented with the heavy,
basal portion of the shell pointing down
ward; however, if the surrounding medium

is viscous and the height of fall too small,
this type of orientation will not result.

Examples of unobstructed oriented em
bedding of conical fossils can only be
observed in sediments of sufficient density
and strength to preserve the evidence. Such
sediments must be so thoroughly saturated
with water that shells can sink in them with
their long axis vertical and short axis
horizontal. If the sediment becomes more
cohesive, this position is retained. In some
cases, the orientation of the fossil is in the
life position. Probably, the shells of cerithiid
gastropods, preserved with the apex point
ing downward in unbedded, fine-grained
sandstones of the Sarmatian of Wiesen
(Burgenland), can be considered as an
example (KREJcr-GRAF, 1932). It is as
sumed that these high-spired gastropods
were aligned by currents in flowing sands,
and were kept in this position when the
sand consolidated.

Obstructed, oriented embedding of con
ical objects results when horizontally acting
forces interact with the objects that are in
contact with the substrate, when the cone
height is less than the diameter of its
base.

Examples can be found in the patellids,

© 2009 University of Kansas Paleontological Institute
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current direction

by drag marks in the prolongation of the
nautiloid shells.

Similar parallel orientation of orthoconic
nautiloids is known from the Silurian Bud
any Limestone of Czechoslovakia. The
celphalopods of the Devonian Hlubocepy
Limestone, on the other hand, show two
dominant directions of orientation at right
angles to each other. In the latter case, the
orientation was thought to have been caused
by cross waves and low velocity currents
(PETRANEK & KOMARKOVA, 1953). KAY
(1945) observed two directions of orienta
tion for Ordovician orthoconic cephalopods
on St. Joseph Island, Ontario, and Cumber
land Head, Vermont. The smaller shells
were generally aligned at right angles to the
larger ones. KAY suggested that the larger
shells were oriented perpendicular to the

FIG. 25. Orientation of cone-shaped bodies.--A.
Azimuthal orientation of orthoconic nautiloids from
Upper Devonian (Kellwasserkalk), Bicken, Rhine
land; approx. XO.4 (Seilacher, 1960a).--B. Rose
diagrams for the orientation of 40 gastropod shells
(?Turritella sp.) in cross-bedded sandstone from
Upper Cretaceous (Mesaverde Formation), Carbon

County, Wyoming (Toots, 1965a).

discinids, and trochids. Shells of Trochus
can become abraded to such an extent that
only the apices remain. Frequently all that
remains of gastropod shells with large aper
tures such as Murex, Buccinum, Purpura,
and Aporrhais are small cap-shaped or
"ear"-shaped structures.

The orientation by currents of high
spired, conical objects in which shell height
is greater than base diameter is such that
their long axes are parallel to the direction
of the currents (Liings-Einsteuerung). Rose
diagrams of such orientations commonly
show the presence of two statistical maxima.
As a rule, one of the maxima will be much
larger and oppose the other. This suggests
that even under conditions of unidirectional
flow, transported objects are dynamically
active and constantly change their orienta
tion from spire upstream to spire down
stream and vice versa (Fig. 25). Transverse
wave orientation is characterized by two
equal peaks, sometimes with an additional
smaller peak in the direction of wave pro
gression (SEILACHER, 1960a) (Fig. 18,1).

KRINSLEY (1960) studied the azimuthal
orientation of 106 orthoconic nautiloids on
a bedding plane of the Middle Silurian
Waukeshaw Limestone near Lemont, Illi
nois. The orientations of the nautiloids
were plotted in 20 degree classes as shown
by rose diagram in Figure 26. Two
directions of orientations are obvious, a
dominant west-northwest direction and a
secondary one at right angles to the first.

Possibly the shells were transported by
strong currents and the apices became em
bedded in the sediment, thus being protected
from mechanical erosion and subaqueous
solution. Strong currents must have played
a large role as shown by the overturning
of coral colonies. KRINSLEY concluded,
therefore, that predominant winds and
currents from west-northwest were respon
sible for this orientation.

RUEDEMANN (1897) reported parallel, azi
muthal orientation of orthoconic nautiloids
and monograptids in the Silurian Utica
Shale of New York. Drag marks could be
seen behind the fossils. The apical ends of
the nautiloids and many of the siculae of
the graptolites pointed in the direction
against the current as was also indicated
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FIG. 26. Rose diagram showing the azimuthal
orientation of 106 orthoconic nautiloids along a
bedding plane; specimens from Middle Silurian,
Lemont, Illinois. The apical ends point in the

indicated compass direction (Krinsley, 1960).

shoreline and the smaller ones parallel to
it. Other examples of orientation of conical
shells have been discussed by KINDLE
(1938), RUTscH (1937), TRUSHEIM (1931),
REYMENT (1968), DIXON (1970), K. BREN
NER (1976), and FUTTERER (1976, 1977).

Only few examples of embedding and
orientation of high-spired, conical bodies
perpendicular to the current direction have
been described in the literature. SEILACHER
(1960a) studied the distribution of the
foraminifer, Haplostiche, on ripple-marked
bedding planes. The long axes of the
foraminifers were observed to lie parallel
to the ripples as shown in three separate
rose diagrams in Figure 27. The orienta
tions of the shells displayed two large and
opposing maxima, which were interpreted
to represent the most stable positions. SEI
LACHER considered the deposit to be an
example of wave orientation (Quer-Ein
steuerung). Another example would be the
well-known mass occurrences of belemnites
(Schlachtfelder) where the rostra are ori
ented perpendicular to the current (QUEN
STEDT, 1927; SEILACHER, 1960a). GEKKER

FIG. 27. One of the few known cases of conical
bodies (Haplostiche sp.) oriented with their long
axes perpendicular to the current direction (indi
cated by arrow). Preserved on the lower surface of
a ripple marked bed, from Lower Cretaceous, Texas,

XO.7 (Seilacher, 1960a).

Oriented embedding of barrel-shaped
bodies. Elongate, barrel-shaped bodies in
contact with a substrate will roll under
the influence of currents and become ori
ented with their long axes perpendicular to
the direction of the current. Of course this
can occur only under ideal conditions where
both the substrate surface and the barrel
shaped bodies are smooth. If the substrate
is uneven, the rolling bodies are obstructed
or anchored to the substrate. This is the
most common condition, as perfectly smooth
substrates rarely exist in nature. Slight
differences in relief of the substrate may
obstruct or impede the movement of bodies,
which may become anchored and then pivot
around the anchoring point, thus becoming
oriented more or less parallel to the trans
porting current.

(1957, pI. 2, fig. 3) has figured a remarkable
example of tentaculites from the Upper
Devonian of the USSR that display the
same orientation. Possibly the latter orienta
tion was the result of the mechanical inter
action of shells as they were deposited
along the shoreline.

An example of wind-oriented gastropod
shells as indicators to determine paleowind
directions has been documented by ERICK
SON (1971).
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FIG. 28.--A. Two possible azimuthal orientations for dead starfish (Seilachcr, 1960a).--B. Azimuthal
orientation of tests of Fllrmster transported by currents, after partial decomposition, Lower Devonian
(Bundenbacher Schiefer), Bundenbach, Rhineland, approx. X 0.23 (Seilacher, 1960a) .--C. Euzo1los0ma
tischbciniana (ROEMER) in "umbrella" position. The straight grooves are tool marks produced by the
drooping arms. Lower Devonian (Bundenbacher Schiefer), Bundenbach, Rhineland, X 0.36 (Seilacher,
I960a).--D. Euzo1los0ma tiscllbeiniana (ROEMER) displaying azimuthal orientation and the beginning of
rotation around a horizontal axis. Lower Devonian (Bundcnbacher Schiefer), Bundenbach, Rhineland,

approx. X0.54 (von Konigswald, 1930).

The orientation of these objects in water
is always parallel to the shoreline. Most
common examples of this type are seen in
plant material (branches, pieces of tree
trunks, chaff); however, random orientation
can also occur.

The orientation of rod-shaped coprolites
has been interpreted to demonstrate the
presence or absence of waves during deposi
tion of the Upper Pennsylvanian Rock Lake
Shale in northeastern Kansas (HAKES,
1976). Wave-oriented coprolites were found
to be aligned essentially parallel to ripple
crests, whereas coprolites deposited in areas
of little wa\'e activity were found to be
randomly oriented within bedding planes.

Oriented embedding of bodies with long,
flexible, or projecting parts. In this category
belong echinoderms (asterozoans, crinoids),
vertebrates, and plants. Good examples of
Einkippung are found among fossil aster
ozoans. Commonly, obstructed embedding
of these objects occur if some of the arms
are bent back over the central disc. VON
KONIGSWALD (1930) described two transi
tional types of embedding of asterozoans
from the Lower Devonian Hunsruckschiefer
of the Rhenish Schiefergebirge:

I) Initial inclined position: The body
does not move, but some of the arms are
bent back across it (Fig. 28,A,C,D).

2) Final position: In addition to the
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FIG. 29. Furcajler palaeozoiclH STUERTZ in a "twirl"
position. Lower Devonian (Bundenbacher Schiefer),
Bundenbach, Rhenish Schiefergebirge, approx. Xl

(von Kiinigswald, 1930).

arms the entire body is moved in the same
direction but only for a short distance.

Another type of orientation occurs when
the body of a starfish has been carried
along by currents, and its arms are dragged
over the sediment (SEILACHER, 1960a). Fig
ure 28,C, shows drag marks produced by
the arms of the animal as straight, parallel
furrows. In the specimens of Furcaster
shown in Figure 28,B, the central discs
have partly disintegrated and have been
moved by the current.

The bodies of starfish are flipped over
and tumbled by currents, which accounts
for the bending of the arms and their
occasional orientation in a direction against
the current. Previously this orientation has
often been explained as being due to
counter (tidal?) c~rrents.

Tentaculites and orthoconic cephalopods
do not usually show oriented embedding
in the Hunsriickschiefer, which is probably

explained by the fact that currents respon
sible for the transportation and oriented em
bedding of starfish may be quite weak. As
is well known, skeletal elements of echino
derms are composed of a meshwork of
calcite crystals having considerable porosity.
Therefore, these skeletons have an extremely
low specific gravity and can be easily trans
ported by very weak currents that are not
sufficiently strong to move other larger and
heavier objects. The transportation of ech
inoderm particles is also facilitated by the
entrapment of decomposition gases within
their tiny cavities. After embedding, the
cavities of the skeletal meshwork are filled
in by secondary calcite and each skeletal
element becomes one calcite crystal with its
own cleavage plane.

Embedding and anchoring of objects are
dependent upon the shape of the surface
(Stand{lache) on which they come to rest.
This surface is usually small in the case of
long, flexible, and projecting body parts
such as extremities, tentacles, tails, or necks,
which are generally oriented parallel to
the current. Commonly they nestle against
well-anchored parts, which form a kind of
facets ("Anspulen einer Facette") (WEI
GELT, 1927, p. 119).

Asterozoans commonly display anchored
or inhibited azimuthal orientation, if the
central disc is firmly anchored in the
substrate and only the arms are oriented by
currents (Fig. 28,A,D). However, if arms
are bent over the body of the starfish, this
is a form of tilted orientation called "um
brella position" (Fig. 28,D). If all arms
of starfish are spirally bent in the same
direction by currents, this is referred to as
Quidlage ("twirl position") (Fig. 29). This
occurs mainly in forms with long, moveable
arms, but is also present in starfish with
less well-developed arms. Similarly, the
spiral arrangement of distarticulated skeletal
elements of Palaeoniscus specimens in the
Kupferschiefer were apparently embedded
by small eddies in rather shallow water.

The orientation of sessile, stalked crinoids
can be used to determine current direction.
This is especially true if the animals are
anchored to the sediment at the time of
burial, and if root, stem, and crown are
not disarticulated. The animals then be
come oriented in the direction of the
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FIG. 30. Encrinus carnalli BEYRICH displaying more or less azimuthal orientation by currents. Middle
Triassic (lower Muschelkalk, Schaumkalk Zone), Freiberg a. d. Unstrut, East Germany, approx. X0.38

(Mul1er & Zimmermann, 1962).
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FIG. 31. Agrioo'inlls frechi JAEKEL, stem bent im
mediately below calyx. Arms diverging 180 0 caused
by reversal of current direction. Lower Devonian
(Bundenbacher Schiefer), Bundenbach, Rhenish
Schiefergebirge, approx. X 0.4 (von Konigswald,

1930).

current. In fairly strong currents, they are
quickly disarticulated; however, if the cur
rents are relatively weak and unidirectional,
a progressive alternation of orientation can
be developed. Initially, the crinoids are
deposited in a tangled, disordered mass,
but as current intensities increase, a parallel
arrangement will eventually develop (Fig.
30). In the latter case, the stalks are com
monly embedded in proximity, parallel to

each other on a single bedding plane. The
appearance of tangled masses of crinoids in
the Liassic Posidonia Shale of southern
Germany indicates low energy conditions,
and the more parallel arrangement of
them indicates occasional, stronger currents.
If the stalk of crinoids is separated from
the bottom, it drags along and acts as a
drift anchor.

Instructive examples of the orientation
of body parts in different directions due to
changing current conditions are known in
the Hunsruck Shale (VON KONIGSWALD,
1930). For example, the crinoid, Triacrinus,
has long, rigid arms that were aligned
by steady currents in close packing. If
the. current is reversed 180 degrees, the
arms are pushed widely apart (Fig. 31).
Because of this, current pressure is increased
so that the stalk breaks just below the calyx
and the same may happen to single arms,
because they are relatively rigid.

Changes in current direction are excel
lently displayed when several layers of
fossils are deposited on top of one another
on a single bedding plane. The differences
in orientation of the fossils can then be as
much as 180 degrees. Commonly, in the
first layer the fossils are oriented by the
dominant current and their orientation is
only slightly changed by later changes in
current direction (Fig. 32,A,B). In grapto
lite shales, two or, rarely, more layers of
oriented graptolites are present, in which
the graptolites cross each other at uniform
angles.

Rapid changes in current direction are
considered to be tidal in origin.

Paleowind directions may be determined
by measuring the azimuthal orientation of
broken and fallen tree trunks, if they are
oriented parallel to each other. This has
been found in occurrences within, or strati
graphically above, central European brown
coal deposits.

Azimuthal orientation (Einsteuerung) of
planispiral ammonoids has been studied by
BRENNER (1976), and that of Nautilus and
Spisula by FUTTERER (1976, 1977).

Marks in the sediment produced by the
remains of organisms. In German, the term
"Marken" implies inorganic structures pro
duced on substrates by mechanical means.
Their development differs from that of
lebensspuren (trace fossils) because the
forces involved are entirely inorganic. Dead
animals or solitary parts of animals can be
moved by currents and, when they come in
contact with the sediment, produce drag,
roll, or prod marks. Their importance is
obvious, because, along with other sedimen
tologic and biostratinomic indicators, they
furnish information on nature, direction,
and strength of ancient currents. The fol
lowing are examples.

1) Drag marks (Schleifmarken) with
chevron-like rills of the "chloephycus" type
(Fig. 33) (see HANTZSCHEL, 1975, p. WI71).
If objects are dragged across fairly viscose

(See facing page.)
FIG. 32. Examples of orientation by currents.--A. Two successive deposits of Fllrcaster palaeozoicus
STUERTZ, oriented by two different current directions. Lower Devonian (Bundenbacher Schiefer), Bunden
bach, Rhenish Schiefergebirge, approx. XOJ (von Konigswald, 1930).--B. Arms of Fllrcaster palaeo
::oims STUERTZ oriented by currents, from Lower Devonian (Bundenbachcr Schiefer), Bundenbach, Rhenish

Schiefergebirge, approx. X 1.7 (Miiller, 1963).
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FIG. 33. The drag mark "chloephycus" displayed
on an upper bedding plane. The feathery appear
ance is caused by rhythmic movements of an un
known object along the sediment surface. Lower
Permian (lower Rotliegendes, Oberhiifer Schichten),

Friedrichroda, Thuringia, X1.9 (Muller, 1971).

substrates, small chevronlike wrinkles can
result. The points of the chevrons point
downcurrent, and they can be used as
current-direction indicators. These struc
tures are always found on the bottom of
beds, and if other indicators of current
direction are associated with them, these
structures can be used to interpret the
direction of flow.

2) Drag marks of medusae, e.g., Rhizo
stomites admirandus (HAECKEL) from the
Solnhofen Limestone of southern Germany
(JANICKE, 1969; KOLB, 1951). The marks
shown in Figure 34 originate in the upper
right. From that point, as many as six
parallel drag marks are developed that
continue for about 12 em. Toward the
center of the picture they change into an
entangled mass of fine ridges running to
the upper left where the outline of part
of the medusa's body is found.

FIG. 34. Drag marks of medusa, Rhizostomites admirandtls HAECKEL, Solnhofen Limestone (Maim zeta,
lower Portlandian), Gungolding, Bavaria; width of section, XO.45 (Janicke, 1969; photo by courtesy of

Bayer. Staatssammlung fur Palaontologie u. Historische Geologie, Munchen).
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FIG. 35. Roll marks of ?fish vertebrae parallel to the current direction and perpendicular to the trend
of the ripples (upper right). Impression of other ?skeletal parts can be seen in the upper part of figure,

also aligned with the currents. Oligocene (Flysch), Engi-Matt, Switzerland (Pavoni, 1959).

3) Roll marks of probable fish vertebrae
(Fig. 35) in the Oligocene of Switzerland
(PAVONI, 1959) and roll marks of ammonite
shells that have been moved across the sub
strate by uniform currents (BARTHEL, 1964;
JANICKE, 1969; SEILACHER, 1963).

4) Prodmarks of reeds from the Upper
Triassic (Keuper) of Germany (Fig. 36).
As with prod marks produced by parts of
trilobites, ammonite shells, or fragments
of those, the objects were carried by cur
rents, oriented in cross or oblique orienta-

tion. The resulting marks on the substrate
are depressions, which can be used to
indicate the general direction of the carrying
currents (JANICKE, 1969; SEILACHER, 1963).
In general, the up-current side of these
sedimentary structures are flatter than the
leeward sides.

5) Changing current conditions can be
clearly recognized from marks made by
pivoting plant remains (i.e., seaweed, small
branches) in anchored azimuthal orientation
in both subaqueous (LANGERFELDT, 1935)
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FIG. 36. Prod marks produced by reeds, from
Upper Triassic (Middle Keuper, Schilfsandslein),
Sternenfels, Wurttemberg; approx. XO.7 (Linck,

1956).

and continental environments (GERHARZ,
1966; MULLER, 1967). The tethered objects
produce scraping marks in the sediment,
which stand a good chance of preservation.
They are rarely observed under water, and
are much more common on land where
they are formed under conditions of rapidly
changing wind directions. Because wind
direction can change 360 degrees in a short
time, the resulting marks left in the sub
strate can be circular; however, the predom
inating wind direction is recognizable from
the greater intensity of the scraping marks
on the lee side. In the fossil record such
marks can be used as additional criteria in
the interpretation of paleowind directions.

Such marks produced by plants are ex
tremely common in fine, soft sand and are
known to have diameters up to 1.5 m,
under as much as 2 cm of water cover
(MULLER, 1967). Their appearance is ex
tremely variable and simple circular im
pressions may be found next to entire sets
of circles, and smooth areas can be located
next to wavy or jagged margins. Some
times, perfect, wheel-shaped structures of

concentric rings are produced. Spokelike
structures (prod and drag marks) can result
if the winds blow steady from one direction
for some period of time. Such circular
structures are particularly common along
beaches where sea and land breezes alternate
daily and in slightly indurated sediments,
such as boulder clay. They can also be
formed on vertical faces, although they are
mostly cut in the sediment by pivoting of
parts of plants around an anchoring point
under the influence of strong, fairly uni
directional winds (Fig. 37). They can
also be produced by the bodies of dead
animals, such as fish cadavers which are
anchored by their tails, swinging from side
to side as described from the Solnhofen
Limestone in southern Germany (BARTHEL,
1966) .

FIG. 37. Circular structures produced on the vertical
faces of dune sand by plants blown by winds. Re
cent example, from Baltic Sea near Wustrow; XO.25

(Mliller, n).

FOSSIL DIAGENESIS

GENERAL DISCUSSION

As sediment accumulates, its increasing
weight causes changes in pressure, tempera
ture, and volume which initiate disturbances
of the equilibrium that developed between
component elements during deposition. This
results in rearrangement of constituents
until they are again in equilibrium with
the surrounding energy conditions. Dia
genesis can be defined as the processes act
ing upon sediment and its constituents from

deposition to eventual alteration by meta
morphism or weathering. There is no
sharp boundary between diagenesis and
metamorphism. The same conditions of
temperature and pressure that can cause
typical metamorphic textures in bedded
salt have insignificant effects when they act
on limestone. It is just as difficult to draw
a line between diagenesis and weathering
processes, because the transition is gradual.
Once the dead organism and its parts are
embedded in the sediment, they become
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part of it and participate in the diagenesis
of the sediment. They undergo alterations,
the accurate knowledge of which is im
portant for the proper interpretation of
fossils. A study of the older literature
reveals that sometimes new "species" were
based on products of diagenetic alterations.

According to differences in pressure, tem
perature, time, and chemical composition
of rocks, diagenetic processes progress at
very different rates.

For a given sediment, increased deposition
tends to continually reduce pore space in
the underlying material, and the pore water,
except for a very small amount of moisture,
is lost through compaction. The composi
tion of this water that migrates upward
depends upon that of the surrounding rock
and changes generally soon after deposition.
Solutions migrate by diffusion because the
dissolved substances tend to distribute them
selves evenly throughout the available pore
space. Although the internal transport of
fluids within the pore spaces of the sedi
ment is small, over geologic time it can
be quite substantial. The rate of flow is
dependent upon both permeability and
grain-size of the sediment and reactions will
occur through the mixing of introduced
fluids with connate water. Changes in
pressure, temperature, and composition of
the dissolved matter can lead to precipitation
of dissolved minerals. It is by this process
that voids are filled, for example, inside the
camerae of ammonites and nautiloids that
have not been infilled by sediment and in
which drusy calcite or quartz may develop
(Fig. 38).

As grain size changes, solubility increases
and large grains continue to grow at the
expense of smaller ones that are being
dissolved. Void spaces are occluded as
minerals are precipitated within them. Or
ganic materials are altered or destroyed. Jn
addition, metasomatic processes commonly
occur. Similarly, unstable polymorph sub
stances are changed to their more stable
forms. If fossils in sedimentary rocks are
exposed to weathering, the equilibrium
reached during diagenesis is disturbed.
Among processes responsible for such
changes are hydrolysis, hydration, oxidation,
and reduction, and attacks by acid or alka
line solutions. If temperature and pressure
are sufficiently increased, diagenetic proc-

esses change to metamorphic processes,
leading to extensive changes in mineralogy
and texture of the rock (WINKLER, 1964).
As stated before, there is no well-defined
dividing line between the two processes.
Fossils are known to be preserved in regions
of contact and regional metamorphism, and
can play an important role in the interpre
tation of such metamorphic strata (BUCHER,

1953; RINEHART et al., 1959).
Of the many diagenetic processes, a few

are discussed below because they are im
portant for accurate interpretation and un
derstanding of fossils.

FORMATION OF STEINKERNS
AND EARLY DIAGENESIS

The body of an organism can be com
pletely preserved as a body fossil. If it is
destroyed within the sediment, and if the
sediment is sufficiently lithified, and no sec
ondary minerals are being precipitated, a
void is created that may be preserved as
such. The inner surface of the void is an
impression of the outside of the destroyed
object.

Solution of, for example, bivalve shells
and subsequent filling of such voids by
drusy formations, such as calcite, dolomite,
or siderite, is relatively rare (BATHURST,

1967).
If the sediment is not sufficiently compe

tent to maintain these voids, they may col
lapse; however, if the shells initially possess
an internal void or if such voids are created
during early diagnesis by removal or de
composition of soft parts, they are common
ly filled by sediment. It is by this process
that true steinkerns develop that reflect the
internal morphology of the shell (Fig. 39).

Steinkerns are produced by many types
of sedimentary infilling and have an amaz
ing variety of shapes and textures. Fre
quently they undergo internal sedimenta
tion and develop geopetal structures. Com
monly, smaller fossils and burrows are
found in them (Fig. 40). Study of stein
kerns allows important conclusions to be
drawn with regard to the life habits of an
individual organism and the particular con
ditions of sedimentation. For example, cal
cilutite and pelletal limestones can occur
next to marly limestones and shell debris
deposits.
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FIG. 38. Medial section through the phragmacone of the ammonite, Ceratites, in which the walls of
the camera are lined with transparent drusy calcite. Middle Triassic (upper Muschelkalk, middle Ceratites

Schichten), Thuringia; x2.5 (Muller & Zimmermann, 1962).
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FIG. 39. Fragments of crinoid columnals (Ctenocrinus typus BRONN). The lumen filled with sediment,
prior to dissolution of the columnal, producing a true steinkern which reflects the soft part morphology
of the animal. Lower Devonian (Spiriferensandstein), Eifel, West Germany, approx. X2.75 (Muller,

1963) .

Multiple phases of fine-grained sedimen
tation can occur within shells by recurrent
water movement. Material in suspension
then settles within the shell, especially if
the currents flowing out of the shell are
weak. In planispiral ammonite shells that
are being filled with sediment through their
apertures, the sediment in the camerae be
comes increasingly finer and more homo
geneous toward the apical end. Many
camerae receive no sediment and remain
empty and most shells are not entirely filled.
In order to become completely filled, a
hole at the apical end of the shell would
have to exist (SEILACHER, 1968a).

When shell substance is gradually de
stroyed, the surrounding sediment may
settle slightly, and the steinkern may be
pressed against the impression made by the
outer surface of the shell, so that this is
then imprinted on the steinkern. Such
structures are called Pragekerne or Sku1p
tursteinkerne. Their analysis helps in the

interpretation of early diagenetic processes
in the surrounding sediment as well as the
manner of dissolution and decomposition
of the organism itself. Sculptured steinkerns
are most frequently formed as the result of
the destruction of organisms with calcareous
hardparts, in particular, bivalves.

The dissolution of shell material can
begin on either the interior or exterior sur
face of the shell. Dissolution has been
shown to be extremely strong in fractured
shell material. The synchronous dissolution
of shell material can also lead to the decrease
in shell thickness and the loss of sculpture.
Shells are most easily reduced in thickness at
the umbonal region where they were origi
nally the thickest. This type of shell destruc
tion is mostly the result of processes occur
ring outside the sediment, prior to burial.
In both these cases of shell reduction, it is
thought that the conchiolin and the perio
stracum are destroyed. In oxygen-rich en
vironments, the periostracum is generally
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FIG. 40. Differential filling of ammonite shells by sediment (medial sections).--A. Ceratites evolutus
PHILIPPI, upper Muschelkalk (C. evolutus Zone), Ohrdraf, Thuringia; diameter 95 mm.--B. Ceratites
evolutus PHILIPPI, upper Muschelkalk (C. evolutus Zone), Ballenstedt, Harz Mt.; diameter 100 mm.-
C. Ceratites d. C. compressus PHILIPPI, upper Muschelkalk (C. compresStls Zone), Remda, Thuringia;
diameter 85 mm.--D. "Perisphinctes" sp., [ower MaIm (Oxfordian), Staffelstein, Franconia; diameter

65 mm (Sektion Geowissenschaften, Bergakademie Freiberg, 249/3-6; Miiller, n).

destroyed first; the inorganic constituents
remain. In oxygen-deficient environments,
especially those with high concentrations of
hydrogen sulfide, destruction begins with

the dissolution of calcareous components.
The oxidation of sulfides frees sulfuric acid,
which disso:ves calcareous material and hin
ders additional bacterial destruction of
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organic substances, as decay-producing bac
teria are extremely sensitive to the presence
of oxygen.

In anaerobic environments, the perio
stracum protects the underlying shell mate
erial, but there is a considerable difference in
the solubility of the prismatic and the
nacreous layers. The prismatic layer of the
shell, secreted by the mantle edge, is gener
ally calcite, whereas the nacreous or porcel
laneous layer of the shell consists of more
soluble aragonite, which is secreted by the
mantle surface. The shells of snails and
dimyarian bivalves, whose shells are com
posed entirely or predominantly of aragon
ite, are therefore most commonly preserved
as steinkerns. The shells of monomyarians
are predominantly of calcite and their shells
are generally preserved in their entirety.

If the voids created by solution of skele
tal material are preserved, solution must
have occurred after lithification of the
sediment. Occurrences of sculptured stein
kerns show that the solution of the shells
proceeded outward from the inner side.
They can only be formed if the sediment
has not become entirely lithified, when the
void can be closed under the weight of
the settling sediment. During this process,
the steinkern moves outward with the
progressive solution of the inner side of the
shell. Imprinting of the outer ornamenta
tion on the steinkern occurs only after the
shell substance has been completely re
moved.

Sculptured steinkerns of ammonites are
known from the Posidonia Shale (Lias E:)
and the Solnhofen Limestone in southern
Germany. They show details of ornamenta
tion without preservation of sutures.

Aragonite can be replaced in skeletal
material by the action of marine boring
algae, and probably fungi and bacteria.
Algal filaments penetrate the shell material
centripetally and eventually die and decom
pose. The resulting cavities can be filled
with micritic cements. When this process
is repeated, as has been observed in mollusk
shells from the Bahamas, a micrite envelope
or rind will develop around the shell, which
for unknown reasons is not dissolved during
diagenesis. Thus, an impression of the
original shell is preserved, which later may
be filled with calcite crystals (BATHURST,
1966; WOLF, 1965).

FIG. 41. "Metallofact," casting of recent myriapod
in molten aluminum, X 1 (Muller, 1963).

Fossils can also be preserved in lava
flows. For example, tree trunks which were
surrounded by lava can leave many details
of the bark clearly imprinted in the sur
rounding rock, and in some cases, the cell
structure of trees has been preserved ("lava
trees"). Even a rhinoceros has been pre
served in basalt (CHAPPELL et al., 1951). Of
particular interest, is the "metallofact"
shown in Figure 41, which is a myriapod
that was rapidly covered by molten alum
inum, thereby preserving its shape.

DEFORMATION OF FOSSILS

GENERAL DISCUSSION

Fossils are commonly found to be de
formed by mechanisms that either deform
them plastically or fracture them. Of course
there are many transitional cases between
these two end results. Possible causes for
such deformations are: 1) volume decrease
of surrounding sediment, 2) collapse due
to overburden, and 3) tectonic movements.

VOLUME DECREASE (SETTLING)
OF SEDIMENT AND ITS EFFECTS

GENERAL DISCUSSION

Settling of sediments may be caused by
the following processes: 1) reduction of
interstitial liquid (mostly water), 2) leach
ing of relatively soluble constituents, and 3)
removal of organic matter by degassing.
Compacting of sediments can occur during
sedimentation under the influence of out
side factors such as water movement. As
a consequence, pore volume is reduced.
Since the wettability of coarse-grained sands
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FIG. 42. Lytoceras sp.--A. Preservation in limestone (Lias a, Braunschweig).--B. Specimen de
formed by compaction and dewatering of clay-rich sediments (Lias E, Posidonienschiefer), southern
Germany. Shell walls are fractured and laterally displaced during sediment compaction. Scale in cm

(Muller, 1963).

is small, maximum compaction may result
at this stage. Thus, sands deposited under
turbulent conditions, as a rule, will not
suffer further compaction, except when they
contain a significant amount of organic sub
stances, or easily soluble components, or
hollow fossil remains. But even in such
conditions, deformation of fossils will occur
only occasionally, because hydrostatic pres
sure is reduced by the friction and mutual
support of sand grains.

One can think of porous sand as being
composed of numerous, vertical prisms,
with their sides in contact, along which
downward movement takes place. Since
the cross sections of these prisms are rela
tively large, only fairly large-sized objects
can be deformed. Most objects that have
relatively small cross sections remain unde
formed in such sands. However, deforma
tions due to the weight of the object itself
are in a different category. They can occur,
if organic tissues are decomposed and
yield.

What is true for sand deposits is not
necessarily valid for boulder beds. As do
single grains in sandstone, pebbles and
boulders in conglomerates can support each
other to form arches. Little or no deforma-

tion should, therefore, be expected, just as
in sands; however, the opposite appears to
be the case. The reason for this can be
found in stress changes that develop, as in
sand, when, under load pressure, edges
and corners of grains break off. This
happens most commonly if the interstices
are not entirely filled with sand or some
other material.

Porous sediments, which are very fine
grained or are composed of colloidal con
stituents, have considerable water retention
because of their large internal surfaces.
This is especially true when clay minerals of
the montmorillinite group compose a large
portion of the sediment. Also, clay com
monly contains large amounts of organic
material and is, therefore, subject to more
settling than other types of sediments (Fig.
42,B).

The settling of clayey sediment is caused
by increasing sediment accumulation and
load pressure, which results in dewatering
of the clay particles. During dewatering,
the migration of pore fluids out of the
sediments not only causes a reduction in
volume but also the migration of dissolved
substances, which are deposited elsewhere.
In this way concretions can be formed,
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which may be of limonite, phosphorite,
marcasite, pyrite, barite, or calcium carbon
ate (ILUES, 1950).

During dewatering, lime mud may lose
as much as three-fifths of its volume and
one might, therefore, expect to find con
siderable settling effects in such sediments;
however, fossils preserved in pure lime
stone, free from clay particles, silica, or
organic material, generally show few signs
of early diagenetic deformation (Fig. 42,A).
This is probably because dewatering and
solidification of very stable carbonate mud
take place at a very early stage, and the
concomitant volume and stress changes do
not affect the texture of the rock and its
contained fossils. In contrast to clayey and
marly sediments, calcareous muds are not
subject to later volume reduction by com
paction (MULLER, 1951a). They pass rapid
ly through the plastic state, before the
deposition of a large amount of overlying
sediments. As soon as such sediments have
been lithified, no further diagenetic defor
mation can take place.

The deformation of ammonites with
rounded shells and wide living chambers,
such as Ceratites nodosus, depends upon
their mode of embedding. If the shell is
oriented parallel to the bedding, it is gen
erally flattened. Shells that are embedded
vertical or oblique to the bedding are broad
ened. Oblique deformation can sometimes
be mistaken for tectonic deformation of the
shells. Therefore, taxonomic identifications
can become more difficult because the cross
section of the whorls may be changed dur
ing deformation. The diameters of verti
cally embedded ceratites can be shortened
by as much as 30 percent, with little
indication of such compaction in the sur
rounding rock.

If outlines and cross sections of unde
formed fossils are well known, the study
of deformed specimens may lead to cou'
clusions about the degree and cause of
diagenetic deformation. If forms are not
known in their undeformed state, then
accurate analyses cannot be made and
misidentifications may result. This has
undoubtedly led to the establishment of
many unnecessary species in the literature,
especially when many of these fossils have
undergone plastic deformation (REGINEK,
1917).

FIG. 43. Psi/oceras (Caloceras) jo/znstoni (Sow
ERBY), showing early diagenetic deformation; from
Lower Liassic (alb, lower Hettangian), Giittingen,
West Germany. Largest diameter, 95 mm (Lang-

heinrich, 1966).

PLASTIC DEFORMATION

If an object does not possess some original
elasticity, plastic deformation can only occur
after diagenetic decomposition and leaching
have made it pliable. In general, plastic
deformation of steinkerns occurs only when
the hard parts have been dissolved prior to
lithification of the surrounding sediment.
In lower Liassic rocks (alb, lower Het
tangian) of Gottingen, the ammonite shells
are "stretched out" along bedding planes,
having been deformed during early dia
genesis (Fig. 43) (LANGHEINRICH, 1966).
In this example, the amount of deformation
(as determined by comparing long and
short axis of a deformation ellipse) is 84
percent. There is no evidence of tectonism
in these deposits, and, therefore, deforma
tion must have occurred during early dia
genesis. Thus, all observations concerning
decalcification of hard parts due to de
composition of organic substances in or on
unconsolidated sediments are of consider
able importance in order to understand the
process of plastic deformation. This type
of deformation occurs primarily in sedi
ments with a high clayey content, and
practically not at all in sandstone and pure
limestone.

The amount of decaying material must
be somewhat substantial. HECHT (1933)
studied experimentally the effects of skeletal
material during the decay process. He
added a number of Mytilus valves of known
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TABLE 5. Solution of Bivalve Shells in a Medium of Decaying Soft Parts (after Hecht,
1933).

Time in Days Original Weight Subsequent Weight Weight Lost Percent Loss
(grams) (grams) (grams)

7 0.8471 0.7205 0.1266 14.9
14 0.8471 0.6204 0.2167 24.5
16 1.5603 1.3870 0.1733 11.1
16 1.8466 1.3870 0.4590 24.86
31 1.6628 1.4650 0.1978 11.86
32 1.6628 1.4824 0.1804 10.85

weight to the flesh of 100 specimens of the
same species. At intervals the shells were
weighed to determine the amount of cal
careous material lost due to the action of
acids produced during decay. The results
are shown in Table 5. In general, the
greater the content of organic material
within the sediment, the greater the possi
bility for the dissolution of calcareous shell
material. The most important chemical
agent seems to be the carbon dioxide pro
duced during decay in addition to sulfuric
acid, which is the oxidation product of

FIG. 44. Wrinkled but undestroyed periostracum of
Inoceramlls dllbills from Upper Liassic (Lias "
lower Toarcian, Posidonienschiefer), Goslar, Harz

Mt., X 0.93 (Muller, 1963).

hydrogen sulfide normally present in the
sediment.

Because the periostracum protects the
outer shell layer from solution, the un
protected, internal layers are relatively
rapidly dissolved, and thin shells may be
reduced to a chalky substance within a
few weeks. In thicker shells the periostra
cum, which consists of conchiolin, begins
to peel off after eight weeks without having
undergone any changes. It is thrown into
folds, parallel to the growth lines, and can
be easily detached. In addition to bivalve
shells (Fig. 44), arthropod carapaces are
sometimes found having such wrinkled
surfaces. If the shell or cuticle are not com
pletely dissolved, but have become flexible,
impressions of foreign objects or other parts
of the same organism are occasionally found
on the periostracum.

Hard parts that have become soft and
flexible under the influence of organic
decomposition products are easily subject
to plastic deformation. If the rocks contain
ing them have not been tectonically de
formed, their occurrence always indicates
that solution has been at work. As an
exampie, fossilized skeletons can be found
with individual bones bent and superim
posed upon each other on a single bedding
plane. In such cases the bones were made
soft by diagenetic processes prior to com
paction of the sediment. Examples are
found among the reptilian remains in the
Posidonia Shale near Boll and Holzmaden
(Wiirttemberg).

DEFORMATION BY FRACTURE

Deformation by fracture can occur if
1) the object has insufficient primary elastic
ity, and 2) an originally elastic body has
become brittle by decomposition and leach
ing processes.
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COLLAPSE UNDER OWN WEIGHT

If a shell collapses under its own weight,
the degree of deformation is determined by
its inherent statics and mechanics. Plastic
deformation commonly occurs: 1) in elastic

radial fractures

shells, not to fracturing or plastic deforma
tion. It is not observed in clayey deposits
and is restricted to limestone and calcareous
marl, for example, the Ceratite beds of the
upper Muschelkalk.

FIG. 45. Types of deformation by fracture of fossils
with rounded outlines (a, concentric fracture; b,
radial fracture) (Muller, 1951b).--A. Leioceras
opalintlm REIN., lower Dogger, Goslar.--B. Echi
nospatagus hofmanni GOLDFUSS, upper Oligocene,
Bunde near Herford.--C. Inoceramus labiatus

VON SCHLOTHEIM, lower Turonian, Salzgitter.

If during compression of the sediment,
a shell cannot expand laterally, then it may
break under pressure, and the individual
shell fragments are thrust over each other.

The cracks that are formed during frac
ture deformation of shell material are usual
ly delicate. If the broken fragments suffer
no displacement and if they are recemented
by mineral precipitation, plastic deformation
may be simulated, and imprints of the
cracks may be seen on steinkerns. Such
specimens show clearly that fracturing pre
ceded solution.

An example of fracturing deformation is
shown in Figure 45,A-C. If a shell has
essentially a circular outline, it is possible to
divide the fracture systems into two basic
types: 1) concentric fractures, running par
allel to the shell outline, and 2) radial
fractures that originate from the center of
the shell.

Shells with oblong, oval outlines such
as the bivalves Mytilus, Modiola, and Ino
ceramus (Fig. 45,C), display characteristic
fracture. Commonly a main fracture line
runs along the central crest of the shell
(Fig. 45,B). Objects usually break up along
cracks that are oriented at right angles to
their sides.

Experimentally, individual shells of bi
valve mollusks and brachiopods are cap
able (according to species) of supporting
normal loads of 500-4,000 kg/m2 be
fore breaking. Natural examples of shell
packings could therefore support without
collapsing a sedimentary overburden com
parable in thickness to one meter. Thus,
there may be ample time for cementation
to begin, and further strengthen the pack
ings, before critical overburden thicknesses
are reached (ALLEN, 1974). Pressure me
chanics have recently been applied to the
study of skeletal hard parts by BRENNER and
EINSELE (1976).

In some cases the result of sedimentary
pressure can also be recognized in the
absence of shell deformation. This is com
mon in bivalves preserved with articulated
valves where one valve is pushed over the
other. This is especially common in iso
donts and desmodonts such as Pleuromya,
Mya, and Gresslya. Without contempo
raneous deformation of the valves, this posi
tion is observed when compaction of the
sediment has led only to a shifting of the
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FIG. 46. Conularia tulipa RICHTER & RICHTER

crumpled like a paper bag by pressure. Lower
Devonian (Bundenbacher Schiefer), Bundenbach,

Rhineland (Richter, 1931).

forms, especially thin-walled shells (Fig.
46), and 2) in shells that have become
flexible as a result of the processes of de
composition and leaching.

On the other hand, deformation by
fracture is to be expected if hard parts
become brittle during decomposition or
leaching.

DEFORMATION BY
TECTONIC STRESS

Tectonic movements, especially during
periods of intense orogeny, can result in
considerable deformation of fossils. How
ever, whereas pressure exerted during set
tling of unconsolidated sediment acts per
pendicular to the bedding planes, causing
changes in both the shape and volume of
shells, tectonic pressure may act in any
direction and generally leads to changes
in shape and not volume. It is generally
quite easy at the outcrop to tell the two
types of deformation apart; however, in
unoriented hand specimens this may prove
difficult. Just as in pelomorphic deforma
tion, tectonic deformation may result in a
variety of forms that can simulate a variety
of species depending on the original position
of the fossils in the rock. Thus, it could be

shown, in some cases, that several hundred
"new" species were proposed without taxo
nomic justification (REGINEK, 1917; FANCK,
1929; BREDDIN, 1964). This is true for
mollusks, and for other organisms, such as
graptolites. So many types of deformation
can result in these deposits, that mistakes
are inevitable (Fig. 47,A-F).

A distorted fossil can be restored accu
rately if the degree of deformation, 8, is
known. "8" is the ratio between the long
and the short axes of the deformation
ellipse within a given bedding plane, and
frequently, it is only a minimum number
if the fossils are less easily deformed than
the surrounding rock. In the case of stein
kerns and molds, both are composed of the
same material as the surrounding rock, and
they therefore become deformed to the
same degree as the rock.

Original right angles in fossils (e.g., be
tween hinge and median lines in some
ribbed bivalves and brachiopods; between
axis and posterior margin of cephalon and
thoracic segments in trilobites) may be
deformed into oblique angles which then
correspond to the conjugate diameters of
the deformation ellipse. If two such oblique
angles can be measured for two fossils
lying in the same bedding plane, the defor
mation elipse can be transformed into a
circle and the degree of deformation can be
determined (Fig. 48,A,B). LANGHEINRICH
(1968) has published a review of the several
methods by which the deformation degree
8 in a particular bedding plane may be
determined from changes of angles.

If the degree of deformation is known,
it is possible to use different methods of
restoration of the fossils. Such techniques
have been described by GRAF (1958), BAU
MANN (1958), DE VRIES (1959), SDZUY
(1962), BREDDIN (1964), STEHN (1968),
and others.

SELECTIVE DISSOLUTION
DURING DIAGENESIS

Skeletal material exposed at the water
sediment interface is unstable and is selec-

FIG. 47. Tectonic deformation of graptolites, Lower Silurian (Valentian), Weinbergbruch (vineyard
quarry) near Hohenleuben (eastern Thuringia); direction of deformation (b-axis) for A-C marked by
double arrow (Schauer, 1971).---A-D. Monograptus turriculatus BARRANDE; A, tectonic "long form"
(deformation parallel to b-axis); B, tectonic "inclined form"; C, tectonic "short form," deformation
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F

FIG. 47. (Explanation contin/led from facing page.)

perpendicular to b-axis; D, long and short form on one bedding plane, approx. X 1.9.--E, Pristiograpltls
nudus nudus LAPWORTH, approx. X 1.9.--F. Petalograpt/ls altissinllls ELLES & WOOD, approx. X 1.3.
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FIG. 48.---A. Graphic representation for determination of 0. a and a' indicate the angIe between the
direction of elongation (STR) and the two lines, respectively, within the fossil, which formed a right
angle before deformation (Madler, 1938).---B. Four deformed bivalves (0 = 0.75) having original
width-length ratio of 1.36, with their shell margins oriented at different angles (a) to the direction of
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tively dissolved according to the solubility
of its component substances. This process
has been studied in recent and fossil mate
rial and much of the work has been sub
stantiated by studies in phase chemistry.
LOWENSTAM (1963) summarized the min
eralogy of skeletal materials.

It must be remembered that the solu
bility, and thus preservability, of skeletal
elements are influenced by the microstruc
ture of their elements and the content of
easily destroyed organic matter such as is
found between the prisms in the shells of
clams (KESSEL, 1938).

Selective solution of skeletal material also
occurs during diagenesis, mainly under load
pressure, by an upward migration of pore
fluids caused by the pressure of accumulat
ing sediment. By this process a "solubility
front" develops, especially in the transition
between oxidation and reduction zones,
under conditions of low pH (JARKE, 1961).
Under anaerobic conditions, hydrogen sul
fide can have the same effect on skeletal
material as carbon dioxide in sea water.
Therefore, hydrogen sulfide need not be
oxidized to form sulfuric acid. This ex
plains absence of gypsum, which otherwise
would be expected to form during dissolu
tion of calcareous skeletal material (MosE
BACH, 1952).

In the bituminous Posidonia Shale (Lias
8) of southern Germany, the aragonitic
portions of ammonites have been dissolved,
but the calcitic aptychi, the siphuncles, and
the periostraca are preserved. Selective dis
solution can also occur under aerobic con
ditions as can be seen in the Solnhofen
Limestone (MaIm Z, lower Portlandian) in
southern Germany, where aragonitic shells
of ammonites have been entirely destroyed.
As a rule, only faint outlines of the shells
remain; however, the aptychi and siphuncles
are well preserved.

The speed at which shell material is
dissolved depends on the effective surface
area. Thin shells may be completely dis
solved when remnants of thicker shells are
still present. Phosphatic and horny skeletal

elements (such as brachiopod shells, gastro
pod opercula, hooks of coleoids, scoleco
donts, arthropods, graptolites, bones, teeth,
and scales of vertebrates) may be preserved
in acidic environments in which calcareous
hard parts are completely destroyed.

MOLECULAR
REARRANGEMENTS IN THE

COURSE OF DIAGENESIS

GENERAL DISCUSSION

Molecular rearrangements occur during
diagenesis when, under the influence of
temperature and pressure, existing imbal
ances are corrected and individual sedimen
tary particles attain a state of minimal
surface energy. Several possibilities exist of
which the following are important: 1)
recrystallization, especially grain growth,
aggrading neomorphism; 2) concentration
of thinly disseminated substances with or
without chemical reactions (metasomatism);
and 3) transformation of substances from
unstable into more stable forms.

RECRYSTALLIZATION IN
PARTICULAR GRAIN GROWTII

Recrystallization occurs within the sedi
ment, in regions of pore water movement,
and is controlled by solubility, grain size,
and temperature. During this process, or
ganic hard parts incorporated in the
sedimentary matrix are also recrystallized.
Such diagenetic changes usually result in
changes in grain size, form, and orientation
of particular mineral species and their poly
morphs (FOLK, 1965). Commonly, the
process is characterized by the increase in
size of larger grains at the expense of
smaller ones. Because the ratio of surface
to volume is less in large crystals than in
smaller ones, an upper limit of grain growth
exists under any given set of circumstances.
Organic hard parts can be so intensively
recrystallized by grain growth that they
are often unrecognizable, except for a thin
"dusk line" which represents the shell
margin (FOLK, 1965).

(Continued from facing page.)

elongation. The angles (<1) of 0, 37, 52.5, and 90 degrees correspond to deformation of 0, 45, 60, and
90 degrees, respectively, corresponding to shells numbered 4,3,2, and 1 (Langheinrich, 1968).
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FIG. 49. Aspidllra sp., in space not completely filled with sediment underneath a convex-up bivalve shell;
the dorsal plates of the ophiuroid carry large, sparry calcite crystals. Middle Triassic (upper Muschelkalk),

Wurttemberg; width approx. 30 mm (Muller & Zimmermann, 1962).
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Small, fragile organisms, consisting of
calcareous material, are commonly destroyed
during the initial stages of diagenesis.
Coccoliths are especially susceptible to com
plete recrystallization, either by load pres
sure or shearing stress, and quickly lose
their characteristic shape. During the dia
genetic alteration of a marl into a marly
limestone, coccoliths can become encrusted
with slowly growing crystals to such an
extent that they are no longer recognizable.
As a general rule, the older the sediment,
the less likely the chance of finding identi
fiable coccoliths. Recrystallization of shell
material can also result, without appreciable
accompanying grain growth, in the solid
state through solutions, depending on the
porosity and permeability of the rocks
(FUCHTBAUER & GOLDSCHMIDT, 1964, p.
195). During such processes primary tex
tures are generally preserved, because the
changes generally take place within crystal
lattices (BATHURST, 1958).

If recrystallization is very extensive, it
leads to the development of a coarsely
crystalline mosaic texture and the complete
obliteration of original, internal structure.
This can commonly occur during the inver
sion of aragonite to low Mg-calcite or
during aggrading neomorphism of small
calcite crystals. Such textures are not only
found in fossils, but also in the matrix of
carbonate rocks where sharp boundaries
exist between matrix and shells (HOLL
MANN, 1968a).

Processes of recrystallization and grain
growth aid in the natural weathering of
fossils when they can be easily separated
from the sedimentary matrix by chisel or
acid. Bivalve shells and echinoderm plates
are naturally quite sturdy, but diagenetic
changes may increase their durability. Be
cause the rate of weathering is dependent
upon grain size, durable shells weather at
a much slower rate than matrix of similar
mineral composition. The motion of pore
fluids is particularly important in the
transporting and removal of constituents.
Fluids preferentially move along crystal
boundaries, and with special intensity along
boundaries between shells and matrix,
where small cavities eventually develop
around the shells, facilitating their removal
from the rock.

It is sometimes possible to determine the
length of time during which recrystalliza
tion took place if the fossils suffered fractur
ing during diagenesis. It must be remem
bered, however, that fissures caused by
early diagenetic settling may be closed by
later recrystallization.

Echinoderm tests are especially suscept
ible to recrystallization. Each plate is
composed of a meshlike, porous skeleton
of a calcite crystal whose crystallographic
orientation is determined by the structure
of the animal's body (MACURDA & MEYER,
1975). During early diagenesis, these pores
are filled by optically continuous calcite
cement, until each skeletal element forms
a single calcite crystal with characteristic
cleavage. If space is available, epitaxial
overgrowths commonly form around the
plates and assume scalenohedral shapes.
This process can severely alter the appear
ance of an echinoderm, and new species
have been introduced for diagenetically
altered specimens.

Hollow echinoid tests, such as occasion
ally seen in chalk, are formed through
oriented growth of the plates, each of
which has a calcite crystal growing on the
inside; all the crystals keep growing until
the inner lumen is filled. The same ex
planation can also be applied to the so-called
"crystal apples" where calcite crystals have
completely filled the inside of the test of
Echinosphaerites. Echinoderm tests can also
change their appearances by outward growth
of calcite crystals. Figure 49 shows a speci
men of Aspidum from the Muschelkalk in
which the dorsal plates bear calcite scal
enohedra (MULLER, 1969a).

An especially interesting phenomenon
occurs when repeated precipitation of silica
takes place in the interior of an echinoid
test. In the specimen shown in Figure 50,
the test of an echinoid was first filled to a
certain level by chalky sediment, which was
changed metasomatically to chert. Later,
calcite crystals grew inward from the plates,
until the remaining void was filled with
light-colored, rather coarse-grained quartz.
Finally, the remains of the calcareous skele
ton were dissolved (Fig. 51).

Thin sections of limestone samples, for
example, red limestones of the Oxfordian,
Kimmeridgian, and Portlandian show Fora-
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FIG. 50. Echinocorys sp.; internal structure is due to repeated precIpitation of silicic acid (compare with
Fig. 51). Upper Cretaceous (lower Maastrichtian, chalk facies), Rugen, DDR; largest diameter, 80 mm

(Muller & Zimmermann, 1962).

minifera and other microfossils whose shells
have been altered by calcite overgrowths

(HOLLMANN, 1964). Also, the original
thickness of shells or carapaces may be
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FIG. 51. Schematic diagram demonstrating concretion development (A-E) similar to that in Fig. 50
(Muller, n).

altered by recrystallization, and occasionally
a considerable increase in thickness can
result.

FORMAnON OF CONCRETIONS
(GEODES) AND THEIR

IMPORTANCE IN FOSSILIZATION

Concretions can be divided into three
separate groups, according to the time of
their formation:

1) Syngenetic: formed during sedimenta
tion, frequently characterized by excellent
preservation of organic remains within the

concretions.
2) Diagenetic: formed either shortly after

the initial deposition of the sediment or
somewhat later.

3) Epigenetic: formed after deposition of
the surrounding sediment, bedding planes
passing from the enclosing rock into the
concretion.

Concretions that form around organic re
mains are of considerable interest to the
paleontologist, because they are commonly
formed before the initiation of plastic de
formation, caused by sediment settling (e.g.,
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FIG. 52. PalaeonisCtls macropomus AGASSIZ, with head and anterior part of torso preserved, of early
diagenetic, calcareous concretion (ul/menauer ScIz wiele") (Muller, 1962a).--A. Right side.--B.
Ventral side.--C. Dorsal side. Upper Permian (lower Zechstein, Kupferschiefer), Sturmheide b.

Ilmenau, Thuringia. Length, 85 mill.

MULLER, 1962a; ZANGERL & RICHARDSON,

1963; ZANGERL, 1971). This is also shown
by the fact that the interiors of many en
closed fossils contain voids or infillings of
unconsolidated sediment. If fossils inside
concretions are deformed, it must be con
cluded that the concretions were formed
during or after the settling process.

VOIGT (1968b) described concretions that
have grown in several phases conditioned by
interruptions in sedimentation or by coales
cence of concretions of different ages and
called these "hiatus concretions." In some
cases, concretions may be exposed and cor
roded or bored on the seafloor. When
sedimentation resumes, growth of the con
cretions continues (KENNEDY & KLINGER,

1972). This is true for concretions formed
syngenetically or by early diagenetic proc
esses in which the organisms around which
the concretions grew are well preserved, in
many cases with soft parts, or at least their
impression.

The material for concretionary growth

moves either actively by diffusion or pas
sively with the pore water through the
sediment. First of all, the possibility of
material migration by diffusion is con
sidered.

Concretions of syngenetic and diagenetic
origin are commonly closely connected to
the presence of organic remains that form
the center of the concretions.

"Thin-walled" concretions tend to outline
the enclosed objects. "Thick-walled" con
cretions tend to be more rounded. Spherical
concretions are formed under conditions of
hydrostatic pressure. Flattened concretions
are commonly formed in connection with
inhomogeneities within the sediment, caused
by compaction.

It is possible to determine the relative time
at which a concretion began to develop by
comparing the amount of compaction in the
surrounding rock with the degree of de
formation of the organism contained within
the concretions. Fossils preserved in strongly
compacted sediments tend to be completely
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flattened along bedding planes or when
they are attached to the surface of con
cretions; however, within concretions fossils
are usually well preserved, displaying many
morphologic details (Fig. 52), because the
top of the concretion either protrudes
through the sediment surface or merely has
less sedimentary load on it because of its
geometry. A slow rate of formation of a
concretion is indicated, if, for example, the
inner volutions of an ammonite shell at
its core are better preserved than the outer
ones. In this case, the outer whorls were
exposed to corrosion by pore water for a
longer time than the inner ones.

In some cases, the destruction of fossils by
diagenetic processes is obvious. ILUES
(1949) observed such occurrences in Eocene
deposits near Havighorst, Schleswig-Hol
stein, West Germany, where a bivalve plas
ter could be traced through several concre
tions in one bed where the fossils in the
surrounding rocks had been completely
destroyed. Apparently, these concretions
developed before the shells buried in the
surrounding sediments were destroyed.

Concretions containing fossils may be
split by shrinkage cracks and the fragments
displaced vertically or horizontally. Internal
shrinkage cracks develop if the concretion
consists of a considerable amount of clay
or other material of little coherence and
high water content. The resulting cracks
run either radially or concentrically, and
commonly follow the inner and outer
boundaries of shells. The subsequent de
watering resulting from irreversible chem
ical processes leads to formation of shrink
age cracks that are then filled by mineral
precipitation (Fig. 53).

The inner whorls of planispiral ammo
nites may become detached during this
process and shrinkage cracks can develop
covered by several generations of matlike
overgrowths of calcite. Such overgrowths
of calcite can make the thickness of the
inner whorls appear greater than the outer
whorls by more than a millimeter (HOLL
MANN, 1968a). Because it is difficult to
distinguish between the steinkern and the
calcite filling within these diagenetically
produced voids, the impression may be
created that the size of the shell is due to
anomalous growth (Fig. 54).

FIG. 53. Cross-sectional, schematic view of septarian
concretion with enclosed ammonite (HoHmann,
1968a).--A. Prior to the development of shrink
age cracks, camerae serve as "bubble levels."-
B. Radial and concentric shrinkage cracks have
formed from dewatering of the clay minerals which
are later filled with mineral precipitates. These
cracks commonly conform to inner boundaries of

the shell.

TRANSFORMATION OF
POLYMORPHOUS SUBSTANCES
INTO STABLE MODIFICATIONS

A common process during diagenesis is
the transformation of minerals into their
more stable polymorphs. Perhaps the most
important of these transformations is the
inversion of aragonite to calcite. This is
important because aragonite occurs in the
skeletal material of many organisms, such
as corals, scaphopods, gastropods, bivalves,
nautiloids, ammonoids, and otoliths (HALL
& KENNEDY, 1967; KENNEDY & HALL, 1967;
KENNEDY & TAYLOR, 1968). It has been
demonstrated that synthetic aragonite, in
water at 40° C, can invert to calcite within
a few hours (WRAY & DANIELS, 1957);
however, organically precipitated aragonite
can be preserved for long periods of time.

Aragonite is frequently preserved in fos
sils of Cenozoic age and more rarely in
Mesozoic forms. Commonly, such fossils
are preser\'ed in muddy or marly sediments.
For example, aragonite is preserved in corals
of the marly Triassic Zlambach beds and
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FIG. 54. Microderoceras birchi (SOWERBY), a so-called double ammonite; shell of the steinkern is 8 mm
thicker than that of the shell, void between the two filled with calcite. Middle Liassic (lower Pliens
bachian), Lyme Regis, Dorset, England. Diameter of ammonite approx. 11 cm (Sektion Geowissen-

schaften, Bergakademie Freiberg, 249/7; Miiller, n).

in the hinge of hippuritids of the Cretaceous
Gosau beds, both of the eastern Alps
(ZAPFE, 1936). There is an apparent cor
relation between the preservation of aragoni
tic material and the surrounding sediments.
Aragonite is almost totally absent from hard
parts in Upper Cretaceous limestone that
is poor in organic substance, but is quite
common in the organic- and pyrite-rich
shales of the Gault.

Aragonite is exceedingly rare in Paleozoic
sediments, but is found under special types
of preservation. Examples exist in the
Kendrick Shale (YoCHELSON et al., 1967),
the Buckhorn asphalt in the Pennsylvanian
of North America (STEHLI, 1956; LOWEN
STAM, 1963; GREGOIRE & TEICHERT, 1965),
and in the Upper Oil Shale Group (Lower
Carboniferous) of Scotland (HALLAM &
O'HARA, 1962) in which the clayey matrix
contains up to 2.9 percent carbon.

It can be concluded, therefore, that fossil
aragonite is best preserved in marly, muddy,
and bituminous sediments (HALL & KEN-

NEDY, 1967; KENNEDY & HALL, 1967; KEN
NEDY & TAYLOR, 1968). Water acts as a
catalytic agent in the conversion of arago
nite to calcite, and it is the organic material,
the conchiolin, which surrounds the individ
ual crystals of the shell, that protects the
aragonite. Experiments have shown that
dry organic aragonite is stable for an almost
infinite period of time, whereas in the pres
ence of water at 10° C., it will invert to
calcite in a few million years, and in water
at 50° C., in 100,000 years (BROWN et al.,
1962). GREGOIRE (1959a,b) studied the
chemical and structural composition of the
organic material of recent mollusks and
discovered its composition to be water
insoluble keratine, which completely sur
rounds the aragonite crystals. This material
is rapidly broken down into amino acids
that are water-soluble. ABELSON (1957)
found that the proteins in the shells of
Pleistocene specimens of Mercenaria mer
cenaria had degenerated to peptides and
amino acids, and that in Miocene forms only
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residual amino acids were present.
The stabilizing effect of organic sub

stances is also shown by the occurrence of
aragonite in the Wealden beds of the Dalum
oil field (northwest Germany), where arago
nite is found in the shells of cyrenids and
gastropods that apparently had been en
gulfed by oil or were embedded in clay
very early in their diagenetic history
(FUCHTBAUER & GOLDSCHMIDT, 1964). The
same kinds of shells in clay-free, permeable
sediments are completely calcitized. It is
probable that very early migration of oil
occurred, because the coquinas have high
porosity and are underlain by highly
bituminous shales that probably represent
the source rock.

The conversion of aragonite to calcite
leads to the destruction of fine structures
within the hard parts of organisms, and all
that usually remains are relicts of the
original shell structure (BATHURST, 1967;
FOLK, 1965). During this process, both
color and structure of the shell can change.
The original aragonitic shells of ammonites
turn glossy white and sparry, or they be
come micro- to cryptocrystalline with a
transparent, light-brown color. The original
lamellar structure of the shell is preserved
only indistinctly.

METASOMATISM OF FOSSILS

Metasomatism can be defined as the
gradual replacement of one mineral by
another mineral of a different chemical
composition (e.g., the replacement of calcite
by quartz or vice versa), which occurs
frequently during fossilization. If a mole
cule-for-molecule replacement takes place,
the fine structure of the shell is generally
completely preserved. If the morphology
of the shell is preserved, the process is
called pseudomorphism. Commonly meta
somatism results in volume changes, ac
companied by expansion, folding, compres
sion, cracking, and porosity changes.
Occasionally, such changes may be respon
sible for misidentifications of fossils.

Metasomatism is often a selective process,
which may result in the replacement of
unstable minerals by more stable ones
(OGOSE, 1956; PAINE, 1937). An example
is dolomitization, a process during which
aragonitic skeletal parts are affected first,

then the rock matrix, and, finally, any
parts consisting of original calcite; how
ever, this process is usually accompanied
by loss of fine shell structures (for excep
tions see PAPP, 1939).

Frequently, calcium carbonate is replaced
by pyrite or marcasite (GRIPP & TUFAR,
1965). This process always begins on the
surface of the fossils and takes place if acid
solutions containing iron ions and hydrogen
sulfides react with the carbonate and become
neutralized. An example of pseudomor
phism of cassiterite (Sn02) after calcite are
crinoid stems in the Permian limestone in
the Emmaville district, New South Wales,
Australia. The metasomatism was caused
by the migration of elements from the
Upper Permian granite body, which im
pregnated the surrounding rocks with
cassiterite-containing quartz (LAWRENCE,
1953) .

PRESERVATION OF
STRUCTURAL SOFT PARTS

Although paleozoology has historically
been concerned with the investigation of
perservable hard parts or organisms, the
preservation of soft parts with fine organic
structures is by no means unusual. The
following exampies are well known: 1)
preservation of delicate soft parts and ap
pendages in the Middle Cambrian Burgess
Shale, British Columbia (see WHITTINGTON,
1971, for earlier literature); 2) preservation
of appendages and soft parts of Cambrian
and Ordovician trilobites (RAYMOND, 1920);
3) preservation in limonite-goethite of soft
bodied worms in the Devonian of New York
(CAMERON, 1967); 4) preservation in pyrite
of soft parts of Devonian cephalopods
(STCRMER, 1969, 1973; RIETSCHEL, 1968;
ZEISS, 1969); 5) preservation of various
soft parts of Mesozoic ammonoids, e.g., egg
cases (?) (LEHMANN, 1966; MCLLER, 1969b),
ink sacs (LEHMANN, 1967b), crop and
gills (LEHMANN & WEITSCHAT, 1973); 6)
remains of soft parts in the Solnhofen Lime
stone of Bavaria (REIS, 1893); 7) phos
phatized ostracodes from Lower Cretaceous
(Aptian, Albian) freshwater beds of Brazil
with completely preserved musculature and
male sexual organs preserved in the erectile
position (BATE, 1971); 8) soft parts and
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FIG. 55. Preserved soft parts of organisms from Middle Eocene Brown Coal, Geisel Valley near Halle/
Saa1e.--A. Large, plate-like epithelial cells, with nuclei. from a frog epidermis, X747 (Voigt, 1935).
--B. Cecilionycteris prisca HELLER, connective tissue in the ear, X900 (Voigt, 1936) .--C. Parallel

trachea of Eopyrophoras sp., X900 (Voigt, 1938b).

fine organic structure from the chalk of
Europe (W. WETZEL, 1913, 1937); 9) soft
parts from the Eocene brown coal of the
Geisel Valley near Halle (VOIGT, 1935; 1936;
1938a,b; 1950; 1956; 1957; H. BRENNER,
1939); 10) soft parts preserved in amber

(VOIGT, 1937, 1938c) and similar fossil
and subfossil remains (BACHOFEN-EcHT in
ABEL, 1935; p. 601-619; LAZELL, 1965;
SCHLEE, 1973); 11) mummified ostracodes
in the Pleistocene of Alaska (SCHMIDT &

SELLMANN,1966).

© 2009 University of Kansas Paleontological Institute



Taphonomy A71

PRESERVATION OF SOFT PARTS
IN EOCENE COAL

Specimens preserved in the Eocene brown
coal of the Geisel Valley near Halle have
been extensively investigated by VOIGT
(1936; 1938a,b; 1950; 1957) (Fig. 55,A-C).
With the exception of mumified remains
known from Pleistocene and younger de
posits, this material shows better preserva
tion than that from any other locality. The
Eocene fossils were preserved in bogs, and
it is believed that the soft parts were
preserved by acidic waters in the absence of
bacteria and oxygen. The bones were
preserved because of the neutralizing effect
of calcium carbonate solutions. In some,
soft parts such as muscles and corium,
secondary silicification has been observed.
As a rule, the tissues of smaller animals
were best preserved, because solutions with
dissolved minerals were able to penetrate
them more rapidly than those of larger
organisms. An example is the preservation
of the delicate skin of frogs, whereas physi
cally more durable structures, such as hooves,
beaks, and horns were not preserved. The
following soft parts have been found and
studied microscopically: fat cells of reptiles
and mammals; epidermis of frogs, bats, and
artiodactyles; different types of mammal
hair; the connective tissue of the corium of
fish, frogs, reptiles, and mammals (Fig.
55,B); epithelial cells with nuclei of frogs
(Fig. 55,A); melanophores of frogs and
fish; blood vessels with erythrozytes of
lizards; hyaline cartilage with cartilage cells
of hyracotheriids; musculature of roaches
and crabs, fat cells of roaches and larvae
of Diptera.

Such observations are especially valuable
if they yield diagnostic features that cannot
be seen in hard parts alone. One of the
few fossil representatives of the Nemato
phora, Gordius tenuifibrosus VOIGT, was
accidentally discovered on the basis of the
structure of a single, 15 mm-Iong fragment
of subcuticular tissue (VOIGT, 1938a).

PHOSPHATIZATION
OF SOFT PARTS

The phosphatization of soft parts is
rather sporadic in occurrence, and found in
sedimentary deposits since the Early Car
boniferous. Typically, fish are preserved in

this way, especially the musculature, stom
ach and intestinal contents, cutis, testicles,
and spinal cord.

REIS (1893) studied in great detail the
phosphatized musculature of worms (an
nelids), coleoid cephalopods, insects, fish,
and reptiles from the Solnhofen Limestone.

REIS described the fossilization of organic
material by phosphate which he called Myo
and Zoophosphorit. The composition of the
material was about 70 percent Ca3P20S and
6 to 6.5 percent CaF2.

Specimens in the Solnhofen Limestone,
on the other hand, are composed of 97
to 98 percent Ca(MgK2Na2)C03, small
amounts of Si02,AI 20 3, and so on, traces of
P20 G and no fluorite. It is quite obvious
that the limestone itself does not contain
sufficient Ca3PZOS and CaF2 for phosphori
zation of fossils and, therefore, these min
erals must have been concentrated by dia
genetic processes. These have been found
together with the abdomens of embedded
cadavers of flesh- and bone-eating animals
such as sharks, bony fish, and dibranchiate
cephalopods. In these, the phosphorization
of muscle tissue is most common; however,
the carnivores of the genus Lepidotus and
the pycnodontids are very seldom phosphor
ized. Phosphorization has never been ob
served in cephalopods with external shells.

Pyritized soft parts of ectocochleate cep
halopods (orthocerids, bactritids, goniatites)
have been discovered by X-radiography in
Middle Devonian Wissenbach Shale of Ger
many, especially the intestines, funnel, and
arms (STURMER, 1967, 1968a, 1968b; Zuss,
1969). The intestines, especially the termin
al part, are longer than those of living
cephalopods, though generally similar in
morphology. The arms of coiled forms are
more strongly differentiated than those of
orthoconic forms possessing an umbrella
like sail of which the arms are extensions.
In one case more than 10 arms have been
observed, supporting the conclusion that,
judging from the number of their arms,
the ammonoids, bactritids, and probably
also the orthocerids have to be included in
the dibranchiate coleoids. This conclusion
is supported by finds of heterodont radulae
in Paleozoic and Mesozoic ammonoids
(CLOSS, 1967; LEHMANN, 1967a) as well as
by arguments presented by TEICHERT et at.
(1964).
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INTRODUCTION

Precambrian time comprises about seven
eighths of the time since the planet Earth
came into being, or about five-sixths of the
time represented by actually or potentially
fossiliferous rocks. The ratio of fossil taxa
of Precambrian age to younger ones can
only be a minute fraction. The main
reasons for this disproportionality have now
become clearer. Although it is true that
most Precambrian rocks have been so much
altered that organic remains are not pre
served in them, intensive exploration of less
altered Precambrian sediments has indicated
that during the greater part of Precambrian
time organic evolution advanced only slowly.
One·half of the entire time span of evolution
for which there is fossil evidence produced
only Procaryota, non-nucleated cells without
organelles. The oldest "fossils" are micro
scopic bodies of simple structure and mostly
spheroidal shape from rocks 3.1 to 3.4 billion
years old. Their biogenic origin is at present
controversial. Permineralized, cellular re
mains of Procaryota, the blue-green algae
(Cyanophyta) and bacteria, have been found
in many cherts of Proterozoic age. Stroma
tolites, large, layered, biogenic sedimentary
structures in carbonates and siliceous sedi
ments, are known from rocks about 3 billion
years old. They are abundantly represented
in Proterozoic sediments, commencing with
some that are about 2.3 billion years old.
"Stromatolitic, microbial biocoenoses of this
time and the later Precambrian were based
on filamentous photoautotrophs" (SCHOPF,
1975). They became markedly less abun
dant during the Paleozoic, but are still being
formed today in restricted environmental
conditions that are unfavorable for Metazoa.
In some stromatolitic rocks the fossilized
cells of blue-green algae and bacteria that
caused their deposition have been observed.

Some 20 different Proterozoic fossil micro
biota are known, mostly from cherts asso
ciated with algal-laminated (stromatolitic)
carbonate rocks. The best known are those
described by BARGHOORN and TYLER (1965)
and J. W. SCHOPF (1968). Eucaryotic cells,
with traces of nuclei and evidence of cell
division, appeared in middle to late Protero
zoic time. SCHOPF (1972) claimed that
spore-like cells about one billion years old
may represent an early stage in the establish
ment of meiotic cell division, documenting
the origin of sexuality that tended to spread
variability, enhance selection and accelerate
evolution, but this interpretation has been
challenged (KNOLL & BARGHOORN, 1975).
His later assessment (SCHOPF, 1975) "that
the development of the megascopic, multi
cellular, eukaryotic level of organization was
a relatively recent innovation, possibly occur
ring about 800-700 m.y. ago" is more likely.
Sporomorphs or acritarchs of simple mor
phology are widespread and common in
some Upper Precambrian shale and lime
stone, particularly those known to be less
than 800 myI old.

Many biologists consider it as likely that
the first "animal" Protista developed aerobic
respiration and "cell-eating," herbivorous,
and "carnivorous" habits almost as soon as
eukaryotic cells evolved. STANLEY (1973)
has drawn attention to the increase in
organic diversity, which according to ecolog
ical theory would have followed the advent
of heterotrophy and the development of
new trophic levels after the long, purely
resource-limited reign of relatively undiffer-

1 In conformity with current Treatise style, abbreviations
of units of measure are written without periods, including
"my" and "by" for "million years" and "billion years";
however, the author of this chapter disapproves of this
style and prefers "m.y." and "b.y."
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entiated autotrophic prokaryotes; however,
the chances of preservation of amoeboid or
ciliate cells that lack resistant cell walls are
infinitely less than those of fossilization of
plant Protista. The long evolutionary path
ways to the first animal Protista and from
them to the first fossilizable Metazoa are
unlikely to be documented in the rocks.
At the present state of our knowledge all
known Precambrian microfossils must be
considered as plants in the widest sense of
the term and therefore as outside the scope
of this Treatise. No skeleton-forming Pro
tista (Radiolaria, Foraminiferida) of Pre
cambrian age are known. There are reports
(DuNN, 1964; VOLOGDIN & DROZDOVA, 1970)
of Proterozoic sponge spicules, which, if
confirmed, would make the Parazoa the
earliest animals with fossil representatives.
There are also reports of bioturbation traces
and burrows filled with fecal matter in
Precambrian rocks from southern Norway
and from the Soviet Union (SINGH, 1969;
SABRODIN, 1971), which are more than 900
myoId, and of "feeding burrows" in rocks
about 750 myoId (SQUIRE, 1973). Their
interpretation as traces of ancient Metazoa
requires confirmation.

From a practical, pragmatic viewpoint
the known diversity of Precambrian fossils
can be divided into the following categories:
1) filamentous and coccoid algal (and pos
sibly fungal) cells, 2) sporomorphs and
acritarchs, 3) megascopic algae, 4) stroma
tolites (and oncolites), 5) trace fossils, 6)
problematic fossils (including mierophy
toliths), 7) metazoan body fossils.

Fossils in these categories are, in general,
prepared and investigated according to
different technical methods. Those in the
first category are studied in thin sections by
microscopy. Those in the second category
have organic walls and are revealed and
studied by palynological methods involving
acid treatment of the rock matrix and
concentration. Megascopic algae are investi
gated by other paleobotanic methods. Stro
matolites are studied by and reconstructed
from serial sections, in addition to studies
of the microstructure of their layers. These
categories of fossils are outside the scope of

invertebrate paleontology. Trace fossils have
been reviewed in a recently published vol
ume of this Treatise (HANTZSCHEL, 1975)
and the few names proposed for Precam
brian genera are listed below (p. A112). A
number of names, also listed below (p.
AlII), have been applied to fossils whose
biogenic origin is here considered as proble
matic. Their substance may be partly
organic but they do not necessarily represent
formerly living organisms. Also included
in this category are "microphytoliths" that
were formed probably under the influence
of some ill-defined organic activity on sedi
mentary processes, grading into the forma
tion of oolites and spherulites. A few of
these structures resemble fecal pellets; if
they are that, their originators must be
Metazoa.

The following discussion concerns mainly
the last category, the body fossils of meta
zoan origin and their taxonomy. It is
followed by lists of generic names that have
been proposed for objects in the other
categories and finally by a list of rejected
and unrecognizable taxa. Many names have
been given to configurations in Precambrian
rocks that resemble metazoan or other
organic remains, but which are now known
or at least generally believed to be of
chemical (concretionary) or mechanical
origin. It will be noted that few of these
names are of recent date. This hopefully
indicates a significant advance in the ap
proach to Precambrian paleontology since
it was reviewed a decade ago (GLAESSNER,
1966) and a welcome clarification of the
fossil record of Precambrian time.
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STRATIGRAPHIC DISTRIBUTION

The first definite metazoan body fossils
appear in uppermost Precambrian strata
(Upper Proterozoic; Vendian, upper Vend
omian, or Terminal Riphean in the Russian
literature; see Fig. 1). None of them is
demonstrably older than the youngest Pre
cambrian glacigene rocks ("tillites"). These
fossils constitute a distinctive assemblage of
marine animals that are characterized by
the absence of mineralized skeletons or
shells and by the prevalence of coelenterates,
the presence of diversified polychaete
annelids, and the rare occurrence of arthro
pods that are markedly more primitive than
those occurring in Cambrian faunas. These
assemblages document a definite pre
Cambrian level of metazoan evolution.
They are collectively referred to as the
Ediacaran faunas, after the locality where
the first abundant finds were made by
R. C. SPRIGG in 1947. At the present time
it is not possible to divide the occurrences
of Precambrian bodily preserved Metazoa
into a number of zonal assemblages defining
a sequence of stratigraphic intervals preced
ing the Cambrian, but with the rapid in
crease in discoveries of Late Precambrian
Metazoa and the advance in dating of
sedimentary rocks containing them, this
may become possible. The first discoverer
of the fossils at Ediacara in South Australia
considered their age to be Early Cambrian
because this was the age conventionally and
conveniently assigned to the rocks contain
ing them, the Pound Quartzite, which had
been placed at the base of the Cambrian in
the regional stratigraphic scheme. There
are now three basic reasons for placing these
fossiliferous rocks below the Cambrian.
Firstly, they do not contain any fossils that
are found together with Cambrian faunas.
Secondly, the Pound Quartzite is separated
from rocks containing the first Lower Cam
brian fossils by profound regional uncon
formities. Thirdly, similar fossils are found
elsewhere, also not in synchronous associa
tion with, but below strata containing Lower
Cambrian fossils. Most of these fossiliferous
rocks cannot be dated precisely by geo
chronological methods, but all available
evidence places them in the latest Precam
brian (Vendian).
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FIG. 1. Proposed subdivisions of the upper Protero
zoic (Glaessner, n). (Numbers correspond to

numbered statements below.)

1. Agreement on the definition of the Precambrian-Cambrian
boundary is being sought by the International Commission on
Stratigraphy through the efforts of a Working Group.
Pending completion and adoption of its final repoft, position
and dating of this boundary remain uncertain. There is
substantial agreement that the Ediacaran faunas pre~date it
and that the first appearance of trilobite body fossils is in
the Lower Cambrian. A boundary stratotype is being sought
between these two biohorizons.

2.The dating of the lower boundary of the Adelaidean is
being investigated.

3. The general use of the three divisions in this column
(as Periods) was proposed by W. B. HARLAND and K. N.
HEROD (Geol. /our., Spec. Issue 6, Liverpool 1975, p.205).
Their acceptance is conditional on agreement on boundary
stratotypes and their dating relies on long~range corrdations.
Use of the terms Eocambrian or Infracambrian for their
combined time span is not recommended. Both carry the
undesirable implication of being subdivisions of the Cam~

brian. The term Infracambrian is said to have been applied
originally to significantly older rocks.

4. The stratotype of the Riphean is in Bashkiria, on the
western slope of the Ural Mountains. Paleontological studies
have led to a four-fold division and to adoption by a number
of Russian authors of "Terminal Riphean" for its uppermost
part. This is correlated with the Vendian of the Russian
platform and the Yudomian of Siberia. Some Russian
stratigraphers (KELLER. SEMIKHATOV, and others) believe
that adoption of the combined term Vendomian based on a
combination of stratotypes will avoid existing difficulties
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Australia. The fossiliferous layers in the
Pound Quartzite at Ediacara in South
Australia (Fig. 2, Loc. 1) have yielded
over 1,500 specimens. Two-thirds of them
are coelenterates, most of them medusoids;
not less than one-quarter are annelid worms
and five percent are arthropods. Similar but
poorer faunas are now known throughout
the Flinders Ranges of South Australia, an
area of approximately 100 X 200 km (Fig. 2,
Loc. 2). All fossils come from one strati
graphic horizon of varying thickness, up to
a maximum thickness of 112 m. An isolated
locality in northwest South Australia, Pun
kerri Hills (130°25' E, 27°40' S, Fig. 2 Loc.
3), has yielded a large external mold of a
remotely Pteridinium-like petaloid, probably
representing the genus Charniodiscus; a
single, smaller, similar specimen was found
at the base Qf the Arumbera Sandstone
south of Alice Springs in central Australia
(Fig. 2, Loc. 4). At other localities in the
same formation or its equivalents, the
medusoids Hallidaya and Skinnera and
abundant molds of Arumberia occur.

Southwest Africa. A rich fauna is pre
served locally in the Upper Clastic Member
of the Kuibis Formation at the base of
the Nama Group (Fig. 2, Loc. 5) where
Rangea, Pteridinium, Namalia, possibly a
sprigginid worm and, in the uppermost
part, Erniettidae occur in considerable num
bers. The first two of these fossils are also
recorded from the basal clastic member of
the next higher Schwarzrand Formation.
Above them, but in the same formation, a
medusoid was found that was first recorded
as Cyclomedusa but later as Eoporpita.
Limestone members intercalated in both
formations contain abundant worm tubes
of the genus Cloudina. In the Nasep Quart
zite Member of the Schwarzrand Formation
a medusoid and the genus Nasepia were
found. The upper part of the Nama Group
contains only trace fossils. The fossiliferous
outcrops of the Lower Nama Group extend

over an area that is approximately equal to
that of the fossiliferous Pound Quartzite in
South Australia.

England. In the Precambrian of Charn
wood Forest near Leicester (Fig. 2, Loc.
6), about 20 fossils were found on bedding
planes of slaty tuffaceous siltstones (Wood
house Beds) and described as Charnia and
Charniodiscus.Both resemble fossils from
Ediacara. Concentrically ribbed medusoid
casts also occur.

Scandinavia. In northern Sweden, north
and south of Lake Tornetrask (STRAND &
KULLlNG, 1972), two medusoid specimens
with strong and regular concentric ribs
were found in sandy shale, in what appear
to be the youngest Precambrian strata, below
Lower Cambrian with Platysolenites, Vol
borthella, and hyolithids (Fig. 2, Loc. 7).

Northern Russia. In a core taken at
1,552 m from a bore at Yarensk, some 750
km northeast of Moscow (Fig. 2, Loc. 9),
a specimen of Vendia was found in siltstone
of the Valdai "Series" (upper Vendian). A
rich fauna of about the same age was found
on the coast of the White Sea near Ark
hangelsk (Fig. 2, Loc. 13). It includes
Pteridinium, Dickinsonia, and several new
genera, one of which resembles Vendia.
These beds, which contain also acritarchs
of the genus Leiospheridia, are considered
as upper Vendian (KELLER et al., 1974).
Another locality is farther east, on the river
Pesha (Fig. 2, Loc. 12), where Glaessnerina
was found.

Southwestern U.S.S.R. In outcrops along
the river Dniestr, on the southwestern bor
der of the Ukrainian massif (Fig. 2, Loc. 8),
Cyclomedusa occurs together with other
medusoid remains and trace fossils in silt
stones and sandstones that are equivalents
of the Valdai "Series" of the Vendian
(ZAIKA-NoVATSKIY et al., 1968; PALlY,
1969) .

Northern Siberia. A specimen of Glaess
nerina was found in the sandy dolomites

about defining the base of the Vendian.
5. The boundary between Upper and Terminal Riphean is

stratigraphically and geochronologically uncertain. Absence
of glacigene deposits in some and presence of ODe or of two

(Continued from facing page.)
glaciations in other areas cause problems as they h;'I\'e been
used in boundary definitions. Long-r:loge correl~l[ions used
in assigning dates to boundaries and intervals lead to other
problems.
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FIG. 2. Geographic distribution of Upper Precambrian fossil localities. The posItion of the North
American localities (14, Newfoundland; 15, North Carolina) relative to Europe in Late Precambrian
time is not precisely known but believed to have been at no great distance in the direction of the arrow

(Glaessner, n). [For explanation of numbers see text, p. A83.]

of the Khatyspit Formation, in the upper
most Precambrian of the Olenek uplift
(Fig. 2, Loc. 10) (SOKOLOV, 1973).

Lake Baikal region. Several fragmentary
fossils were found west of Lake Baikal (Fig.
2, Loc. 11) in the Irkutsk "Series" at the
top of the Precambrian sequence (SOKOLOV,
1973 ).

North America. Fossils occur abundantly

in tuffaceous shales of the Conception
Group near Mistaken Point, Avalon Penin
sula, southeastern Newfoundland (Fig. 3).
This fauna has yet to be described (MISRA,
1969). Large fossil worms were recently
found in tuffaceous sediments of Late Pre
cambrian age near Durham, North Caro
lina, and have been described by CLOUD
et al. (1976).

© 2009 University of Kansas Paleontological Institute



Precambrian A8S

FIG. 3. Cast of impression of undescribed fossil (?hydrozoan colony) from the Upper Precambrian of
Newfoundland (Misra, 1969), X 0.85.

CHRONOSTRATIGRAPHIC DATA

The ages of few of the known assem
blages of Late Precambrian fossils have
been fixed directly by radiometric methods.
By the use of combined data from known
ages of tillitic rocks occurring in some
sequences below the fossiliferous sediments,
and from their relations to overlying Lower
Cambrian strata, a probable age range of
the known occurrences of Precambrian
metazoan body fossils can be deduced.
These approximate datings confirm a rough
correia tion of these fossiliferous rocks but
they do not support any biostratigraphic
subdivision at the present state of our
knowledge.

The oldest occurrence of metazoans in
Australia is significantly younger than the
youngest tillitic rocks. Such rocks have
heen dated directly only in northwestern
Australia where no Precambrian metazoan
fossils are known. The minimum age of
the youngest glaciation in this area is 660
to 670 my. This is compatible with the
dating of other upper Proterozoic rocks in
central and South Australia. A correlation
of the glacigene strata in these areas is
widely accepted. A claim for alternation
of tillitic and fossiliferous rocks in the Nama
Group in southwest Africa was made by
GERMS (1972a). The Nama Group has not
yet been dated directly but it is known to
be older than 510 and significantly younger
than 720 my. The fossiliferous lower part
may correspond, in part, to the interval

from 600 to 650 my. This is in agreement
with the polar wandering curve based on
the latest paleomagnetic data (McELHINNY
et al., 1974) and the pre-Nama age of the
Numees Tillite. The widespread glacigene
rocks ("Varangian") found around the
Baltic and Ukrainian shields in northeastern
Europe occur below the fossiliferous strata
in the Vendian sequence wherever the
stratigraphic relations between them can be
observed. The K-Ar dating of glauconites
from the fossiliferous Upper Precambrian
strata of the Soviet Union (northern Russia
and Baikal area) gave ages near or slightly
younger than 600 my. If corrected for the
use of the generally accepted decay constant
(A,. = 0.585 X 10-1°), these ages would be
approximately 575 to 580 my. The fossilifer
ous strata in the Ukraine are considered to
be of about the same, middle to late
Vendian, age. The northern Siberian occur
rence is in a rock series that was dated
on glauconite at 670 my. This should be
similarly corrected to about 640 my. The
age of the fossiliferous strata of the Con
ception Group of southeastern Newfound
land has not been determined directly. It
is believed by ANDERSON (1972) to be 610
to 630 my. The use of a slightly different de
cay constant for Rb87 (1.42 X 10-11 ), which
is now recommended, may reduce these
numbers to about 590 to 610 my. The latest
find of fossils in North Carolina (CLOUD
et al., 1976) was made in rocks that are
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known to be 620 myoid. There is reason
to doubt the previously accepted date of
680 my for the age of the fossiliferous
Charnian rocks in England (DUNNING,

1975). Except for this doubtful instance,
the stratigraphic positions of rocks with
Ediacaran assemblages of fossil Metazoa
tend to fall in the age range from 575 to

640 my. This equals the length of the
Tertiary Period. Only a few trace fossils
may be older, but none is likely to be older
than 1,000 my, except the as yet uncon
firmed finds of sponge spicules in the
Middle Proterozoic rocks of eastern Siberia
and Australia, which are about 1,500 my
old.

PALEOECOLOGY AND TAPHONOMY

With a few localized exceptions, metazoan
fossils of Precambrian age are rare. This is
only partly due to peculiarities of the Pre
cambrian environment. Prior to the acqui
sition of mineralized skeletons, relatively
few fossils would have been preserved in
the sediments. Shells and skeletons were
an evolutionary novelty essentially of Cam
brian and later age. The total number of
Metazoa able to leave traces of their
locomotion or feeding on the surface of
sediments or within them (bioturbation)
must have been smaller in Late Precambrian
time than in the Early Cambrian. In many
sequences of unaltered clastic rocks extend
ing across the Precambrian-Cambrian bound
ary, for example in the United States, in
Scandinavia, and in Australia, there are few
and relatively undifferentiated trace fossils
in the Precambrian, contrasting with their
abundance and diversity in the Lower
Cambrian. A lower level of evolutionary
differentiation compared with that in the
early Paleozoic undoubtedly contributed to
the poverty of the Precambrian fossil record.
Nonenvironmental factors make it difficult
to deduce the nature of environmental
changes at the beginning of the Cambrian
directly from the results of comparative
paleoecological studies. Almost any con
ceivable change in the environment claimed
to be unique in character or magnitude has
been held responsible for the poverty of the
Precambrian fossil record: absence of sedi
mentation during the supposed "Lipalian
interval"; dominance of shallow or of deep
water; change in salinity or in temperature,
or in the distribution of continents and
oceans; and changes in the composition of
the atmosphere. With the exception of the
now disproved "Lipalian interval," all other
factors could have contributed but they were
not uniquely active during the Precambrian-

Cambrian transition.
The assumption that the amount of oxy

gen in the atmosphere reached a significant
threshold value (one percent of the present
level) at the beginning of the Cambrian was
based originally on the then current belief
that prior to that point in time there was
no animal life and no oxydative respiration,
and that the absence of the ozone shield
permitted ultraviolet radiation ·to penetrate
most of the photic zone, excluding from it
phytoplankton and thus reducing primary
nutrient supply from the ocean and its
floor. This view is no longer tenable.

A distinctive phase in the history of the
Metazoa, older than the earliest Cambrian,
is now known. It is characterized by the
following ecologically significant features:
1) exclusively microphagous feeding and
absence of large predators; 2) presence of
numerous surface- and bottom-feeding co
elenterates; of benthonic, probably detritus
feeding worms; of the first few arthropods;
3) occupation of a variety of marine habitats
such as near-shore areas with sandy and
silty bottom (Australia, southwest Africa),
shallow-water muddy areas (eastern Eu
rope), deeper water with turbidity current
activity (Newfoundland), and occasionally
areas of carbonate deposition (southwest
Africa, possibly northern Siberia). The
biogenic reef environment is notably absent.
Algal mats and columnar stromatolitic
structures could flourish in normal marine
littoral to sublittoral environments without
being affected by grazing. No clear environ
mental grounds for the absence of tissue
mineralization can be deduced from present
observations and the lack of basic differences
between Precambrian and younger sedi
ments (apart from the absence of skeletal
carbonate rocks) makes their existence un
likely. It is probable that the complex
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biochemical basis for the formation of
mineralized shells and skeletons had not
evolved by the time of the first appearance
in the record of megascopic Metazoa. This
evolutionary novelty was heralded by the
appearance of the first agglutinated, cal
careous worm tubes (Cloudina).

It must be remembered that large num
bers of marine invertebrates without min
eralized tissues still flourish in the present
oceans (Siphonophora, Actiniaria, Cteno
phora, Chaetognatha, Aschelminthes, Platy
helminthes, Sipunculida, Nudibranchia,
Aplacophora, Annelida, Euphausiacea, Tu
nicata, etc.). Most of them, although almost
certainly quite ancient, have left no fossil
record or only an insignificant one, except
the annelids that acquired in Late Precam
brian time the ability to build calcareous
tubes. Collagen fibers and probably chitin
ous deposits accounted for the stiffness of
many of the "soft-bodied" organisms in the
Ediacara fauna, such as medusae, chondro
phoran hydrozoans, and a conulariid. In
"Petalonamae," silicified fibrous tissues have
been observed but other microscopic struc
tures described in this group could well be
the result of alteration by silicification and
weathering. Where the fossils are preserved
as casts and molds, the mechanical deform
ability of soft bodies in more or less
compressible sediments makes interpretation
difficult. Partly decomposed bodies are pre
served, and in others shrinkage or contrac
tion of muscles occurred after the first
contact between body and sediment. Even
the escape of organic decomposition pro
ducts to the sediment surface can produce
trace fossils (in the sense of "Spurenfos
silien" or signs of former presence of life,
not of "Lebensspuren" or traces of life
activities), for example, Pseudorhizostomites
(WADE, 1968). The amazing variability of
many of the Ediacara and most of the

Nama fossils may be largely due to tapho
nomic factors; however, it is possible that
the characters of medusae from Ediacara,
and of "Petalonamae" from both regions,
may not have been as stable as had been
expected by the first observers who named
them. It is not yet possible to assess the
relative significance of phenotypic and
genetic varibility in these ancient fossil
organisms or to state unequivocally that
variability was uncommonly great compared
with that of the present fauna.

Much work remains to be done before the
composition of these assemblages is suffi
ciently well known to be analyzed in terms
of community structure and ecological fac
tors. Though they are thanatocoenoses, the
fact that they consist of more or less easily
decomposable soft-bodied animals means
that at each locality they are strictly con
temporaneous and that most of them must
have lived within short distances of their
place of burial. The "Petalonamae" are
almost certainly sessile coelenterates and
many of them were embedded where they
lived. Medusae and chondrophores drifted
inshore from the sea in swarms, as they
still do today. Worms and small arthropods
fed on the organic detritus and may have
provided food for the large medusae.
Meander traces of feeding on sedimentary
surfaces prove that the detritus was abun
dant and that it was exploited, as was the
organic content of the sediments, though
apparently to a limited extent. This limited
picture will be augmented by an analysis
of other biofacies when the faunas from
Newfoundland and other newer localities
are described. It is not likely to be changed
fundamentally. (For imaginative, compre
hensive views on Precambrian evolution
and environments see CLOUD, 1968, 1974,
1976a,b; FISCHER, 1972).

EVOLUTIONARY SIGNIFICANCE

The Ediacaran faunas are the earliest
known assemblages of Metazoa. They differ
fundamentally in their composition from
Cambrian and younger assemblages; they
appear to have been preceded by a long,
undocumented phase of metazoan evolution.
The most advanced members are relatively

undifferentiated arthropods. They include
Parvancorina, possibly ancestors of noto
stracan Crustacea, and Praecambridium and
Vendia, which resemble either primitive
Trilobitomorpha or Merostomata. The level
of differentiation indicated by the first Cam
brian Crustacea, trilobites, and Merostomata
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had obviously not yet been reached but the
distinction of the first from the other two
lines is already indicated. In this context
it is significant to recall MANTON'S (1969,
p. R53) remark: "The head shields and
limbs of the Merostomata and Trilobita
have more in common than either had with
the heads and limbs of Crustacea." Pending
the discovery of the limbs of Praecam
bridium it can be said that there is now
some paleontological evidence for MANTON'S
view of the early relations and differences
between arthropod lineages (MANTON, 1969,
p. R8, Fig. C).

In contrast with the arthropods, the
annelids are represented by four very differ
ent orders. Two of them are still extant
and may be considered as relatively primi
tive polychaetes. The other two are
represented only by simple or complexly
structured tubes that are so different from
younger ones that these orders must be
considered as extinct after the Early
Cambrian.

It has long been known that the Ediacaran
faunas are dominated by coelenterates, in
number of taxa as well as of individuals.
At first it seemed easy to distinguish be
tween hydrozoan and scyphozoan medusae
and to place most of the fossils in extant
orders (see this Treatise, Part F, 1956).
This is no longer considered as justifiable,
for two reasons. Firstly, the preservation
of these soft-bodied organisms is such that
diagnostic characters are not usually ascer
tainable, and secondly, the taxonomic
characters by which orders are defined in
the living fauna may not have existed in
Precambrian time. It is now obvious that
as much evolutionary change has occurred
at lower grades of metazoan organization,
such as the coelenterate grade, as at some
higher ones. Notwithstanding these diffi
culties, some answers to phylogenetic prob
lems posed by living coelenterates can now
be based on the results of studies of
Ediacaran fossils. Chondrophoran hydro
zoans have been recognized because of the
preservability of their distinctive chitinous
pneumatophores. The genera Ovatoscutum
and Chondroplon had many Paleozoic suc
cessors. Among them was probably the
late Early or early Middle Cambrian
V dumbrella with its stiffly radiating ribs
indicating floating rather than medusoid

contractile swimming locomotion. Other
chondrophorans are Archaeonectris (Ord.
L.Si\.), Discophyllum (Ord.), Palaeonectris
(Dev.), Plectodiscus and Paropsonema (Sil.
U.Dev.). Compared with this relative abun
dance, the sole living genera Vdella and
PO/'pita are seen as survivors of an ancient
and formerly diverse group of hydrozoans
that early discovered the surface of the sea
as a feeding area and adapted to it. Diver
sity was strikingly reduced in late Paleozoic
time by competition or predation. The
resemblance of the floats of Ovatoscutum
and Chondroplon to those of the surviving
Porpitidae is so specific that we can be
sure of the hydrozoan affinities of these
Precambrian fossils, without confirmation
from polyp morphology. Conomedusites is
now considered as related to the Conulariida,
a subclass of the Scyphozoa. This placement
was confirmed by comparison of Paleozoic
conulariids with living chitinous Stephano
scyphus, a coronatan polyp form (WERNER,
1966). Though this comparison was dis
puted by KOZLOWSKI (1968), early growth
stages of conulariids found by him are
identical with hydrozoan hydrorhizae
(GLAEssNER, 1971). This establishes an
early link between the Hydrozoa and the
Scyphozoa to which several Ediacaran me
dusae are assigned. Whether other medusae,
including the great majority of specimens
in the Ediacaran assemblages, have hydro
zoan or scyphozoan affinities cannot be
established.

In the absence of polyps the precise
zoological affinities of a large number of
Precambrian, sessile benthonic, colonial
forms with strong resemblances to some
living Pennatulacea cannot be established.
There are no reasons why they should be
placed in a higher than coelenterate struc
tural grade and there is no justification for
speculation about the possibility of evolu
tionary links between these Metazoa and
unspecified Metaphyta as suggested re
peatedly by PFLUG (1974a) following the
now generally discounted views of HARDY
(1953). PFLUG proposed the name "Petalon
amae" for this group of intergrading but
highly diversified fossil organisms. Some
of them have striking and specific structural
resemblances to living Pennatulacea, but in
the absence of traces of fossil polyps, the
possibility of convergence between Precam-
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brian Hydrozoa and later octocorallian
Anthozoa cannot be excluded. The silicified
and calcified cellular tissues described by
PFLUG in some "Petalonamae" are here
considered as the effects of fossilization. No
spicules are preserved and fractureless fold
ing-over or bending of many of these leaf
shaped fossils proves the absence of biogenic
mineralization of their tissues. If the "Peta
lonamae" include ancestral Pennatulacea,
the Anthozoa must have separated early
from the Hydrozoa, before these evolved a
medusoid stage as a locomotive and repro
ductive stage in their life cycle. The Scy
phozoa appear to have evolved from Hy
drozoa not long before the time of the
Ediacaran faunas, and to have elaborated
the medusoid at the expense of the polyp
stage.

The early Metazoa were almost certainly
planula-like and very small. Their chances
of preservation were minimal, also because
of the absence of resistant integuments or
cell walls, or of readily mineralized mucous
sheaths that enabled Precambrian plant
microfossils to be preserved in large num
bers. The undetected and probably unde
tectable evolution from amoeboid or ciliate
cells to cell colonies and to tissue grade could
well have taken as much time as the entire
Phanerozoic phase of metazoan evolution.
Between the attainment of tissue grade and
the level of the Ediacaran faunas lies the
evolution of the mesoderm and the coelom,
which must have preceded the observed
diversification of the annelids and arthro
pods. These processes could have occurred
in late Proterozoic (late Riphean) time,
within a time span of some 300 my, pre
ceding the oldest Ediacaran fauna. It is
possible that further discoveries or reinter
pretations will extend through this time
interval the range of either such body
fossils as have been found at Ediacara, or
definite trace fossils, or bioturbation, or
microcoprolites. Such finds have been an
nounced, but not yet convincingly described
or stratigraphically documented.

The scarcity of Precambrian traces of
animal life compared with Cambrian and
later ones may be indicative of an abrupt
increase in total metazoan abundance (bio
mass) about the beginning of Cambrian
time. It was probably related to changing
oceanographic conditions. About that time,

but not simultaneously, many (but by no
means all) invertebrates acquired mineral
ized tissues (shells or skeletons). Some
polychaete worms (Claudina, Anabarites)
appear to have been the first to take this
step in evolution by building calcareous
tubes. At the beginning of Cambrian time
they were followed by archaeocyathans,
brachiopods, gastropods, H yolithelminthes,
Tommotiidae, and Hyolithida (of uncertain
affinities), later by trilobites, crustaceans,
and echinoderms. It should be noted that
the unique Xenusian (see this Treatise, p.
019-020), formerly considered as a Pre
cambrian fossil, has now been convincingly
traced to a basal Cambrian source bed
(JAEGER & MARTINSSON, 1967), and that
the hyolithid Wyattia (TAYLOR, 1966) is
probably also of earliest Cambrian age.
Some groups of invertebrates are so highly
differentiated at the time of their first
appearance in the Early Cambrian that the
existence of unknown ancestors in Late
Precambrian time has been assumed. Mol
lusca, small brachiopods, and various small
arthropods could have been present in
Ediacaran time without possessing mineral
ized shells and without leaving fossil evi
dence. Some Precambrian tracks show a
degree of complexity that suggests mollusks
as their originators. The earliest trilobites
were markedly thin-shelled. The fact that
numerous marine arthropods with unmin
eralized, thin, chitinous exoskeletons still
exist in large numbers, whereas their fossil
representatives are unknown, suggests why
the Precambrian ancestors of the trilobites
have not been fossilized. In contrast to this
group, the earliest Cambrian Archaeocyatha
(ROZANOV, 1973) are rare and structurally
primitive and may not have had a long
history. The early stages in the evolution
of the echinoderms (UBAGHS, 1971) are
problematic. They are highly differentiated
in early Cambrian time and yet it is difficult
to postulate their existence in the Precam
brian as unmineralized, minute, and un
fossilizable creatures, without their distinc
tive calcite skeleton. One genus in the
Ediacara fauna, Tribrachidium, has no
trace of calcareous plates, yet resembles
nothing as much as some Edrioasteroidea;
however, they are not considered as
primitive echinoderms. The problem re
mains unsolved. So does the question
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of the ongm of the deuterostomatous
phyla Hemichordata and Chordata. It
has been claimed that the organic-walled
tubes of the Sabelliditida that are found in
the Riphean and Vendian represent the
Pogonophora (SOKOLOV, 1967, 1972). They
have been considered as aberrant "Deutero
stomata" but zoologists are no longer unan
imous about the placing of the Pogonophora
in the system of the Metazoa (NjilRREVANG,
1975).

Although Precambrian fossils are rarely
mentioned in current discussions on prob
lems of metazoan evolution and relation
ships, the Late Precambrian faunas can
contribute important data. Their effective
use will depend on speedy and comprehen
sive description of the collected specimens
and also on a deeper understanding of the
chemical and mechanical alteration of their
soft, organic material in the course of
fossilization.

SUPRAGENERIC TAXA OF PRECAMBRIAN METAZOA

Figures in parentheses indicate numbers
of included genera.

?Phylum Porifera
Class, order, family uncertain (1)

Phylum Coelenterata
Subphylum Cnidaria
Class Hydrozoa

Order Hydroida
Suborder Chondrophorina
Family Chondroplidae (2)
Family Porpitidae (1)

Class Scyphozoa
Family uncertain (5)

Class Conulata
Order Conulariida
Suborder Conchopeltina

Family Conchopeltidae (1)
Medusae of uncertain affinities (8)
Problematical Coelenterata

Family Pteridiniidae (1)
Family Rangeidae (1)
Family Charniidae (3)
Family Erniettidae (5)
Family uncertain (4)

Phylum Annelida

Class Polychaeta
Order Cribricyathea

?Family Vologdinophyllidae (1)
Order uncertain

Family Dickinsoniidae (I)
Family Sprigginidae (2)
Family Anabaritidae (1)

Phylum Arthropoda
Superclass Trilobitomorpha

(or Chelicerata)
Class and order uncertain

Family Vendomiidae (4)
Superclass Crustacea
Class Branchiopoda
Order unknown

Family Parvancorinidae (I)
Doubtful Arthropoda (I)
?Phylum Pogonophora

Order Sabelliditida
Family Saarinidae (I)
Family Sabelliditidae (1)

Phylum uncertain (3)
Doubtful invertebrates

Family Suvorovellidae (2)
Family uncertain (1)
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?Phylum PORIFERA Grant, 1872

Class, Order, and Family
UNCERTAIN

Tyrkanispongia VOLOGDIN & DROZDOVA, 1970, p.
197 [*T. tentla; aD]. Siliceous, straight or curved,
fragmentary spicules, hollow, with pointed, rounded
or narrowed ends, diameter 40-11 0 }Lm, occurring
together with hook-shaped and globular siliceous
bodies of similar size. [The fragmentary preserva
tion and the unusual shape of spicules with nar
rowed or hooked tips does not support unequivocal
assignment of the "Tyrkanispongia" assemblage
to the Porifera. The rocks containing it are 1,500
1,550 myoid. The only other documented Pre
cambrian occurrence of apparent sponge spicules
are triact-like shapes observed in thin sections of
cherts from the Carpentarian of northern Aus
tralia, about 1,500 myoId (DUNN, 1964). In the
absence of clear axial canals it is difficult to dis
tinguish supposed sponge spicules from glass shards
of volcanic origin where only thin sections are
available.] U.Precam.(Go71am "Ser."), E.Sib.
(Uchur R.).

Phylum COELENTERATA
Frey & Leuckart, 1847

[See this Treatise, 1956, p. F9)

Class HYDROZOA Owen, 1843
[See this Treatise, 1956, p. F67)

Order HYDROIDA Johnston, 1836
[See this Treatise, 1956, p. F83)

Suborder CHONDROPHORINA
Chamisso & Eysenhardt, 1821

[See this Treatise, 1956, p. F148]

The status of this suborder is uncertain.
It is widely accepted that it does not belong
to the order Siphonophorida to which it

1 After completion of the typescript for this chapter, the
discovery of a Prec<lmbri:m microscopic flatworm (Brab·
bini/lies churkini ALLISON, Class Turbellaria) was announced
(ALLISON, 1975). It is 0.45 rom long, :\rparently known only
from one thin section, and comes from the Tindir Group of
eastern Alaska, which is correlated with the Rapitan Forma
tion in norchwestern Canada; its age is less than 850 my.
Regrettably. the available morphological data are not suffi·
ciendy well defined to support the author's far-reaching
evolutionary conclusions. CLOUD, WRIGHT, & GLOVER (1976)
now prefer an interpretation of this fossil as an hexactinellid
sponge spicule.

FIG. 4. Chondroplidac (p. A91-A92).

had been subordinated in earlier zoological
classifications, but to the order Hydroida.
Within it, relations to the suborder Athecata
are so close that some authors included
the chondrophorans in the athecate hydro
zoans. One or two living monotypic fam
ilies are recognized and several Paleozoic
genera are included in them; for Palaeoscia
CASTER, 1942, see also HANTZSCHEL, 1975,
p. W147.

Family CHONDROPLIDAE Wade, 1971

[Chondroplidae WADE, 1971, p. 1881

Float chambered, bilaterally symmetrical,
axis narrow, chambers narrowing from one
end of the axis to the other, leaving a notch
between them either at the narrow or at
both ends. U.Precam.(Vend.).

Chondroplon WADE, 1971, p. 184 [*C. bilobatum;
aD]. Float large, bilobed, with rounded outline,
axis strongly marked as ventral groove and prob
ably as blunt dorsal keel, initial chamber large and
elongate, early chambers annular, later chambers
leaving peripheral notch where they are wide,
last-formed chambers leaving notch also at oppo
site end where they are narrow and disposed
transversely; their outer ends form a scalloped
margin; chambers higher than wide, separated by
depressed sutures. [Conspicuous, large, radial folds
on the surface of the only known specimen were
considered as fortuitous by WADE.] U.Precam.,
S.Australia.--FIG. 4,1. *C. bilobatttm, Ediacara;
holotype, X0.32 (Wade, 1971).

avatoscutum GLAESSNER & WADE, 1966, p. 612
[*0. concen/Ficltm; aD]. Float shieldlike, with
weakly marked axis, initial chamber small, oval,
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FIG. 6. Porpitidae (p. An).

Eoporpita

[See this Tr~atis~, 1956, p. F150]

Eoporpita WADE, 1972, p. 198 [OE. medusa; OD].
Circular or elliptical in outline, two groups of
club-shaped polypides, outer ones of nearly con
stant lengths and in several series, inner series with
inwardly reducing size, grouped around single,
large, central cone; above them, the remains of a
delicate float with numerous narrow, concentric,
annular, chambers surrounding small, circular,
central chamber; aboral side of disc showing faint
radial striae. [It seems reasonable to consider the
outer series as dactylozooids, the inner series as
gonozooids, and the larger central cone as the
gastrozooid, when comparing these fossils with
the living Porpita LINNE.] U.Precam., S.Australia.
--FIG. 6,1. °E. medusa, Ediacara; paratype,
XO.6 (Wade, 1972a).

Family PORPITIDAE Brandt, 1835

surrounded concentrically by narrow, elongate,
sinuous chambers, leaving a somewhat ill-defined
triangular notch in peripheral margin where they
are narrowest; notch is situated axially but does
not reach center; chambers separated by deep,
narrow grooves. U.Precam., S.Australia.--FIG.
5,1. °0. concentricum, Ediacara; holotype, XO.8
(Glaessner & Wade, 1966).

Class SCYPHOZOA GoUe, 1887
[For diagnosis see this Treatise, 1956. p. F27J

The following genera are assigned to the
Scyphozoa with varying degrees of uncer
tainty because of incomplete preservation

and morphological and evolutionary remote
ness from other fossil and living genera.
They are not at present placed in orders
or families. Among the Precambrian "Med
usae of uncertain affinities" (p. A94),
Rugoconites has been provisionally restored
as a scyphozoan (WADE, 1972).

Family UNCERTAIN

Ovatoscutum

FIG. 5. Chondroplidae (p. A91-An).

Albumares FEDONKIN in KELLER & FEDONKIN, 1976,
p. 38 [OA. bmnsae; OD]. Disc shield-like, lobate,
with 3 circumoral ridges narrowing radially; deli
cate gastrovascular canals, 3 on each lobe, dividing
dichotomously 4 times each toward the periphery;
over 100 short, very thin, marginal tentacles.
Resembling 5kinnera which differs in absence of
fine, dichotomously branching canals, lobes and
tentacles. U.Precam.(U.vend.), N.Russia.

Brachina WADE, 1972, p. 207 [OB, delicata; OD].
Discoid medusa with numerous small marginal
lappets attached to an outer ring; on exumbrellar
side two concentric outer grooves, an inner groove
and a central peak; on subumbrellar side probably
with a small, conical manubrium, outwardly
branching and inwardly anastomosing gastrovascu
lar canals, and apparently an annular gonad. U.
Precam., S.Australia.--FIG. 7,3. °B. delicata,
Brachina Gorge; 3a, reconstr., XO.5; 3b, holo
type, int. mold, XI.5 (Wade, 1972a).

Hallidaya WADE, 1969, p. 356 [OH. brtlert'; OD].
Discoid medusa with truncated margin, low-domed
or flat, with scattered "nuclei" (3-13) near center;
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some specimens with a rayed subcentral impres
sion that could indicate a mouth, and dichoto
mous, radial furrows near periphery. Uppermost
Preeam., C.Australia.--FIG. 7,-1. °H. brtteri, Mt.
Skinner; paratype, X I (Wade, 1969).

Kimberella WADE, 1972, p. 215 [pro Kimberia
GLAESSNER & WADE, 1966 (non COTTON & WOODS,
1935)] [OKimberia qlladrata GLAESSNER & WADE,
1966; 00]. Elongate, slender bell, probably
squarish in transverse section, with 4 pouched
gonads attached to radial canals projecting into
cavity of bell; gastric filaments present adapically;
conspicuous transversely striated zones are ex
plained as representing contracted subumbrellar
muscle bands. U.Preeam., S.Australia.--FIG. 7,2.
OK. qlladrata (GLAEssNER & WADE), Ediacara;
2a, holotype, X I (Glaessner & Wade, 1966); 2b,
reconstr. (Wade, 1972a).

Skinnera WADE, 1969, p. 361 [°S. brooksi; 00].
Disc-shaped, probably originally plano-convex,
with 3 large inner "pouches" and, connected with
them by paired canals, 15 ou ter (secondary)
"pouches" symmetrically placed near periphery.
[According to WADE, "the shape of the internal
system of spaces and canals closely parallels the
gastrovascular system of a medusa of the scypho
wan grade of complexity."] Uppermost Preeam.,
C.Australia.--FIG.7,1. '5. brooksi, Mt. Skinner;
holotype, X2 (Wade, 1969).

Class CONULATA
Moore & Harrington, 1956

[nom. 'ransl. GLAESSNER. 1971, p. 15 (t'x Subclass ConulatJ
MOORE & HARRINGTON, 1956, p. F28) J [For diagnosis see

Subclass Conubta. this Trt'olise. 1956, p. F28]

Order CONULARIIDA
Miller & Gurley, 1896

[For diagnosis see Suborder Conulariina, this Treatise, 1956,
p. F58)

Suborder CONCHOPELTINA
Moore & Harrington, 1956

[For di:lgnosis see this Treatise, 1956, p. F57]

Family CONCHOPELTIDAE
Moore & Harrington, 1956

[For di:lgnosis see this Treatise, 1956, p. F57]

Conomedusites GLAESSNER & WADE, 1966, p. 608
['c. lobatlls; 00]. Theca forming low cone with
concentric rugosities, divided by 4 deep radial
grooves; peripheral margin correspondingly with
4 lobes, each of which may be further subdivided
by a shallow indentation; fringe of rather thick
tentacles may be preserved around peripheral mar
gin. U.Preeam., S.Australia.--FIG. 8,1. ·C.
lobaws, Ediacara; XO.7 (Glaessner, 1971).

Conomedusi tes

FIG. 8. Conchopeltidae (p. A94).

MEDUSAE OF UNCERTAIN
AFFINITIES

A large number of Precambrian medusa
like fossils cannot be recognized with cer
tainty or even high probability as either
hydrozoan or scyphozoan in their structure
and affinities. Some are rather featureless
and difficult to distinguish from discoidal
basal attachment structures known in some
Precambrian benthonic cnidarians (see
Charniodiscus). Others are distinctive, but
only their exumbrellar side is known
(i'vlawsonites, Planomedusites, Rugoconites).
Others again are so variable, either inher
ently (Ediacal'ia) or because of varying
degrees of decomposition (Pseudol'hizosto
mites), that their true morphology cannot
be discerned and diagnosed.

Cyclomedusa SPRIGG, 1947, p. 220 [·C. dalJidi;
00] [=Madigania SPRIGG, 1949, p. 93 (non
WHITLEY, 1945); Ta/eana SPRIGG, 1949, p. 86;
Spriggia SOUTHCOTT, 1958, p. 59]. Outline sub
circular, surface of disc with several to many
concentric grooves separating slightly elevated
areas (rugae); their arrangement indicates an
originally conical shape of the center or, in some
species, of most of the body. Many specimens
show fine, straight, radial grooves interpreted as
gastrodermal canals showing on surface because
of partial composite molding. [The oral surfaces
of these commonly occurring medusae are un
known. They may have been attached by their
aboral cones. WADE (1972a, p. 204) placed Cye/o
meduJa under "Class Hydrozoa?" A veT)' similar
genus, TiraJial1a, was named by PALlY in a dis
sertation abstract dated 1975 but it remained un
published until BEKKER (1977) published T. eon
centralis n. sp. from the Vendian of the W. UraL]
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FIG. 9. Medusae of uncertain affinities (p. A94-A96).

U.Pl'ecam., S.Australia-SW.Afr.-S.USSR-N.Swed.
E.Sib.--FIG. 9,2a. C. plalla GLAESSNER & WADE,
U.Precam., SW.USSR (Dnjestr R., Ukraine);

XO.67 (Zaika-Novatskii et al., I 968).--FIG.
9,2b. C. gigalltca SPRIGG, U.Precam., Australia
(Ediacara); ho[otype, Xl (Sprigg, 1949).--FIG.
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9,2c,d. *C. davidi, U.Precam., S.Australia (Edia
cara); X 1.4 (Sprigg, 1949).

Ediacaria SPRIGG, 1947, p. 215 [*E. flindersi; OD]
[=Protodiplellrosoma SPRIGG, 1949, p. 79; ?Bel
tanella SPRIGG, 1947, p. 218]. Exumbrellar sur
face showing central disc and an outer ring;
sharp circular furrow may mark edge of gastric
cavity; radial furrows mostly confined to outer
ring; on subumbrellar surface a rounded central
mouth without appendages; one specimen appears
to show numerous, long, fine, peripheral tentacles.
V.Precam., S.Australia.--FIG. 9,1. E. sp., Edia
cara; 3 specimens on slab, XO.3 (fig. by Wade,
Glaessner, n).

Lorenzinites GLAESSNER & WADE, 1966, p. 608
[*L. rams; OD]. Small central disc from which
lobes radiate to length equal to or exceeding that
of radius of disc, broadening and flattening at
outer ends. [As only one specimen is known, the
status of this taxon is doubtful. For a discussion
of similar Phanerozoic fossils, which may be trace
fossils, see HANTZSCHEL, 1975, p. WI44.] V.Pre
cam., S.Australia.

Mawsonites GLAESSNER & WADE, 1966, p. 607
[*M. spriggi; OD]. Large, with smooth conical
center; greater part of surface strongly sculptured
with large, irregular bosses that increase in size
outward to form radially elongate lobes separated
by furrows leading to the lobate peripheral margin.
Subumbrellar surface unknown: V.Precam., S.Aus
tralia.--FIG. 9,3. *M. spriggi, Ediacara; para
type, XO.67 (Glaessner & Wade, 1966).

Moousinites GLAESSNER & WADE, 1966, p. 605
[*Medtuina asteroides SPRIGG, 1949; OD]. Small,
subcircular, discoidal bodies with central disc
separated by deep circular groove from large outer
ring with radius greater than that of central disc
and with radial grooves irregularly preserved on
it; there is a very narrow marginal flange; faint
concentric markings occur more commonly on
central disc; subumbrellar surface unknown. V.
Precam., S.Australia-S.USSR.--FIG. 10,1. *M.
asteroides, S.Australia(Ediacara); 1a,b, Xl (Glaes
sner & Wade, 1966).

Planomedusites SOKOLOV, 1972 [*P. grandis; M].
Large, saucer shaped, surface smooth, edge raised
as a narrow rim, apparently surrounded by nar
row, thin flange. V.Precam.(Vend.), S.USSR.-
FIG. 10,3. *P. grandis; Dnjestr R., Ukraine; holo
type, XO.77 (Sokolov, 1972).

Pseudorhizostomites SPRIGG, 1949, p. 87 [*P. how
chini; OD] [=Pselldorhopilema SPRIGG, 1949, p.
88]. Furrows radiating outward from variably
shaped center; bifurcating or anastomosing and
becoming finer outward; no distinct peripheral
margin; fluted passage extending vertically upward
from center through overlying sediment suggests
that shape of fossils was influenced by decay and
escape of decay products of a medusoid which is
probably not yet known in better preservation.
V.Precam., S.Australia.--FIG. 10,2. *P. how-

chini, Ediacara; 2a,b, X 1.3 (Sprigg, 1949).
Rugoconites GLAESSNER & WADE, 1966, p. 610 [*R.

enigmaticlls; OD]. Low conical body with circular
to oval peripheral margin; a few furrows diverge
from small polygonal center, repeatedly branching
dichotomously and anastomosing; furrows either
few and coarse or numerous and fine; peripheral
margin with narrow flange and numerous fine
tentacles. V.Precam., S.Australia.--FIG. 10,4. *R.
enigmatiCtts, Ediacara; holotype, Xl (Glaessner &
Wade, 1966).

PROBLEMATICAL
COELENTERATA

"PETALONAMAE" Pflug, 1970
[Petalonamidae PfLUG 1970a, p. 258; Phylum Petalonamae

PFLUG, 1972b, p. 158]

Leaflike structures ("petaloids"), often
with a median line or zone and lateral
grooves and ribs on each leaf, disposed as
primary, secondary and occasionally tertiary
branches; petaloids may occur in clusters
or be joined to form fanlike composite
structures ("flabella" and "petalodia"), or
be bent into bun or bag shapes; their
external layer may show fibrous micro
structure; they appear to represent colonial
organisms. [According to PFLUG (1970a,b),
the petaloids are typically linked in groups
but the evidence for dendroid branching,
and for the assumed extensive structural
homologies between the groupings of petal
oids in flabella composing the petalodia in
different genera is inconclusive. PFLUG has
built up an elaborate and complex terminol
ogy that is not intended to be purely descrip
tive, but which tends to explain conceptual
"structural plans." A discussion of these
theoretical views is considered to be outside
the scope of this Treatise (see PFLUG, 1970a
1974b, for details); however, it is convenient
to group the interconnected taxa listed be
low provisionally under the name proposed
by PFLUG (which was accepted by GERMS,

1972a, and GLAESSNER & WALTER, 1975),
without defining its status in classification
and nomenclature, until clear distinctions
between observab!e and hypothetically pos
tulated characters can be drawn.] U.
Precam.

Family PTERIDINIIDAE Richter, 1955
[=Class Pteridiniomorpha PFLUG, 1972b, p. 158]

Leaflike, elongate structures ("petal-
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FIG. 10. Medusae of uncertain affinities (p. A94-A96).
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Rongeo

FIG. 11. Pteridiniidae (1); Rangeidae (2) (p. A96-A99).
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oids"), roughly bilaterally symmetrical,
probably composite, elastically deformed
during embedding, with distinct median
groove often showing a series of small
rhombical elements ("commissurae"); more
conspicuous are transverse, sharply incised,
primary furrows and convex branches; a
marginal zone, which is almost smooth,
may be present. [The evidence for strictly
defined dendroid branching modes proposed
by PFLUG is unconvincing. These fossils,
together with Rangea, were considered by
RICHTER (1955) as Gorgonaria and by
GLAESSNER (in GLAESSNER & DAILY, 1959)
as Pennatulacea.] U.Precam.(Vend.).
Pteridinium GURICR, 1933, p. 144 [*P. simplex;

OD] [=Pteriditlm GURICH, 1930, p. 637 (nom.
ntld.) (non SCOPOLI, 1777); ?Onegia SOKOLOV,
1976]. CharacIers of family. U.Precam.(Nama
Gr.), SW.Afr.; U.Precam.(tlp. Vend.), N.USSR-S.
Australia.--FIG. 11,1. *P. simplex, Nama Gr.,
SW.Afr.; la, specimen closely resembling neotype,
XO.8 (Glaessner, 1963); 1b, group of specimens
on slab in State Museum, Windhook) (Glaessner,
n).

Family RANGEIDAE Glaessner, new
[=C!ass Rangeomorpha PFLUG, 1972b, p. 158]

Leaflike rounded structures ("petaloids"),
roughly bilaterally symmetrical, probably
composite; with median groove or track and
lateral primary branches that are divided
into small, chevron-shaped secondary
branches. U.Precam.

Rangea GURICH, 1930, p. 680 [*R. schneiderhohni;
OD]. Characters of family. U.Precam.(Nama
Gr.), SW.Afr.--FIG. 11,2. *R. schneiderhohni,
X 1.6 (Pflug, 1970b).

Family CHARNIIDAE Glaessner, new

Leaflike bodies ("petaloids") single,
elongate, often with narrow stem and ex
panded discoidal base, with median groove
or track; secondary branches disposed as
convex, parallel structures between primary
branches. U.Precam.
Charnia FORD, 1958, p. 212 [*C. masoni; OD].

Narrow petaloids with sinuous median line and
sharply defined primary grooves forming acute
angles with corresponding secondary grooves and
branches; these are therefore in almost transverse
position on the petaloids. U.Precam.( Charn.),
Eng.--FIG. 12,3. *C. masoni; plaster cast of
holotype, X 0.45 (Glaessner, n; Leicester City
Museum no. 279,1958).

Charniodiscus FORD, 1958, p. 213 [*C. concentrictls;
OD] [=Charnia FORD, 1958, p. 212 (partim);
Arborea GLAESSNER & WADE, 1966, p. 618]. Elon
gate petaloids with broad "dorsal" and slightly
narrower "ventral" median track, extending down
ward into a stalk ending in an expanded discoidal
base; secondary branches on flangelike expansions
on the "ventral" faces of primary branches. [FORD
(1958) distinguished Charniodisetls concentricus
from Charnia masoni because only in one speci
men (the holotype of the former) were "frond
and disc apparently associated" and there "it
could be interpreted as a distinct type of
frond. . . ." Hence he diagnosed Charniodisctls
as a "disc-like organism." In 1963 he figured
this entire specimen as C. concentricus "with
Charnia masoni frond attached." Dr. R. J. F.
JENKINS (pers. commun.) agrees with the alterna
tive view that this is a distinct type of frond.
He considers that therefore the entire specimen
becomes the holotype of Charniodisctls concentrictls
and concludes also that this frond shows the
characters of Arborea, which consequently be
comes a synonym of Charniodisctls.] U.Precam.,
Eng.-S.Australia.--FIG. 12,2a. *C. concentrictls,
Charn., Eng.; plaster cast of holotype with frond
attached, approx. XO.3 (Glaessner, n; Leicester
Univ. no. 2383/1-2).--FIG. 12,2b,c. C. arboretls
(GLAESSNER); 2b, S.Australia (Ediacara), discoidal
base and stalk, XO.3 (Glaessner, n; Adelaide
Univ., unnumbered specimen); 2c, S.Australia
(Bunyeroo Gorge), plaster cast of impression on
lower bedding plane showing discoidal base in
ferred to have been attached to adjacent complete
petaloid, about XO.2 (fig. by R. J. F. Jenkins,
Glaessner, n; Adelaide Univ.).

Glaessnerina GERMS, 1973, p. 5 [*Rangea grandis
GLAESSNER & WADE, 1966; OD]. Resembling
Charnia but secondary grooves and ribs form
large angles with primary grooves and hence are
in markedly oblique to almost longitudinal posi
tion on the petaloids. U.Precam., S.Australia-N.
USSR-N.Sib.--FIG. 12,1. G. sibirica (SOKOLOV),
N.Sib.; XO.67 (Sokolov, 1972).

Family ERNIETTIDAE Pflug, 1972
[Erniettidae PFLUG, 1972b, p. 163] [=C]ass Erniettomorpha
PFLUG, 1972b, p. 158; Family Ernionormidae PFLUG, 1972b,

p. 158]

Rounded, bun- or bag-shaped, ellipsoidal
or cylindrical bodies with external ribs gen
erally divided by a median groove disposed
so as to suggest derivation from or interpre
tation as folded petaloids similar to those
of Pteridinium. U. Precam. [PFLUG (1972b)
has studied these fossils in great detail. He
considered not only major but also minor
differences in shape as taxonomic characters,
distinguishing 13 genera (with 28 species)
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Chorniodiscus Chornio

FIG. 12. Charniidae (p. A99).

in five subfamilies, four families and two
orders of a class Erniettomorpha; however,
many apparent differences could be the
results of postmortal deformation whereas
others appear to be due to variability of
growth and preservation. Some genera have

type specimens that are so poorly preserved
as to be unrecognizable (see list on p.
A 112). It seems appropriate to separate the
tall. complexly sutured forms at subfamily
level from those more or less close to
Ern/etta. ]
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Arumberio

FIG. 13. Erniettidae (1-4); Family uncertain (5,6) (p. A99-A I 02).

Subfamily ERNIETTINAE Pflug, 1972
[Erniettinae PFLUG, 1972b, p. 163J [=Ernionorminae PFLUG,

1972b. p. 160; Erniodiscinae PfLUG. 1972b. p. 158]

Body flattened, round to subcylindrical,
with ribs more or less clearly divided by
median zigzag line. U.Precam.

Ernietta PFLUG, 1966, p. 19 ["E. plateauensis; OD].
Body compressed or bent into U-shape; ribs strongly
developed, separated by zigzag median line; re
sembling a folded petaloid of Pteridinium. U.Pre
cam., SW.Afr.--FIG. 13,2. "E. plateauensis;
2a,b, X I (Pflug, 1972b).

Erniofossa PFLUG, 1972, p. 159 ["E. prognatha;
OD] [=?ErniodisCIIs PFLUG, 1972b, p. 158;
?Erniaster PFLUG, 1972b, p. 159]. Body with
rounded to elliptic basal outline, upper surface
convex, with central depression or flattened; gen
eral shape varying from discoidal to cylindrical,
median groove short or indistinct. U.Precam.
(Nama Gr.), SW.Afr.

Ernionorma PFLUG, 1972, p. 160 ["E. abyssoides;
00] [=Erniobaris PFLUG, 1972b, p. 161]. Body
with elliptic basal outline, highly convex, with
median groove between distinct lateral ribs. U.
Precam.(Nama Gr.), SW.Afr.--FIG. 13,3. E.
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Claudina

FIG. 14. Vologdinophyllidae (p. A102).

corrector PFLUG; 3a, Xl; 3b, X 1 (Pflug, 1972b).

Subfamily ERNlOBETINAE Pflug, 1972
[Erniobetinae PFLUG, 1972b, p. 165]

Body columnar, tall, ribbed, with median
line near apex and with transverse, incised
sutures. U.Precam.

Erniobeta PFLUG, 1972, p. 166 ["E. scapulosa; 00].
Body columnar, ribbed, top surface convex, with
median groove, su tures more or less distinct; oc
curring in "colonies." U.Precam.(Nama Gr.), SW.
Afr.--FIG. 13,4. E. forensis PFLUG; 4a,b, Xl
(Pflug, 1972b).

Erniograndis PFLUG, 1972, p. 165 ["E. sandalix;
00]. Body tall, ribbed, bulbous, transversely
sutured, open end narrowed, median line sub
apical. U.Precam.(Nama Gr.), SW.Afr.--FIG.
13,1. "E. sandalix; 1a,b, XO.3 (Pflug, 1972b).

Family UNCERTAIN
Arumberia GLAESSNER & WALTER, 1975, p. 61 ["A.

banksi; 00]. Hollow, compressible, ribbed, coni
cal to cylindrical bodies, attached by blunt apex;
ribs may bifurcate. Uppermost Precam., C.Aus
tralia.--FIG. 13,6. "A. bankJi, Laura Creek
(or. Alice Springs); casts of several specimens on
lower bedding surface; XO.2 (Glaessner & Walter,
1975) .

Baikalina SOKOLOV, 1972 ["B. sessili.<; M]. Bag
shaped body, narrow at base, with mm-sized,

longitudinal, flat ribs. U.Precam.(U.vend.), S.Sib.
Namalia GERMS, 1968, p. 53 [*N. villiersiensis;
00]. Conical to cylindrical, with rounded cross
section, longitudinal ribs, blunt apex; occurring in
"colonies." U.Precam.(Nama Gr.), SW.Afr.

Nasepia GERMS, 1972, p. 7 [*N. altae; 00]. Leaf
like bodies with fine ribs subparallel to long axis
and with clearly marked margins. U.Precam.
(Nama Gr.), SW.Afr.--FIG. 13,5. *N. altae;
XO.6 (Germs, 1973a).

UNRECOGNIZABLE AND REJECTED GENERA
ASSIGNED BY PFLUG (I972b)

TO "ERNIETTOMORPHA"

Erniocarpus PFLUG, 1972, p. 164 [*E. carpoides;
00]. Single, weathered, discoidal specimen.

Erniocentris PFLUG, 1972, p. 159 [*E. centriformis;
00]. Single specimen with concentric ribbing.
Possibly a concretion.

Erniocoris PFLUG, 1972, p. 164 [*E. orbi/ormis;
00]. Single weathered specimen superficially re
sembling mold of bivalve shell.

Erniopelta PFLUG, 1972, p. 162 [*E. scrupula; 00].
Convex bodies with obscure and irregular sculp
ture.

Erniotaxis PFLUG, 1972, p. 165 [*E. segmentrix;
00]. Fragmentary molds consisting of few ribs
only, placed by PFLUG (1972b) in a monotypic
family Erniotaxidae and subfamily Erniotaxinae.

Phylum ANNELIDA Lamarck, 1809

Class POLYCHAETA Grube, 1850
[see this Treatise, 1962, p. W148]

Order CRIBRICYATHEA
Vologdin, 1961

[nom. trans!. GL.... ESSNER, 1976a (ex Class Cribricyathea
VOLOGDIN, 1961, p. 177); see HILL, 1972, p. E134]

?Family VOLOGDINOPHYLLIDAE
Radugin, 1964

[see HILL, 1972, p. E138]

Cloudina GERMS, 1972b, p. 752 [*C. hartmannae
(=C. hartmanae GLAESSNER, 1976a, emend.);
00]. Tubes sinuous, conical to almost cylindrical,
walls with outer layer covered with close-set
transverse annular ridges and grooves; the main
layer consisting of stacked, inverted cones sloping
inward toward the apex, incomplete in transverse
section (forming half-rings); inner surface of tube
elliptical, smooth. [For a discussion of the rela
tions of Cloudina to the Cribricyathea and of this
order to the Polychaeta, see GLAESSNER, 1976a.]
U.Precam., SW.Afr.; ?L.Cam., S.Am.(Arg.).-
FIG. 14,1. *C. Itartmanae; U.Precam., SW.Afr.;
XO.3 (Germs, 1972b).
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FIG. IS. Dickinsoniidae (2); Sprigginidae (l~)

(p. AI03-AI04):

circular impression on its margin, without external
segmentation. Body flexible, rather flat, consis
ting of up to 40 segments, tapering gently to a
rounded, minutely segmented posterior end; neuro
podia with acicular setae, a double series of medio
dorsal paired convexities separated by a sagittal
groove probably represent dorsal longitudinal mus-

2c

3 SprigginoDickinsonio20

2b

[See HOWEll, 1962. Treati", p. Wl54j

Spriggina GLAESSNER, 1958, p. 158 ['5. {loundersi;
00]. Prostomium horseshoe-shaped, strongly
sclerotized, with a sharp medio-posterior semi-

Dickinsonia SPRIGG, 1947, p. 221 [·D. coslala; 00]
[=Papilionala SPRIGG, 1947, p. 223]. Broad, flat,
with numerous, short segments; anterior body seg
ments fused pre-orally along median line; seg
mental furrows depressed dorsally and ventrally;
neuropodia reduced, notopodial-e1ytral ridges well
developed; filled intestine with intestinal caeca
may be preserved. U.Precam., S.Australia-N.USSR.
--FIG. 15,2. ·D. coslala, S.Australia(Ediacara);
2a, XO.64; 2b,c, XO.8 (Sprigg, 1949).

Family SPRIGGINIDAE Glaessner, 1958

Order UNCERTAIN

Family DICKINSONIIDAE
Harrington & Moore, 1955

Body elliptical to elongate, segments
numerous, generally widening outwardly,
anterior segments fused medially. U.
Precam.

[The monotypic family Dickinsoniidae
was placed in an order Dickinsoniida and
a class Dipleurozoa of the Coelenterata by
HARRINGTON & MOORE (1955) (see also this
y,.eatise, 1956, p. F24-F25). This was based
on a series of misunderstandings starting
with SPRIGG'S (1947) faulty reconstruction
of Dickinsonia as "symmetrical across both
longitudinal and transverse planes." Since
the close relationship between Dickinsonia
and the living polychaete Spinther has been
established by the study of much additional
material, there is no need for higher taxa
above family rank for the former genus.
The supposed Silurian "Dipleurozoa"
named Rutgersella by JOHNSON and Fox
(1968) are unrelated to Dickinsonia and
are now considered by CLOUD (1973) as
based on pyrite rosettes. The family Dickin
soniidae can be accommodated in the order
Amphinomorpha in CLARK'S (1969) system
of the Polychaeta, in view of its proximity
to the Spintheridae. WADE (1972b) suggested
the use of the order Dickinsoniida for both
Dickinsoniidae and Spintheridae. The class
ification of the Polychaeta above family
level is in a state of flux and (with one
exception) higher taxa will not be used
here for the known Precambrian poly
chaetes. ]
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Anabarites

FIG. 16. Anabaritidae (p. .1104).

des; convexity variably placed near the first trunk
segments suggests a well-developed pharynx. U.
Precam., S.Australia.--FIG. 15,3. *S. floundersi,
Ediacara; XI (Glaessner, n; Univ. Adelaide coil.
no. FI7354).

Marywadea GLAESSNER, 1976, p. 169 [*Spriggina ?
ovata GLAESSNER & WADE, 1966, p. 622; OD].
Prostomium half-moon shaped, not wider than the
body with appendages, integument thin; up to 50
short, broad segments bearing long, curved setae;
behind the prostomium a pair of elongate impres
sions suggesting teeth; posterior end of body
broadly rounded. U.Precam., S.Australia-?SW.Afr.
--FIG. 15,1. ',11. ovata (GLAEsSNER & WADE),
Australia (Ediacara); holotype, X3.2 (Glaessner
& Wade, 1966).

Family ANABARITIDAE Glaessner, new
[==Angustiochrcidae VALKOV & SYSOIEV. 1970, p. 96 {invalid

name]

Small, straight or curved, conical tubes
of calcareous composition, with rounded to
triangular or stellate cross section; three or
more evenly spaced straight or curved long
itudinal grooves and corresponding internal
ribs or rows of spines. [VALKOV & SYSOIEV
(1970, p. 97) erected a new genus Angusti
ochrea for Lower Cambrian tubular fossils
and placed it together with (among others)
the closely similar Anabarites MISSARZHEV
SKY in a new family Augustiochreidae (p.
96), expressly based on Anabarites as "type
genus," in violation of the International
Code of Zoological Nomenclature. They
also erected a new order Angustiochreida.]
U.Precam., ?L.Cam.

Anabarites MISSARZHEVSKY in VORONOVA & MIS
SARZHEVSKY, 1969, p. 209 [*.1. trisl/lcatl/s; OD]
[=Angwtiochrea VALKOV & SYSOIEV, 1970, p. 97

(type, A. lata; OD)]. Small, thin-walled, elon
gate-conical tubes, trilobed to triangular or tri
radiate in transverse section. [The synonymy of
Angl/stioc/lrea and Anabarites was suggested to
me by V. V. MISSARZHEVSKY (pers. commun., May,
1975) and appears justified.] Uppermost Precam.
and basal Cam., N.&E.Sib.--FIG. 16,1. *.1.
trimlcatl/s, U.Precam.(Vend.), Anabar reg.; X25
(Matthews & Missharzhevsky, 1975).

Phylum ARTHROPODA
Siebold & Stannius, 1845

[see this Treatise, 1959, p. 04]

Superclass TRILOBITOMORPHA
Stprmer, 1944 (or CHELICERATA

Heymons, 1901)
[Sec this Treatise, 1959, p. 022; 1955, p. PI, and 1969,

p. R13]

Class and Order UNCERTAIN

Family VENDOMIIDAE
Keller in Keller & Fedonkin, 1976

Small, elongate, discoidal body with
broadly arcuate anterior margin; head shield
large, followed by up to five chevron-shaped
segments and a small telson. [In the ab
sence of any traces of appendages it cannot
be decided whether this family should be
placed in the Trilobitomorpha or Chelic
erata; the general morphology of the body
resembles both.] U.Prt'cam.

Vendomia KELLER in KELLER & FEDONKIN, 1976,
p. 43 [*V. mennert'; OD]. Horseshoe-shaped ce
phalic area occupying % of length, separated from
trunk area consisting of 5 somites, decreasing in
size posteriorly, with median groove; telson not
clearly observable. U.Precam.(U.Vend.), N.USSR.

Onega FEDONKIN in KELLER & FEDONKIN, 1976, p.
42 [*0. stepanovi; OD]. Elliptic flat body with
sharp outline; wide, smooth, marginal area, wider
at anterior (?) end which is crescent-shaped; be
hind It an axially segmented series of 5 paired
lobes, transversely elongate, slightly curved to
wards anterior (?) end, with deep, wide axial
groove, length of segments decreases posteriorly.
U.Precam.(U.Vend.), N.USSR.

Praecambridium GLAESSNER & WADE, 1966, p. 623
[*P. sigillum; OD]. Body small, dorsal side with
horseshoe-shaped head region bearing a heart
shaped glabellar area surrounded by surface crenu
lations (?digestive caeca) and followed by 3 to 5
chevron-shaped segmental ridges and a triangular
terminal somite. U.Precam., S.Australia.--FIG.
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FIG. 17. Vendomiidae (p. AI04-AI05).

central ridges separated by a pronounced median
furrow, not cxtending to margins; some fine
longitudinal striae, no pronounced transverse sculp
ture except short grooves near axis. U.Precam.,
SW.Afr.; L.Cam., W.Can. [YOUNG (1972) de
scribed a "RlI.'op/lyms sp." from the Lower Cam
brian. It lacks the characteristic transverse sculp
ture. I t docs not show the transverse grooves
described by PFLUG that are shown in his draw
ing of Vclancorina but not disccrnible in his
photographs; thc Canadian fossil is otherwise
indi>tinguishablc from Vclancorina. Although
not a trilobite "resting trail," this fossil with its
bilaterally symmetrical shieldlike outline and me
dian groove may represent the \,cnlf::t} inlpression
of a primitive arthropod.]

17,1. ·P. sigillllm; diagramm. reconstr., X7.5
(Glaessner & Wade, 1971).

Vendia KELLER in ROZANOV et aZ., 1969, p. 175
[·V. sokoZovi; 00]. Body elongate, disc shaped;
horseshoe-shaped cephalic area followed by 5
narrow, inverted V-shaped segments diverging
outward and backward, weak and uneven median
ridge. U.Precam.(Vend.), N.USSR.--FtG. 17,2.
·V. sokoZovi, Yarensk; X5 (Sokolov, 1972).

Superclass CRUSTACEA
Pennant, 1777

Class BRANCHIOPODA
Latreille, 1817

(sec this Treatise, 1969, p. R131)

Order UNCERTAIN

Family PARVANCORINIDAE
Glaessner, new

Shieldlike carapace elongate, with faint
marginal raised rim and distinctly elevated,

anterolateral and median, smooth, dorsal
ridges; about five pairs of stout anterior
appendages are followed by up to 20 pairs
of posterior, undifferentiated, filiform ap
pendages. [Some resemblance with Vachon
isia LEHMANN, but also with Man'ella W AL
COTT and Mimetaster GURICH, should be
noted. The observation of trilobitomorph
legs in the Devonian genus Vachonisia ap
pears to require its transfer to the Marello
morpha from the Crustacea Branchiopoda
(see STURMER & BERGSTROM, 1976). Simi
larity of Parvancorina with Marellomorpha
may suggest that it is close to the ancestors
of the Crustacea, the derivation of which
from Trilobitomorpha was suggested by
HESSLER and NEUMAN (1975). DELLE CAVE
and SIMONETTA (1975) indicated similarities
with Skania tragilis WALCOTT, 1931. If con
firmed, this could extend the range of the
family to M.Cam.] U.Precam.

Parvancorina GLAESSNER in GLAESSNER & DAILY,
1959, p. 187 [·P. minchami; 00]. Characters of
family (sce Fig. 18). U.Prccam., S.Australia.

DOUBTFUL ARTHROPODA

Velancorina PFLUG, 1966, p. 17 [·V. mar/ina; 00].
Outline arcuate anteriorly, converging posteriorly,
several marginal ridges and furrows, two stronger

2

\ ~'...!

.",,,\,

Vendia
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FIG. 18. Growth series of Part'ancarina IIlinchami GLAESSNER from S. Australia (Ediacara) plotted on
expanded scale (XS) of length and width, with illustrations of specimens (X 1) placed in approximate
coordinate positions. Strictly nonallometric growth is not implied; the carapace seems to be more
elongate in early growth stages and as wide as long in late growth stages when the entire material is
considered. Biometric tests tend to be invalidated by distortion of the flexible carapaces; the specimens
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?Phylum POGONOPHORA
Johannson, 1938

Order SABELLIDITIDA
Sokolov, 1965

Elastic, thin, very long, slender, cylindri
cal tubes; walls often fibrous with smooth
terminal portions, or irregularly wrinkled
transversely; not branching; black, brown,
or translucent yellow, organic (combusti
ble). U.Precam.-L.Cam.

[This order is considered by SOKOLOV as
representing Pogonophora. It should be
noted that zoologists tend to disagree as
to whether the Pogonophora is a separate
phylum or where it should be placed in the
classification of the Metazoa, since signifi
cant similarities between them and poly
chaete annelids have been discovered (see
Nf/lRREVANG,1975).]

Family SAARINIDAE Sokolov, 1965

Tubes very thin, translucent, consisting
of funnel-shaped narrow rings. U.Precam.
(Vend.)-L.Cam.

Calyptrina SOKOLOV, 1965, p. 91 [.c. partita; 00].
Tubes light yellow or colorless, consisting of nar
row, transverse rings with rounded, projecting
edges. U.Precam.( Vend.), Sib.; L.Cam., N.USSR.

Poleolino

FIG. 19. Sabelliditidae (p. A107).

Phylum UNCERTAIN

Class, Order, and Family
UNCERTAIN

A107

Family SABELLIDITIDAE Sokolov, 1965

Tubes long and thin, black, brown or
light yellow, elastic and collapsible, trans
versely wrinkled, or smooth at one end.
U.Precam.(up.vend.)-basal Cam.

Paleolina SOKOLOV, 1965, p. 90 [·P. evenkiana;
00]. Tubes very thin, narrow, semi-transparent
to transparent, yellow; walls smooth or sharply
and irregularly transversely wrinkled; diameter
1.0-1.2 mm, length to 120 mm. U.Precam.( up.
Vend.)-basal Cam., Sib.-N.USSR.--FIG. 19,1.
·P. cf. P. evenkiana, into molds, up.Vend., S.Sib.;
X5 (Sokolov, 1975).

Redkinia SOKOLOV, 1976, p. 141 [·R. spinosa; 00].
Brown to black, chitinoid, blade-like fossils with
13 -15 curved spines abou t 0.5 mm long along one
edge, which is up to 3.5 mm long. Possibly anne
lid jaws. Considered by SOKOLOV as possibly legs
of Protonychophora. U.Precam.(Vend., Redkino
Ser.), Nepeitsino bore, central Russia.

Tribrachidium GLAESSNER in GLAESSNER & DAILY,
1959, p. 389 [·T. /leraldictlm; 00]. Disc shaped,
slightly convex, with steeply sloping peripheral
margin; one side (oral?) has three raised arms
(brachia) radiating at equal angles, curving clock
wise (in artificial casts representing bodies as de
posited) to join periphery of disc where they taper.

(Continued from facing page.)

above the line are shortened by overfolding, that below the line is lengthened by lateral compression.
Reconstruction (below, right) shows appendages on left only (M, hypothetical position of mouth, flanked
by proximal parts of anterior appendages). The adaxial and abaxial ends of appendages are not preserved,
probably mainly because of the greater rigidity of the ridges (specimens selected, cast in latex and
photographed by Dr. M. WADE) (Glaessner, n; specimen numbers, from left to right, 806/2, P 14245/2,
P 12774, P 13815, P 14252/1, P 14245/1, P 14251, P 14206, P 14204,943,543, P 14190, P 12901/1;
specimens prefixed "P" are in collections of S. Austral. Mus., others are in collections of Dept. GeoJ.,

Univ. Adelaide).
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Tribrachidium

FIG. 20. Family uncertain (p. AI07-AI08).

Small, Y-shaped groove (?moUih) is rarely seen
in center between arms; attached to each arm
on its convexly curved side is a small, raised area
("bulla"). Distal 0.7 of each arm bears short,
stout tentacles on outer side and tip. Fine, long,
straight or gently curved bristlelike structures may
extend from crest and concave side of each arm
across tips of adjoining arms. Opposite (?aboral)
side of disc shows only a few concentric grooves.
U.Precam., S.Australia.--FIG. 20,1. "T. her
aldicttm, Ediacara; Xl (Glaessner & Daily, 1959).

Vermiforma CLOUD, in CLOUD et al., 1976, p. 405
[.V. antiqua; OD]. Wormlike, coiled and looped
impressions, 1.5-2 em wide, up to 1-1.1 m long,
with scalloped or scaly surface texture; on bedding
surfaces of meta-tuffaceous sediments. U.Precam.,
USA(N.Car.). [This genus was classified by its
authors as Annelida, class, order, and family un
known.]

TAXA WITH DOUBTFUL
INVERTEBRATE AFFINITIES

Family SUVOROVELLIDAE
Vologdin & Maslov, 1960

Calcareous, non-porous, double-walled
discoidal or flatly conical skeletons; no
structural elements between the walls; ex
ternal wall may be sculptured with raised
rhomboidal areas. Uppermost Precam.(low.
Yudom.).

Suvorovella VOLOGDIN & MASLOV, 1960, p. 691 ["S.
aldanica; OD]. Skeleton saucer shaped, diameter
to 30 mm, surface with small raised rhombs in
intersecting curved rows. Uppermost Precam.
(low.Ytldom.), E.Sib.

Majella VOLOGDIN & MASLOV, 1960, p. 692 [·M.
verkhojanica; OD]. Skeleton irregularly discoidal
or saucer shaped, consisting of two flat walls,
often with irregular concentric wrinkles. Upper
most Precam.(low.Ytldom.), E.Sib.

Family UNCERTAIN

Petalostroma PFLUG, 1973, p. 192 [·P. kuibis; OD].
Saucer-shaped bodies up to tens of em in size,
without internal cavities; surface irregularly wrin
kled radially and concentrically, with fibrous and
cellular external tissues; skeleton said to consist of
organic and carbonate material. [PFLUG (1973)
claims to have observed petaloids consisting of
microscopic tubular structures. His proposed
homologies and transitions between Petalonamae
and Petalostromae are unconvincing.] U.Precam.
(Nama Gr.), SW.Afr.

NAMES GIVEN TO PRECAMBRIAN NONMETAZOAN
AND TRACE FOSSILS

Only taxa of generic rank are included,
generally without reference to synonymy.
Genera based on Cambrian or younger
species are generally excluded.

FILAMENTOUS, COCCOID, AND
OTHER MICROSCOPIC ALGAE

(This list possibly also includes fungal
or bacterial remains.)
Anabaenidium SCHOPF, 1968 [·A. johnsonii]
Animikiea BARGHOORN, 1965 [0A. septata]
Antigus BUTIN, 1959 [OA. ctlsarandicw]

Archaeogloeocapsa REITLINGER, 1956 ["A. povarov-
kensis]

Archaeonema SCHOPF, 1968 [·A. longicelltllaris]
Archaeorestis BARGHOORN, 1965 [.A. schreiberensis]
?Archaeosphaeroides SCHOPF & BARGHOORN, 1967

["A. barbertonensis]
Archaeotrichion SCHOPF, 1968 [.A. contortum]
Bigerninococcus SCHOPF & BLACIC, 1971 ["E. lamel-
lost/s]

Biocatenoides SCHOPF, 1968 [0B. sphaerula]
Calyptothrix SCHOPF, 1968 [OC. anntllata]
Caryosphaeroides SCHOPF, 1968 [OC. pristina]
?Catinella PFLUG, 1966a roC. polymorpha]
Caudiculophycus SCHOPF, 1968 roC. rivularioides]
Cephalophytarion SCHOPF, 1968 ["C. grande]
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Chlamydomonopsis EDHORN, 1973 [-c. primor-
dialis]

Contortothrix SCHOPF, 1968 [-c. vermiformis]
Cumulosphaera EDHORN, 1973 [-c. lamellosa]
Cyanonema SCHOPF, 1968 [-c. attentlata]
Entosphaeroides BARGHOORN, 1965 [-E. ampltls]
Eoastrion BARGHOORN, 1965 [-E. simplex]
Eobacterium BARGHOORN & SCHOPF, 1966 [-E. iso-

lattlm]
Eoepiphyton BUTIN, 1959 [-E. jalgamictlm]
Eomycetopsis SCHOPF, 1968 [·E. robtlsta]
Eosphaera BARGHOORN, 1965 [-E. tyleri]
Eotetrahedrion SCHOPF & BUCIC, 1971 [-E. prin-

ceps]
Eozygion SCHOPF & BLACIC, 1971 [·E. grande]
?Fibularix PFLUG, 1965 [·F. ftinicllla]
Filamentella PFLUG, 1965 [·F. pltlrima]
Filiconstrietosus SCHOPF & BLACIC, 1971 [-F. ma-

jllsclllus]
Glenobotrydion SCHOPF, 1968 [-G. aenigmatis]
Globophycus SCHOPF, 1968 [·G. rtlgoJIIs]
Gloeodiniopsis SCHOPF, 1968 [·G. lamellosa]
Gunflintia BARGHOORN, 1965 [-G. mintlta]
Halythrix SCHOPF, 1968 [-H. nodosa]
Heliconema SCHOPF, 1968 [·H. australiensis]
Huroniospora BARGHOORN, 1965 [-H. microretiett-

lata]
Kakabekia BARGHOORN, 1965 [·K. tlmbellata]
Miliaria PFLUG, 1966a [·M. implexa]
Montanella PFLUG, 1965 [·M. beltensis]
Myxococcoides SCHOPF, 1968 [·M. minor]
Obconiphycus SCHOPF & BLACIC, 1971 [-0. ama-

deus]
Oscillatoriopsis SCHOPF, 1968 [·0. obttlsa]
Palaeoanacystis SCHOPF, 1968 [-Po vtllgaris]
Palaeolyngbya SCHOPF, 1968 [-P. barg/lOorniana]
Palaeomicrocoleus KORDE in VOLOGDlN & KORDE,

1965 [-P. gmneri]
Palaeopleurocapsa KNOLL, BARGHOORN, & GOLUBIC,

1975 [.P. wopfnerii]
Palaeorivularia KORDE, 1965 [.P. ontarica]
Palaeoscytonema EDHORN, 1973 [.P. moorhotlsei]
Palaeospiralis EDHORN, 1973 [·P. canadensis]
Palaeospirulina EDHORN, 1973 [·P. arctlata]
Partitiofilum SCHOPF & BLACIC, 1971 [·P. gongy-

loides]
Petraphera L. NAGY, 1974 [·P. vivescentictlla]
Phanerosphaerops SCHOPF & BLACIC, 1971 [·P.

capitaneusJ
Polycellaria PFLUG, 1965 [.P. bonnerensis]
Primorivularia EDHORN, 1973 [·P. thtlnderbayensis]
?Protorivularia BUTIN, 1959 [·P. onega]
Ramsaysphaera PFLUG, 1976 [·R. ramses] [The

systematic placement of this 3.4 by old fossil is
uncertain]

Scintilla PFLUG, 1966 [·5. perforata]
Siphonophycus SCHOPF, 1968 [·5. kestron]
Sphaerocongregus MOORMAN, 1974 [·5. variabilis]

[According to VIDAL (1976), an acritarch, and a
synonym of Bavlinella SHEPELEVA, 1962]

Sphaerophycus SCHOPF, 1968 [·5. parvtlm]

Tenuofilum SCHOPF, 1968 [-T. septattlm]
Tormentella PFLUG, 1966a [·T. ttlbiformis]
Tricellaria PFLUG, 1965 [·T. deylensis]
Veteronostocale SCHOPF & BLACIC, 1971 [-V. amoe-

num]
Zosterosphaera SCHOPF, 1968 [.Z. triptlnctata]

SPOROMORPHS AND
ACRITARCHS

It is not possible to give a complete list
of taxa established for Precambrian sporo
morphs and acritarchs because their nomen
clature is exceedingly confused. The most
common acritarchs from the Upper Pre
cambrian are Sphaeromorphitae. Many of
them have been placed in the Paleozoic
genus Leiosphaeridia EISENACK, 1958, with
the following tentative synonymy (after
VOLKOVA et al., 1968, with additions) :
[=Botholigotriletum TIMOFEEV, 1958, Oc
ridoligotriletum TIMOFEEV, 1958; Steno
zonoligotriletum TIMOFEEV, 1958; Trachyo
Iigotriletum TIMOFEEV, 1958; Protoleiosphae
ridium TIMOFEEV, 1959; Leiosphaeridium
TIMOFEEV, 1959; Lopholigotriletum TIMO
FEEV, 1959; Leiopsophosphaera NAUMOVA,
1960, Wendiella TIMOFEEV, 1960 (nom.
nud.); Kiidinella SHEPELEVA & TIMOFEEV,
1963; Turuchania RUDAVSKAYA, 1964; Proto
sphaeridium TIMOFEEV, 1966; ?Menneria
LOPUKHIN, 1971]. Others, mostly larger, are
placed in the genus Chuaria WALCOTT, 1899
[*G. cicularis] [= Fermoria CHAPMAN,
1935; Protobolella CHAPMAN, 1935; Vindhy
anella SAHNI, 1936; Krishnania SAHNI &
SRIVASTAVA, 1954; Kiidinella SHEPELEVA &
TIMOFEEV, 1963 (partim)]. (Synonymy
from FORD & BREED, 1973.) A similar form,
ranging up to 44 mm in diameter, is
Beitanelloides SOKOLOV, 1965 [*B. sori
chevaeJ [=Beitanelliformis MENNER, 1963
(nom. nud., figured but not described until
1968) (type, *B. brunsae)]. Some of these
Upper Precambrian fossils have been mis
takenly considered as Metazoa or Protozoa.

STROMATOLITES
A comprehensive bibliography, together

with other information on stromatolites,
is included in a monographic work by
WALTER (1976).

Acaciella WALTER, 1972 [·Cryptozoon australictlm
HOWCHIN,1914]
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A1cheringa WALTER, 1972 ["Ao narrina]
Aldania KRYLOV, 1969 ["Gymnosolen sibericus

YAKOVLEV, 1934]
Alternella RAABEN, 1972 ["Ao hyperboreica]
Anabaria KOMAR, 1964 ["Ao radialis]
Archaeozoon MATHEws, 1890 ["Ao acadiense]
Baica1ia KRYLOV, 1963 ["Col!enia baicalica MAsLov,

1937]
Basisphaera WALTER, 1972 ["Bo irregularis]
Boxonia KOROLJUK, 1960 ["Bo gracilis]
Calevia BUTlN, 1959 ["Co olenica]
Carelozoon METZGER, 1924 ["Co jatulicum]

[=Carelosoon BUTlN, 1966 (nomo vano)] [See
HANTZSCHEL, 1975, p. W1820 Recent work has
made it clear that material from Karelia, identical
with the original material from Finland, represents
stromatolites]

Collenella KOMAR, 1964 ["C. cormosa]
Collenia WALCOTT, 1914 ["Co undosa]
Colleniella KOROLJUK, 1960 ["Co idensis]
Columnacollenia KOROLJUK, 1960 [No type species

designa ted]
Columnaefacta KOROLJUK, 1960 ["Co elongata]
Columnaria VOLOGDlN, 1962 [No type species desig

nated]
Compactocollenia KOROLJUK, 1960 [No type species
designated]

Conophyton MAsLov, 1937 ["Co lituum]
Conusella GOLOVANOV, 1970 ["Co regularis]
Dabania SHENFIL, 1972 ["Do chopichica]
Dgerbia DOLNIK, 1974 ["Do grumulosa] [=Djerbia

AUCTT o (nom. van.)]
Eucapsiphora CLOUD & SEMIKHATOV, 1969 ["Eo

paradisa]
Gaia KRYLOV, 1975 ["Go irkuskanica]
Georginia WALTER, 1972 ["Go howc11ini]
Gongylina KOMAR, 1964 ["Go ditJerenciata]
Gmneria CLOUD & SEMIKHATOV, 1969 ["Go biwa-

bikia]
Gymnosolen STEINMANN, 1911 ["G. ramsayi]
Iliella KRYLOV, 1975 ["10 kotuikanica]
Inzeria KRYLOV, 1963 ["10 tjomusi]
Irregularia KOROLJUK, 1960 [No species mentioned]
Jacutophyton SHAPOVALOVA, 1968 ["J. ramosum]
Jurusania KRYLOV, 1963 ["10 cylindrical
Kasaia BERTRAND-SAFATI, 1972 ["Ko convexa]
Katavia KRYLOV, 1963 ["Ko karatavica]
Katernia CLOUD & SEMIKHATOV, 1969 ["Ko africana]
Kotuikania KOMAR, 1964 ["Ko torulosa]
Kulparia PREISS & WALTER, in WALTER, 1972 ["Ko

kttlparensis PREISS, 1973]
Kurtunia SHENFIL, 1972 ["Ko ttluntuica]
Kussiella KRYLOV, 1963 ["Col!enia kussiensis; (=C.

kussiensis MAsLov MS., nomo nudo)]
Lenia DOLNIK, 1971 ["L. jacutica]

Linella KRYLOV, 1967 ["L. ukka]
Malgindla KOMAR & SEMIKHATOV, 1970 [?]
Mierostylus KOMAR, 1966 ["M. perplexus]
Minjaria KRYLOV, 1963 ["Mo ttralica]
Nouatila BERTRAND-SARFATI, 1972 ["N. frutectosa]
Nuc1eella KOMAR, 1966 ["N. figurata]

01enia BUTlN, 1960 ["00 rasus]
Ornachtenia NUZHNOV, 1967 ["00 omac11tensis]
?Palia BUTlN, 1966 ["Po septetltrionalis]
Paniscollenia KOROLJUK, 1960 ["Po vulgaris]
Parmites RAABEN, 1964 ["Po concrescens]
Patomia KRYLOV, 1967 ["Po os.rica]
Pilbaria WALTER, 1972 ["Po perplexa]
Pitella SEMIKHATOV, 1962 ["P.lanceolata]
Planocollina KOROLJUK, 1960 ["Po serrata]
Platella KOROLJUK, 1963 [No species mentioned]
Poludia RAABEN, 1964 ["Po polymorpha]
Pseudokussiella KRYLOV, 1963 ["Po aii]
Ramulus RAABEN, 1972 ["Ro sociabilis]
Sacculia KOROLJUK, 1960 ["So ovata]
Segosia BUTlN, 1966 ["So columnaris]
Serizia BERTRAND-SARFATI, 1972 ["5. radians]
Stratifera KOROLJUK, 1963 ["5. rara]
Sundia BUTlN, 1966 ["So ramosa]
Svetliella SHAPOVALOVA, 1968 ["So svetlica]
Tarioufetia BERTRAND-SARFATI, 1972 ["T. hemis-

pherica]
Tenupalusella GOLOVANOV, 1970 ["To bracteata]
Tifounkeia BERTRAND-SARFATI, 1972 ["To ramifi-

cata]
Tilemsina BERTRAND-SARFATI, 1970 ["To divergens]
Tinnia DOLNIK, 1971 ["To patomica]
Tungussia SEMIKHATOV, 1962 ["To nodosa]

DOUBTFUL TAXA

Most investigators consider that genera
established on the basis of microstructures
from stromatolites in carbonate preservation
are of questionable value because these
structures are affected by diagenetic pro
cesses. A reexamination of this material
may lead to a reassessment as there is now
growing interest in algal assemblages that
form stromatolites. VOLOGDIN (1962) con
sidered these taxa as Cyanophyta except
Pustularia, Rubellophyton (possibly Rhodo
phyta), and Tubulistroma (possibly Chloro
phyta).

Abruptophycus VOLOGDlN, 1962 ["A. compositus]
Amplectostroma VOLOGDlN, 1966b ["A. ramificata]
Angarophycus VOLOGDlN, 1962 ["A 0 depictus]
Antiquophytolithus VOLOGDlN, 1962 ["Ao filamen-

taris]
Azyrtalia VOLOGDlN, 1969b ["Ao zonulata]
Borlogella VOLOGDlN, 1962 ["B. multifaria]
Bulbistroma VOLOGDlN, 1962 ["Bo curtothallum]
Bursiphycus VOLOGDlN, 1962 ["Bo bullatus]
Cirriphycus VOLOGDIN, 1962 ["Co ordinatus]
Columnaria VOLOGDIN, 1962 ["Co tttruchanica]
Crispophycus VOLOGDIN, 1962 ["Co sibiricus]
Crustophycus VOLOGDlN, 1962 ["Co angaricus]
Cyanostroma VOLOGDlN, 1962 ["Co turttchanicum]
Cystostrorna VOLOGDlN, 1962 ["C. varians]
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Echaninia VOLOGDIN, 1969a ["E. mucosa]
Fibrostroma VOLOGDIN, 1962 ["F. fibrillatum]
Fillostroma VOLOGDIN, 1962 ["F. moticum]
Grabaudla VOLOGDIN, 1964 ["G. dependitis]
Granifer VOLOGDIN, 1955 ["G. conicus]
Jatuliana KORDE in VOLOGDIN & KORDE, 1965 ["T.

furcata]
Lamellophycus VOLOGDIN, 1962 ["L. aculeatus]
Lamellostroma VOLOGDIN, 1962 ["L. tJesiculare]
Leiostroma VOLOGDIN, 1966b ["L. eleganta]
Leptotrichomaria VOLOGDIN, 1962 ["L. intermissa]
Lermontovaephycus VOLOGDIN, 1962 ["L. lamel-

losus]
Lopatinella VOLOGDIN, 1962 ["L. bipartita]
Mucostroma VOLOGDIN, 1966b ["M. carelica]
Murandavia VOLOGDIN, 1965b ["M. amurica]
[=?Kareliana KORDE in VOLOGDIN & KORDE,
1965]

Nerusiandella VOLOGDIN, 1962 ["N. fatJeolata]
Papulophycus VOLOGDIN, 1962 ["P. pennatus]
Perennaria VOLOGDIN, 1962 ["P. ambigua]
Pilostroma VOLOGDIN, 1962 ["P. gmmosum]
Plexostroma VOLOGDIN, 1962 ["P. pleurotropum]
Praechroococcus VOLOGDIN, 1962 ["P. catertJatus]
Protoepiphyton VOLOGDIN, 1962 ["P. curtofiligerum]
Pustularia VOLOGDIN, 1955 ["P. taeniata]
Ramulostroma VOLOGDIN, 1962 ["R. ramulosum]
Rubellophyton VOLOGDIN, 1966b ["R. rameus]
Sarmaella VOLOGDIN, 1962 ["S. tJesiculo.<a]
Scandophycus VOLOGDIN, 1962 ["5. crispobilis]
Sphaerothallus VOLOGDIN, 1962 ["S. .<pissus]
Telastroma VOLOGDIN, 1962 ["T. tenuirimulatum]
Thysanoplanta VOLOGDIN & TITORENKO, 1966 ["T.

filamentosa]
Trichostroma VOLOGDIN, 1962 ["T. capilliforme]
Tschichatschevia VOLOGDIN, 1955 ["Conophyton

lituus MASLOV] [obj. syn. of Conophyton]
Tubulistroma VOLOGDIN, 1962 ["T• .<crofulosum]
Vesicularia VOLOGDIN, 1962 ["V. nidifica]
Vittophyton VOLOGDIN, 1962 ["V. partJum]

PROBLEMATIC FOSSILS
(INCLUDING

MICROPHYTOLITHS)
Mostly microscopic structures, often as

sociated with stromatolites, occasionally
grading into sedimentary structures re
sembling oolites or coprolites, of more or
less questionable organic origin. Some are
associated with volcanic rocks and may be
droplets of abiogenic organic compounds.

Agamus VOLOGDIN, 1970 ["A. slltlngiticus]
Ambigolamellatus ZHURAVLEVA, 1968 ["A. horridus]
Antholithina CHOUBERT & H. & G. TERMIER, 1951

["A. rosacea] [sec HANTZSCHEL, 1975, p. W169]
Aseptalia VOLOGDIN in VOLOGDIN & STRYGIN, 1969

["A. ukrainika] [2 billion years old; certainly not
metazoan as claimed]

Asterosphaeroides REITLINGER, 1959 [No type spe
cies designated]

Birrimarnoldia HOVASSE & COUTURE, 1961 ["Ar
noldia antiqua HOVASSE] [see HANTZSCHEL, 1975,
p. W155]

Cayeuxipora GRAINDOR, 1957 [No type species desig·
nated] [see HANTZSCHEL, 1975, p. W155]

Cayeuxistylus GRAINDOR, 1957 [No species desig-
nated] [see HANTZSCHEL, 1975, p. W155]

Conferta KLINGER, 1968 ["C. mra]
Crenulata BERTRAND-SARFATI, 1972 ["C. gigantea]
Foninia KORDE, 1973 ["F. fasciculata]
Globoidella MILSTEIN, 1970 ["G. jusmastachica]
Gonamophyton VOLOGDIN & DROZDOVA, 1964b ["G.

otJale]
Gorlovella VOLOGDIN, 1970 ["G. obtJoluta]
?Ladogaella VOLOGDIN, 1967 ["L. tJariabilis]
Marenita KORDE, 1973 ["M. kundatica]
Medullarites NAROZHNYKH in NAROZHNYKH & RA

BOTNOV, 1965 [No type species designated]
Nelcandla VOLOGDIN & DROZDOVA, 1964a ["N.

stellata]
Protospira VOLOGDIN in VOLOGDIN & STRYGIN, 1969

["P. strygini]
Ptilophyton VOLOGDIN, 1967 ["P. makarotJae]
Radiosus ZHURAVLEVA, 1964 ["R. limpidus]
Tazenakhtia CHOUBERT & H. & G. TERMIER, 1951

["T. aenigmatica] [see HANTZSCHEL, 1975, p.
W179]

Tubiphyton CHOU BERT & H. & G. TERMIER, 1951
["T. taghdolltensis] [sec HANTZSCHEL, 1975, p.
W179]

Vallenia RAUNSGAARD PEDERSEN, 1967 ["V. erlingi]
[see HANTZSCHEL, 1975, p. W167]

Vermiculites REITLINGER, 1959 [non Vermiculites
ROUAULT, 1850, nec BRONN, 1848]

Vermiculus BERTRAND-SARFATI, 1972 ["V. con
tortus ]

Vesicophyton VOLOGDIN in VOLOGDIN & DROZDOVA,
1969 [" V. punctattlmJ

Vesicularites REITLINGER, 1959 ["V. f1exuoStls]

Volvatella NAROZHNYKH, 1967 ["V. obsoleta]

MEGASCOPIC ALGAE
Aataenia GNILOVSKAYA, 1976 ["A. reticttlaris]

Eoholynia GNILOVSKAYA, 1975 ["E. mosquensis]

Grypania WALTER, OEHLER, & OEHLER, 1976
["Hclmintlloididznites? spiralis WALCOTT, 1899
(11011 H. FITCH, 1850)]

Laminarites BRONGNIART, 1828 [sec HANTZSCHEL,
1975, p. W186] [The name L. antiqllissimus
EICHWALD, 1856, is ofIen used for megascopic
plant remains, probably algae, from the upper
most Precambrian of eastern Europe; they are
unlikely to represent this genus and are specifically
unidentifiable] .

Lanceoforma WALTER, OEHLER, & OEHLER, 1976
["L. striata]
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Papillomembrana SPJELDNAES, 1963 ["P. compta]
[This fossil, though not strictly megascopic, with
a diameter of 0.5 mm, is included here because
it is thought to represent a dasycladacean alga
from the Upper Precambrian, Norway].

Proterotainia WALTER, OEHLER, & OEHLER, 1976
["P. montana]

Timanella VOLOGDIN in VOLOGDIN & KOCHETKOV,
1966 ["T. gigas] [Described as Chlorophyta Dasy
cladacea, 10-20 em long, from Lower Cambrian
Proterozoic of N.USSR].

Tyrasotaenia GNlLOVSKAYA, 1971 ["T. podolica]
[? Phaeophyta]

Vendotaenia GNILOVSKAYA, 1971 ["V. antiqua]
[? Phaeophyta]

TRACE FOSSILS
Archaeiehnium GLAESSNER, 1963 ["A. haughtoni]

[see HANTZSCHEL, 1975, p. W37]
Buchholzbrunnichnus GERMS, 1973 ["B. kroeneri]
Bunyeriehnus GLAESSNER, 1969 ["B. dalgarnoi]

[see HANTZSCHEL, 1975, p. W49]
Harlaniella SOKOLOV, 1973 ["H. podolica]
Nenoxites FEDoNKIN, 1976 ["N. curvus]
Suzmites FEDONKIN, 1976 ["S. volutatus]
Torrowangea WEBBY, 1970 ["T. "osei] [see

HANTZSCHEL, 1975, p. W117] [The Precambrian
age of the Lintiss Vale Formation (W. New South
Wales, Australia) was disputed by DAILY (1973)
but insisted on by WEBBY (1973), who accepted
correlation of the Lintiss Vale with the Uratanna
Formation, generally considered to be post
Ediacaran].

REJECTED AND UNRECOGNIZABLE TAXA

[With few exceptions, these taxa are
included in Treatise Part W, Supplement 1
(HANTZSCHEL, 1975), to which page refer
ences are given and where relevant biblio
graphic references can be found.]

Amanlisia LEBESCONTF., 1891 ["A. simplex] [po
W180]

Archaeophyton BRITTON, 1888 ["A. newberl'yanum]
[po W169]

Archaeosphaerina DAWSON, 1875 [No species
named] [po W169]

Aristophycus MILLER & DYER, 1878 ["A. ramoStlm]
[po W169]

Armelia LEBESCONTF., 1891 ["A. bal'randei] [po
W180]

Aspidella BILLINGS, 1872 ["A. terranovica] [p.
W171]

Atikokania WALCOTT, 1912 ["A. lawsoni] [po
W171]

Beaumontia DAVID, 1928 ["B. eckersleyi] [po
W180] [=Beaumontella DAVID, 1928 (nom.
null.) ]

Beltina WALCOTT, 1899 ["B. danai] [p.WI82]
Botswanella PFLUG & STRUBEL, 1969 [Considered

by the authors as postsedimentary products of iron
bacteria; the name is not meant as biological
nomenclature]

Camasia WALCOTT, 1914 ["C. spongiosa] [po
W171]

Caragassia VOLOGDIN, 1965a ["G. krassevi] [Casts
of mud flakes]

Collinsia BAIN, 1927 ["C. mississagiense] [p.WI73]
Copperia WALCOTT, 1914 ["C. tubi/ormis] [po

W173] [=Cooperia CHOUBERT & H. & G. TER
MIER (nom. null.)]

Corycium SEDERHOLM, 1911 ["C. enigmatictlm]

[po W184] [Accumulation of organic carbon in
a distinctive form; not a biosystematic taxon]

Ctenichnites MATTHEW in SELWYN, 1890 [No spe
cies mentioned] [po W173]

Eospkula DE LAUBENFELS, 1955 ["E. cayeuxi]
[po E33]

Eozoon DAWSON, 1865 ["E. canadense] [po W173]
Gakarusia HAUGHTON, 1964 ["G. addisoni] [po

W147]
Gallatinia WALCOTT, 1914 ["G. pertexta] [po

W175]
Greysonia WALCOTT, 1914 ["G. basaltica] [po

W175]
Ikeya VOLOGDIN, 1965a [*1. tumida] [Casts of mud

flakes]
Iyaia VOLOGDIN, 1965a ["I. sayanica] [Casts of

mud flakes]
Kempia BAIN, 1927 ["K. huronense] [po W175]
Kinneya WALCOTT, 1914 ["K. simulans] [po W176]
Manchuriophycus ENDo, 1933 [OM. yamamotoi] [po

W176]
Mawsonella CHAPMAN, 1927 [OM. wooltanensis]

[Described as green alga, now considered as intra
formational carbonate breccia]

Medusichnites MATTHEW, 1891 [No species] [po
W175]

Montfortia LEBESCONTE, 1887 [po W190]
Neantia LEBESCONTE, 1887 [po W176]
Newlandia WALCOTT, 1914 ["N. /rondosa] [po

W176]
Orthogonium GURICH, 1933 [00. parallelum] [po

W186]
Palaeotrochis EMMONS, 1856 [No type species

designated] [po Win]
Protadelaidea TILLYARD, 1936 ["P. llOwc!lini] [po
Win]

Protoniobia SPRIGG, 1949 lOp. wadea] [see HAR-

© 2009 University of Kansas Paleontological Institute



Precambrian AlB

RINGTON & MOORE, 1956, p. F159]
Reynella DAVID, 1928 ["R. howchini] [po W178]
Rhysonetron HOFMANN, 1967 ["R. lahtii] [po

W178]
Sayanella VOLOGDlN, 1966a ["S. akshanica] [Bed-

ding plane features of mechanical origin]
Telemarkites DONS, 1959 ["T. enigmaticus] [po

W179] [Concretions which according to some
authors may have been formed under the influence
of syngenetic organic activity]
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INTRODUCTION

Cambrian rocks of marine ongm are
widely distributed in Europe, Asia, Aus
tralia, and North America, and they are
found in parts of North Africa, the Cordil
leran region of South America, New Zea
land, and Antarctica, indicating that much
of the present land area of the world was
inundated during at least part of Cambrian
time. Because strong evidence now indicates
that the present distribution and composi
tion of the continents is related to Mesozoic
and younger movements of continental
blocks, the present distribution of Cambrian
rocks and faunas does not accurately reflect

1 Manuscript received August, 1969; revised manuscript
received September, 1975.

global Cambrian biogeography and paleo
geography. Nevertheless, observations that
can be made about Cambrian faunal and
stratigraphic relations on the present con
tinental blocks must be considered in any
attempt to construct early Paleozoic global
geography and environmental distributions.
In the following pages the general character
istics of Cambrian biota are outlined and the
present distribution of Cambrian outcrops
and major faunal elements are presented.
Finally, a global synthesis is suggested and
the current state of Cambrian biostratig
raphy is reviewed.
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CAMBRIAN BIOTA

At the beginning of Cambrian time, the
seas of the world were already populated by
a diverse biota that included representatives
of one or more classes of most of the major
invertebrate phyla. With the exception of
the Archaeocyatha, which flourished in the
Early Cambrian but almost completely dis
appeared from younger rocks, all of the
phyla present at the beginning of the Cam
brian have survived to the present time.
Among these, the principal phyla, in order
of stratigraphic importance, are the Arthro
poda, Brachiopoda, Mollusca, Echinoder
mata, and Porifera. Lesser phyla are the
Coelenterata, Annelida, Hemichordata, and
Protista. The Bryozoa have no unequivocal
C1mbrian record.

The Arthropoda of the Cambrian include,
first and foremost, the Trilobita. This was
the largest and most diverse group of
Cambrian organisms and apparently oc
cupied most normal marine environments.
It included open-ocean planktonic represent
atives, as well as probably restricted vagile
benthos. Trilobites are the most commonly
encountered Cambrian fossils and are the
group from which almost all biogeographic
data have been derived (SOZUY, 1958; LOCH
MAN-BALK & WILSON, 1958; KOBAYASHI,
1967; REPINA, 1968; PALMER, 1969, 1972,
1973; COWIE, 1971). All other Arthropoda
are rare and insignificant elements of the
Cambrian faunas.

The Brachiopoda are represented by both
inarticulate and articulate forms. Inarticu
late brachiopods are numerous and the
phosphatic shells of lingulides, paterinides,
and acrotretides are found in many Cam
brian rocks. The Acrotretida, particularly
those obtained from insoluble residues of
limestones, have considerable potential for
future biostratigraphic and biogeographic
studies. Articulate brachiopods, although
locally abundant, are not common.

Among the Mollusca, the subphylum
Cyrtosoma is well represented from the
earliest Cambrian onward; however, several
distinctive subgroups (e.g., Stenothecoid
idae, Helcionellidae, Pelagiellida) became
extinct before the Ordovician. Cephalopoda
appeared only as rare forms in the latest
Cambrian. The subphylum Diasoma is com-

paratively poorly represented in Cambrian
rocks by rare ribeirioids and by the Early
Cambrian supposed bivalve, Fordilla. The
next younger record of the Bivalvia is in
rocks of Ordovician age.

Hyolitha, regarded by some as a small
phylum separate from the Mollusca and
related to the Sipunculoidea, are common
in many parts of the Cambrian where they
often are found in high concentrations.

Echinodermata were abundant in the
Cambrian seas and contributed significant
quantities of skeletal debris to Cambrian
sediments, but only rarely are articulated
skeletons preserved. Echinozoans, crino
zoans (?), blastozoans, and homalozoans all
have records from the Early or Middle
Cambrian.

Porifera, represented by rare individuals,
and moderately abundant siliceous or cal
careous spicules, are present in most Cam
brian areas.

Coelenterata are represented by rare
Scyphozoa and Hydrozoa. No Cambrian
record for the Anthozoa is given.

Many Cambrian sediments show signs of
active burrowing inhabitants. Some of the
burrows have been attributed to the An
nelida, and a few tube-forming annelids
have been recognized in some Early Cam
brian deposits.

Conodonts, the biologic affinities of which
are uncertain, are known from rocks as
old as Early Cambrian and Hemichordata
represented by the dendroid graptolites have
been found in rocks as old as Middle
Cambrian.

Typical Cambrian assemblages, particu
larly in carbonate rocks, yield several
species of trilobites, lingulide, paterinide
and acrotretide brachiopods, hexactinellid
or chancelloriid sponge spicules, or both
kinds, hyolithids or small coiled mollusks,
and disarticulated echinoderms.

CAMBRIAN OF NORTH
AMERICA

Cambrian rocks are sufficiently wide
spread in North America to permit a rea
sonably accurate evaluation of the broader
aspects of Cambrian biogeography for this
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continent. Their outcrops reflect a generally
concentric distribution of Cambrian biotas
about the continental center in north-central
Canada.

Outcrops are found in the Cordilleran
region from Alaska and northwestern Can
ada to northern Mexico, Appalachian region
of eastern United States, maritime provinces
of Canada, eastern and northern coasts of
Greenland, several Arctic islands, several
isolated regions in central United States,
and one small area of southern Mexico (see
Fig. 1). Some subsurface information is
available for many parts of the United
States and the plains of western Canada. A
major land area extended southwestward
from the Hudson Bay region of Canada to
south-central United States throughout the
Early and Middle Cambrian. Its extension
in the United States was gradually sub
merged during the Late Cambrian and by
the beginning of the Ordovician most
of the United States was submerged be
neath a shallow sea.

LOCHMAN-BALK and WILSON (1958) in
their pioneering synthesis of North Ameri
can Cambrian biogeography recognized
three apparently concentric biofacies realms
characterized by both tectonic and environ
mental criteria: a cratonic realm character
istic of the shallow shelves; an extracratonic
intermediate realm characteristic of the
miogeosynclines; and an extracratonic
euxinic realm characteristic of the eugeosyn
clines. The faunas of the first two realms
have been traditionally representative of
the Pacific province of North America.
The faunas of the extracratonic-euxinic
realm have been traditionally representative
of the Atlantic province. Subsequent work
in western United States and Alaska, how
ever, has led to an a:ternative interpretation
of concentric faunal relationships around
North America.

In western North America, a broad belt
of carbonate sediments, largely reflecting
extremely shallow-water conditions across a
broad carbonate bank, paralleled the west
ern cratonic margin during most of Middle
and Late Cambrian time. The carbonate
belt separated an inner region of light
colored terrigenous sediments ("inner de
trital belt") generally reflecting shallow
water conditions, from an outer region of
dark-gray or black silty and shaly sediments

("outer detrital belt"), commonly associated
with dark-colored thin-bedded limestone,
that reflects deeper water conditions. A
similar tripartite facies pattern is present in
eastern United States, and this pattern may
have existed around much of North Ameri
ca. The shallow carbonate banks served
as an effective barrier separating two major
faunal regions: an inner region, including
the inner bank margins and the inner
detrital belt; and an outer region, including
the outer bank margin and the outer
detrital belt. The inner region corresponds
approximately to the cratonic realm of
LOCHMAN-BALK and WILSON, and the outer
region corresponds to their extracratonic
intermediate realm. Their extracratonic
euxinic realm, which has been documented
only in extreme eastern North America,
seems to be unrelated to the remainder of
the continent (see p. A124).

Throughout Cambrian time, wherever
faunal documentation is adequate, the trilo
bite faunas became increasingly varied and
cosmopolitan toward the most peripheral
regions. The faunas toward the continental
interior consist largely of endemic species
and genera of polymerid trilobites. The
faunas in the peripheral regions include, in
addition to endemic American families,
significant numbers of Eodiscidae, Orycto
cephalidae, and Pagetiidae in parts of the
Early Cambrian and early Middle Cam
brian, and a variety of common agnostids
from the middle Middle Cambrian through
the Late Cambrian. Many of these, both
genera and species, are found on other
continents. Where carbonate banks ex
isted as significant barriers to easy migration
in the seas bordering the continent, the
differences between the peripheral and
inner faunas were accentuated. During the
late Middle Cambrian and through much
of the Late Cambrian, the contrast is so
striking that precise correlation of faunal
sequences between the areas is difficult.

In the Early Cambrian, the oldest beds
are fossiliferous shale and sandstone units
and no areal differentiation in the faunas
has been noted. The most fossiliferous
beds are in western North America and
contain species of Fallotaspis, Daguinaspis,
and Holmia, typical of similar facies in
North Africa and northwestern Europe, as
well as species of Nevadia that are restricted
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to North America. Slightly later, areas of
carbonate sedimentation developed in the
peripheral regions, in some cases forming
substantial carbonate banks locally rich in
archaeocyathids. With the appearance of
these areas of carbonate sedimentation, a
subtle gradation in character of the Early
Cambrian faunas from the shaly and sandy
inner regions extended onto and across the
carbonate areas, and the Early Cambrian
biota increased seaward in richness and
variety. The inner regions had small tri
lobite faunas composed almost wholly of
olenellids, including species of Olenellus,
N evadella, and Bristolia. In the carbonate
areas and at their outer margins, several
groups of simple ptychopariids, oryctoceph
alids, corynexochids, and eodiscids, as well
as many nontrilobite organisms, and the
olenellid Wanneria, appeared with Olenellus
or Nevadella. Among the more peripheral
trilobite faunas, eodiscid genera (e.g.,
Calodiscus, Serrodiscus) were also widely
distributed in Eurasia. Other indications
of intercontinental exchange of faunas in
the peripheral regions are shown by the
occurrence of the same or related genera
of unusual spinose eodiscids in both the
Taconic region of eastern United States
and the Nuneaton area of central England,
and the strong affinity of some of the Early
Cambrian trilobites of Alaska and northern
Canada with the faunas of Siberia.

In the early Middle Cambrian, the pattern
of increasingly varied and cosmopolitan
faunas in the peripheral regions was well
established. The shales of the inner regions
typically contained a small selection of
corynexochid genera, including Albertella
and the slightly younger Glossopleura. In
the areas of carbonate sedimentation, these
genera were associated with a variety of
other corynexochid genera and a rich
assortment of ptychopariid trilobites, all of
which were endemic to North America.
Toward the outer margins of the carbonate
areas and in the deeper water areas beyond,
Pagetiidae, Oryctocephalidae, Agnostidae,
and Dorypygidae appeared and genera of
these families were also widespread on
other continents. The deeper water sedi
ments beyond the outer edge of the banks
at this time were the repository for the rich
and varied Burgess Shale fauna. In eastern
North America early Middle Cambrian

faunas are lacking in all areas of deeper
water sediments. Throughout this region,
very little stratigraphic distance separates
beds bearing late Middle Cambrian faunas
from underlying Lower Cambrian beds.

During late Middle Cambrian and early
Late Cambrian time the faunas of the inner
region, including the inner margins of the
banks, were strikingly different from those
of the outer margin of the banks and the
deeper waters beyond. The carbonate banks
had by then become extensive around much
of North America and seem to have been
very effective barriers to free exchange of
trilobites. The inner trilobite faunas during
the late Middle Cambrian are dominated
by simple ptychopariid trilobites, together
with a few species of Bathyuriscus and
Kootenia, all of which are endemic forms.
The outer trilobite faunas include largely
different genera and species of ptychopariid
trilobites, together with some Dorypygidae
and abundant agnostids. Most of the ag
nostid genera and species and the ubiquitous
paradoxidid, Centropleura, are found on
other continents and provide important
means for intercontinental correlation of the
upper Middle Cambrian (ROBISON, 1964).

An extensive transgression into the
continental interior near the end of the
Middle Cambrian established the general
facies patterns that persisted to the end of
the period. The trilobite genera that are
dominant in the faunas of the broad inner
detrital belt during the early Late Cambrian,
such as Crepicephalus, Lonchocephalus, and
Menomonia, became minor elements in the
faunas of the carbonate banks and almost
completely disappeared in the faunas of the
outer detrital belt. In contrast, Tricrepi
cephalus and species of the Kingstoniidae,
Llanoaspidae, and Blountiidae, which are
rare in the sandy facies of the inner detrital
belt, are common in the carbonate belt, and
true Cedaria, which is probably not con
generic with the "Cedaria" species of the
inner detrital belt, is found only in the
faunas of the outer detrital belt associated
with early species of Glyptagnostus and
other widespread agnostids.

During late Dresbachian and early Fran
conian time, the only extensive Cambrian
marine regression in North America took
place. This did not significantly influence
the faunal patterns but did affect the record
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of this time in the inner regions. A hiatus
in the continental interior separates the
early representatives of the principal families
of this time, the Elviniidae and Pteroceph
aliidae, from their descendants and the
resultant "faunal break" has been the tradi
tional boundary between the Dresbachian
and Franconian stages. In the peripheral
regions the Elviniidae and Pterocephaliidae
are well represented by complete evolution
ary s~quences and they are associated with
species of Glyptagnostus, Pseudagnostus,
Aspidagnostus, and the ubiquitous genus
lrvingella, which are found on most other
continents.

During the later part of the Cambrian,
facies conditions similar to those preceding
the late Dresbachian regression were re
stored. With them came a contrast in tri
lobite faunas between the major facies belts
that is comparable to the earlier Late
Cambrian contrasts. In the inner detrital
belt, species of Conaspis, Ptychaspis, Dike
locephalus, and Saukiidae are common. In
the carbonate belt, these are not significant
faunal elements and the Parabolinoididae,
Idahoiidae, and Eurekiidae are characteris
tic. The outer detrital belt faunas of both
the east and the west during this time
contain a strikingly different suite of tri
lobites, many of which are representative
of the Hungaia magnifica fauna and such
cosmopolitan agnostids as Lotagnostus,
Pseudagnostus, and Geragnostus. In Alaska
and western Nevada these are associated
with species of the Ceratopygidae and
Hedinaspis, which are widespread in Asia.
In western Newfoundland, they are as
sociated with rare species of olenids that are
abundant in eastern Newfoundland and
western Europe. This indicates some degree
of access between adjacent major faunal
regions, but the foreign trilobites seem to
have been "tourists" and they never estab
lished a serious base in North America.
With only a few exceptions, the principal
cosmopolitan trilobite genera represent the
Agnostida and it is largely through this
group that intercontinental correlation and
evaluation of Cambrian events is possible.

CAMBRIAN OF EURASIA
AND AFRICA

Unlike North America, Eurasia IS a

complex and perhaps composite continent
that includes three major regions distinct
both faunally and in the character of their
stratigraphy. Europe, together with the
Mediterranean region and North Africa,
but exclusive of northwestern Scotland,
constitutes one region; the Soviet Union
east of the Urals constitutes a second region;
and southeastern Asia, including China and
Korea, constitutes a third region.

EUROPE-MEDITERRANEAN
NORTH AFRICA

In this region (see Fig. 1), outcrops of
Cambrian rocks are known along the east
ern margin of the Caledonian mountains
in Norway and Sweden, the lowlands of
southern Sweden and the islands of Born
holm and Oland in the Baltic Sea, the
southern coast of the Gulf of Finland,
southern Poland, western Czechoslovakia
and adjacent parts of East and West Ger
many to the north, central England and the
coastal regions of north and south Wales,
northwestern Scotland, the Normandy re
gion of western France, the Montagne Noire
in southern France, northern and southern
Spain and a small area in southern Portugal,
southern Sardinia, northwestern Africa,
eastern Turkey, and the mountains east of
the Dead Sea. Subsurface information is
available for southern Sweden, Poland, and
western Soviet Union. Except for southern
Sweden and North Africa, outcrops show
ing continuous successions through signifi
cant parts of the Cambrian System are
rare. In most regions the exposures are
poor, or strongly disturbed by later tectonic
movements, or both.

As a result of these deficiencies, as well
as significant local variations in stratigraphic
detail and considerable distances between
major outcrop areas, only the most general
aspects of European Cambrian paleogeog
raphy can be defined. To the northeast,.a
large positive area variously called the Baltlc
or Balto-Samartian shield persisted through
out the Cambrian Period. Similarly, most
of North Africa and southern Arabia
constituted positive areas flanking the Cam
brian marine regions on the south. Smaller
positive areas have been postulated south
of the Cambrian outcrop areas of Czech
oslovakia and Poland, west of Normandy,
and in northern and southern Spain.
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From late Early Cambrian through the
Late Cambrian, the region shares many
common polymerid trilobite genera that
are rare or absent in other parts of Eurasia.
Some differentiation into northern and
southern regions has been suggested (SDZUY,
1958), but the similarities of the faunas of
this region far outweigh the differences, and
the scattered nature of the fossiliferous areas
makes differentiation into meaningful sub
regions difficult.

During the Early Cambrian, an extensive
development of limestone took place in
southern Europe and North Africa, clearly
distinguishing this region from northern
Europe, which lacked carbonate sedimenta
tion. Most of the Early Cambrian limestone
sequences have varying quantities of as
sociated archaeocyathids. After the Early
Cambrian, all of the European-Mediterra
nean-North African region is characterized
by the absence or poor deve~opment of
carbonate sediment. The Early Cambrian
trilobite faunas are characterized by species
of the Protolenidae and Ellipsocephalidae,
and by olenellids that are largely different
from those of North America. However,
some of the olenellids (e.g., Fallotaspis,
Daguinaspis, Holmia) have been reported
from western North America, and Fallot
aspis is also found in Siberia. Redlichia,
which is common in the Lower Cambrian
of China, is a rare element of the southern
European faunas. The Early Cambrian
Eodiscidae, which are particularly well
developed in central England and in Spain,
are also found in parts of North America
and Siberia.

The Middle Cambrian faunas are par
ticularly characterized by the Paradoxididae
and Conocoryphidae. In southern and
central Europe, various ptychopariid genera
representing the Saoinae are also character
istic. In Sweden, which has the only rich
development of Middle Cambrian faunas in
northern Europe, black shales and thin
associated limestones have abundant ag
nostids that are found on most other contin
ents, and associated Anomocaridae, Solen
opleuridae, and Agraulidae, some of which
are also found outside of the European
region.

Late Cambrian faunas are known only
in northern and central Europe, where
they are dominated by the Olenidae. In

Scandinavia and Great Britain, where the
Late Cambrian faunas are found in black
shale or black limestone, the olenids are
associated with agnostid genera and species
found on most other continents, and a few
other forms, such as lrvingella, that have
wide geographic distribution. In contrast,
trilobites other than olenids are almost
completely absent from the sandy facies
of Poland.

The Cambrian faunas of Europe provide
important data that cannot be ignored in
discussions of plate tectonics. Almost all
of the common genera of northwestern
Europe are found in eastern Newfoundland,
Nova Scotia, and New Brunswick in eastern
Canada, and the Early Cambrian genera
are also found in eastern Massachusetts in
northeastern United States. These genera
occur in the same faunal assemblages as in
Europe, and have no admixture of North
American forms. The North American
rocks in which they are found include
most of the typical lithologies described
from the Cambrian of Great Britain in
approximately the same stratigraphic suc
cession. With little doubt these rocks and
their faunas are "un-American." Despite
the occurrence of the ubiquitous para
doxidid Centropleura in western North
America, the easternmost North American
faunas as a whole are not found in the west
and do not constitute a peripheral North
American facies as suggested by LOCHMAN
BALK and WILSON (1958). The seaway
that separated these "Atlantic Province"
areas from the rest of North America was
probably the same seaway that separated
the Cambrian of England and Wales from
that of northwest Scotland where the Lower
Cambrian terrigenous rocks and overlying
thick succession of carbonates are entirely
of North American aspect (PALMER, 1969).

In contrast, the close faunal and strati
graphic affinities of Spain to North Africa,
as well as to central Europe and the eastern
Mediterranean, raise some real problems
concerning significant separation of Gond
wanaland from Laurasia through the
present Mediterranean region.

EASTERN SOVIET UNION

In the Soviet Union east of the Urals
(Fig. 1), outcrops are known in the Arctic
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islands of Novaya Zemlya, Severnaya Zem
lya, and Bennett Island of the New Siberian
Is!ands; the Taymyr Peninsula; the north
eastern part of the central Siberian Plateau
between the Kotuy and Lena rivers; the
western part of the plateau region near the
lower reaches of the Yenesei River; a broad
belt extending from the Aldan River basin
on the east to the vicinity of the junction
of the Angara and Yenesei rivers; the com
plexly folded areas of southern Siberia;
and Kazakhstan, Kirgizstan, and Tadzhik
stan.

In contrast to Europe, carbonate sedi
ments and volcanic activity played impor
tant roles in the development of Cambrian
facies and their related faunas. These may
be responsible for many of the faunal
contrasts between the two regions.

In a very general way, the Soviet Union
east of the Urals can be divided into three
large facies regions with contrasting marine
sedimentary sequences. Details of tectoni
cally positive areas related to these sedimen
tary sequences are not yet clear.

A southern region includes the complexly
folded and faulted areas of southern Siberia,
Kazakhstan, Kirgizstan, and Tadzhikstan.
This was a region of active volcanism
throughout most of the Cambrian Period.
It projects westward to the southern Urals
where Cambrian volcanics are also known.
Toward the southern part of this region,
in Kirgizstan and Tadzhikstan (referred
to by Russians as Middle Asia), volcanism
seems to have been less intense than in
Kazakhstan.

The central region includes most of the
rest of the mainland outcrops of the Soviet
Union except for some eastern tributaries
of the Aldan River, the Olenek uplift, and
the Kharaulak Mountains near the mouth
of the Lena River, and the eastern part of
Taymyr Peninsula. All Cambrian sections
of this region are dominated by limestone
and dolomite or evaporites.

The northern and northeastern regions
include the areas excluded from the central
region described in the preceding paragraph,
and the Arctic islands. This region is
characterized by predominantly shaly or
sandy sedimentary sequences, with or with
out associated thin-bedded cherty or pyritic
limestones.

In the Early Cambrian, the southern part

of the central region was an area of re
stricted environments characterized by lime
stone-dolomite-evaporite sequences and an
endemic trilobite complex. This area was
flanked on the east and south by an area
of archaeocyathid bioherms and a different,
also largely endemic, trilobite complex.
Still farther east, in sequences of limestone
and terrigenous rocks, and southward in
the volcanic regions, a third trilobite com
plex has been recognized (REPINA, 1968).
Eodiscina, including both endemic genera
and the widespread Serrodiscus, Calodiscus,
Triangulaspis, and Hebediscus are character
istic of the third complex. Relatively rare
olenellids and Redlichia are found also in
this complex, and in association with the
archaeocyathid bioherms, in areas inter
preted as normal marine environments.

During the Middle and Late Cambrian,
the central carbonate region continued to
support a varied trilobite fauna composed
largely of endemic genera and species of
ptychopariid trilobites. In the volcanic
region to the south, and particularly in
black-shale and thin-bedded limestone areas
to the east and north, ubiquitous agnostid
genera and species became increasingly
abundant, associated in the Middle Cam
brian with Paradoxididae and Oryctoceph
alidae, and, in the Late Cambrian, with
Olenidae and Pterocephaliidae. These faun
as have many almost cosmopolitan elements
and can be related easily to the faunas in
similar facies elsewhere in the world. Inter
calations of the sediments and faunas of
this facies into the principal carbonate
sequences along the margins of the central
carbonate region provide some slight help
in relating the largely endemic carbonate
facies faunas to those in other parts of the
world.

SOUTHEASTERN ASIA

In southeastern Asia (Fig. 1), Cambrian
outcrops are known in South and North
Korea and adjacent parts of southeastern
Siberia, many parts of eastern China, the
mountains of northern and northwestern
China, South China and the boundary
region between China and North Viet
Nam, and the small island of Turatao off
the west coast of Thailand. Early Cambrian
seas transgressed northward toward a major
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land area located in eastern Mongolia and
perhaps also northeast of Korea. Other
major land areas are not well documented.

Two principal facies regions have been
described by KOBAYASHI (1967): the Hwang
ho facies, principally distributed in north
China and also recognized in the China
North Viet Nam border region; and the
Yangtze or Machari facies of east-central
and western China and South Korea.

During the Early Cambrian, the region
of the Hwang-ho facies was the site of shale
deposition and is characterized by the
presence of species of Redlichia. The region
of the Yangtze facies included significant
areas of carbonate sedimentation with local
ly flourishing archaeocyathids in east-central
China, and the associated trilobites included
a few Eodiscidae, in addition to Redlichia
and some Protolenidae. No Olenellidae
have been reported from the Early Cam
brian of China.

During the Middle Cambrian, the
Hwang-ho facies reflects shallow-water car
bonate sedimentation, grading northward
in north China and Korea into increasingly
terrigenous sediments. The trilobite faunas
are largely endemic and include such typical
genera as Amphoton, Solenoparia, and
Anomocarella. The contrasting Yangtze
and Machari facies are characterized by
shaly and silty sequences with associated
thin-bedded pyritic limestone indicative of
deeper water conditions. In northwestern
China, volcanic rocks are associated with
this facies, and the trilobite faunas are
characterized by cosmopolitan agnostid
genera.

Toward the end of the Middle Cambrian
and in the early Late Cambrian, the Yangtze
facies spread into parts of the northern
region where it is represented by a variety
of genera of the Damesellidae.

During the remainder of the Late Cam
brian, the regions of the Hwang-ho facies
were again dominated by endemic trilobites,
including Chuangiidae and, later, genera
such as Asioptychaspis and Quadraticeph
alus, which are related to North American
Ptychaspididae and Saukiidae. The area
of the Yangtze facies continued to have a
cosmopolitan agnostid fauna, including such
genera as Glyptagnostus and Lotagnostus,
associated with Ceratopygidae.

CAMBRIAN OF AUSTRALIA

The only other major area of the world
for which regional data are available is
Australia. Cambrian outcrops are known
(Fig. 1) in northwestern Queensland, broad
areas of the Northern Territory, the north
eastern part of Western Australia, south
central South Australia, small outcrops in
western New South Wales, Victoria, and
Tasmania. OPIK (1957) postulated a narrow
north-south seaway through the middle of
Australia in Early Cambrian time, and a
complex marine region covering most of
eastern Australia in Middle and Late Cam
brian times. Western Australia was a land
area throughout most of the Cambrian.

During Early Cambrian time, South
Australia was a region of carbonate sedi
mentation with locally rich archaeocyathid
faunas. The few trilobites in the sequence
include species of Redlichia and Protolen
idae.

During Middle Cambrian time, Queens
land and the northern part of the Northern
Territory was a region of limestone and
shale sedimentation that supported a rich
and varied fauna of trilobites including
many agnostids and oryctocephalids and
the distinctive paradoxidid Xystridura. To
the south, in Victoria and Tasmania, thick
sequences of shales and interbedded vol
canics are known. These contain a few
fossiliferous intervals characterized by cos
mopolitan agnostids in Tasmania and by
agnostids and polymerid genera (e.g.,
Fouchouia, Amphoton, Dinesus) typical of
eastern Asia, in Victoria.

In the early part of the Late Cambrian,
the faunas of western Queensland contained
a rich association of endemic genera to
gether with Damesellidae and other trilo
bites typical of eastern Asia, many cosmo
politan agnostid genera, and a few wide
spread polymerids such as Irvingella and
Erixanium. Younger Late Cambrian faunas
recorded from sandstones in the Northern
Territory include Ptychaspididae and Sauki
idae similar to forms from China. To
the east, contemporaneous faunas include
abundant agnostids and genera with both
Chinese and western American affinites.
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MISCELLANEOUS
CAMBRIAN AREAS

Cambrian rocks are known without much
regional context (Fig. 1) in western Argen
tina, southern Bolivia, and eastern Colom
bia, New Zealand, Antarctica, the Hima
layan region of India and Pakistan, northern
and southern Iran, and the island of Spits
bergen in the North Atlantic.

In New Zealand, a Middle Cambrian
trilobite fauna has its affinities entirely with
faunas of Queensland in Australia. In the
Antarctic, Early, Middle, and Late Cam
brian trilobites and Early Cambrian arch
aeocyathids have their affinities with the
faunas of Australia and Asia. In contrast,

the Early, Middle, and Late Cambrian
faunas of northwestern Argentina are es
sentially the same as those of western United
States. The latest Cambrian trilobite faunas
of Bolivia have their closest affinities with
the faunas of southern Mexico which, in
turn, have strong affinities to both North
America and northwestern Europe. In
Colombia, a small collection with Para
doxides suggests affinities to northwestern
Europe. The faunas of the Himalayan
region and Iran include Early and Late
Cambrian trilobites closely related to those
of eastern Asia and, in the Middle Cam
brian, ubiquitous representatives of the
Oryctocephalidae. The Early Cambrian
fauna of Spitzbergen includes Olenellidae
related to those of North America.

BIOGEOGRAPHIC "PROVINCES"

The basic clue to understanding the bio
geographic framework of the Cambrian on
a global scale lies in an appreciation of the
distribution of trilobites at various taxo
nomic levels. At the specific level, the
only group with wide geographic distribu
tion is the Agnostida. At the generic level,
the most widely distributed trilobites are
the Agnostida and polymerid forms com
monly associated with them. Regions poor
in Agnostida commonly have geographically
restricted genera. Many trilobite families
have worldwide distribution but are re
stricted to particular environmental areas.

Further important data are provided by
the faunal distribution patterns around
North America. These show that the
regions rich in Agnostida and their associ
ates, particularly in the Middle and Late
Cambrian, are in the peripheral marine
areas on the outer side of the carbonate
banks-the regions with unrestricted access
to the open ocean. In the protected marine
areas on or behind the carbonate banks,
the Agnostida are not abundant and most
~rilobite genera are typically North Amer
ICan.

The open ocean also served as a genetic
reservoir. Several times during the Cam
brian, the polymerid trilobite faunas of the
carbonate banks and the protected areas
behind the banks in North America were

virtually annihilated by abrupt changes in
environmental conditions-perhaps temper
ature-that left no record in the sediments
beyond an abrupt nonevolutionary change
in the trilobite faunas. The changes took
place first in the peripheral regions beyond
the carbonate banks, thus indicating that
the source for the new faunas was the
oceanic region. Furthermore, the incoming
elements of each new fauna had their
greatest affinities with the incoming ele
ments of the fauna that followed the
previous annihilation. This similarity was
not superficial, and supports the idea that
the source of genetic continuity was in the
oceanic region. Additional support comes
from the fact that long-ranging genera,
such as Ogygopsis and Zacanthoides, and
long-ranging families, such as the Orycto
cephalidae and Pagetiidae, are typical of
the unrestricted environments beyond the
carbonate banks.

Neither the geotectonic criteria of geosyn
cline versus craton (LOCHMAN-BALK &
WILSON, 1958) nor the lithofacies pattern
of carbonate banks and inner and outer
detrital belts (PALMER, 1969) described
above for North America, are applicable on
a worldwide basis to explain the general
trilobite distribution. The major faunal
contrasts on the largest scale are between
those areas that had unrestricted access to
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the open ocean, and those areas where such
access was restricted either by a carbonate
barrier, or by undefined modifications of
environmental parameters such as tempera
ture and salinity that were related to broad
expanses of shallow sea over either carbonate
or terrigenous substrates. Areas of the first
type are the agnostid-rich areas that share
many common faunal characteristics on a
global scale. Areas of the second type are
those where endemic polymerid genera
dominate. If trilobite distributions are
viewed in this context of contrasting marine
environments-restricted versus unrestricted
access to open ocean conditions-then a
reasonable explanation for both the intra
continental diversity and intercontinental
similarity of the trilobite faunas can be
found. TAYLOR (1973) has suggested that
an additional strong factor in the geo
graphic control of the trilobite faunas here
referred to as open-ocean may be tempera
ture. This suggestion should be given
serious consideration in future compilations
of Cambrian biogeography.

Figure 1 shows the general distribution
of persistent areas of open-ocean and re
stricted conditions during Cambrian time.
The margins between these areas fluctuated
throughout the Cambrian and in addition
were not sharply defined. Thus, boundaries
on the maps indicate only an approximate
average position on a shifting spectrum of
conditions.

Within this broad framework, both the
open-ocean regions and the restricted regions
supported biotas of limited extent that
define "provinces." Because very little is
known about the precise habitat require
ments of almost all trilobites, the "prov
inces" are, again, only crude generalizations
that outline regions sharing certain distinc
tive taxa.

EARLY CAMBRIAN
BIOGEOGRAPHY

The described trilobite faunas of the Early
Cambrian show many contrasts that could
be attributed to "provincial" differences
(COWIE, 1971); however, many of these
reflect differences in the environments
available for sampling and the inadequacy

of the Early Cambrian record on a global
scale. The rich and varied invertebrate
faunas of the Asiatic Soviet Union are
associated with broad areas of carbonate
banks where margins were exposed to open
ocean conditions. Most western North
American and Arctic Early Cambrian
faunas are in restricted regions associated
with terrigenous sequences of the inner
detrital belt or the inner margins of the
carbonate belt; however, sequences repre
senting the outer detrital belt and outer
margin of the carbonate belt have recently
been described from northwestern Canada.
The faunas of southwestern Europe and
North Africa are associated with terrigenous
sequences but they seem to have had better
access to open-ocean conditions than most
of the North American faunas.

Two "provinces"-an "olenellid prov
ince" and a "redlichiid province"-ehar
acterized by trilobite families typical for
the restricted regions can be recognized. In
regions with better access to the open ocean,
representatives of both families are known.
The "olenellid province" includes North
America, South America, and northwestern
Europe. The "redlichiid province" includes
China, southern Asia eastward from the
Mediterranean region, Australia, and Ant
arctica. In southwestern Europe and ad
jacent parts of Africa, and in the Asiatic
Soviet Union, elements of both "provinces"
are found.

The only other Early Cambrian group
for which biogeography has been evaluated
on a global scale is the Archaeocyatha
(ZHURAVLEVA, 1968; HILL, 1972). These
are almost completely confined to regions
interpreted here as open ocean. During
much of this time, many families and
genera were common to all areas. During
the middle Early Cambrian, when the
Archaeocyatha reached their evolutionary
peak, the complexes of Australia and Ant
arctica included a significant number of
forms not known in the Northern Hemis
phere. Within the eastern Soviet Union
consistent differences existed during the
early and middle Early Cambrian between
the archaeocyathid complexes of the volcanic
regions in the south and the nonvolcanic
limestone regions to the north.
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MIDDLE AND LATE
CAMBRIAN BIOGEOGRAPHY

During the Middle and Late Cambrian,
"provincial" differences are shown in both
the restricted and the open-ocean regions.
In the restricted regions, four provincial
areas typified by many endemic genera and
species can be recognized: I) the inner
detrital belt and adjacent margins of the
carbonate belt of North America; 2) the
sandy facies of central Europe; 3) the
carbonate banks of the Siberian platform;
and 4) the Hwang-ho facies of China. The
Late Cambrian sandy facies of central Aus
tralia seems to have a close relationship to
the Hwang-ho facies.

In the regions with unrestricted access
to the open ocean, the number of provincial
areas is less and they are much less well
defined. Three provincial regions focused
on western Europe, North America, and

southeast Asia-Australia can be recognized.
The western European "province" is char
acterized by the Olenidae, Conocoryphidae,
and Paradoxididae. Significant elements of
the faunas of this province are found in
the open-ocean regions of the Asiatic Soviet
Union. The North American "province" is
characterized by Oryctocephalidae, certain
Corynexochida (Bathyuriscus, Ogygopsis,
Zacanthoides) , Marjumiidae, Pterocephali
idae, Richardsonellidae, and Catillicephal
idae. However, some of the typical elements
of this province are found in the open-ocean
regions of the Asiatic Soviet Union and
Australia. The southeast Asia-Australia
"province" is characterized by Damesel
lidae, certain Corynexochida (A m photon),
Anomocarellidae, Ceratopygidae, and Xys
tridurinae. Some elements of these faunas
are found in the open-ocean regions of
Asiatic Soviet Union and northwestern
North America.

CAMBRIAN BIOSTRATIGRAPHY

For almost a century, attempts have been
made to divide rocks of Cambrian age into
ever smaller chronostratigraphic units using
primarily stratigraphic ranges of trilobites.
In some areas, and for different times within
the Cambrian Period, fossils other than
trilobites have also been used. Lower Cam
brian sequences on the Baltic shield include
zones based on characteristic and common
occurrences of Mobergella and Volborthella
-fossils whose biologic affinities are still
being debated. The lowermost Cambrian
beds of the Siberian platform, which in
clude faunas assigned to several zones of
the Tommotian Stage, are characterized by
abundant nontrilobite fossils. Some of these
fossils are now being found in Lower
Cambrian beds of the Baltic region, Eng
land, and Australia. In the eastern part of
the Soviet Union, archaeocyathids have been
effectively used to characterize divisions
of the Lower Cambrian. Recently, cono
donts have been found in sufficient abund
ance in Upper Cambrian beds to character
ize zones that will be important in discuss
ions of intercontinental correlation of the
Cambrian-Ordovician boundary. Aerotre
tide brachiopods have the potential to be
useful biostratigraphic tools in Middle and

Upper Cambrian carbonate sequences in
many areas; however, at the present time,
effective interregional biostratigraphic syn
thesis for the Cambrian System must be
based on trilobites.

In each region where reasonably detailed
work has been done, successions of assem
blage zones have been established. In some
regions, these have been grouped into stages.
Neither zones nor stages have consistent
interregional utility now. Even the Lower,
Middle, and Upper Cambrian series, which
have received different local names in some
areas, can only be approximately correlated
on a global scale. The basal boundary of
the Cambrian is a special philosophical
problem and is hotly debated. The Lower
Middle Cambrian boundary and the Cam
brian-Ordovician boundary are both subject
to international disagreement about correla
tion involving possible discrepancies of the
order of a stage. The Middle-Upper Cam
brian boundary seems to be the least dis
puted, but even there possible interconti
nental discrepancies exist.

The reason for the difficulty in correlation
of Cambrian faunal sequences is the fact
that trilobite distribution is strongly facies
controlled. This is well demonstrated by
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stratigraphic analyses of Cambrian faunal
differences in the Cordilleran region of
western North America, in eastern China,
and along the southern boundary of the
Siberian platform. Polymerid trilobite
faunas in the Cordilleran region of North
America, for example, represent three or
four distinct depositional environments:
the restricted shelf, with subtle contrasts
between regions of clastic and carbonate
sedimentation; the ocean-facing shelf mar
gin; the shelf slope; and the deep shelf or
open ocean. Due to shifting sites of these
environments the often distinctly different
faunas representing them may be stacked
in different orders, in different stratigraphic
sections. Alternatively, different biofacies
dominated the same time intervals in dif
ferent geographic areas. Thus, in order
to work out a meaningful biostratigraphy,
the biofacies and lithofacies relationships of
the Cambrian faunas must be more clearly
established. This work is still in progress.

The "classical" North American trilobite
zonation reviewed by LOCHMAN-BALK and
WILSON (1958) is a typical example of the
problems introduced by nonrecognition of
trilobite biofacies. The Lower Cambrian
zonation and the Middle Cambrian zonation
up through the Glossopleura Zone is repre
sentative only of the restricted-shelf bio
facies; the remainder of the Middle Cam
brian zones represent the shelf-margin and
shelf-slope biofacies. There is no quarrel
with the faunal sequence, which has been
adequately tested and is generally reliable;
however, the biostratigraphy of the restricted
shelf region must be separated from the
biostratigraphies of the ocean-facing and
oceanic regions. Subsequent integration of
the different biostratigraphies will then per
mit maximum utilization of faunal infor
mation for correlation purposes.

Empirical observations indicate that a
useful global biostratigraphy will probably
have to be based on the faunas of the oceanic
regions, which are dominated by Agnostida,
and that precise interregional correlation
between faunas of the restricted-shelf regions
will have to be based on fortuitous inter
layering of these faunas with distinctive
elements of the oceanic faunas.

One additional factor that may be im
portant for problems of intercontinental
correlation is that of extinction events re-

ferred to earlier (p. AI28). In the North
American Cambrian sequences at least three,
perhaps as many as six, major continent
wide extinctions affected the trilobite faunas
of the shelf regions. The extinction events
mark the boundaries of biostratigraphic
units called biomeres, which may include
several trilobite zones. The causes of the
extinctions are postulated to be abrupt
cooling events, but conclusive evidence of
this hypothesis must still be obtained. Sim
ilar and apparently synchronous events
have been reported at several levels in
Australia, but are seemingly absent from
the Siberian and Baltic regions. Further
work on the significance of extinctions at
biomere boundaries may provide a basis
for global biostratigraphic units of stage
magnitude. For the moment, local zonal
and stage schemes will have to remain as
the only available, although inadequate,
descriptions of Cambrian biostratigraphy.
These schemes, for each of the principal
Cambrian regions of the world, are dis
cussed below.

NORTH AMERICA

The sequence of zones given in Table I
has wide applicability in North America, but
it cannot be applied uniformly to all Cam
brian regions.

The Lower Cambrian subdivisions are
recognizable only in the Cordilleran region.
Early Cambrian localities in the Appala
chian region, the Canadian Arctic islands,
and Greenland have faunas that can be
related only in a general way to the Cordil
leran zonal scheme. Most of the faunas
from those regions can be included in the
Bonnia-Olenellus Zone but exact positioning
within this rather broad zone is not yet
possible.

The Middle Cambrian subdivisions are
also primarily recognizable in the Cordil
leran region. Early Middle Cambrian faunas
assignable to the Plagiura-Poliella and
Albertella Zones have not been recognized
in eastern North America. In the deeper
water facies, there seems to be an anomalous
hiatus at this time. The Glossopleum Zone
is known in the restricted-shelf facies in
the Appalachian region and in Greenland,
but is also absent from the deeper water
facies adjacent to the shelf. Faunas repre-
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TABLE 1. Cambrian Biostratigraphy of
North America.

Upper Cambrian Series
Trempealeauan Stage

Saukia Zone
Franconian Stage

Saratogia Zone
Taenicephalus Zone
E/t'inia Zone

Dresbachian Stage
Dunderbergia Zone
Pre/,ousia Zone
Dicanthopyge Zone
Aphelaspis Zone
Crepicephalus Zone
Cedaria Zone

Middle Cambrian Series
Bolaspidella Zone
Bathyuriscus-Elrathina Zone
Glossopleura Zone
Albertella Zone
Plagiura-Poliella Zone

Lower Cambrian Series
Bonnia-Olenellus Zone
Nevadella Zone
Fallotaspis Zone

senting most of the younger zones are
known from the restricted-shelf and deeper
water facies of the Appalachian region and
have recently been discovered in the Ca
nadian Arctic islands and Greenland.

Precise intercontinental correlation is only
possible for parts of the upper Middle
Cambrian and Upper Cambrian, where
agnostid trilobites are particularly abundant
and varied and for the uppermost Cambrian
where conodont biostratigraphy is beginning
to produce useful results.

NORTHERN EUROPE

The zonal succession shown in Table 2
can be used effectively from Poland across
northern Europe to Great Britain. In addi
tion, many of the elements of this succession
are found in the coastal Cambrian exposures
of eastern North America from Newfound
land to New England, in the Middle and
Upper Cambrian of northeastern Siberia,
and in the Middle Cambrian of southern
Europe and North Africa so that reasonably
precise correlations can be effected among
parts of these regions. The nearly cos-

mopolitan agnostid trilobites permit cor
relation with several parts of the North
American, Australian, and Chinese se
quences. Throughout this region, Lower
and Middle Cambrian beds are separated
by a hiatus.

TABLE 2. Cambrian Biostratigraphy of
Northern Europe (Martinsson, 1974).

Upper Cambrian Series
Acerocare Zone
Peltura scarabaeoides Zone
Peltura minor Zone
Protopeltura praecursor Zone
Leptoplastus Zone
Parabolina spinulosa Zone
HomagnosttlS obesus Zone
Agnostus pisiformis Zone

Middle Cambrian Series
Paradoxides forchhammeri Stage

Lejopyge laevigata Zone
Jincella brachymetopa Zone

Paradoxides paradoxissimus Stage
PtychagnosttlS lundgreni-Goniagnostus nathorsti

Zone
Ptycl,agnostus punctuosus Zone
Hypagnostus parvifrons Zone
TomagnoJtus fisstls-Ptychagnostus atavus Zone
Ptychagnostus gibbus Zone

Eccaparadoxides oelandicus Stage
Eccaparadoxides pinus Zone
Eccaparadoxides inStllaris Zone

Hiatus
Lower Cambrian Series

Strenuaeva linnarssoni Zone
Holmia kierulfi Zone
Volborthella-Schmidtiellus mickwitzi Zone
Mobergella holsti Zone

CENTRAL AND
SOUTHERN EUROPE

Within this region, the only biostrati
graphic zonation of more than local value is
that of the Middle Cambrian (Table 3).
The sequence established by SDZUY (1972)
for Spain is applicable in the Montagne
Noire of southern France, Sardinia, and
North Africa. Upper Cambrian beds are
poorly fossiliferous or absent. Lower Cam
brian beds are variably fossiliferous but
only in North Africa has a zonal sequence
been established (HUPE, 1952) and its re
gional applicability has not yet been demon
strated.
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TABLE 3. Cambrian Biostratigraphy of
Spain, France, Sardinia, and North Africa

(Sdzuy, 1972).

Upper Cambrian Series (not described, poorly
represented)

Middle Cambrian Series
Solenopleuropsis Zone
Pardailhania Zone
Badulesia Zone
Acadolenus Zone
Conocoryphe Ol'ata Zone
Paradoxides (AcadoparadoxideJ) mureroensis

Zone
Lower Cambrian Series (various local sequences)

SOVIET UNION

Because of the vast area of eastern Soviet
Union that contains Cambrian rocks, no
single scheme has yet been established at
any level in the intrasystemic biostrati
graphic hierachy. Each major outcrop area
has its own local zonation. Table 4 shows
the stages that are most commonly used,
but critiques of the Lower and Middle
Cambrian stage structure by ROZANOV
(1973) and SAVITSKIY (1969) have pointed
out many difficulties with this scheme.

TABLE 4. Commonly Used Cambrian Stages
of the Soviet Union.

Upper Cambrian Series
Shidertinian Stage
Tuorian Stage

Middle Cambrian Series
Amgan Stage
Mayan Stage

Lower Cambrian Series
Lenian Stage
Botomian Stage
Atdabanian Stage
Tommotian Stage

On the northeastern and southeastern
margins of the Siberian platform, and in
the orogenic belts of Kazakhstan, the Mid
dle and Upper Cambrian faunas contain
agnostids and other trilobites that permit
some precise correlation with other major
world Cambrian areas. The area of the
Kharaulakh Mountains near the mouth of
the Lena River has a particularly significant

interrelationship between western American
and western Europe Cambrian faunal ele
ments.

CHINA

The biostratigraphy of China has been
summarized by Lv and others (1974).
Three trilobite biofacies, designated the
Northern Type, Transitional Type, and
Southeastern Type have been recognized.
The formal stage and zone nomenclature
encountered in many publications about the
Cambrian of China (Table 5) applies pri-

TABLE 5. Cambrian Stages and Zones of the
Northern Type Biofacies Region of China.

Upper Cambrian Series
Fengshan Stage

Tellerina-Calvinella Zone
Ellesmeroceras-Dictyella Zone
Quadraticep/wlus Zone
Ptychaspis-Tsinania Zone

Changshan Stage
Kaolishania Zone
C/wngs/lania Zone
C/mangia Zone

Kushan Stage
Drepanttra Zone
Blackwelderia Zone

Middle Cambrian Series
Changhia Stage

Damesella Zone
Taitzttia Zone
Amp/wton Zone
Crepicephalina Zone
Liaoyangaspis Zone

Hsuchuan Stage
Bailiella Zone
Poriagraulos Zone
Sunaspis Zone
Kochaspis hSllchttangensis Zone

Lower Cambrian Series
Maochuan Stage

Shantungaspu Zone
Manto Stage

Redlichia c!linensis Zone
Tsangpin Stage

*Megapaleolenus Zone
*PaleolentlS Zone
*Drepanttroides Zone
*Malungia Zone
*Unnamed zones-including interval with pre

trilobite shelly fossils.

" Recognized only in the Yangtze area.
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marily to the shallow-water, normal marine
faunas of Northern Type. Faunas of South
eastern Type, which include beds rich in
agnostids and eodiscids, have not been
formally subdivided biostratigraphically.
These faunas contain many elements per
mitting precise correlation of parts of the
enclosing formations with those of other
parts of the world that have comparable
facies. The faunas of Northern Type have
many elements also found in the Australian
Cambrian and some precise correlations
are possible between similar facies of these
two areas. Localities with Transitional
Type faunas contain interbedding or ad
mixtures of the Northern and Southeastern
type faunas that greatly facilitate inter
continental correlation of many parts of the
Chinese Cambrian.

AUSTRALIA

Most of the published detailed biostratig
raphy of the Australian Cambrian is
concentrated in the late Middle Cambrian
and lower Upper Cambrian where an
elaborate sequence of zones has been pro
posed by QPIK (1957, 1961, 1967). Lower
and Upper Cambrian beds have been as
signed to Australian stages (QPIK, 1968;
JONES et al., 1971), but details of the zona
tions have not yet been published. The
present biostratigraphic breakdown of the
Australian Cambrian is shown in Table 6.
The rich Middle and Upper Cambrian
agnostid sequences of Queensland provide
many opportunities for intercontinental
correlation. Associated polymerid trilobites,
many of Chinese aspect, provide a key for
correlation of some of the Chinese faunas
with the restricted-shelf faunas of Siberia
and North America.

Pending resolution of problems of de
tailed intercontinental correlation in the
vicinity of the upper boundary of the Middle
Cambrian, some parts of the Mindyallan
Stage may be reassignable to the Middle
Cambrian (JAGO & DAILY, 1975).

TABLE 6. Cambrian Biostratigraphy of
Australia.

Upper Cambrian Series
Payntonian Stage

Zones not established
Unnamed pre-Payntonian and post-Idamean stages
Idamean Stage

lrvingella tropica-Agnostotes inconstans Zone
Erixanium sentum Zone
Corynexochus plumula Zone
Glyptagnostus reticulatus Zone

Mindyallan Stage
Glyptagnostus stolidotus Zone
Cyclagnostus quasivespa Zone
Erediaspis eretes Zone
Damesella torosa-Ascionepea janitrix Zone

Middle Cambrian Series
Stage(s) undesignated

Holteria arepo Zone
Proampyx agra Zone
Ptychagnostus cassis Zone
Ptychagnostus nathorsti Zone
Ptychagnostus punctuosus Zone
Euagnostus opimus Zone
Ptychagnostus atavus Zone

Templetonian Stage
Ptychagnostus gibbus Zone
"Dinesus-Xystridura" Zone

Ordian Stage
Zones not designated

Lower Cambrian Series
Stages not designated

Zones not designated (Faunal assemblages 1 to
9 of DAILY, in OPIK et al., 1957).
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INTRODUCTION

Ordovician time, with a duration of
approximately 60 million years, had a
considerable biogeographic differentiation.
This can be traced in the distribution of
most groups of organisms, although many
are comparatively rare or have not yet been
intensely studied. In this contribution,
distributional data of shelly groups (mainly
trilobites and articulate brachiopods), plank
tonic graptolites, and conodonts are treated
separately. Owing to limited space avail
able, documentation is restricted to a
mlmmum.

Distribution of various faunas is illus
trated by the known occurrence of selected
taxa plotted on maps rather than by show-

1 Manuscript received Novemher, 1969; revised manuscript
received December, 1975.

ing the distribution of inferred biogeo
graphic units or faunas. After considerable
experimenting, the map of the modern
world was chosen for illustrating Ordovician
distribution patterns, although during Or
dovician time the location of oceans and
continental lithospheric plates obviously was
completely different. Not only is the former
geographic position of many individual
Ordovician lithospheric plates uncertain,
but in several cases it is not known what
constituted an individual plate. For this
reason the use of any of the proposed geo
graphical models for the Ordovician would
introduce considerable speculation. The sit
uation will not improve until more paleo
magnetic data are available from Ordovician
rocks in various parts of the world. The
maps (Fig. 2,4,6-13) show the distribution
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of land and sea, roughly reconstructed, based
on available paleogeographic maps (KELLER
& PREDTECHENSKY in VINOGRADOV, 1968;
LIU, 1958, complemented with JEN, 1964,
and Hu et al., 1965; WOLFART, 1967; CUER
DA, 1973; LEGRAND, 1974; and others).

According to all recent reconstructions of
Ordovician geography, Africa, Arabian Pen
insula, peninsular India, South America,
Antarctica, and Australia formed a single
huge continental plate, Gondwanaland. The
Ordovician South Pole was located some
where in northwestern Africa (SMITH et al.,
1973) and thus much of the plate was situ
ated in a cold climatic zone. Much of
Ordovician Gondwanaland was dry land
and it may have been the main source of
terrigenous sediments to southern Europe,
where the Ordovician sequence consists of
clastic rocks; however, in some reconstruc
tions (WHITTINGTON & HUGHES, 1972, 1973)
southern Europe is considered to have
constituted a separate lithospheric plate,
separated from Gondwanaland by a wide
proto-Tethyan ocean and from northeastern
Europe by a mid-European ocean.

In the rest of the Ordovician world, land
areas were scattered and formed archipelagos
rather than continents. At least three indi
vidual continental lithospheric plates are
distinguished: 1) North America and
Arctic islands, 2) Russian platform and
adjoining areas to the west, and 3) Asia.
On these plates the Ordovician epiconti
nental deposits consist mostly of carbonates.
On most reconstructions of Ordovician geog
raphy much of all three plates is in tropical
and subtropical latitudes. The boundary

between the north European and south
European plates is variously drawn along
the Alpine chain (SMITH et al., 1973;
WILLIAMS, 1973), the southwestern margin
of the Russian platform (WHITTINGTON &
HUGHES, 1972, 1973), or roughly along the
northern limit of the Variscan Mountains
(BURRETT, 1973). This part of Europe has
widely distributed fossiliferous Ordovician
rocks, and differences in position of the
plate boundary have a profound effect on
biogeographic interpretations. North Amer
ica and northern Europe were separated by
the Iapetus Ocean (HARLAND & GAYER, 1972;
Proto-Atlantic Ocean, WILSON, 1966; WHIT
TINGTON & HUGHES, 1972) that is generally
considered to have decreased in width
during the Ordovician. Asia, with the
western plate margin along the present
Ural Mountains, is tentatively treated as a
single lithospheric plate, or up to five sepa
rate plates, variously situated relative to the
other plates. Paleomagnetic data are avail
able only for Siberia.
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LOWER BOUNDARY OF THE ORDOVICIAN

In accordance with general practice (ex
cept among British geologists), the Trema
doc Series is here treated as the lowermost
Ordovician. The intercontinental correla
tion of the lower boundary of the Trema
docian presents problems and must be
briefly discussed because of its biogeographic
implications. More exactly, on account of
differences in correlation, the biogeographic
conclusions presented in this chapter differ
in several respects from those given for

the Tremadocian by WHITTINGTON and
HUGHES (1974).

The lower boundary of the Tremadocian
is traditionally drawn at the level of appear
ance in northern Europe of the first den
droid graptolites with a "free" sicula
indicating a change from sedentary to
planktonic mode of life (Fig. 1). The
correlation of this horizon in regions with
out graptolites is difficult. The particular
problem is whether and how much of the
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FIG. 1. Correlation of the Tremadocian Series (Jaanusson, n).

North American Trempealeauan Stage and
comparable beds elsewhere containing sauki
id trilobites, generally referred to the Upper
Cambrian, are equivalent to the Lower
Tremadocian. Records of saukiids and
Richardsonella associated with early Trema
docian trilobites in Oaxaca, Mexico (ROBI
SON & PANTOJA-ALOR, 1968), initially seemed
to indicate that a substantial part of the
Trempealeauan is equivalent to the early
Tremadocian; however, recent studies on
conodonts do not confirm such a correlation.
In the conodont fauna, the entry of Cordy
lodus forms a clearly recognizable level
and has been suggested for use as a tenta
tive additional criterion of the base of the
Ordovician (MILLER, 1969). The earliest
Ordovician conodont faunas are largely
cosmopolitan and closely similar successions
of species have been reported from widely
separated regions (MILLER, 1969, 1970;
DRUCE & JONES, 1971; JONES, 1971, etc.). It
is now known (MILLER, 1970) that Cordy
lodus enters at the base of the Corbinia
apopsis Subzone which, by tradition, is
regarded as the top of the Upper Cambrian
Trempealeauan Stage but could as well be
included in the Ordovician.

The exact level of the entry of Cordylodus

in the North European sequence is not
known because Dictyonema shales and
associated rocks are mostly devoid of identi
fiable conodonts. There the earliest known
Ordovician conodont fauna is from the up
per Maardu (U Dbolus") Sandstone of north
western Estonia (VIIRA, 1966), below the
local lithostratigraphic Dictyonema Shale,
and associated with Dictyonema flabelli
forme flabelliforme. The level is probably
fairly high within a complete Dictyonema
Shale sequence. The assemblage is compar
able to that from the upper part of the
North American Symphysurina Zone that
is thus obviously of Lower and not Upper
Tremadocian age. The overlap between the
Tremadocian and the Trempealeauan, if
present at all, seems to be inconsiderable (cf.
also MILLER et al., 1974). For these reasons
the Tsinaniid and Rasettia provinces dis
tinguished by WHITTINGTON & HUGHES
(1974) are here regarded as Upper Cam
brian and not Tremadocian (see also SHER
GOLD, 1975).

The Ordovician Period began with a
transgression that was one of the most
extensive in the Paleozoic. Over almost the
whole of Europe and northern Africa there
is a conspicuous break at the base of the
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+ Symphysurina

• Ceratopygidae

A Plethopeltides

FIG. 2. Distribution of selected Tremadocian trilobite taxa. The asaphid Syrnphysurina characterizes the
North American fauna, the plethopeltid Plethopeltides the possibly separate Tungusian fauna, and
ceratopygids the Southern fauna (Jaanusson, n). [Shaded area in this as well as in other maps indicates

probable land areas. For probable boundaries between the main lithospheric plates, see Figure 13.]

Lower Tremadocian, and what appear to
be continuous sequences from the Cambrian
to Ordovician are known only in some areas
of southern Scandinavia and along a belt
to central Poland. In most of continental
Europe and northern Africa the break
comprises the entire Upper Cambrian and
on the Russian platform east of the Baltic
also the Middle Cambrian. In extensive
Arctic areas, such as the Canadian Arctic
Archipelago, Greenland, with the exception
of Washington Land in western North
Greenland, and Spitzbergen, Lower Trema-

docian rests on Middle Cambrian, in south
ern Mexico on Precambrian, and in the
allochthonous Taconic sequence of New
York on Lower Cambrian. The widespread
occurrence of the break suggests an eustatic
control of the transgression. The early
Tremadocian transgression opened new
communications between shelf areas. The
most important of these was along the
"Paleotethys" from northwestern Africa
over southern Europe, which may have been
a prerequisite for the development of WHIT
TINGTON'S (1966) "Southern Fauna."

ly follows that of Symphymrina and Cera
topygidae (Fig. 2). Compared with the
distribution of Upper Cambrian trilobites
the degree of biogeographic differentiation
seems to have decreased. Moreover, bio
geographic affinities have changed in several
areas. Most notably, the fauna in western
Argentina is now related to European
southwestern Siberian faunas whereas in the
Upper Cambrian it has close North Ameri
can affinities.

SHELLY FAUNAS

TREMADOCIAN

Among Tremadocian shelly fossils, only
trilobites are widely distributed and reason
ably well studied. Among trilobites two
main faunas can be distinguished, here
provisionally termed the North American
(Hystricurus fauna, WHITTINGTON, 1966;
Highgatella Province, WHITTINGTON &

HUGHES, 1974) and Southern Faunas (Cera
topygid Province, WHITTINGTON & HUGHES,
1974). The distribution of the faunas large-
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The North American Fauna occupied
North America, Greenland, and Spitzber.
gen and is characterized by Symphysurina
(Fig. 2) and its allies, Clelandia and its
allies, Missisquoia, Highgatella, and other
genera. In comparison with many southern
faunas the taxonomic diversity is small.
The earliest undoubted leoerditiacean ostra
codes have been describe<d from the post
Symphysurina Tremadocian beds of Ver
mont (CREATH & SHAW, 1968), and through
out .the Ordovician Period this group
remamed one of the distinctive elements of
North American and related faunas.

The Southern Fauna extended over a
vast area (see the distribution of the Cera
topygidae, Fig. 2), from the present South
America and southern Mexico in the west
over Morocco, Wales, and Scandinavia to
southeastern China in the east. The fauna
is characterized by ceratopygids, dikeloke
phalinids, nileids, orometopids, Macropyge,
and other trilobites. Some areas have a high
taxo~omic diversity (some 75 trilobite gen
era m the Sayan-Altai mountain region;
PETRUNINA, 1966).

The known Tremadocian shelly fauna
from the Siberian platform and northeastern
Siberia indicates that a separate Lower
~rem.adocian Tungusian fauna may be dis
tmgUlshable (d. the distribution of Pleth
?peltides, F.ig. 2; other distinctive genera
mclude Dlceratocephalina, Pseudoacroce
phalites, and Dolgeuloma). The known
Tremadocian trilobite faunas from these
regions and from northern Korea northern
China, and Australia, however, 'are small
and are at present difficult to evaluate
biogeographically.

In eastern North America a belt in east
ern New Brunswick, Nova Scotia, and
Newfoundland has yielded a Cambrian
fauna with close affinities to that in northern
Europe. On eastern Nova Scotia the
sequence includes Tremadocian strata and
the small shelly fauna encountered there is
astonishingly similar to that of Wales. The
current explanation of the faunal and litho
logical similarity is that the areas in eastern
North America mentioned above belonged
to the North European plate. During clos
ing of the Iapetus Ocean, the North Ameri
can and North European plates collided,
and the areas became welded to the North

American plate. When the present Atlantic
Ocean was initiated, this part of the original
North European plate followed North
America.

ARENIGIAN (POST
TREMADOCIAN CANADIAN)

At the base of the Arenigian the biogeo
graphic diversity increased. The region with
the North American Fauna retained its
biogeographic identity and boundaries. In
the post-Tremadocian Canadian carbonate
sequence of North America, Greenland and
Spitzbergen, the trilobite fauna is charac
terized by various bathyurids and hystri
curids (Bathyurid Fanua; WHITTINGTON,
1963) (Fig. 3). Further distinctive forms
include the gastropod Ceratopea as well as
leperditiacean ostracodes. The Durness
Limestone in northern Scotland has yielded
distinctive trilobites and cephalopods of the
North American Fauna (very little faunal
information is available on the probable
Tremadocian portion of the limestone) sug
gesting that this part of Scotland, and prob
ably also northern Ireland, may originally
have been a part of the North American
lithospheric plate.

The known Upper Canadian shelly fauna
of the Siberian platform, Taymyr Peninsula,
and northeastern Siberia is in several re
spects close to that of North America
(WHITTINGTON & HUGHES, 1972; included
in American-Siberian Biogeographic Region,
CHUGAEVA, 1968, 1973) but with endemic
elements such as the bathyurid trilobite
Biolgina (Fig. 4), Prodalmanitina, and the
widespread brachiopod Angarella. Many
characteristic North American forms, in
cluding leperditiacean ostracodes, have not
been found.

In the Balto-Scandian region a fauna
developed that includes numerous endemic
elements (Asaphid Fauna, WHITTINGTON,
1963, 1973, and WHITTINGTON & HUGHES,
1972; Baltic Province, WILLIAMS, 1973; Bal
tic Biogeographic Region, CHUGAEVA, 1968,
1973; Balto-Scandian fauna, JAANUSSON,
1973a). During the Arenigian the fauna
extended from the Vaygach Island and the
Pay Khoy Peninsula in the north to central
Poland in the south and from the Oslo
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FIG. 3. Correlation of the Arenigian Series and equivalent strata (Jaanusson, n).

region in the west to the Moscow basin
in the east. Information on the Arenigian
fauna from the Ural Mountains is scanty
but the brachiopods from the southern Ural
Mountains include Balto-Scandian elements
together with endemic forms (ANDREEVA,
1972). Characteristic elements of the Balto
Scandian fauna include a number of asaphid
genera, and the illaenid Panderia. Agerina
is a possible bathyurid, but hystricurids,
calymenaceans, and trinucleids are lacking.
The porambonitacean brachiopods that fre
quently dominate Arenigian faunas else
where are represented only by porambon
itids and angusticardiniids; characteristic
North American-Siberian taxa, such as poly
toechiids and finkelnburgiids, are absent.
The brachiopod fauna is in places dominated
by a variety of gonambonitids, Productar
this, and Paurarthis.

The Arenigian "southern" fauna (Caly
menid-Trinucleid Province, WHITTINGTON,
1963; Southern Region, WHITTINGTON, 1966;

Sino-European Biogeographic Region, Cnu
GAEVA, 1968; Paleotethyan Region, CHU
GAEVA, 1973) is less homogeneous than the
Tremadocian "southern" fauna. What is
here provisionally termed as the Mediter
ranean fauna (Tethyan fauna, DEAN, 1967;
Selenapeltis fauna, WHITTINGTON, 1966;
WHITTINGTON & HUGHES, 1972; Mediter
ranean Province, HAVLICEK, 1974) extended
from Wales in the north to Morocco in the
south and from the Iberian Peninsula in the
west over Bohemia possibly as far as the
Pamir in the east. The fauna is character
ized by a variety of calymenaceans, trinu
cleids, taihungshaniids, and cyclopygids.
Even within the region, the fauna is not
particularly homogeneous (DEAN, 1967;
HAVLICEK, 1976). The known Arenigian
fauna from central and southern China is
small and difficult to evaluate biogeograph
ically but occurrences of Taihungshania
(Fig. 4), Hanchunglithus, and Neseuretus
links it with the Mediterranean fauna.

© 2009 University of Kansas Paleontological Institute
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FIG. 4. Distribution of selected Arenigian (post-Tremadocian Canadian) trilobite genera. Occurrence of
the bathyurid Petigurus is restricted to the North American fauna, the bathyurid Biolgina characterizes
the Tungusian fauna, and the taihungshaniid Taihungshania is one of the southern elements with a

trans-Eurasian distribution (Jaanusson, n).

These are examples of distribution of var
ious taxa from Europe to China or, in terms
of present-day geography, of the Ordovician
"transeurasiatic migration route" for which
there are numerous examples from different
Ordovician epochs (KOBAYASHI, 1971; BUR
RETT, 1973).

Within the Mediterranean fauna WIL
LIAMS (1973) distinguished Celtic (Anglesey
and southeastern Ireland) and Anglo-Welsh
(Shropshire and Montagne Noire) Areni
gian provinces, based on cluster analysis of
brachiopod genera. The evaluation of this
classification is difficult because the taxo
nomic diversity is mostly low and only four
assemblages are available for analysis.

The Arenigian trilobite fauna of South
America includes endemic elements (the
asaphid subfamily Thysanopyginae). WHIT
TINGTON and HUGHES (1972) included it
together with Australian faunas in a sepa
rate Asaphopsis Province. The Australian
faunas of this age have not been described
in detail and may turn out to include a
stronger endemic component than known
at present. BURRETT (1973) doubted that
close affinities exist between the Australian
and South American Arenigian and Llan-

virnian faunas.
Information on Arenigian shelly faunas

in central Asia, Kazakhstan, and south
western Siberia is at present very limited.

LLANvmNIAN
(INCLUDING WHITEROCK

AND KUNDA STAGES)

At the end of the Canadian Epoch much
of the North American craton and Appala
chian miogeosyncline emerged, causing a
break in deposition. Carbonate sedimenta
tion was more continuous along the western
margin of the craton from southern Nevada
to Yukon, in the south (Oklahoma), and
in the northeast (western Newfoundland).
There the gap is filled by beds with the so
called Whiterockian fauna (COOPER, 1956)
(Fig. 5). During the Whiterockian Age
a number of trilobites of possible "southern"
and Balto-Scandian origin entered North
America (Cybelurus, Raymondaspis, Ni
leus). Other new forms include Illaenus,
Endymionia, and Ectenonotus among tri
lobites, and Orthidiella, Rhysostrophia, and
earliest triplesiaceans among articulate
brachiopods. Except for the possible upper
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Canadian Polydesmia from Manchuria, the
Whiterockian beds contain the earliest
actinoceroid cephalopods and the latest
cyrtoconic ellesmerocerids. Close equiva
lents to the Whiterockian faunas are known
in Spitzbergen (FORTEY & BRUTON, 1973),
western Ireland (WILLIAMS, 1972), and
northeastern Siberia (CHUGAEVA, 1973; ORA
DOVSKAYA, 1973). On the Siberian platform
this fauna has not been recognized and
SIDYARENKO and KANYGIN (1965) have sug
gested that there is a break in the sequence,
roughly corresponding to the beds with the
Whiterockian fauna in northeastern Siberia.
If this is true, then the Siberian platform
behaved during this time much the same as
did the North American craton.

Kazakhstan has a southern Tremadocian
fauna, but in beds roughly comparable to
the Llanvirnian the general affinities of the
fauna are with North America (NIKITIN,
1972; WHITTINGTON & HUGHES, 1972). The
fauna has a strong endemic component
however, that may increase in importance
when more material has been studied. The
same applies also to Gornyi Altay in south
western Siberia.

In the Balto-Scandian region the Kunda
Stage is the equivalent of the lower, main
part of the Whiterockian. There the fauna
retained its provincial character with nu
merous endemic taxa (Asaphus, Megista
sp!del!a, Cyrtometopus, and others among
tnlobItes, gonambonitids and Lycophoria
[Fig. 6] among brachiopods). In the west,
the trilobite fauna of the Otta Conglomerate
in the Caledonidian eugeosynclinal belt of
southcentral Norway is decidely of the
Balto-Scandian type (e.g., Neoasaphus,
Megistaspidella) and the postulated strong
North American affinities of its gastropod
fauna (YocHELSON, 1963) are questionable.
On the other hand, the Trondheim region
of the Scandinavian Caledonides has a
fauna related to the North American
Whiterockian fauna (NEUMAN & BRUTON,
1974). WILSON (1966) suggested that this
part of Scandinavia was originally part of
the North American lithospheric plate (see
also WHITTINGTON & HUGHES, 1972).

Based on cluster analysis of brachiopods,
WILLIAMS (1973) concluded that the Llan
virnian Baltic Province extended westward
to Anglesey and Maine. Brachiopod assem-

blages on Anglesey (BATES, 1968) and in
the Magog belt of the northern Appala
chians from Maine to Newfoundland
(NEUMAN, 1970) are unusual in that taxa
otherwise characteristic for different faunas
and ages are associated in the same beds.
In beds of roughly Whiterockian age Balto
Scandian taxa (e.g., gonambonitids, Ahtiel
la) occur together with polytoechiids (else
where in North America not known above
Canadian), taxa that characterize the middle
Ordovician Scoto-Appalachian fauna (e.g.,
Christiania, Eoplectodonta) , and genera
that have not yet been found elsewhere
(NEUMAN, 1972). Biogeographic classifica
tion of these exotic assemblages is difficult
at present. NEUMAN (1972) suggested that
these faunas originally inhabited the ocean
floor around dominantly volcanic islands
and that this environment was the site of
evolution of many stocks that later spread
to continental platforms. On Anglesey the
Arenigian and Llanvirnian brachiopod
assemblages are associated with a trilobite
fauna of Mediterranean type (WHITTINGTON
& HUGHES, 1972), which further compli
cates the matter.

The distribution of the Llanvirnian Mea
iterranean (d. that of Placoparia, Fig. 6)
and other southern faunas agrees in the
mam with those of the Arenigian.

MIDDLE ORDOVICIAN

For the purpose of this contribution the
middle part of the Ordovician, comprising
the interval from about the upper Didy
mograptus murchisoni Zone to the base of
the Pleurograptus linearis Zone, is infor
mally termed the middle Ordovician. It
should be emphasized that this term is here
not used as designating a formal series or
epoch and that at present there does not
exist any international agreement as to the
definition of a middle Ordovician series.

During the middle Ordovician, sea in
vaded successively the southern and central
Appalachian miogeosyncline and extensive
cratonic areas of North America. This was
associated with a differentiation of the fauna
in which the element in the main miogeo
synclinal belt came to differ in several re
spects from that of the cratonic region.
Roughly comparable differentiation existed

© 2009 University of Kansas Paleontological Institute
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FIG. 6. Distribution of selected L1anvirnian taxa in northern Europe. Occurrence of the brachiopod
famil}' Lycophoriidae is restricted to the Balto-Scandian fauna and the trilobite subfamily Placopariinae is
a member of the Mediterranean fauna (L1anvirnian representatives of P!acoparia arc known also from
Spain, Portugal, Morocco, and Kazakhstan; finds in southwestern Turkey came from a somewhat uncertain
horizon). The porambonitacean brachiopod RhyJoJtrophia in Ireland indicates Whiterockian affinities
(Jaanusson, n). [Dashed line indicates the western boundary of the Russian platform (so-called Tornquist's

Line); cross-hatched pattern represents probable land areas.]

also in earlier Ordovician deposits along the
Cordilleran geosyncline (Ross, 1975) and in
parts of the northern Appalachians.

In the southern Appalachians many gen
era do not reach westward beyond the Hel
ena-Saltville thrust (McLAUGHLIN, 1973),

which also is an important biogeographic
boundary in the conodont faunas (BERG
STROM, 1971). Such genera are Christiania,
Bimuria, Bi!obia, Ptyehoglyptus, Glyptam
bonites, Titanambonites, Cyphomena, Pro
duetorthis, Taphrorthis, Latierura, and Kul-

FIG. 5. (Continued from facing page.)

I. The lower boundary of the type L1andeilian is within
the Glyptograptus tereti/fJculus Zone as distinguished in
Sweden (BERCSTR(>M, 1971). The upper boundary of L1an
virnian is defined as that of the Zone of ])idymograptlls
murchisoni. Thus, a portion of the British sequence, cor
responding to the basal G1Yf?/ograptlis teretiusculus Zone, is
at present not included in the British serial classification.
2. In Europe no distinctive graptolite fauna has been found
in beds of Hirnantian age. In Kazakhstan, beds with a
comparable macrofauna have yielded Glyptograptus per
sculptus, the index fossil of the lowermost Silurian graptolite
zone; however, whether this species has :t longer range than
previously believed or at least the upper part of the Hirnan
tian belongs to the Glyptograpws persculpws Assemblage
zone is at present not known.
3. Equivalent beds in the central Balta-Scandian confacies
belt contain a Da!manitina-Hirnan/ia fauna and are known
as Dalmanitina beds or Tommarpian Stage (a junior synonym
of Hirnantian Stage).

4. In beds of undoubted Hirnantian age no representative
conodont fauna has yet been descrihed in detail.
5. Increasing bulk of evidence indicates that COOPER'S (1956)
stages Ashhyan, Porterfieldian, and Wildernessian, each de
fined in a separate belt in the southern Appalachians, are
largely contemporaneous (BERGSTROM, 1971). They reflect spa
tial faunal differentiation rather than faunal changes in time.
6. Exact position of the boundary between Chazyan and
Blackriveran stages with respect to North Atlantic conodont
zones is not known at present.

7. No undoubted Hirnantian equivalents at present can be
distinguished in Ohio, Indiana, and Kentucky. Whether
this depends upon a break in the sequence, poorly fossil
iferous condition of the uppermost Richmondian beds, or
biogeographic differentiation is not known. Beds of Hirnan
tian age are developed in western Illinois and eastern Mis
souri (Edgewood Limestone and its equivalents).
8. According to the evidence frcm conodonts, the tOP of
the Antelope Valley Formation is comparable to the lower
Lasnamagian of Balto-Scandia (BERCS1"ROM, ETHINGTON, &
JAANUSSON, 1973); however, it is not clear whether the
Whiterockian Stage of COOPER (1956) should be considered
to coincide with the extent of the Antelope Valley Limestone
or defined in the Ikes Canyon section of the Toquima Range
based on the succession of faunal zones listed by COOPER.
In the latter case, the upper bound:uy of the Whiterockian
is probably below the base of the Lasnam:igian Stage.

9. Graptolite faunas strongly indicate that the uppermost
Darriwilian Zone of Glyptogra/,liIs teretiuJeltlus of Australia
is equivalent to the Zone of Didymograptus murchisoni
(JAANUSSON, 1960). The conti at ion of the North American
Zone of GlyptograplUs d. G. teretiflseulus is more difficult
to determine because the known fauna comprises few species;
however, it may be largely of a comparable age. The
Scandinavi:ul equivalent to the Zone of Gl},/,tograplils tere/in
sert/u.' is characterized by the appearance of J)iedlograpltts,
Dieranograpltts, and Nemagrap/tls. The equivalent beds of
North America probably have been included in the Zone of
Nemagraptus gracilis.
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FIG. 7. Distribution of bathyurid trilobites and the strophomenacean brachiopod family Christianiidae in
eastern North America in beds equivalent to the Zone of NemagraptttS gracilis and the lower part of
the Zone of Diplograptlls mllitidens. The bathyurids characterize the North American Midcontinent fauna
and the christianiids the Scoto-Appalachian fauna. The subsurface occurrence of the calymenacean
Colpocoryphe in northern Florida is also indicated although it probably comes from somewhat lower beds

(Jaanusson, n).

lervo. Other taxa reach farther to the west,
but not beyond the St. Paul-St. Clair thrusts
(e.g., Palaeostrophomena, Isophragma, Lep
tellina, Cyrtonotella, styginid trilobites). On
the other hand, several taxa that are widely

distributed on the midcontinent have not
been found east of the Helena-Saltville
thrust. Such taxa are bathyurid trilobites
(Fig. 7), the articulate brachiopods Stropho
mena and Ancistrorhynchia, and Gonioceras

© 2009 University of Kansas Paleontological Institute
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FIG. 8. Distribution of the plectambonitacean brachiopod family Bimuriidae (indicative of the Scoto
Appalachian and related faunas) and the enteletacean brachiopod subfamily Draboviinae (a member of
the Mediterranean fauna) in beds equivalent to the Zone of Nemagrapt/IJ gracili.< and the lower part of
the Zone of DiplograpttIJ mttltiden.<. In the Balto-Scandian region Bimttria is known only from the central

confacies belt (Jaanusson, n).

among cephalopods.
A fauna very similar to the Appalachian

fauna east of the Helena-Saltville thrust is
known from the Girvan district of southern
Scotland (WILLIAMS, 1962, 1969; TRIPP,
1962, 1965, 1967), and the term Seato
Appalachian fauna (WHITTINGTON & WIL
LIAMS, 1955) can be used as a designation
of middle Ordovician faunas of similar type
elsewhere (JAANUSSON, 1973a; not in the
wide sense applied to this term by WIL
LIAMS, 1973). The middle Ordovician fauna
of Scoto-Appalachian type, better defined in
brachiopod than trilobite assemblages, has
a wide distribution. In North America a
fauna of this type has an amphicratonic
distribution in that several distinctive gen
era are known also from the western side of
the craton (for example, in the Copenhagen
Formation in Nevada). A related fauna
occurs also in the Novaya Zemlya-Pay Khoy
region (BONDAREV, 1968) and it can be fol
lowed as far as to Gornyi Altay in south
western Siberia (LEVITSKIY, 1963; d. dis
tribution of Bimuria, Fig. 8). Also in parts
of Kazakhstan the brachiopod fauna has
Scoto-Appalachian affinities.

Cratonic North America, the Canadian
Arctic Archipelago, and Greenland were
inhabited by a fauna (North American Mid
continent fauna) with mostly smaller taxo
nomic diversity than in the Scoto-Appala
chian area. Middle Ordovician bathyurid
trilobites (Fig. 9) are not known elsewhere
in the world.

The middle Ordovician fauna of the
Siberian platform and the southern "struc
tural-facial zone" of the Taymyr Peninsuh
is similar to the North American Midcon
tinent fauna, but has monorakid trilobites
as a distinctive element (Fig. 9) and lacks
enteletacean brachiopods. For convenience
this fauna can be termed the Tungusian
fauna or, combined with the fauna in the
North American continental interior, the
North American Midcontinent-Tungusi:lO
fauna (JAANUSSON, 1973a). Monorakids are
known also from northeastern Siberia, Chu
kot Peninsula (ORADOVSKAYA, 1970), and
Novosibirskoe Ostrova. All these regions
have yielded middle Ordovician faunas sim
ilar to that of the Siberian platform. Mono
rakids have also been reported from the
Sayan Mountains and Tuva, but the known
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FIG. 9. Distribution of selected trilobite taxa in beds equivalent to the Zone of Nemagrapttls gracilis and
the lower part of the Zone of Diplograpttts mtlltidens. Bathyurids characterize the North American Mid
continent fauna and monorakids the Tungusian fauna. In this interval Cltasmops is restricted to the
Balto-Scandian region, but attains a somewhat wider distribution in the upper part of the middle Ordovician.
Cyc10pygids are a southern element with a trans-Eurasian distribution and Pliomerina characterizes the

southeastern Asian-Australian fauna (Jaanusson, n).

middle Ordovician faunas from these areas
are far too small for biogeographic conclu
sions. A possibly related genus (Isalaux) oc
curs on the Siberian platform and in
Colorado.

Based mainly on cephalopods, the North
American affinities of the fauna in north
ern China and northern Korea have re
peatedly been pointed out; however, very
little information on trilobites and brachio
pods is available from these regions.

During the middle Ordovician the pro
vincial character of the Balto-Scandian fauna
became progressively less pronounced. The
region still possessed a number of taxa that
are not known elsewhere (Asaphus and six
additional asaphid genera; some other gen
era, such as Chasmops, Fig. 9, and Estoniops,
were endemic for Balto-Scandia during the
early part of the middle Ordovician, but
then spread to the southern part of British
Isles). Within the region, faunal differen
tiation increased considerably (JAANUSSON,
1976). In the central Balto-Scandian CI)J1

facies beltl a successively increasing Scoto-

1 A conjaciN belt differs from adjacent contemporaneous

Appalachian influence is apparent in the
brachiopod faunas, whereas the North Es
tonian belt retained some of the provincial
character (gonambonitid brachiopods such
as Estlandia, Clitambonites, apatorthids).
The Balto-Scandian fauna can be followed
to the central Ural Mountains (ANZYGIN in
VARGANOV, 1973) in the east and to Mol
davia in the south.

During late middle Ordovician time a
notable exchange took place between some
faunas: several Mediterranean trilobite gen
era (WHITTINGTON, 1966) and Platystrophia
entered the North American midcontinent;
Balto-Scandian and Scoto-Appalachian gen
era appeared in England and Wales; and
close to the end of the epoch, the Balto
Scandian Asaphus (Neoasaphus) reached as
far as southwestern China. A remarkable
invasion of new faunal elements took place
at the end of the epoch in northwestern
Estonia, as well as in the Mj~sa and

belts in lithology ;lnd fauna, and although lithology, as wdl
as fauna, ch:wges with time within the helt, the geographic
position and individuality of the belt remains roughly the
same during appreciable time. For further discussion and
examples, see JAANUSSON, 1976.
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Langesund-Skien districts of the ~slo re
gion, Norway. The invading. taxa ~nc~ude
leperditiacean ostracodes (MJl/lsa dIstnct),
telotremate brachiopods (Rhyne~otl'ema,

Rostrieellula, Zygospira), Bumastozdes and
Enerinuroides among trilobites, and .the
earliest stromatoporoids for the reglO~.

These elements are mainly North Amen
can and the associated conodont fauna is of
North American Midcontinent type (SWEET
& BERGSTROM, 1974). The new fauna is
mostly associated with bahamitic carbonate
sediments, previously unknown from the
Balto-Scandian region (JAANUSSON, 1973b).
This fauna is poorly represented in con
temporaneous beds elsewhere in the Balto
Scandian region and most of it soon
disappeared. The invasion and associated
sediments suggest a shift to subtropical or
tropical temperatures in shallow-water areas
of northern Balto-Scandia during a relatively
short time.

The middle Ordovician trilobite fauna of
Australia, Southeast Asia, and Kazakhstan
has general northern ("remopleuridid,"
WHITTINGTON & HUGHES, 1972) affinities,
but it includes endemic elements (see dis
tribution of Pliomerina, Fig. 9) and has
been distinguished as the Heptabronteus
Pliomerina Province (WEBBY, 1974; En
crinul'ella fauna, WHITTINGTON, 1966). Fur
ther endemic genera are the blind cheirurid
Prosopiseus, the raphiophorid Ampyxinella,
and others (see also Lu, 1975). Brachiopods
from these regions are still very poorly
described.

Lower Ordovician trilobite faunas, up to
the base of the Nemagraptus gracilis Zone
of western England, Wales, and southern
Ireland, have strong Mediterranean affinities
(WHITTINGTON & HUGHES, 1972). The mid
dle and upper middle Ordovician faunas,
on the other hand, are linked to the
Scoto-Appalachian fauna (WHITTINGTON &
HUGHES, 1972), although there still is a con
siderable Mediterranean component. Other
wise, the Mediterranean fauna (Selenopeltis
fauna, WHITTINGTON, 1966, WHITTINGTON &
HI'GHES, 1972; Anglo-French and Bohemian
Provinces, WILLIAMS, 1973; Mediterranean
Province, HAVLICEK, 1976) occupies the
same area as earlier, from Morocco in the
west over Bohemia to Turkey in the east.
The fauna is characterized by cyclopygid

(Fig. 9) and homalonotid trilo?ites, severa)
endemic dalmanitids, and a vanety of entel
etacean brachiopods such as Svobodaina
(SPJELDNAES, 1967) and Draboviinae (Fig.
8). The distribution of several taxa follows
the "trans-Eurasian migration route" from
northwestern Africa and southern Europe
to central and southern China. Examples
are cyclopygids (Fig. 9) among trilobites,
porambonitids among brachiopods, ~nd

Aristoeystites and Sinoeystis among cystOlds.
The few middle Ordovician trilobites

known from South America have uncertain
biogeographic affinity.

UPPER ORDOVICIAN
(EXCLUDING THE

HIRNANTIAN)

Over wide areas, Upper Ordovician (from
the zone of Pleul'ograptus linearis, inclu
sively, to the top of the system) deposits are
either missing (northern China, northern
Korea, the Tarim platform) or with a break
at the top (e.g., the Siberian platform, west
ern continental Europe, Greenland, and
parts of North America). In South Amer
ica undoubted Upper Ordovician is known
only from the Precordillera of western Ar
gentina.

Most authors have concluded that faunal
provinciality decreased progressively during
the middle and Late Ordovician (WHITTING
TON & HUGHES, 1972; WILLIAMS, 1973) so
that during the Ashgillian a cosmopolitan
fauna began to emerge (WILLIAMS, 1973),
culminating with the latest Ordovician
Dalmanitina (Mucronaspis)-Hirnantia fau
na that is regarded by some as worldwide.
The general trend during this time toward
reduced provinciality is fairly evident but
there still is a considerable biogeographic
differentiation up to the end of the period.

Based on statistical analysis of 14 lists of
genera, 'VHITTINGTON and HUGHES (1972)
suggested that in Ashgillian trilobite faunas
two provinces can be distinguished, one
(SelelJopeltis Province) restricted to Moroc
co and Bohemia and the other (Remopleu
ridid Province) com prising the rest of the
samples analyzed (North America, northern
Europe, Kazakhstan, and China). Their
interpretation of the statistical results may
be questioned. The only sample from the
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• Chasmops
• Holotrachelus
• Phillipsinella

0,-,_.J----l_......._ ..........:..l5QOkm

FIG. 10. Distribution of selected lower and middle Ashgillian trilobites in northern Europe. Plzillipsinella
characterizes faunas with Mediterranean affinities, whereas Holotracheills is mostly confined to limestones
with a Hiberno-Salairian fauna. The main occurrence of C/lasmops in northern Europe is in limestones
of the North Estonian and Lithuanian belts and the Oslo region. Ashgillian Phillipsinella is known also
from Carnic Alps, Kazakhstan, and Uzbekistan. [Western boundary of the Russian platform indicated by
dashed line and eastern boundary of the central Balto-Scandian confacies indicated by dotted line

(Jaanusson, n).]

North American Midcontinent (Iowa) was
found to be linked at low dissimilarity in
dices over Anticosti, and several other sam
ples, to Poland and several other North
European samples; however, none of the 16
genera in the Maquoketa Shale of Iowa
(WALTER, 1926; generic names updated
herein) is known from the lower and mid
dle Ashgillian of Poland (about 37 genera;
KIELAN, 1959), close to the other end of the
chain of samples linked at low dissimilarity
indices. In this case two completely different
faunas are included in the same province
because they have come to be linked over a
chain of samples that happen to include
transitional ("mingled") faunas.

The trilobite fauna of the Maquoketa
Shale contains a distinctive assemblage of
genera (Anataphrus, Ectenaspis, Thaleops,
Bumastoides, Ceraurus, Remipyga, etc.)
that, in the Upper Ordovician, is not known
outside North America except for occasional
occurrences in the Taymyr Peninsula and
northeastern Siberia. Most of the genera
continue from the middle Ordovician with
in the same regions. Indeed, in the carbon
ate deposits of North America and the
Arctic Islands, the North American Mid-

continent fauna continues into the Upper
Ordovician with few modifications. Distinc
tive taxa include, in addition to several trilo
bite genera (for [sotelus, see Fig. 11), Zygo
spira among brachiopods (JAANUSSON, 1973a,
fig. 3; known also from the Altay region
and other places), leperditiacean ostracodes
(known also from northeastern Siberia),
and aulacerid stromatoporoids (also on Si
berian platform). Rhynchotrematid brachi
opods are common in many areas.

On the Siberian platform and Taymyr
Peninsula a related fauna ranges from mid
dle to Upper Ordovician without great
change. Monorakid trilobites continue to

be characteristic. They occur also in north
eastern Siberia (see Fig. 11) but the fauna
there includes also Eospirigerina, Ptycho
glyptus, and large pentameraceans (Tcher
skidium; Nm:oLAEv et al., 1974).

In northern Europe, where Upper Ordo
vician rocks are widespread, three spatially
different lower and middle Ashgillian fau
nas can be distinguished (Fig. 10):

1) Sequences that consist predominantly
of mudstone, have a high taxonomic diver
sity of trilobites, a limited brachiopod fauna,
and few other fossils. The important, in
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FIG. 11. Distribution of selected trilobite taxa in beds equivalent to the lower and middle Ashgillian. The
asaphid Isoteltts is widely distributed in the North American Midcontinent fauna and monorakids are
confined to the Tungusian fauna. The encrinurid subfamily Dindymeninae is restricted to the Mediterranean
fauna and hammatocnemids extend from central Poland to central China. Ashgillian IsoteltlS has been
recorded also from some additional areas but figured specimens indicate that other genera are probably
involved. Middle Ordovician dindymenines are known from Bohemia, Kazakhstan, and western Pamir

(Jaanusson, n).

places main, component of the fauna con
sists of taxa that in the middle Ordovician
occurred in the Mediterranean (Bohemian)
region (KIELAN, 1959), such as Dindymen
inae, Cyclopygidae, Ectillaeninae, Dionidae,
and Dalmanitina (MuC1"onaspis) , and con
tinued to be characteristic for the Mediter
ranean region also during the Late Ordo
vician. Trinucleids were common. That
during this time Bohemia and central Po
land should belong to different provinces
(WHITTINGTON & HUGHES, 1972) is ques
tionable, and may depend upon which index
values are selected in the statistical analysis.
The contemporaneous brachiopod fauna in
Scania, Sweden, is of Bohemian type (SHEE
HAN, 1973). Thus, in Europe a fauna of
Mediterranean type spread northward to the
British Isles (as far as western Ireland and
Scotland) and to the central Balto-Scandian
confacies belt (d. the distribution of Phil
lipsinella, Fig. 10, and of Dindymene, Fig.
11). Similar faunas are known in the Perce
district, Quebec (Stenopareia fauna; LES
PERANCE, 1968), and particularly in the

Magog belt of Maine (NEUMAN, 1970).
2) Limestones that are associated with

mudstone have mostly a patchy distribution
and a varied fauna. Both trilobites and
brachiopods have a high taxonomic diver
sity. The trilobite fauna has little in com
mon with that of contemporaneous mud
stone facies close-by. In fact, in statistical
analysis the magnitude of the difference
may be that between different faunal prov
inces (WHITTINGTON & HUGHES, 1972, with
regard to the Boda Limestone in the Siljan
district, Sweden). The Boda Limestone
(carbonate mounds with stromatactis) lacks
all the taxa mentioned as characteristic for
the Mediterranean mudstone fauna as well
as Chasmops. The brachiopod fauna, too,
is very different from that of Mediterranean
mudstones. It has much in common with
the middle Ordovician Scoto-Appalachian
fauna (Christiania, Bimuria, Ptychoglyptus,
Dolerorthis, Kullervo) , but includes new
elements such as dicoelosiids, Eospirigerina,
and meristellids. Limestone facies with a
similar fauna (see also the distribution
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of Holotrachelus, Fig. 10) are known in
Ireland (Portane and Chair of Kildare
limestones), northern England (Keisley
Limestone), and Salair Mountains in south
western Siberia (so-called Weberian Lime
stone). JAANUSSON (1973a) termed this type
of Ordovician fauna the Hiberno-Salairian
fauna. In several limestone facies the
fauna of Hiberno-Salairian type is mingled
with Mediterranean elements and, converse
ly, Hiberno-Salairian elements are in places
found associated with a preponderantly
Mediterranean fauna. This may, in part at
least, be a consequence of the occurrence of
transitional lithologies, reflecting transitional
environments; however, a biogeographic
gradient may also be involved because lime
stone with the Hiberno-Salairian fauna, as
well as mingled assemblages, occurs only in
a belt along the northern boundary of the
distribution of the Mediterranean fauna
(Fig. 10). Geographic proximity of the
different faunas may be a factor contrib
uting to mingling.

3) The North Estonian carbonate con
facies belt still retains its provincial char
acter. No Mediterranean element had en
tered the area. The fauna is rich, particu
larly in corals, but the trilobite fauna has a
low diversity with Chasmops as one of the
commonest elements (Fig. 10). The brachi
opod fauna is varied, in several respects
close to the Hiberno-Salairian fauna (Di
coelosia, Eospirigerina) , but it lacks the
Scoto-Appalachian imprint. Endemic forms
include Equirostra, Ilmarinia, and Apator
this, all descendents of the middle Ordovi
cian fauna of the belt. The trilobite fauna in
the 'Sa-limestone belt in the Oslo region,
Norway, is in many respects similar to that
of the North Estonian belt, as is much of
the rest of the fauna, but it lacks the North
Estonian endemics.

The Balto-Scandian coral fauna in the
Upper Ordovician limestone facies has been
considered to belong to a separate Baitic
province (LELESI-lUS, 1970; European Prov
ince, KALJo et al., 1970) or form together
with the central Asiatic and Chinese faunas
the Eurasiatic province (KALJo & KLAA
MANN, 1973). It is interesting to note that
although the Ural Mountains show Balto
Scandian affinities in the trilobite and bra
chiopod faunas (VARGANOV et al., 1973), its

coral faunas are regarded as intermediate
between the Arctic (North America, north
eastern Siberia, Soviet Arctic) and the Si
berian (Siberian platform, southwestern Si
beria) provinces (LELESHUS, 1970) or they
are included in the Americo-Siberian prov
ince (KALJo et al., 1970). Also, the trilo
bite and brachiopod faunas of the Ural
Mountains include, in each Ordovician
epoch, some genera that are not known
in the East Baltic or Scandinavia, but oc
cur either in North America (Hypodi
cranotus) or the Siberian platform (Dolgeu
lorna, Angarella, Xenelasmella, Cyrtophyl
lum), or both.

In the southern and central Appalachians
the Scoto-Appalachian fauna disappeared
close to the end of the middle Ordovician
and all Upper Ordovician faunas from the
region are of the Midcontinent type; how
ever, an Upper Ordovician brachiopod fau
na resembling the Scoto-Appalachian fauna
occurs in some areas in the periphery of the
continent: east-central Alaska, Klamath
Mountains in northern California, and
Perce district in Quebec. ROZMAN (1968,
1970) suggested that the Alaskan and north
east Siberian Upper Ordovician brachiopod
faunas belong to a separate Kolyma-Alaskan
biogeographic belt but the evidence is in
conclusive. All these peripheral North
American Upper Ordovician brachiopod
faunas have close affinities with the Hiberno
Salairian fauna.

The Late Ordovician trilobite fauna
of Bukantau (ABDuLLAEv, 1972), central
Tien Shan (ABDuLLAEv in ABDULLAEV &
KHALETSKAYA, 1970), parts of Kazakhstan
(ApOLLONOV, 1974), and southwestern China
(Szechuan-Kueichou border; SHENG, 1964)
show affinities with the Mediterranean fau
na. Several taxa have a "trans-Eurasian"
distribution (cyclopygids, N ankinolithus).
A characteristic early and middle Ashgillian
element in Kazakhstan, Uzbekistan, and
southwestern China is the family Hamma
tocnemidae (Fig. 11), endemic in some of
the regions also in the late middle Ordovi
cian. It reached central Poland in the middle
Ashgillian (KIELAN, 1959), but has not been
found in the rest of Europe. From Australia
and South America no contemporaneous
shelly fauna is known.

In parts of Kazakhstan and Uzbekistan
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FIG. 12. Distribution of the trilobites Dalmanitina (Dalmanitina) and Dalmanitina (MtlC"onaspis) in the
Hirnantian (Jaanusson, n).

the fauna in middle Ashgillian limestones
shows some Hiberno-Salairian affinities
(e.g., Holotrachelus, Eospirigerina), but the
brachiopod fauna has not yet been described
in detail. The coral faunas seem to indicate
that Kazakhstan, Soviet Central Asia, and
parts of China formed during the Late Or
dovician either a separate province (the
central Asian Province; KALJO et al., 1970;
LELESHUS, 1970) or a part of the Euroasiatic
province (KALJO & KLAAMANN, 1973).

UPPERMOST UPPER
ORDOVICIAN (HIRNANTIAN)

The distribution of the so-called Dalman
itina-Hirnantia fauna in the uppermost Or
dovician has recently been the subject of
much discussion in connection with the
Ordovician glaciation. Distribution of the
fauna coincides largely with that of the
earlier mudstone fauna of Mediterranean
type, from Perce in Quebec over British Isles
to the Central Balto-Scandian confacies belt
in the north and over central Poland and
Bohemia to Morocco in the south (see Dal
manitina (Muc1'Onaspis); Fig. 12). The tri
lobite assemblage has been claimed to extend
eastward to Kazakhstan (ApOLLONOV, 1974),
southern China (SHENG, 1964), and Aus-

tralia (WHITTINGTON & HUGHES, 1972, fig.
12). The dominating elements in the Eu
ropean assemblage, however, are Dalman
itina (Mucronaspis) mucronata and Brong
niartella whereas in Kazakhstan and China
they are replaced by Dalmanitina (Dalman
itina) and Platycoryphe, and it is Dalmani
tina (Dalmanitina) that reached Australia
(CAMPBELL, 1973) and the Precordillera of
western Argentina (BALOIS & BLASCO, 1975).
The Hirnantia assemblage of brachiopods
is characterized by Hirnantia sagittifera,
Kinnella, Eost1'Opheodonta, PlectothYl'ella,
and some other genera. Evidence of this
fauna east of Europe, or possibly Kazakh
stan, is at present tenuous. The ap
pearance of the Dalmanitina-Hirnantia as
semblage does not denote any major change
in the fauna because most genera and several
species are known in earlier beds (LESPER
ANCE, 1974) with the Mediterranean fauna.
In many areas the taxonomic diversity of
trilobites decreased considerably (LESPER
ANCE, 1974).

In limestone facies with a Hiberno-Salair
ian and related fauna, beds equivalent to the
Hirnantian, such as the upper part of the
Boda carbonate mounds in Sweden and the
5b-calcareous sandstone of the Oslo region,
Norway, do not differ faunally very much
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from the underlying beds and have almost
nothing in common with the Dalmanitina
Hirnantia assemblage. New elements in
clude large pentameracean brachiopods
(Holorhynehus, Proeonehidium). Upper
most Ordovician beds characterized by these
pentamerids have a wide distribution, from
the eugeosynclinal Caledonian deposits in
Viisterbotten, northern Sweden, and western
and parts of the central Balto-Scandian belts
over Ural Mountains to southern Tien Shan
(NIKIFOROVA & SAPELNIKOV, 1973) and
Kazakhstan. In Kazakhstan the uppermost
Upper Ordovician limestone facies have
yielded at least seven different pentamer
acean genera (SAPELNIKOV & RUKAVISH
NIKOVA, 1975), but it is not always clear
whether they all have come from beds
equivalent to the Hirnantian. A com
parable uppermost Ordovician limestone
with large pentameraceans (Eoeonehidium)
is known also from northeastern Siberia.
Many of the uppermost Ordovician lime
stone beds with pentameraceans are poor
in trilobites but have in places a rich coral
fauna.

Differences between the fauna of the
North Estonian belt, equivalent to the Hir
nantian (Porkuni Stage), and the other fau
nas are the same as in underlying beds.
Endemic relicts still occur (Chasmops, Cono
liehas, Ilmarinia, Vellamo), and the fauna
has no Mediterranean elements.

The Edgewood Limestone and its equiv
alents in southwestern Illinois, eastern Mis
souri, and southern Oklahoma contain a
varied brachiopod fauna showing some af
finities to the Hirnantia fauna (AMSDEN,

1974). The Ordovician age of this fauna
has been in doubt, but in Illinois these beds
have yielded also an asaphid trilobite (SAV
AGE, 1917; most probably Anataphrus), and
other indications suggesting a Hirnantian
age. The fauna includes Eospirigerina,
Cryptothyrella, Dieoelosia, and a penta
meracean, all belonging to subfamilies or
families not known in the Upper Ordovician
Midcontinent fauna of North America, but
in part widely distributed in earlier beds
with the Hiberno-Salairian and related fau
nas. Associated forms include Hirnantia
and Dalmanitina (Mueronaspis) known in
earlier beds of the Mediterranean region.
The Ellis Bay Formation of Anticosti
(roughly of Hirnantian age) still has a
strong Midcontinent component (e.g., "Bra
ehyaspis," Remipyga, Vellamo, Dinorthis) ,
but mingled with genera having a wide dis
tribution in Hiberno-Salairian and related
faunas (Eospirigerina, meristellids), or of
unknown origin (Protatrypa).

No contemporaneous fauna is known
from the Siberian platform where upper
most Ordovician deposits may be missing.
Thus, it seems that the North American
Midcontinent and Tungusian faunas virtu
ally ceased to exist as biogeographic units
before the end of the Ordovician, although
some of their elements (such as Anataphrus
and Strophomena in the Edgewood fauna)
still lingered as relicts into the Hirnantian.
The biogeographic situation of Anticosti
during the Hirnantian may be comparable
to that of the North Estonian belt in Balto
Scandia: a marginal platform area with
numerous relicts.

PLANKTONIC GRAPTOLITES

Rich and varied planktonic graptolite
faunas are confined to dark shale, and these
sediments have a sporadic distribution.
Thus, our main knowledge of graptolite
faunas is restricted to limited geographical
regions, mostly outside cratonic platforms.

As in the shelly faunas, the degree of
biogeographic differentiation varies with
time. In the Tremadocian and lowermost
Arenigian, provincialism is relatively weak
although not yet well understood. The dif
ferentiation is greatest in the middle and
upper Arenigian and Llanvirnian. From the

Nemagraptus gracilis Zone (as defined in
Scania) to the top of the Ordovician the
graptolite faunas are almost cosmopolitan
and, although provincial trends do occur
(RIVA, 1969), they are almost exclusively at
the species level and at present difficult to
define.

Biogeography of the Ordovician grapto
lites has recently been treated in several
papers (BULMAN, 1964, 1971; SKEVINGTON,
1969, 1973, 1974; BouCEK, 1972; Mu, 1974).
Generally two Arenigian and Llanvirnian
provinces are distinguished.
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FIG. 13. Distribution of some graptoloids in the L1anvirnian and its equivalents. Paraglossograptus and
Cardiograptus characterize the Pacific fauna and the main distribution of pendent species of Didymograptus
is in the Atlantic fauna. [Dashed lines indicate probable boundaries between main lithospheric plates
(according to several writers the number of separate Ordovician cratonic lithospheric plates is far
greater but in these cases the position of plate boundaries is uncertain). Lines marked with E indicate
the approximate positions of the Ordovician equators for North America, South America, Siberia, and
Australia, based on paleomagnetic data (SMITH et al., 1973). Probable Ordovician position of the South

("Gondwana") Pole indicated by a circle (Jaanusson, n).]

The fauna of the Pacific province is devel
oped in southeastern Australia (Victoria and
New South Wales), New Zealand, Texas
(Marathon region), Cordilleran North
America (from Nevada to Yukon), the
Canadian Arctic Archipelago, Appalachians
(Georgia, New York, Quebec, Newfound
land), western Ireland (Galway and Mayo),
northern Taymyr Peninsula, Bennett Island,
northeastern Siberia, northwestern (Chilian
shan, Ordos) and north-central China
(Honan), Kirgizistan, and Kazakhstan
(Chu-Ili Mountains).

The graptolite fauna of the Atlantic (or
European; BULMAN, 1971) province occurs
in Scandinavia (e.g., Scania, Oslo region in
Norway, Vastergotland and Jamtland in
Sweden), subsurface eastern Latvia and
eastern Moscow basin, Wales, England
(Lake district and subsurface London plat
form), southern and eastern Ireland, in
limited areas on continental Europe (e.g.,
Belgium, central Poland, Bohemia), and
northern Africa.

The distribution of graptolite faunas in
South America is particularly interesting.
The Llanvirnian fauna in Peru and Bolivia
is decidedly Atlantic whereas farther south
ward, in the Precordillera of western Argen
tina, the affinities of the fauna (CUERDA,
1973) are Pacific. The situation is some
what similar also in China with the Pacific
fauna in northern China but an Atlantic
fauna in southwestern China (Mu, 1974;
Szechuan, northern Kueichou, Yunnan). In
southeastern China (Anhui, Chekian) the
fauna is preponderantly Pacific (Mu, 1974)
but mingled with Atlantic elements.

The middle and late Arenigian Pacific
fauna is characterized by Goniograptus,
Sigmagraptus, Skiagraptus, A piograptus ,
Oncograptus, and Cardiograptus. A profu
sion of various forms of lsograptus is char
acteristic for the upper part of the sequence.
The Atlantic fauna differs by lack of Pacific
elements rather than by endemics, and by
the order of appearance and disappearance
of various taxa in relation to other taxa.
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Azygograptus and some multiramous dicho
graptids may be endemic.

The Llanvirnian Pacific fauna contains a
number of genera restricted to the province,
such as Paraglossograptus (Fig. 13), Pseudo
bryograptus, Cardiograptus (Fig. 13), and
Brachiograptus. The Llanvirnian Atlantic
fauna is distinguished by the abundance of
pendent Didymograptus (Fig. 13) that is
rare or missing in the contemporaneous
Pacific fauna.

The Balto-Scandian Arenigian and Llan
virnian graptolite assemblages are not quite
like those of Wales and northern England.
BERRY (1960) suggested that Scandinavia be
longed to a separate faunal region, but differ
ences are mostly in quantitative composition
of the assemblages and may characterize one
of several subprovinces that at present are

difficult to define; however, during the time
corresponding to the zone of Glyptograptus
teretiusculus in Scania, provincial features
increased in importance in Balto-Scandia
and a separate province may have come into
existence. The fauna is characterized by
Gymnograptus associated with a complex of
species not known outside Balto-Scandia.
Gymnograptus has been found also in cen
tral China (Szechuan-Kueichou border) in
a contemporaneous assemblage poor in
species. The correlation of this Balto-Scan
dian fauna with those of the other areas is
otherwise notoriously difficult. It is prob
able that contemporaneous beds elsewhere
form the lower part of the undifferentiated
zone of Nemagraptus gracilis (JAANUSSON,
1960).

CONODONT FAUNAS

Our knowledge of conodont faunas comes
almost exclusively from carbonate rocks.
As a consequence, little information on con
odonts is available from wide areas without
carbonate deposits (in the Ordovician, for
example, from much of the region with a
Mediterranean shelly fauna). Information
on the distribution of Ordovician conodonts
is also incomplete because in many areas
with suitable rocks systematic work on
conodonts has barely started (e.g., south
western Siberia, Kazakhstan, eastern Asia,
Ural Mountains) .

Available evidence on the biogeography
of Ordovician condonts has been summar
ized by BERGSTROM (1971, 1973), SWEET et
al. (1971), BARNES et al. (1973), SWEET &
BERGSTROM (1974), and BARNES & FAHRAEUS
(1975). The lower Tremadocian conodont
fauna has a low taxonomic diversity and
seems to have an almost cosmopolitan dis
tribution. A well-defined biogeographic dif
ferentiation begins with the Arenigian and
can be followed throughout the middle and
Upper Ordovician. In most papers two
provinces or faunas have been distinguished.

The North American Midcontinent prov
ince (SWEET et al., 1959) is developed in
North American cratonic and inner mio
geosynclinal areas from Chihuahua in Mex
ico in the south to Ellesmereland on the
north and from inner miogeosynclinal belts

of the Appalachians in the east to eastern
Nevada in the west. Faunas of the same
type are known from northern Scotland
(Durness Limestone), eugeosynclinal se
quence of Norway (HS'llonda Limestone in
the Trondheim region, BERGSTROM, 1971),
Korea, Siberian platform, and northeastern
Siberia. In the latest middle Ordovician the
fauna temporarily invaded parts of Balto
Scandia (BERGSTROM, 1971; SWEET & BERG
STROM, 1974).

Conodont faunas of the North Atlantic
province (BERGSTROM, 1971; Anglo-Scandi
navian-Appalachian Province, SWEET et al.,
1959; European Province, BERGSTROM &
SWEET, 1966) have been reported from
Balto-Scandia, British Isles, and scattered
areas in continental Europe. In North
America this type of fauna has an amphi
cratonic distribution, occurring along the
Appalachians as well as the Cordillera.
In the Lower Ordovician of the Appala
chians the North Atlantic conodonts are
known only in limited eastern areas with
"exotic" rocks (Newfoundland, Pennsylva
nia; BERGSTROM et al., 1973). In the middle
Ordovician the North Atlantic fauna spread
westward to the Helena-Saltville thrust of
the southern Appalachians (BERGSTROM,
1971) and into corresponding belts farther
to the north as far as Newfoundland. The
fauna is also known from Texas (Marathon
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region) and in the Cordillera from Nevada
to Yukon and Alaska. A Lower Ordovician
conodont fauna with North Atlantic affin
ities has been described from Precordilleran
Argentina (SERPAGLI, 1974).

In Australia, collections from New South
Wales and Queensland show North Ameri
can Midcontinent affinities (SWEET & BERG
STROM, 1974), whereas Lower Ordovician
conodonts from the Canning basin (McTAv
ISH, 1973) are mostly related to those from
the North Atlantic province. Undescribed
collections from the middle Ordovician of
central Australia and Tasmania are charac
terized by species largely unknown in either
the Midcontinent or North Atlantic prov
inces, which led BERGSTROM (1971) to postu
late that a separate Australian province may
be recognizable.

In the Early Ordovician simple-cone spe-

cies apparently dominate Midcontinent fau
nas to the virtual exclusion of other types,
whereas in the North Atlantic province taxa
with ramiform-element apparatuses form an
important component in the conodont fau
nas. Middle and Upper Ordovician faunas
of Midcontinent type are composed largely
of "fibrous" conodonts and "nonfibrous"
ramiform-element genera (e.g., Phragm0

dus, Plectodina). Genera with platform-type
skeletal elements are rare. North Atlantic
fauna mostly lacks the ramiform-element
"fibrous" conodonts and includes a far great
er variety of taxa with platform-type skeletal
elements (e.g., Eoplacognathus, Pygodus).

The well-defined provinciality of the
conodont faunas ended with the Ordovician,
and the succeeding Silurian fauna is de
scribed as cosmopolitan.

BIOGEOGRAPHIC EVALUATION OF FAUNAL DIFFERENTIATION

North America has one of the simplest
geological structures of all continental litho
spheric plates and provides valuable clues
for interpretation of faunal differentiation.
The amphicratonic distribution of the shelly
faunas of the Scoto-Appalachian and Hiber
no-Salairian types (peripheral faunas) rel
ative to the Midcontinent fauna is analogous
to the apparently concentric arrangement of
Middle and Late Cambrian biofacies realms
(for summaries, see PALMER, 1969, 1972,
1973, 1974; COOK & TAYLOR, 1975) and is
probably controlled by the same main fac
tors. The same spatial distribution shows
also the North Atlantic conodont fauna rel
ative to the North American Midcontinent
fauna. The Midcontinent faunas inhabited
a wide carbonate platform in the continental
interior, whereas the peripheral faunas
occupied the outer, oceanward margin of
the carbonate platform and extended in
places in what has been termed the eugeo
synclinal zone (Magog belt, etc.). An outer
Ordovician biofacies realm, corresponding
to that occupying much of the Cambrian
"outer detrital belt," is characterized by
planktonic graptolite fauna that has no
exact counterpart in the Cambrian.

The similarity to the concentric arrange
ment of Cambrian biofacies realms was
greatest during the Early Ordovician. The

extensive Ordovician carbonate deposits of
the continental interior and much of the
Appalachians reflect shallow-water condi
tions over wide areas and the fauna that
inhabited the region includes numerous en
demic supraspecific taxa. The peripheral
shelly fauna is best preserved in the west
(Ross, 1975). In the middle and Late Or
dovician the conditions were somewhat dif
ferent. The depositional environment of
the Midcontinent region was more varied
and not so markedly associated with shallow
water as during the Late Cambrian and
Early Ordovician. The Midcontinent shelly
fauna is far less specialized than in earlier
epochs and differs from the faunas of the
Scoto-Appalachian and Hiberno-Salairian
type by lack of taxa widely distributed in
the peripheral faunas rather than by endemic
elements.

The bulk of evidence indicates that the
difference between the peripheral and Mid
continent shelly faunas was primarily due to
ecological factors; however, those environ
mental factors that caused the differentiation
are not always clear. With respect to the
Cambrian peripheral faunas it has been
stressed that they are found in former shelf
margin to open-sea areas with "unrestricted
access to open ocean conditions" (PALMER,
1973) where widespread to cosmopolitan
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forms either lived or were transported.
According to WHITTINGTON and HUGHES
(1972), comparable Ordovician faunas have
occupied shelf slopes, which probably im
plies that they lived in deeper water th:m
contemporaneous faunas on the continental
platform; however, water depth was not
always the main ecological factor that con
trolled the distribution of Ordovician pe
ripheral shelly faunas because in places these
faunas are associated with sediment indicat
ing shallow-water environment or at least
deposition within the photic zone. Also, in
parts of the Girvan district, Scotland, the
Scoto-Appalachian fauna is associated with
sediment of very shallow water (WILLIAMS,
1962). The difference in water temperature
between open ocean and relatively shallow
water upon a platform may constitute a
possibly important ecologic factor. On sev
eral platform areas, such as the North Amer
ican continental interior, Canadian Arctic
Archipelago, northwestern Greenland, Sev
ernaya Zemlya, Siberian platform, and
northern China (Shensi), presence of Or
dovician evaporites indicates that in some
areas evaporation was temporarily greater
than precipitation. This, in turn, indicates
that water salinity on the platforms was
higher than in the oceans, at least tempor
arily (Ross, 1976). This may have influ
enced faunal differentiation.

In North America, distribution of the
North Atlantic conodont fauna follows
closely that of the peripheral shelly faunas,
indicating that the same factors may have
controlled both faunal differentiations.
SWEET and BERGSTROM (1974) and SERPAGLI
(1974) suggested that distribution of the
conodont faunas was controlled by water
temperature, the North Atlantic fauna form
ing a warm-temperate fauna on both sides
of a continental platform inhabited by a
tropical-subtropical fauna. According to
these authors, most, if not all, conodonts
were planktonic or nektonic. BARNES et al.,
(1973) and BARNES and FAHRAEUS (1975)
suggested that the majority of Ordovician
conodonts were benthonic or nektobenthon
ic. The Midcontinent province was largely
restricted to equatorial regions characterized
by raised salinity and temperature, whereas
the North Atlantic faunas represented a
normal marine, virtually cosmopolitan prov
ince (BARNES & FAHRAEUS, 1975).

If the peripheral Ordovician faunas of
North America were ecologically controlled,
it follows that a similar ecological control
has affected faunas of the same type else
where in the world, complicating the bio
geographical evaluation of the distributional
data in the same way as some Cambrian
faunas do. A further complication arises
from ecologic zonation (in paleontological
literature often inappropriately termed "com
munities") within a region. Examples are
described from shelly faunas (for trilobites,
see WEBBY, 1974; FORTEY, 1975; ApOLLONOV,
1975) and conodont faunas (SEDDON &
SWEET, 1971; BARNES et at., 1973; BARNES &
FAHRAEUS, 1975), and there exists clear evi
dence for a roughly similar zonation in
graptolite faunas. Much of the ecological
differentiation in shelly faunas is usually
attributed to depth zonation, but it is often
not clear whether the main ecological factor
responsible for differentiation was depth or
physical properties of the substrate, or an
intricate combination of both these and
possibly some additional factors. In the
Upper Ordovician of northern Europe the
distribution of various shelly faunas tends to
be patchy (Fig. 10). In the Siljan district,
Sweden, for example, carbonate mounds
with a rich Hiberno-Salairian fauna form
patches surrounded by contemporaneous
mudstones and calcareous mudstones with a
completely different fauna of the same Med
iterranean type as further southward (d.
distribution of Phillipsinella, Fig. 10). A
similar patchy distribution of Upper Ordo
vician limestone facies and associated fauna
seems to prevail in Ireland and parts of
northern England, although there the lime
stones have not yet proved to represent stro
matactis carbonate mounds and some min
gling of the faunas took place. In these
cases the main ecological factor controlling
faunal distribution may be physical proper
ties of the substrate (whereby major ecolog
ically important differences in the sub
strate do not necessarily follow the petro
graphic classification of rocks). Faunas of
the Mediterranean type are commonly as
sociated with terrigenous sediments, mostly
former mud bottoms, and the type of sub
strate may have controlled the distribution
of many elements in these faunas.

Much further work on Ordovician faunas
is needed in order to understand what is
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ecologically and what is distributionally con
trolled. For this reason the neutral term
"fauna" or "type of fauna" is used in this
paper rather than formal categories, such as
"faunal region" or "province," applied in
biogeographic classification.

Evidence accumulated during the last 10
years demonstrates that the present position
of cratonic lithospheric plates has very little
relationship to geographies in the past. Al
though reconstructions of the geography
back to the Permian have been shown to be
possible by reversing the data of sea-floor
spreading, reconstructions of the conditions
before Pangaea are difficult and no satis
factory model has been presented. For the
Ordovician reliable paleomagnetic data are
still too few for presenting a coherent pic
ture of latitudinal positions of various litho
spheric plates (for a recent discussion, see
BRIDEN et ai., 1973). During the last few
years much attention has been focused on
biogeographic data as a tool for determining
the longitudinal geographic position of the
cratonic lithospheric plates during Ordo
vician time (WHITTINGTON & HUGHES, 1972,
1973,1975; BURRETT, 1973; WILLIAMS, 1973;
Ross, 1975). The reconstructions are based
on the assumption that oceans were the
major barriers to migrations of shallow
water faunas and that the degree of faunal
resemblance is proportional to the width
of the ocean. The classical examples from
t?e Ordovician faunas pertaining to con
tmental drift in the northern Atlantic region
have been referred to in appropriate places
of the text. In other parts of the world
interpretation of available data on faunal
similarities or dissimilarities is difficult at
present. Oceanic barriers are not the only
cause of dissimilarity between faunas. For
example, in shelf areas where major cold
and warm oceanic currents meet, the effect
on faunas may be of comparable magnitude.

In modern seas the primary factor regu
lating the distribution of faunal provinces is
temperature. Within a temperature zone,
further biogeographic differentiation is due
to the lack or restriction of communications
between seas, in modern time as well as in
the immediate past. According to paleo
magnetic data, the Ordovician north ("Pa
cific") pole was situated somewhere in the
present southwestern Pacific ocean, far away

from any continental plates. This implies
that no northern ice cap existed because
water in the polar region had free exchange
with the water of a vast ocean. This, in
turn, suggests that climatic zones of the
Ordovician northern hemisphere were prob
ably poorly defined. The Ordovician south
("Gondwana") pole on the other hand, was
very likely situated on a continent, more
exactly somewhere in northwestern Africa
(SMITH et ai., 1973). An ice cap was prob
ably present, and the reported widespread
occurrence of the middle and Late Ordo
vician glaciation phenomena in northwestern
Africa (BEUF et ai., 1971) may have been in
part associated with this ice cap. Glacial
deposits (Pakhuis Tillite) that may be
roughly contemporaneous have been re
ported from western South Africa. The Or
dovician southern hemisphere presumably
had well-defined climate zones. BURRETT
(1973) suggested that climate was not the
major control of faunal distribution in the
Ordovician, chiefly because most plates do
not appear to show any obvious latitudinal
zonation. Several regions in the Ordovician
southern hemisphere (Balto-Scandia, Eng
land, China) do show some spatial faunal
zonation, although it is not easy to prove
that the cause was climatic.

Paleomagnetic data indicate that the Or
dovician equator passed across North Amer
ica and the Siberian platform (Fig. 13).
Thus, the shelly faunas of North American
Midcontinent-Tungusian type inhabited
warm to tropical seas. According to paleo
magnetic evidence, Australia was situated
just north of the Ordovician equator in the
range of warm to tropical temperatures. No
paleomagnetic data are available from east
Asia.

In northern Africa fauna of the Mediter
ranean type occurs close to the probable Or
dovician south ("Gondwana") pole and in
part within the region of Ordovician glacia
tion. A brachiopod assemblage, probably of
latest Ordovician age and comparable to
the Hirnantia fauna, has been recorded also
from western Cape Province in South Africa
(COCKS et ai., 1970) above the Pakhuis Til
lite. Upper Ordovician glacigene deposits
have been recorded as far to the north as
Normandy, and even from Scotland (for a
general review, see HARLAND, 1972b). This
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indicates that the Mediterranean fauna lived
mainly in cold water (SPJELDNAES, 1961;
HAVLICEK, 1974; Ross, 1975).

Distribution of the Pacific graptolite fauna
is associated with lithospheric plates, which,
according to paleomagnetic or other evi
dence, were situated in the region of warm
to tropical climate (e.g., North America,
Siberia, Australia-New Zealand). Thus,
this fauna probably represents a warm
water planktonic fauna (SKEVINGTON, 1974).
Graptolites in areas with the Mediterranean
shelly fauna belong to the Atlantic province
that obviously extended into cold water.

SKEVINGTON (1974) suggested that the
cosmopolitan distribution of Ordovician
graptoloids from the Nemagraptus gracilis
Zone onward is due to disappearance of
graptolites from regions with cold water
(northern Africa, southern Europe) so that
from then on all Ordovician graptoloid fau
nas, with rare exceptions, were confined to
the tropical zone. Based on current models
of Ordovician geography, this conclusion is
possible only if the boundary between the
South and North European lithospheric
plates is drawn along the Alpine chain (as
done by SKEVINGTON, following SMITH et al.,
1973), and Bohemia is included in the
North European plate. Evidence from shelly
faunas does not support this plate boundary.
The rarity of middle and Late Ordovician
graptolites in northern Africa and southern
Europe is more likely due to the lack of
suitable sediments for preservation.

Distribution of graptolite faunas in South
America suggests the presence of latitudinal
faunal zonation. In all recent reconstruc
tions of Ordovician geography, this conti
nent forms part of Gondwanaland and is

oriented with Patagonia toward the equator
so that the Precordillera of Argentina with
a Pacific fauna reaches low latitudes. Peru
and Bolivia with an Atlantic fauna are situ
ated at temperate latitudes. Thus, the
faunas with Pacific affinities may have in
habited warm water and the Atlantic fauna
a temperate water. A similar suggestion
with respect to climate was put forth by
SERPAGLI (1973, 1974), who showed that the
Lower Ordovician limestones of the Pre
cordillera are in part bahamitic, indicating
deposition in warm water. The middle Or
dovician marine glacigene deposits in north
ernmost Argentina and Bolivia may be an
indicator of temporary cool water in areas
with an Atlantic graptolite fauna.

The position of the Russian platform and
Scandinavia close to the equator in almost
all recent reconstructions of Ordovician
geography does not fit into this model at
all. The Balto-Scandian region has an At
lantic graptolite fauna and its shelly fauna
differs from that of other presumed warm
water faunas. Based on faunal (TROEDSSON,
1928; SPJELDNAES, 1961; SKEVINGTON, 1974)
and lithological (LINDSTROM, 1972; JAANUS
SON, 1973b) evidence, it has been suggested
that the Balto-Scandian region was during
at least most of Ordovician time within the
temperate or unspecified cold-climate zone.
If this was the case, the zone possibly em
braced also southwestern China (and the
Tarim platform?). Northern China, with
a Pacific graptolite fauna, evaporites, exten
sive carbonate sequence, and shelly faunas
showing some North American affinities,
probably was within the zone of warm to
tropical water.

BIOGEOGRAPHIC CHANGES LEADING TO THE
COSMOPOLITAN SILURIAN FAUNA

The Ordovician biogeographic differentia
tion was greatest during the Arenigian
Llanvirnian and their equivalents. During
the middle and Late Ordovician the pro
vinciality decreased successively in the shelly
faunas (WHITTINGTON, 1966; WHITTINGTON
& HUGHES, 1972) ultimately followed by a
cosmopolitan fauna in the Early Silurian. In
this process of successively decreasing pro
vinciality the greatest single step was at the
boundary between the Ordovician and Silu-

rian (at the top of the Hirnantian).
Diversity of the Ordovician trilobite fauna

of Mediterranean type decreased at about
the base of the Hirnantian by extinction of
many taxa (Cyclopygidae, Dionidae, Re
mopleurididae, Hammatocnemidae, Dindy
meninae, Ectillaeninae, and others). A fur
ther wave of extinction at the top of the
Hirnantian (Trinucleidae, Agnostida, Phil
lipsinellidae) virtually eliminated the Medi
terranean fauna. In the region with the
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Ordovician Mediterranean fauna the Lower
Silurian deposits consist almost exclusively
of graptolitic shale that is practically devoid
of shelly fossils. This makes one wonder
whether or not elimination of habitats was
a contributing factor in the extinction of the
Mediterranean shelly fauna. In areas with
Ordovician cold-water fauna no Llandover
ian shelly fauna is known (except the
Clarkeia fauna, the appearance of which is
difficult to date, COCKS, 1972; COCKS &
McKERROW, 1973). The rarity of preserved
remains of a cold-water benthic fauna un
doubtedly exaggerates the cosmopolitan na
ture of the known Early Silurian shelly
fauna.

The North American Midcontinent-Tung
usian faunas began to lose their biogeo
graphic identity before the Hirnantian. In
the equivalents to the Hirnantian the im
portance of some of its distinctive elements
(e.g., Anataphrus, "Brachyaspis") seems to
have been reduced to the status of relicts.
Large areas of epicontinental seas previously
occupied by these faunas emerged and this
may have contributed to extinction by elim
ination of habitats.

Extinction during the middle and late
Ashgillian and their equivalents affected all
groups of organisms and all faunas. Of
some 38 trilobite families known in the
Ashgillian, only 14 continued into the Si
lurian (and only one added). Of about 70
Upper Ordovician genera of tabulate and
heliolitid corals about 50 became extinct be
fore the Silurian (KALJO & KLAAMANN,
1973). Extinction affected also brachiopods
(Clitambonitacea and Porambonitacea, as
well as many families), cephalopods (En
doceratoidea, with the possible exception of
the enigmatic H umeoceras), stromatopor
oids (Aulaceridae) and other groups. Thus,
the physical event or combination of events
that triggered the extinction had a profound
effect. The change to the cosmopolitan
Silurian shelly fauna was associated with a
considerable loss of overall taxonomic diver
sity.

The Hirnantian and Llandoverian tri
lobite faunas have a low taxonomic diversity
and the center of origin of the Silurian
fauna is not obvious. The Silurian brachi
opod fauna is largely based on the peripheral

Ordovician faunas of Hiberno-Salairian type
(see p. A157) where many of the taxa that
became worldwide in the Silurian have a
wide distribution (e.g., Atrypidae, Dicoe
losiidae, Pentameracea, Meristellidae, Doler
orthis). During the Hirnantian elements of
this fauna invaded parts of the North Amer
ican Midcontinent and Anticosti. The re
lation of these peripheral faunas to temper
ature or ecologic zonation is not clear.
Balto-Scandia and possibly also the Kazakh
stan-Tien Shan region may have occupied
the temperate climatic zone. If this was
the case, the cosmopolitan spread of many
of its elements during the Silurian might
indicate that the Silurian climate became
more uniformly temperate. On the other
hand, the Silurian conodont fauna developed
mainly from the presumably tropical-sub
tropical North American Midcontinent fau
na (SWEET & BERGSTROM, 1974).

It has been suggested that the major event
causing the faunal change from Ordovician
to Silurian was the Late Ordovician glaci
ation (SHEEHAN, 1973; BERRY & BOUCOT,
1973). It may have affected the faunas in
two ways. Firstly, accumulation of precipi
tation in glaciers caused eustatic lowering
of sea level and widespread regression of
shelf seas resulting in elimination of habitats
of shallow marine faunas. Secondly, the
glaciation caused cooling of the oceans and
extinction of stenothermal organisms; how
ever, Pleistocene glaciations have not pro
duced effects of a comparable magnitude on
marine faunas, indicating that at the tran
sition from Ordovician to Silurian other
factors were involved. Another explanation
of the change to a cosmopolitan fauna is
that because of continental drift oceans be
tween cratonic lithospheric plates decreased
in width so much that they did not act any
more as distributional barriers (WHITTING
TON & HUGHES, 1972); however, in this case
biogeographic changes are expected to have
been more gradual than they appear to have
been and also not so contemporaneously
worldwide. It is probable that the faunal
changes from Ordovician to Silurian were
caused by a combined effect of several fac
tors whereby the relative importance of
individual factors is at present difficult to
determine.
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GENERAL TRENDS

During Silurian time, a period with a
duration of about 30 million years (Bou
COT, 1975), the stratigraphic, paleontologic,
and paleogeographic entities developed dur
ing the Cambrian-Ordovician were further
extended without major changes. The rela
tive time duration of the following major
subdivisions of the Silurian have been esti
mated from considerations of "average"
evolutionary rates: early and middle Llan
doverian 0.9, late Llandoverian 1.0, Wen
lockian 0.9, Ludlovian 1.0, and Pridolian 0.5
(BOUCOT, 1975).

The Silurian was a time of little or no
orogeny, except for the later phases of Ta
conic age orogenies that may have persisted
in some areas from the Late Ordovician
into the Early Silurian; however, on a
worldwide basis the areas affected by
Taconic orogeny appear to be very re
stricted.

Major regression accompanying the con
tinental glaciation affecting much of Africa
and South America during the Ashgillian
and possibly parts of the earlier Llandover
ian occurred in the earlier part of the
Silurian. Major transgression on a world
wide scale occurred later in the period
(see BOUCOT, 1975, and references therein
for details); however, regression occurred in
areas subject to isostatic rebound, particu
larly in Africa.

Volcanism of Silurian age was very
limited in distribution, only portions of a
few geosynclines exhibiting any significant
developments.

The climate of the Silurian is poorly
known; however, available evidence (see
BOUCOT, 1975, for summary) indicates that
the North Silurian realm (North America,
Europe except for part of the Mediter
ranean region, Asia, Australia, and north
ern and westermost South America) was the
site of a "warm" climate contrasting mark
edly with a "cold" climate present in the
Malvinokaffric realm (Africa, Mediterra
nean Europe, southern two-thirds of South
America).

Reefs composed of calcareous algae, stro
matoporoids, tabulate corals, and other taxa
were prominent in the later Silurian, but
virtually absent during the Llandoverian
and early Wenlockian (the bulk of the Or-

dovician reef biota disappeared during the
Ashgillian extinction event that coincided
with major continental regression and glaci
ation in parts of Africa and South America).
The Late Silurian reefs reached a maximum
during the late Wenlockian-Ludlovian and
then appear to have declined in importance
during the Pridolian. Limestone and sec
ondary dolomite are abundant in the North
Silurian realm, but are essentially absent in
the Malvinokaffric realm.

Marine evaporites are unknown in the
Lower Silurian, possibly as a result of
a pluvial regime in the North Silurian
realm that corresponded with a glacial or
very cold regime in the Malvinokaffric
realm, followed by the deposition of wide
spread evaporites on the North American,
Siberian, Australian platforms, and pos
sibly on the Russian platform during the
Late Silurian.

Red beds, including material probably
weathered out of warm, humid land areas,
are characteristic of the North Silurian
realm but absent in the Malvinokaffric
realm.

Taxonomic diversity in level-bottom
communities is very low in the Malvinokaf
fric realm as contrasted with the North
Silurian realm. Overall taxonomic diversity
is far higher at species through superfamily
levels in the North Silurian realm as com
pared with the Malvinokaffric realm, al
though the Late Silurian presence of reef
communities in the North Silurian realm
serves to exaggerate this effect (BOUCOT,
1975) .

Biogeography of the marine shelf and
platform biota of the Silurian is character
ized by a southern Malvinokaffric realm
and a northern North Silurian realm (Fig.
1). The North Silurian realm during the
Late Silurian may be divided into the
North Atlantic, Uralian-Cordilleran, and
Mongolo-Okhotsk regions, followed by the
appearance during the Pridolian of faunas
presaging those of the Devonian in the
Eastern Americas realm and Rhenish-Bo
hemian region of the Old World realm
(see BOUCOT, 1975, for extensive treat
ment).

The initial Silurian faunas of the lower
Llandoverian are essentially relict continu-
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A170 Introduction-Biogeography and Biostratigraphy

ations of the Ashgillian Old World realm
faunas (those of the North American
realm became extinct by the end of the
Ashgillian). Near the beginning of the
late Llandoverian new taxa, some at the
superfamily level, migrated from south
eastern Kazakhstan and replaced many pre
existing Ordovician types (BOUCOT, 1975).
A marked enrichment of the Silurian ma
rine fauna during the later Wenlockian
was coincident with rapid spread and di
versification of reef biotas. At the end of
the Ludlovian, marked extinction coincided
with the diminution of the reef environ
ment.

The fossil record provides no positive
evidence for the existence of either plants
or animals on the land or in freshwater
during the Silurian, despite an abundance
of such evidence for the earliest Devonian.
Cutinized trilete spores, spore tetrads, cu
ticle-like and tracheid-like microfossils are
abundant in nearshore facies of the entire
Silurian (see work of GRAY cited in Bou
COT, 1975), but it is uncertain whether or
not these materials of land-plant types
represent plants deposited in the nearshore
region after transportation from the land,
or whether they represent materials of land
plant type that first developed in nearshore
marine and brackish regions.

Silurian graptolites, acritarchs, chitino
zoans, and possibly conodonts were depth
stratified (see BOUCOT, 1975, for discussion).
The benthos of the shelves and platforms
was organized into a large number of
communities belonging to level-bottom and
reef, as well as rocky bottom associations
(see BOUCOT, 1975, for an analysis of the
changing communities in the level-bottom
environment). In general, the intertidal
benthic communities have lower diversity
than do subtidal communities. Also, a gen
eral trend toward smaller shell size from
the intertidal to the shelf-margin region is

evident in the Silurian (see BOUCOT, 1975,
for discussion). The Silurian marine ben
thos is highly correlated with bottom-sedi
ment type; taxa of rough-water type com
monly occur with sand- and granule-size
materials, whereas taxa of quiet-water type
occur with clay- and silt-size sediment. The
photic zone biota differs significantly from
that of the subphotic (BOUCOT, 1975).

Much is known about marine filter feed
ers, suspension feeders, and deposit feeders
of the Silurian, but little is known about
the carnivores of higher trophic levels and
parasites.

We have no solid information about the
nature, or even existence, of oceanic benthos,
plankton, or nekton during the Silurian,
although good evidence is known for a
rich neritic planktonic fauna as well as
rich shelf-depth benthos. It is logical to
deduce that an oceanic fauna was present,
however, as there is no rational mechanism
for preventing nutrients from having been
distributed into the oceanic environment
nor for the development of a fauna capable
of utilizing those nutrients.

The Silurian benthic faunas are wide
spread over the vast continental platforms,
as are similar Cambrian and Ordovician
faunas, in contrast to those of the later
Phanerozoic during breakup of the vast
pre-Devonian platforms, which were in
herited from the worldwide peneplanation
of the late Precambrian.

Rates of evolution during the Silurian
are easily interpreted in terms of worldwide
size of interbreeding populations (see Bou
COT, 1975, for discussion). Extraterrestrial
or cataclysmic events are unnecessary to
explain the known facts of the fossil record.
Major extinction events were absent during
the Silurian, although the rate of terminal
extinction did fluctuate for one reason or
another, as did the rates of phyletic and
cladogenetic evolution.

CORRELATION AND BIOSTRATIGRAPHY

Worldwide correlation of Silurian marine
beds is presently based almost entirely on
brachiopods, graptolites, and conodonts
(Fig. 2). These are supplemented locally
by chitinozoans, tetracorals, tabulate corals,
stromatoporoids, and ostracodes. Little use

is currently made of acritarchs, foraminifers,
radiolarians, sponges, bryozoans, bivalves,
gastropods, nautiloids, trilobites, echino
derms, vertebrates, cutinized spores of land
plant type, as well as many additional
groups, although many of them have the
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FIG. 2. Zonal schemes for Silurian graptolites and conodonts (modified from Berry & Boucot, 1970, pI. 2).
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potential for making important contribu
tions.

Enough work has been done in the
Silurian to make it clear that the precision
of correlation is, of course, controlled by
rates of evolution. But, rates of evolution
vary from one biologic group to another.
Also, biologic groups are not evenly dis
tributed, either locally or worldwide. Thus,
we find that the correlation of certain
evolving community groups containing taxa
characterized by rapid phyletic evolution or
rapid cladogenetic evolution (controlled in
both cases by sizes of interbreeding popula
tions as the first order control) is excellent,
whereas that in slowly evolving groups is
correspondingly poor (BoucoT, 1975). For
example, worldwide correlation in the con
fines of the evolving Eocoelia community
(sensu BoucoT, 1975, not ZIEGLER, 1965)
is very precise as compared with the Pen
tamerus community (sensu BoucoT, 1975,
not ZIEGLER, 1965). In the same way cor
relation employing planktonic communities
is most precise for deeper water aggrega
tions, as they sum up the evolution of
everything from the surface down, as op
posed to shallow-water communities. In
other words, a separate correlation scheme
must be devised for each evolving commu
nity and also for each evolving biogeo
graphic unit that includes its own distinc
tive communities, with a firm understanding
that each of these entities will have its own
level of correlation precision; this is the
k.e~nel of ecostratigraphic correlation pre
CISIOn.

At the present time, biostratigraphic sub
division of the Silurian is based upon the
modified ELLES and WOOD graptolite zones
as used by BERRY for those regions yielding
graptolites in reasonable abundance (in
BERRY & BoucoT, 1970; BERRY & BoucoT,

eds., 1974; see also BULMAN, 1970). The
widespread Silurian shelly faunas com
monly lack grapto~ites in sufficient numbers
to make them useful for zonal purposes.
In shelly beds recourse at the present time
is had to brachiopods as discussed in BERRY
and BoucOT (1970). For the Llandoverian
and Wenlockian, the latter only in North
America above the lower Wertlockian, the
various stricklandiid lineages are employed
(see BERRY & BoucoT, 1970). The strick
landiids are supplemented in the upper
Llandoverian-lower Wenlockian by species
of Eocoelia. Brachiopods useful for the
bulk of the Upper Silurian are at present
used on a first or last appearance basis as
we currently do not have enough informa
tion about their evolution. Corals and
stromatoporoids are of some use for zonal
purposes, although the extensive potential
of tabulate corals, stromatoporoids and pel
matozoan columnals has not as yet been
taken advantage of outside the Soviet
Union. Conodonts have recently become of
great use in zoning the Silurian in the
shelly carbonate lithofacies. Other groups
of marine organisms, including the various
arthropods (except for the ostracodes that
are of considerable local value in a few
regions), and the molluscan classes, are
presently of little value for biostratigraphic
work within the Silurian, a situation that
undoubtedly reflects lack of work upon
them rather than any intrinsic biologic char
acteristic. Chitinozoa are presently begin
ning to be of value for interregional corre
lation. The bulk of bivalve taxa appears
to have been so environmentally restricted
to very shallow waters that it is doubtful if
they will ever loom very large for purposes
of zonation and correlation within the Si
lurian.

DISTRIBUTION OF SILURIAN STRATA

Beginning in 1960, W. B. N. BERRY and
I made an intensive effort to compile the
available data concerning Silurian correla
tion, paleogeography, and lithofacies on
maps at the scale of 1:5,000,000. In this
work we have received the aid and en
couragement of some hundreds of interested
geologists and paleontologists from all over

the world. The work is far enough ad
vanced now to enable certain generaliza
tions to be made (see Fig. 1).

1) During most of Silurian time the
present-day continental areas of the North
ern Hemisphere were subject to rela
tively shallow-water marine sedimentation.
Known Silurian land areas were relatively

© 2009 University of Kansas Paleontological Institute
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minor as contrasted with the vast reaches
subjected to marine sedimentation. These
land areas included the "Appalachia" of
eastern North America; a relatively small
island or islands involving portions of
southeastern Britain, western Scandinavia,
Brittany, and adjacent portions of north
western Spain; plus a portion of the Si
berian platform during post-Wenlockian
time; much of the Angaran shield; Africa
southeast of the central Sahara, as well as
much of Arabia and adjacent Egypt.

2) On the contrary, much of the present
day Southern Hemisphere continental area
may have been above sea level including
the bulk of Africa, Australia west of the
Tasman geosynclinal region (except for the
western and northwestern fringe), Antarc
tica, and eastern South America including
the Falkland Islands.

3) The area occupied by Silurian geo
synclines is relatively minor (see BERRY &
BOUCOT, 1967) as contrasted with the broad
platform expanses. The stratified geosyn
clinal rocks of the Silurian are predom
inantly of terrigenous, nonvolcanic nature
exc~pt ~or the Ural-Kazakhstan geosyncline,
which lllcludes a very large proportion of
dark-colored volcanic and volcanogenic
rocks.

4) Silurian platform rocks may be di
vided into Platform Carbonates (including
a dolomitic suite and a limestone suite)
and Platform Mudstones (BERRY & BOUCOT,
1967, 1970).

5) The present-day continental distribu
tion of Silurian strata indicates that during
the Silurian significant areas of land and
platform, which were subject to shallow
water marine sedimentation, extended out
beyond the present-day continental strand
lines. Our knowledge of the distribution
of Silurian shallow-water animal commu
nities upon the present-day continents helps
t? reinforce the conclusions based upon
lithofacies distributions.

6) All of this information indicates that
t?e present-day Northern Hemisphere con
tllle~1tal areas were regions upon which
manne faunas faced few obstacles to dis
tribution insofar as land is concerned in
breaking up current or temperature pat
terns. BOUCOT (1974) discussed most of
the possible Silurian continental relations.

NORTH AMERICA

North America during the Silurian was
characterized by the presence of a vast
continental platform, the continuation of
that present during the Cambrian-Ordo
vician, extending from central Nevada and
eastern British Columbia to Anticosti Island
and Davis Strait in the east, and from El
Paso, Texas, north to Cornwallis Island.
This vast platform is covered with a veneer
of marine strata consisting chiefly of lime
stone and dolomite, including two restricted
are~s (Mich.igan basin and Hudson Bay
baslll) contaming Upper Silurian evaporitic
suite rocks. It is doubtful if any extensive
land areas were situated upon this platform.

Geosynclinal belts are located around the
periphery of the North American platform.
The Appalachian geosyncline on the south
east was characterized by a linear land
~ass twice the length of Cuba separating
It from the platform. This land mass, the
Appalachia of the literature, steadily dimin
ished in size throughout the period until it
was completely, or almost totally, sub
merged by the end of the period. Within
the Appalachian geosyncline a complex Si
lurian paleogeography changed continually
throughout the period (see BERRY & Bou
COT, 1970). A narrow coastal volcanic belt
was present from southeastern New Bruns
wick southwest to the Boston region.

The Ouachita geosyncline to the south
is very poorly known, and extends from
the subsurface of the Mississippi embayment
west-southwest into at least central Chihua
hua. Insofar as we have knowledge of the
sedimentary rocks, it contains pelitic and
arenaceous Silurian strata.

The Cordilleran geosyncline on the west
is poorly known as contrasted with the
Appalachian, but several linear lithofacies
belts can be recognized (BERRY & BOUCOT,
1970). The presence in western North
America of extensive transverse faulting of
San Andreas type makes the restoration of
the original paleogeography of the Cordil
leran geosyncline away from the platform
margin very difficult. In any case, a variety
of rock types is present.

The Franklinian geosyncline to the north
can be subdivided into several belts (BERRY
& BOCCOT, 1970). The Cape Phillips belt
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next to the platform margin is relatively
similar to the Western Assemblage belt in
the same position in the Cordilleran geo
syncline.

Off most of East Greenland we lack
evidence about Silurian rocks. It is remark
able that during the Silurian the margins
of the North American platform remained
relatively fixed.

EUROPE
The Silurian of Europe consists of the

western, Eurafrican portion of the vast
Old World platform, which covers most
of Eurafrica and Asia, including the Cale
donian geosyncline to the northwest, and
the Novaya Zemlya-Ural-southeast Kazakh
stan geosyncline to the east, which termi
nated against the land mass of the Angaran
shield in the south.

The Eurafrican portion of the Old World
platform may be divided into an eastern
Dolomite and Limestone region (the so
called Russian platform) that continues to
the southeast into southwestern Asia; a
northern and central Platform Mudstone
region that extends from Sweden in the
north, southward into the central Sahara,
as well as from Morocco in the west to
Jordan in the east; and a central and south
ern nonmarine region that extends from
the central Sahara to Capetown, and in
cludes much of Arabia (BERRY & BoucoT,
1972, 1973). The presence of a single
shallow-water Heterorthella community oc
currence in the Capetown region serves to
substantiate the African picture. The Eur
african portion of the Old World platform
has commonly in the past had those por
tions occurring on the sites of younger
geosynclinal areas (e.g., the Pyrenees, Alps,
Hercynian chains) assigned a geosynclinal
character themselves, but no significant dif
ference in lithologic character, thickness, or
fauna between these rocks and the Platform
Mudstone appears to exist on either side
in tectonically nongeosynclinal areas (for
example, the Barrandian basin, the Carnic
Alps, the Polish subsurface, and Scania as
contrasted to the previously cited locales).

The extant portions of the Caledonian
geosyncline contain a variety of clastic
strata, together with rare, localized volcan
ics. This geosyncline is relatively narrow.

It is bounded to the northwest in Britain
by an extensive land area (BERRY & Bou
COT, 1974), and to the southeast by another
land area. This southeastern British land
area separated the Platform Mudstone to
the east from the geosyncline proper. This
southeastern land area can be linked with
similar areas in western France, northern
Spain, and southwestern Norway to make
a relatively linear island or belt of islands.

The Uralian geosyncline (BoucoT, 1969)
is characterized by a tremendous accumula
tion of greenstone derived from basic vol
canics, and bounded to the west and east
by banded argillites that further grade lat
erally into platform carbonate rocks. The
width of the Uralian geosyncline dimin
ished by about 50 percent near the end of
the Wenlockian.

During the early and middle Llandover
ian much of the Russian platform was
probably above sea level; late Llandoverian
time saw extensive submergence; and Pri
dolian time, at least in the north and north
west, saw the initiation again of nonmarine
conditions.

AFRICA
As noted earlier, the African portion of

the Old World platform can be subdivided
into a southern nonmarine region extending
north into the central Sahara, and a north
ern half of platform mudstone extending
from the central Sahara into the Mediter
ranean region. African Silurian stratigra
phy appears to be very monotonous (BERRY
& BoucoT, 1973).

ASIA
The Silurian of Asia is less well known

than that of either North America or Eur
africa. The Asian Silurian can be divided,
for convenience, into a northern, Siberian
platform separated by the Angaran shield
land area (also of platform nature) from
the southern Chinese-Southeast Asian plat
form, which grades farther west through
the Himalayan region to join the Eurafri
can portion of the Old World platform.

The Siberian platform is characterized
by a thin veneer of platform carbonates of
Llandoverian-Wenlockian age, overlain by
a red-bed and evaporite sequence of later
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Silurian age. The southern margin of the
Siberian platform (interpreted by BERRY
& BOUCOT, 1967, as extending from the
Yenissei River east into the Chegitun re
gion of Chukotka, i.e., including the Verk
hoyansk Range, Kolyma, and the Chegitun
region) onlapped the northern margins of
the Angaran shield during the early half
of the Silurian and offlapped it during the
latter half.

The Angaran shield area is characterized
by fringing nonmarine deposits extending
from southeastern Kazakhstan easterly
through the southern margins of the Si
berian platform into the Amur River re
gion. To the south, the Angaran shield is
poorly known from a Silurian point of
view, but can be inferred to have shown
an offlap relationship relative to China
from the beginning to the end of the
period. The western margins of the land
area are situated in the southeastern
Kazakhstan region.

The Chinese-Southeast Asian platform
was characterized by extensive platform
mudstone development during the early
half of the period, and was succeeded by
clastic shallow-water and limestone strata
during the late half. Small land areas were
present in southeastern China and Yunnan
during the period. From the Shan States
south through the Isthmus of Kra as far
as Kuala Lumpur there is a western grada
tion in platform carbonate rocks of Silurian
age (BERRY & BoucoT, 1972).

Geosynclinal rocks may be present in
the eastern portions of the Japanese Islands,
but are absent elsewhere except along the
geosynclinal boundary with the Russian
platform from southeast Kazakhstan to
Novaya Zemlya.

AUSTRALIA, NEW ZEALAND,
OCEANIA, INDONESIA, AND

THE PHILIPPINES

The Silurian of the Tasman geosyncline
extends north from Tasmania through Vic
toria, New South Wales, and Queensland,
and may be inferred to swing westerly
through the mountainous spine of New

Guinea into the Vogelkop region. A variety
of geosynclinal rocks are present, but are
not too well studied on a regional scale.
The mainland of Australia is devoid of
marine Silurian rocks west of the Tasman
geosyncline, although relatively unfossilifer
ous nonmarine strata may be present. A
borehole on Australia's westernmost island,
Dirk Hartog, penetrated Silurian fossilifer
ous carbonate rocks unrelated to those else
where (TALENT, BERRY, & BoucoT, 1975).

Northwestern South Island, New Zea
land, contains Silurian clastic rocks in se
quence with other geosynclinal early Paleo
zoic strata; whether or not these rocks are
part of the Tasman geosyncline remains to
be determined.

Silurian rocks have not been recognized
in Oceania, Indonesia, or the Philippines,
although their absence may be ascribed to
lack of adequate field work rather than
other causes.

CENTRAL AND
SOUTH AMERICA

The Silurian of South America consists
of platform mudstone to the west and
north, and is inferred to grade easterly
into nonmarine platform beds. Fossiliferous
Silurian rocks are presently known from
the Merida Andes of Venezuela, the Lake
Titicaca region of Peru, much of Bolivia,
from northern Argentina south to about
Latitude 40, in Paraguay, and in the Ama
zon and Parnaiba-Maranhao basins of cen
tral and eastern Brazil. It is of interest
that the Parana basin of southern Brazil
and adjacent Uruguay has not yielded Si
lurian fossils nor have the Paleozoic strata
of the Falkland Islands; these two regions
may have been nonmarine during the Si
lurian. Marine Silurian rocks have not
been found along the little known coast of
southern Chile, but are predicted to occur
there. BERRY and BoucoT (1972), have
further summarized the Silurian of South
America.

Silurian strata have not been recognized
in Central America.
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SILURIAN PALEOECOLOGY

Silurian marine paleoecology, both ben
thic and planktonic, has been recently
compiled and reviewed (BoucoT, 1975). A
variety of shelly benthic communities may
be encountered on various transects from
the shoreline to the continental margin.
The precise communities encountered de
pend on local conditions determined by
such factors as turbulent- or quiet-water
conditions, hypersaline or normal salinity,
or brackish water, light penetration (as
deduced from the presence of organisms
dependent on light such as calcareous al
gae), oxygen tenor as it affects either in
faunal or epifaunal organisms, and others.
The number of such communities encoun
tered on a particular transect depends in
part on the uniformity or nonuniformity of
the environmental conditions encountered.
This refers to level-bottom communities
dominated in large part by brachiopods.
Additional are level-bottom communities
dominated by organisms such as stromato
poroids and tabulate corals. The complex
of reef communities is important in the
Upper Silurian. Silurian reefs are domi
nated by calcareous algae, stromatoporoids,
and tabulate corals, but include a variety
of communities dominated by both at
tached and vagrant organisms occupying a
great variety of niches. Planktonic com
munities, including such organisms as grap
tolites and conodonts, and possibly acri
tarchs, are in large part depth stratified.
Global temperature and other biogeographic
barriers resulted in a variety of communities
developing in isolation from each other al
though reflecting similar physical condi
tions in part. Communities of the Mal
vinokaffric realm probably existed in a
relatively low-temperature regime charac
terized by low taxonomic diversity for the

level-bottom benthic organisms. The com
munities concluded to represent the inter
tidal region (Benthic Assemblages 1 and
2 of BoucoT, 1975) are characteristically of
low diversity, whereas the photic-zone com
munities (Benthic Assemblage 3) range
from high to low taxonomic diversity, de
pending on the restrictiveness of the en
vironment, and the subphotic to continental
margin communities may also be either low
or high in taxonomic diversity. Beyond
the position of the continental margin
(Benthic Assemblages 5 and 6) there is
little evidence for the presence of shelly
organisms, although trace fossils are pres
ent. Trace fossils occur from the intertidal
Benthic Assemblage 1 position seaward to
well beyond Benthic Assemblage 6 in a
taxonomically systematic manner. Among
closely related taxa, shells in the intertidal
zone tend to be significantly larger than
those of the subtidal, and in general, shells
decrease in size from the shallow-intertidal
to the shelf-margin region.

Little is known of trophic relations in
the Silurian owing, naturally, to our ig
norance of much of the fauna and flora.
It is uncertain as to what organisms played
the role of phytoplankton, although the
acritarchs may possibly have fulfilled this
role. The bulk of the benthic marine in
vertebrates were low-level filter and sus
pension feeders as well as deposit feeders.
We know little about the various higher
trophic levels, although it is reasonable to
infer that there were a variety of carnivores
including such animals as eurypterids and
nautiloid cephalopods.

The shelly biomass decreased significantly
from the intertidal and shallow-subtidal re
gion through the shelf-margin region where
it finally failed.

SILURIAN FLORA AND FAUNA

It is presently uncertain whether there
was a nonmarine flora and fauna during
the Silurian. By contrast, the marine fauna
of the Silurian is rich, and has been sub
jected to intensive study since interest in
fossils first arose over two hundred years
ago. In general, Silurian invertebrates form

a relatively perfect continuum with those
of the Ordovician and the Devonian with
no major breaks of the type encountered
adjacent to the Permian-Triassic boundary.
This situation manifests itself by the diffi
culty that specialists have in assigning
many boundary faunas to the Silurian or
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adjacent systems. The only break of any
consequence, and this is relatively minor
when compared with some other parts of
the Phanerozoic, is that between the mid
dle and upper Llandoverian. A number of
new families first appear in the interval
C1-C3 of JONES (1925) in the upper Llan
doverian. The geologically almost instan
taneous appearance of these families is
perplexing, but at least in the case of the
brachiopods (which see), those of south
eastern Kazakhstan provide a satisfactory
pre-late Llandoverian source. The De
vonian boundary is recognized by the ap
pearance of taxa belonging to several fam
ilies previously unrecognized in the record
insofar as brachiopods are concerned, but
most groups, including the brachiopods,
manifest a relatively continuous record
across this boundary. The early and middle
Llandoverian faunas have, as would be ex
pected, a very late Ordovician aspect (they
are essentially relict holdovers). To a lesser
extent, those of the Pridolian begin to
show a Devonian aspect.

Biogeographically the marine fauna of
the Silurian is relatively cosmopolitan, espe
cially as contrasted with the immediately
preceding and succeeding faunas, which
are highly provincial. The bulk of the
widespread Silurian invertebrates are con
cluded to have had their origins in the
northwestern part of the Old World dur
ing the Late Ordovician (see section on
brachiopods), although some taxa belong
to widespread Late Ordovician groups. As
detailed in the section on the brachiopods,
the only regions of strong Silurian pro
vincialism are a restricted area in central
Asia and another which includes southern
South America and central and southern
Africa. During the late half of the Silu
rian (Wenlockian through Pridolian) a
degree of provincialism developed which
heralded the high endemism of the suc
ceeding Early Devonian.

When studied on a worldwide basis, the
strongly developed faunal differentiation
characterizing the Silurian can best be
ascribed to the effects of environment.
Many characteristic associations of Silurian
invertebrate taxa have such an irregular,
disjunct worldwide distribution, related in
part, however, to geographic factors such

as proximity to ancient shorelines or to
reef masses, that an environmental control
appears to be the only logical conclusion
at the present time.

CHITINOZOANS AND
ACRITARCHS

Chitinozoa have been little studied ex
cept in Europe and North Africa, and
minor work has been done in the New
World, Asia, and Australia. It is obvious
that their distribution will be found to be
worldwide, but at present too little infor
mation is available with which to make
biogeographic conclusions although they
are beginning to be of great value. Silurian
zonation based on information from acri
tarchs is at present very crude as contrasted
with that derived from brachiopods, ostra
codes, graptolites, and conodonts.

ARENACEOUS
FORAMINIFERS

Arenaceous foraminifers have been re
covered from acid residues in many regions
of the world, but knowledge concerning
their detailed stratigraphic and geographic
distribution is still too fragmentary to form
the basis for conclusions of worldwide
utility.

PORIFERA
Porifera are widely distributed in marine

strata of Silurian age, but are too seldom
recognized, collected, and studied to be of
much stratigraphic, ecologic, or biogeo
graphic value at the present time.

COELENTERATES

Tetracorals, tabulate corals, and stro
matoporoids are among the most abundant
fossils in the Silurian fauna (jellyfish are so
rarely preserved as to be little more than
curiosities). The stromatoporoids appear to
be one of the major, if not the major,
agents in the formation of Silurian bioherms
and biostromes. Algae have not been con
sidered extensively in this facies. Isolated
occurrences of stromatoporoids in shallow
water environments are not uncommon.
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Stromatoporoidal masses are abundant in
platform carbonate environments, and also
much of the limestone (admittedly small
in volume) found in the geosynclinal ter
rigenous and volcanic terrains is rich in
stromatoporoids. The platform mudstones
do not yield a stromatoporoid fauna, except
in those rare instances (Prague region,
Carnic Alps) where the bottom was shal
lowed enough by volcanism or other agen
cies for a shelly fauna to flourish locally.
The worldwide distribution of Silurian
stromatoporoid taxa is too little known to
provide significant biogeographic data. The
situation regarding tabulate corals and tetra
corals differs little from that for Silurian
stromatoporoids except that the former are
also very widely distributed in nonbioherm,
nonbiostrome platform carbonate and geo
synclinal shallow-water beds, and are not
major contributors in making up the vol
ume of bioherms and biostromes. It should
be noted, however, that within the Soviet
Union, where tabulate corals and stromato
poroids have been intensively studied, they
have proved to be of great stratigraphic
value. Studies elsewhere in Europe are in
agreement with the Soviet experience.
These groups will be of great worldwide
value when studied more fully.

BRYOZOANS
Stony and fenestellid bryozoans are

widely distributed within the platform car
bonates, but their stratigraphic, ecologic,
and biogeographic value is at present poorly
known on a worldwide basis. Their abun
dance, however, augurs well for the future.

BRACHIOPODS
Brachiopods are widely distributed in

relatively shallow-water platform and geo
synclinal marine Silurian rocks of the
world. Origins of the Silurian brachiopod
fauna are twofold, including an early Llan
doverian complement (BoucoT, 1968) tran
sitional from the Late Ordovician of north
ern Europe as far east as the Urals and
Kazakhstan, and a late Llandoverian com
plement transitional from Late Ordovician
to middle Llandoverian taxa restricted dur
ing this earlier time interval to southeastern
Kazakhstan. Ecologically the brachiopods

were strongly controlled in their distribu
tion by a variety of factors. For the late
Llandoverian in Britain, ZIEGLER (1965)
has demonstrated a correlation of brachio
pod distribution with depth; ZIEGLER and
BoucOT (in BERRY & BoucoT, 1970) have
shown the same for North America; and
BERRY and BoucOT (1967) have suggested
that in Britain and North America, though
not always elsewhere, temperature varying
with depth is the primary factor in their
distribution. Certain taxa appear to have
been ecologically restricted to reef environ
ments during the Silurian. BoucoT (1975)
has provided more detail on the Silurian
brachiopod-dominated communities.

At the generic level, the Silurian bra
chiopod fauna is relatively cosmopolitan,
contrasting strongly in this regard with
the preceding Late Ordovician and succeed
ing Early Devonian faunas. The only areas
of strong provincialism during the Silu
rian are in South America south of Lake
Titicaca and in South Africa where the
Clarkeia community (a shallow-water en
tity) is found, and in the narrow belt ex
tending from the Amur River in the east,
westward through the southeastern Sayan
and Altay, Tuva, and Mongolia to a few
parts of southeastern Kazakhstan where
the Tuvaella community (another shallow
water entity) is found. At the regional
level, brachiopods of Wenlockian through
Pridolian age in the vast region from the
east slope of the Urals and Kazakhstan,
Australia to southeastern Alaska, the Yukon,
Cornwallis Island, North Greenland, and
Nevada display increasing endemism when
compared with faunas known from the west
slope of the Urals, Europe, the bulk of
North America, northern and westermost
South America, and southern Asia. It must
be emphasized, however, that this growing
endemism is of much smaller magnitude
than the succeeding provincialism of the
Early Devonian (BoucoT, 1975).

A simple observation whose significance
is hard to assess is the fact that most Silu
rian brachiopod taxa are represented by
smaller specimens than are found in the
Lower Devonian, in accord with COPE'S
Rule.

Brachiopods are now of great service in
zoning and correlating the Silurian of the
world as well as in making ecologic analy-
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ses of community distributions on a world
wide scale.

GASTROPODS
Gastropods are widespread, but low in

frequency, in marine Silurian rocks of the
world. In an average collection of Silurian
invertebrates, it is seldom that more than
one or two gastropods occur with a thou
sand other shells. Poleumitid gastropods
and euomphalopterids are the most char
acteristic Silurian gastropods, persisting as
Silurian relicts in the Early Devonian Old
World realm. Poleumitids are widespread
in platform carbonates, with relatively high
abundance in reef and calcareous shale as
sociations, and also occur in many shallow
water terrigenous and carbonate geosyn
clinal areas. Platyceratids are relatively
ubiquitous. Bellerophontids are widespread,
but most abundant in Benthic Assemblages
1 and 2 (BoucoT, 1975). The platform
mudstones are very poor in gastropods.
Plectonotid gastropods are largely restricted
to Benthic Assemblages 1 and 2. Presently
known anomalies in the distribution pat
terns of Silurian gastropods may be most
easily ascribed to either environmental fac
tors or lack of information. General lack
of interest in Silurian gastropods is not
conducive to correcting this situation.

CEPHALOPODS
Nautiloid cephalopods are among the

most widely distributed Silurian inverte
brates in all marine rock types. They are
particularly abundant in the "Orthoceras"
limestones forming a characteristic, al
though volumetrically small, part of the
Eurafrican platform mudstones, and in the
biohermal and biostromal structures of the
platform carbonates. An average collection
of Silurian invertebrates almost invariably
contains a few percent of nautiloid frag
ments. Unfortunately, the nautiloids have
not received the intensive worldwide treat
ment that they need in order to be of prime
importance for ecologic, biostratigraphic,
and biogeographic purposes.

BIVALVES
Bivalves are widespread in the manne

Silurian of the world. Their most common
occurrences are in the bivalve-graptolite
rich platform mudstones of the Eurafrican
platform (see BERRY & BoucoT, 1967),
where the so-called "Bohemian forms" oc
cur in relative abundance, in reef environ
ments where the genus Megalomus is com
monly cited, and in the Benthic Assemblage
1 and 2. Elsewhere, bivalves are relatively
rare in Silurian rocks, seldom making up
more than one percent of the number of
specimens in a collection. In the bivalve
graptolite faunas, as well as in Benthic
Assemblages 1 and 2, bivalves may com
monly form the most abundant element in
the fauna, both in number of species and
specimens. Worldwide distribution pat
terns of Silurian bivalves have been too
little investigated to provide any current
information of biogeographic importance.
Presently known anomalies in distribution
pattern can rationally be ascribed to en
vironmental factors rather than to isolating
mechanisms.

TRILOBITES
Trilobites are widely distributed in Silu

rian rocks in almost every marine environ
ment. At present, their stratigraphic and
geographic distribution is poorly known in
comparison with other major invertebrate
groups. Trilobites form on the average
about five percent or less of the invertebrate
fauna in terms of specimens. It is notable
that Silurian, as well as Early and Middle
Devonian, homolanotids are almost com
pletely restricted to the relatively shallow
water regions of Benthic Assemblages 1
and 2. The ecologic distribution and zona
tion of trilobites will undoubtedly prove
very valuable, although up to the present
no systematic efforts have been made in
this direction. Biogeographically, no sys
tematic attempt has been made to synthe
size available information regarding trilo
bites, although scattered comments are
consistent with the more extensive data for
brachiopods.

EURYPTERIDS
Eurypterids are relatively uncommon in

Silurian strata, except in a few specialized
facies. Ecologically they are of great po-
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tential use in discriminating between cer
tain marine, brackish, and hypersaline en
vironments. Particular assemblages are
characteristic of brackish and hypersaline
environments (see information in BoucoT,
1975). Their occurrences are so few as to
make them of little value for biogeographic
considerations, but they are of some bio
stratigraphic value.

OSTRACODES

Ostracodes are widely distributed in ma
rine Silurian rocks of the world. In those
regions and parts of the column subjected
to intensive study they have proved to have
great stratigraphic and biogeographic value.
Upper Llandoverian through Pridolian os
tracodes of the Appalachians appear to
represent' a series of relatively endemic
faunas known from Anticosti Island south
west through the central Appalachians, in
cluding occurrences in the northern Appa
lachians of Quebec and northern Maine.
Ludlovian and Pridolian ostracodes of the
Baltic region, Great Britain, Nova Scotia,
southeastern New Brunswick, coastal
Maine, and eastern Massachusetts, as well
as Podolia, form another apparently en
demic fauna, which has been zoned strati
graphically in some detail. The lowest
upper Llandoverian of the North American
platform contains some forms that may be
endemic and stratigraphically restricted.
Isolated Silurian faunas elsewhere are too
little known and unique to afford informa
tion for stratigraphic or biogeographic gen
eralizations. In summary, it can be stated
that the ostracodes may possibly provide
important biogeographic insights within
the Silurian (see BERDAN & MARTINSSON, in
BERRY & BoucoT, 1970).

OTHER ARTHROPODS

At present, other groups of Silurian
arthropods are too little known to be of
stratigraphic or biogeographic value.

ECHINODERMS

Pelmatozoan debris is widespread and
volumetrically important in marine Silu
rian rocks of the world, particularly plat-

form carbonates; however, such material is
present in very low abundance in platform
mudstones. Silurian crinoids are wide
spread, particularly in platform carbonates,
but are too uncommon on a worldwide
basis to contribute much to our knowledge
of Silurian biogeography. The same situ
ation obtains with the cystoids and blas
toids. Other groups of echinoderms are
relatively rare in the Silurian.

Except in certain quiet-water, marly facies
(both reef and level-bottom), articulated
echinoderms are relatively rare. Twenty
years of collecting have provided the writer
with less than a dozen specimens from
outside these facies, despite the abundance
of pelmatozoan debris in many places,
which suggests that our knowledge of Si
lurian echinoderms may be very distorted.

Of biogeographic interest are the Euro
pean, African, eastern North American, and
Oklahoma occurrences of Cama1'Ocrinus in
strata of Pridolian age (except for Ten
nessee and Missouri where an early Gedin
nian age is indicated as well), and its oc
currence in southern China and Burma in
strata of early Llandoverian age.

Disarticulated pelmatozoan debris has
been extensively employed within the Soviet
Union for purposes of zonation and corre
lation, but specialists in other countries
have not yet employed or tested this work.

GRAPTOLITES

Together with the conodonts, the grapto
lites are the most ubiquitous of the well
studied Silurian invertebrates. They are
known from every marine environment;
presumably owing to their depth-stratified,
planktonic mode of life. Graptolites are
abundant in platform mudstones (BERRY
& BoucoT, 1967), and every other marine
facies, except for the hypersaline, has
yielded at least a few graptolites. The pop
ular notion ascribing the graptolites only to

the "black shale" and "basin" facies is
grossly in error, although statistically it is
true that these rocks have yielded the great
majority of specimens. They display a cer
tain level of biogeographic differentiation
in the Silurian (see BoucoT, 1975, for
summary).
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CONODONTS

Silurian conodonts are worldwide in their
distribution, having been recovered in abun
dance by acid treatment from carbonate
rocks of the platform carbonate, platform
mudstone, and geosynclinal facies (carbon
ate interbeds with terrigenous and volcanic
strata). They have proved of prime im
portance in the zonation of upper Llando
verian through Pridolian beds (see KLAP
PER, BERRY, & BoucoT, in BERRY & BoucoT,
1970). Conodonts have been recovered in
abundance from strata reflecting so many
environments in the Silurian, from the in
tertidal to shelf margin and regions beyond,
that it is tempting to conclude that like the
graptolites they probably are the remains
of primarily pelagic organisms. Their
ubiquitous worldwide occurrence and zona
tion indicates that like brachiopods and
graptolites they were a relatively cosmo
politan group during the Silurian.

VERTEBRATES

Vertebrates obtained from brackish beds
are too rare and poorly known at present
to be of widespread stratigraphic or bio
geographic value; however, where studied,
particularly in northern Europe, isolated
microscopic denticles, plates, and spines ob
tained from acid residues are beginning to
have stratigraphic value in beds of Lud
lovian and Pridolian age. Vertebrates are
widespread in North Silurian realm marine

beds, although normally they are rare as
individuals.

CALCAREOUS ALGAE

Although calcareous algae are widespread
and abundant in marine Silurian beds de
posited in the photic zone, they have been
little studied. Therefore, they are not used
for either biostratigraphic or biogeographic
purposes, although they have been used to
to a limited extent in paleoecologic con
siderations, chiefly in determining the lower
limits of the photic zone, and relative de
grees of turbulence as indicated by differ
ent types of oncolites.

REMAINS OF
LAND PLANT TYPE

Acid-resistant spores, tracheid-like and
cuticle-like microfossils, are abundant in
shallow-water and nearshore Silurian facies
(see GRAY, LAUFELD, & BoucoT, 1974, for
a typical example), but it is highly uncer
tain as to whether or not the parent or
ganisms lived on land, in the intertidal en
vironment, or in the shallow subtidal
region, although the desiccation-resistant
structure of the fossils indicates an affinity
for at least in part a life style involving the
nonaqueous. Macrofossils of land plant type
are known from the Wenlockian onward,
but their growth site is fully as uncertain
as is that of plant microfossils of land type.
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INTRODUCTION
It was the prescient recognition by WIL

LIAM LONSDALE that corals from the lime
stones of South Devon were intermediate
in typ~ between those then known from
the Silurian rocks of the Welsh Borders
and those from the Mountain Limestone
[Mississippian 1 that led, in April, 1839, to
the founding of the Devonian System by
ADAM SEDGWICK and RODERICK MURCHISON
(1839a, p. 259, 354; 1839b, p. 121; LONS
DALE, 1840, p. 721). This correlation be
tween the marine rocks of Devon and the
Old Red Sandstone of Wales, the Welsh
Borders, and Scotland WILLIAM BUCKLAND
hailed as "undoubtedly the greatest change
which had ever been attempted at one time
in the classification of British rocks" (GEl
KIE, 1875, p. 269). After spending four
months of the summer and autumn of 1839
on the Continent, SEDGWICK and MURCHI
SON were able to recognize the excellent
development of the new system along the
Rhine valley and Schiefergebirge. In late
1839, MURCHISON proceeded to Russia
where, in the Leningrad region, he observed
the intercalation of Devonian marine levels
within typical Old Red Sandstone se-

quences. Thus, in an incredibly short time,
the new system was recognized and broadly
correlated over wide areas of Europe (Fig.
1). Subsequently, knowledge has grown
considerably, owing its growth to no small
extent to the German school of geologists
and paleontologists centered in the several
universities that surround the varied De
vonian rocks of the Rhenish Schiefergebirge.

This contribution is concerned solely
with invertebrates of the Devonian, espe
cially those that have a bearing on broad
biogeographical problems. A recent review
of Devonian floras was given by EDWARDS
(in HALLAM, 1973) and one on Devonian
fish by HALSTEAD and TURNER (in HALLAM,
1973). Invertebrates of the Old Red Sand
stone facies are similar to those reviewed
for the Western Hemisphere by NORRIS
(this volume, p. A218), and especially
various groups of arachnids, scorpions, and
early insects add interest to the fauna. But
for details on these, and the many groups
not discussed here, reference should be
made to the appropriate volume of the
Treatise.

FACIES PATTERNS IN THE EUROPEAN DEVONIAN

The existence of distinct facies regimes
in the Devonian, as in other systems, heigh
tens the problems of zonal correlation, pale
oecological interpretation, and the recogni
tion of faunal provinces. Because a
clarification of these is an essential back
ground to biogeographical analysis, and
because in the European Devonian litera
ture several peculiar facies terms are in
current usage, a general discussion of facies
patterns is an important preliminary to the
biogeographical review.

The major facies regimes of continental
fluvial facies, nearshore clastic facies, and
offshore clear-water facies are known in the
European Devonian as the Old Red Sand
stone, Rhenish and Hercynian or Bohemian
magnafacies (ERBEN, 1964). Some difficul
ties result from different uses of the last two
terms (BROUWER in OSWALD, 1968b, p.
1149), and concern has been expressed
that the Rhenish-Hercynian distinction,

which is clearly seen in the Lower De
vonian of Germany, becomes less clear up
ward in the succession. The truth is, how
ever, that reef and associated carbonates
are almost unknown in the Devonian from
the late Frasnian onward; excepting this
the distinction remains valid. The accom
panying facies transect illustrates the model
that has been proposed by SCHMIDT, RABIEN,
KREBS, and others to explain the relation
ships of the facies types (Fig. 2). In some
usages the Rhenish facies would include
all the neritic environments there marked,
in others the reef and associated facies
would be included with the Hercynian or
Bohemian facies.

It is only the carbonate and basinal facies
having a Devonian terminology that need
be commented upon here.

For the carbonate complexes KREBS
(1974) distinguished the Schwelm facies
as a bank or biostrome regime in which

© 2009 University of Kansas Paleontological Institute
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the common stromatoporoids and corals
lived essentially below the level of strong
wave action. This often formed the base
on which the true reef, or Dorp facies, was
developed, usually showing rapid growth
of reef organisms, notably stromatoporoids,
associated with a subsidence of the platform
as a whole. The Dorp facies is further
subdivided into backreef, reef, and forereef
facies. The Iberg facies was the final cap
ping phase at the apex of the subsiding
reef masses before their final termination
(usually in the early and middle Frasnian):
by the stage at which this facies was formed,
no backreef lagoon existed, and detritus
from the capping Iberg facies interfingers
laterally with basinal argillite within a very
short distance.

The basinal argillite areas comprise the
Becken facies. In the lowest Devonian this
is the graptolite shale facies, but with re
duction of the graptolites, the nowakiids,
and styliolinids, of supposed planktonic
habit, characterize the Styliolinenschiefer
and Tentaculitenschiefer of the middle and
early Late Devonian. Gradually during the
Frasnian these Cricoconarida became ex
tinct or reduced and their place was taken

in the planktonic environment by the fin
gerprint ostracodes of the Entomozoidae
characterizing the Late Devonian Cypri
dinenschiefer facies. Tongues of allodapic
turbidite limestone from adjacent reefs or
crinoid groves project into the lateral
Becken areas to produce the distinctive
Flinz facies of alternating limestone and
shale units.

The submarine rise or seamount lime
stones have very much reduced but nearly
complete sequences of nautiloid and am
monoid limestones. This is the Schwelle
facies of pelagic limestones with the dis
tinctive associated lithologies of Knollen
kalk (griotte) , Kramenzelstein, and Ka1k
knollenschiefer.

The European Devonian, has a special
place in the international development of
Devonian studies, and many of the bio
facial, biostratigraphic, and biogeographic
concepts owe their origin here. It is appro
priate that a discussion of the European
schemes of zonation and some of the facies
concepts should be described as a prelimi
nary to a broader discussion of the biogeog
raphy of Devonian rocks of the Eastern
Hemisphere.

STAGES AND ZONES OF THE EUROPEAN DEVONIAN

The diversity of facies represented by
the European Devonian has resulted in
much effort being expended in the estab
lishment of schemes of biostratigraphic zo
nation as a basis for interpreting these
changes. Despite this there remain prob
lems of correlation between the various
facies. There is even no agreed consensus
for the stage nomenclature and the defini
tion of stages for the European Devonian,
although this is currently the concern of
the Devonian Subcommittee of the I.U.G.S.
Stage or series names in common use are
shown in Figure 3. Some notes on usage
are required.

STAGES

The Silurian-Devonian boundary strato
type, accepted at the 1972 meeting of the
International Geological Congress at Mon
treal, is within Bed No. 20 of a section at
Klonk, near Suchomasty, Czechslovakia, as

described by CHLUPAC (1972), at the entry
of abundant Monograptus uniformis (Mc
LAREN, 1972); this is also taken as the
Budnanian-Lochkovian boundary in the
Czech terminology. This decision brings
international stability to the long-continued
boundary problem, but pre-1972 literature
may well use different boundary definitions.
This is particularly so in the British type
area for the Silurian and Devonian where
the Ludlow Bone Bed, a marker horizon
near the original level proposed by MURCHI
SON (WHITE, 1950; EARP, 1973) may corre
late with the base of the Pridolian and of
the M. ultimus Zone (WESTOLL in HOUSE,
ed., 1977), and the new boundary may lie
well up in the Downtonian or near the
base of the Dittonian. In the classic sections
in Podolia in the Ukraine (NIKIFOROVA &

PREDTECHENSKIY, 1968; SOKOLOV, 1972) the
new boundary falls within the Borschov,
and in other regions similar corrections
will be needed. The final report of the

© 2009 University of Kansas Paleontological Institute
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STAGES USED FRANCE
HERE IBELGIUM

GERMANY CZECHOSLOVAKIA

TOURNAISIEN

WOCKLUM

FAMENNIAN DASBERG
0:: FAMENNIEN HEMBERG
w NEHDEN
a-
a-
=> FRASNIAN ADORFFRASNIEN

~

z w GIVETIAN GIVETIEN GIVET
~ ...J SRBSKOz 0
0 0
> ~ CHOTECw EIFELIAN EIFEL
0 COUVINIEN

DALEJE

EMSIAN
EMS ZLICHOVIAN

(KOBLENZ)
0:: COBLENCIENw PRAGIAN

~
SIEGENIAN SIEGEN

...J

GEDINNIAN GEDINNIEN GEDINNE LOCHKOVIAN

FIG. 3. Stage level terminology used in Europe and that used herein (House, n). (For definitions see text.)

Committee on the Silurian-Devonian bound
ary (MARTINSSON, ed., 1977) gives an in
ternational review of the placing of the
boundary.

The type of the Gedinnian Stage is in
Belgium and it carries a nearshore clastic
facies fauna that appears to correlate with
the Lochkovian; it is to be hoped that the
base of the Gedinnian will be so defined
as to agree with the system boundary. The
base of the Siegenian is taken at the base
of the Siegener Schichten of the Rhineland
and to correspond approximately to the base
of the Schistes de Saint Hubert of the
Ardennes; regions again of restricted facies
faunas. The major problem here is the
placing of the Gedinnian-Siegenian bound
ary in relation to the Lochkovian-Pragian
boundary of Czechoslovakia (PRIBYL &

VANEK, 1968); at present the latter bound
ary is thought to lie perhaps as high as
the middle-upper Siegenian boundary of
Germany, but the matter is not resolved.
The base of the Emsian in Germany is
taken at the base of the Singhofen Beds
near the type area (KUTSCHER & SCHMIDT,
1958, p. 57 et seq.; ERBEN & ZAGORA in

OSWALD, 1968a) and the base of the upper
Emsian at the Ems Quartzite. Again there
are problems in the correlation of this es
sentially clastic sequence with the more
carbonate-rich rocks of Czechoslovakia. For
example, CARLS and others (1972) con
sidered that the Zlichov-Daleje boundary
correlates approximately with the lower
upper Emsian boundary, yet others have
taken the top of the Zlichov as the top of
the Emsian. With such discrepancies, fau
nal ranges using a "common" stage nomen
clature must be treated with the greatest
circumspection.

Similar problems surround the Lower
Middle Devonian boundary. The Belgian
Couvinian Stage includes the Assise de
Bure and equivalents of the Cultrijugatus
Schichten; these in Germany are referred
to the Emsian, the base of the Eifelian and
Middle Devonian being taken in the Eifel
at the junction of the Heisdorf and Lau
cher Schichten. But recently it has become
apparent that the latter level may not be
the same as that taken in the Schieferge
birge where the Gracilis-Grenze (ERBEN,
1962, p. 95) has been used and thought to

© 2009 University of Kansas Paleontological Institute
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correspond to the Czech Zlichov-Daleje
boundary, a correlation disputed by CARLS
and others (1972). The type Givetian
(ERRERA, MAMET, & SARTENAER, 1972) in
northern France raises less problems since
the conodont relations have been established
by BULTYNCK (1970). The difficulty here
is that the current Couvinian-Givetian
boundary seems likely to be younger than
the base of the Cabrieroceras crispiforme
Zone, which has been used to define the
junction in the Schiefergebirge, Czechoslo
vakia (CHLUPAC in OSWALD, 1968a, p. 117),
North Africa (HOLLARD, 1974), and which
has been recognized in North America also
(HousE, 1962). Only an internationally
agreed definition can resolve this problem.

Until very recently, there was consider
able agreement on the definition of the
Middle-Upper Devonian boundary and on
the base of the Belgian type Frasnian, the
boundary being drawn at the base of the
Assise de Fromelennes (WATERLOT, 1957,
p. 199-205) in Belgium and at the base of
the Pharciceras lunulicosta Zone of Ger
many (KuTscHER & SCHMIDT, 1958, p. 309),
a level which seems to fall within the
conodont Polygnathus vareus Zone (HousE,
1973a; BENSAID, 1974; BOUCKAERT & STREEL,
1974). Unfortunately, when the primary
work on Frasnian conodonts was done on
the Adorf type sections (ZIEGLER, 1958,
1962, 1966) the correlation with the gonia
tite zonation established by WEDEKIND
(1913) at that locality was misaligned and
it still seems that the l a limestone of
WEDEKIND is placed too high; it is more
like~y to be represented by the new Phar
cicera.;-bearing level described by KULLMAN
& ZIEGLER (1970). The result of this error
has b~en that conodont workers have used
a boundary higher than the basal P. lunuli
costa Zone that German geologists have
taken as the Middle-Upper Devonian bound
ary for a considerable time. It seems also
to be the reason behind moves in Belgium
to redefine the base of the Frasnian at some
level near the base of the Assise de Frasnes
(HoesE, 1973a). The lithostratigraphic
definition of the base of the Famennian
Stage is in southern Belgium at the bound
ary of the Assise de Matagne and the
Assise de Senzeille in the Senzeille railway
cutting (SARTENAER, 1970). This seems to

be an approximate correlative of the Adorf
Nehden or Manticoceras-Cheiloceras Stu
fen boundary used in Germany. The Bel
gian boundary seems to lie near the base
of the conodont middle Palmatolepis tri
angularis Zone (BOUCKAERT et al., 1972);
the German boundary may be near the base
of the upper P. triangularis Zone (BUGGISCH
& CLAUSEN, 1972).

The Devonian-Carboniferous boundary
has been defined at the Wocklumeria
Gattendorfia Stufen boundary following the
Heerlen Conference decision (JONGMANS &
GOTHAN, 1937, p. 6) and this was also the
recommendation of the Sheffield Confer
ence (GEORGE & WAGNER, 1969, p. xlv).
The sections considered particularly im
portant in these discussions are those in
the Oberrodinghausen railway cutting in
the Honnetal (SCHINDEWOLF, 1937; VOH
RINGER, 1940; AUSTIN et al., 1970). While
there are detailed problems at this level
(ALBERTI et al., 1974), the boundary has
had the recommendation of the Carbonif
erous conferences for 40 years and therefore
seems the most acceptable, but no recom
mendation has been made by the Car
boniferous Subcommission. Unfortunately,
the Belgian and French geologists have not
redefined the base of the Tournaisian to
correspond with the Heerlen and Sheffield
decisions, and their usage has been fol
lowed by most Russian authors. It would
appear that the basal Gattendorfia Stufe
agrees approximately with the Tnlu-Tnlb
boundary or lies within Tnlu (CONIL &

PIRLET, 1970).
These difficulties of definition and usage,

and the problems of correlation between
the zonal schemes using different groups
need to be borne in mind when Devonian
literature is read, since quite misleading
information on fossil ranges and distribu
tion at particular times can be inferred if
the local terminology is misunderstood.

ZONES

Biostratigraphic schemes of zonation have
been proposed using a range of inverte
brate groups. Again, because these groups
tend to be restricted to certain environ
ments, there are substantial problems in
the correlation between such schemes. The
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STAGES STUFEN AMMONOID ZONES CONODONT ZONES OSTRACOD E ZONES
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FIG. 4. Zonal schemes for the Devonian using various invertebrate groups. Precise correlation between
these should not be inferred (House, n). (For sources see text.)

accompanying table (Fig. 4) is intended
to illustrate several of these schemes. Cor
relation between columns should be re
garded as an approximate guide only. In
this section reference will be made to some
of the more substantial biostratigraphic
works that have formed the basis for these
zonations.

As for the period up to the close of the
Cretaceous, the ammonoid succession has
been regarded as giving the Devonian
orthochronology, that of the preceding
graptolites giving out in the Siegenian
where the ammonoids appear. The gonia
tite and clymenoid zonations result largely
from the works of WEDEKIND (1908, 1913,
1914, 1917) followed by that of SCHINDE-

WOLF (1923, 1937), SCHMIDT (1921, 1924,
1950), MATERN (1931a,b), CLAUSEN (1969,
1971), BENSAID (1974) and others. These
mostly concern the German succession. Re
views have been given by HOUSE (1962,
1973b) and in the revised Treatise Part L,
Mollusca 4 (in preparation).

The conodont scheme has developed over
the last fifteen or so years, and it now pro
vides the most detailed subdivision avail
able for the Upper Devonian. The major
works are by BISCHOFF & ZIEGLER (1957),
ZIEGLER (1958, 1962, 1966, 1971), WITTE
KINDT (1965), KREBS & ZIEGLER (1965),
KLAPPER & ZIEGLER (1967), BULTYNCK
(1970), and CARLS (1969). A general re
view of the European conodont sequence
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FIG. 4. (Continued from facing page.)

is given by ZIEGLER (1971).
It was not recognized until 1960 that

graptoloid graptolites extend up into the
Lower Devonian when Lochkovian grapto
lites were found associated with Rhenish
type brachiopods in the Kellerwald (JAEGER,
1965). Notable information has come also
from boreholes in Poland (KOREJWO &
TELLER, 1965) and from Thuringia, the
Carnic Alps, and other regions. In a re
view of the Lower Devonian graptolite se
quence, JAEGER (1973) recognized the zones
indicated on the accompanying table.

For the Cricoconarida (dacryoconarids,
"tentaculitids," coniconchines) a detailed
zonation using several of the various groups
has stemmed from the initial studies by
G. P. LYASHENKo (1953, 1959) in European

Russia. BoucEK (1964) followed this
scheme for the Prague area and Harz, and
LARDEUX (1969) for southern Europe and
North Africa.

The Late Devonian planktonic ostracodes
provide the most useful sequence in the
Late Devonian basinal shale facies, and the
sequence has been worked out by RABIEN
(1954, 1956, 1960, 1970), BLUMENSTENGEL
(1959), and GROOS-UFFENORDE & UFFE
NORDE (1974).

For the brachiopods the situation is more
complex. The zonal schemes given here are
taken from NALIvKIN, RZHoNsNITSKAYA, &
MARKOVSKIY (1973). But in reality differ
ent brachiopod groups have been used for
discrimination without always the formal
distinction of zones. The most thorough
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treatment of Devonian brachiopod ranges
has been given by BOUCOT (1975), but
since he does not define his stage units
there are problems in his collation. Never
theless, the work of BOUCOT and his col
leagues will be heavily drawn on in the
later sections where specific reference to
monographic works will be made.

For trilobites, the long continued studies
by RUDOLF and EMMA RICHTER (especially

1926, 1950, 1952) provide a biostratigraphic
foundation, and this work has been con
tinued by ALBERTI (1968, 1973). WEDE
KIND, using corals, established a series of
zones for the German Middle Devonian
(WEDEKIND, 1924-25; WEDEKIND & VOLL
BRECHT, 1931-32), and BIRENHEIDE (1968,
1972) has done much to revise this, but
schemes using corals have not found favor
internationally.

MAIN AREAS OF DEVONIAN ROCKS

Devonian rocks are widely scattered on
all of the continents of the Eastern Hemi
sphere (Fig. 1), but recorded information
varies considerably. The most comprehen
sive collation for most areas is the Interna
tional Symposium on the Devonian System,
edited by D. H. OSWALD, published in 1968.
For the vast area of Russia there are two
volumes of a Silurian-Devonian Boundary
Conference (published under the general
editorship of D. V. NALIVKIN in 1971 and
1973) and the two volumes of the De
vonskaya Sistema edited by NALIVKIN,
RZHONSNITSKAYA, and MARKOVSKIY (1973).
For China the most accessible source is the
Paleogeograficheskiy Atlas Kitaya (SOKD
LOVA, ed., 1962) and a regional stratigraphy
(SOKOLOV, 1960). Australia has been re
viewed in a series of Devonian correlation
charts (STRUSZ, 1972; PICKETT, 1972; ROB
ERTS et al., 1972).

WESTERN AND SOUTHERN
EUROPE

The areas of Old Red Sandstone sedi
mentation comprise Ireland, Wales, Scot
land, and Norway. In southeastern Eng
land, the North Sea, and probably a
subsurface belt passing east to the Baltic
States platform, sediments of continental
facies are occasionally intercalated by marine
tongues. From southwest England and
northwestern France, eastward through
southern Belgium, the Eifel, Rhenish Schie
fergebirge, and Harz Mountains to the
Holy Cross Mountains of southern Poland
lay the Hercynian (Armorican or Varis
can) geosyncline in Devonian times. Far
ther south the scattered outcrops mostly
occur in the Paleozoic massifs strongly

affected by late Paleozoic and subsequent
tectonism; these mostly indicate marine de
posits of geosynclinal type which, with the
Hercynian belt, continue eastward into the
complex series of outcrops of central Asia
and the Himalaya.

SOVIET UNION

From the extensive outcrops of the Main
Devonian Field near Leningrad Devonian
rocks extend in the subsurface eastward
to rise to the surface in the Timan and Ural
mountains. Southward they crop out along
the tributaries of the Don River south of
Moscow and along the Dnieper valley in
Podolia. Across the bulk of the Russian
platform the deposits are of Middle and
Late Devonian age and are represented by
continental and evaporite deposits with
marine intercalations. In Podolia a marine
Lower Devonian sequence follows conform
ably upward from the Silurian (KOZLOWSKI,
1929; NIKIFOROVA & PREDTECHENSKIY,
1968). A fuller marine sequence is typical
for the Devonian in its develop'ment from
Novaya Zemlya, the Ural and the Timan
mountains. The Ural sequences are broadly
eugeosynclinal to the east and miogeosyn
clinal to the west. This belt formed the
Uralian geosyncline in Devonian times, and
was folded in the late Paleozoic.

Scattered Devonian outcrops stretch from
the Tien Shan, through Kazakhstan, the
Altay to Baikal and Mongolia to the Khre
bet Dzhugzhur, and along the coast of the
Sea of Okhotsk. This belt broadly formed
the Angaran geosyncline, bounded to the
north by the western Siberian plate and by
the Siberian platform in the east. This belt,
too, was folded by Hercynian movements.
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In most of the Devonian the Angaran geo
syncline was linked with the southernmost
part of the Ural geosyncline, and there ap
pears to have been an almost continuous
link with its northern parts via the Altay
Sayan. The central and southern parts of
the Central Asian fold belts are affected
by the Cimmerian (Carpathian) folding,
and the southern parts also by Alpine fold
ing. These areas are often considered ex
tensions of the Tethyan or Mediterranean
geosyncline.

Mostly continental Devonian is known in
the subsurface between the Urals and the
Yenisey River, which forms the western
margin of the Siberian platform. The oc
currences in the western and southern parts
of the platform are also of continental facies.
Those of the northern margins are mostly
marine and have facies affinities with the
Urals. In the Verkhoyansk-Chukotsk re
gion of northeastern Siberia, especially
along the Indigirka and Kolyma rivers,
marine deposits are widespread, again with
Uralian affinities.

CHINA, SOUTH
AND SOUTHEAST ASIA

The Devonian outcrops of Russian Kir
giziya and Tadzhikistan pass eastward in
tracts that are interpreted as a northerly
Mongolian-Manchurian geosyncline (part of
the Angaran geosyncline) crossing Mongolia
to the Sea of Okhotsk, and passing north
of the broad supposed land area of the
Peking platform. Another tract passed
south of this platform forming the wide
outcrops of continental and marine De
vonian in eastern China, especially in the
ancient provinces of Yunnan and Hunan.
Within this tract several circumscribed posi
tive areas seem to have been active through
out the Devonian, such as the Tarim mas
sif with the Kun Lun Shan geosyncline
of northern Tibet south of it, and the
Tsaidam massif with the Nan Shan geo
syncline between it and the Peking platform
(which embraced all but the Manchurian
part of Inner Mongolia). A complex archi
pelago is envisaged for southwestern China
along and south of the Yangtze Kiang

River. Yet farther south is the broad area
with isolated outcrops that stretch from the
Bosporus coast of Turkey, through Iran,
Afghanistan, Pakistan, the Northern Shan
States, Viet Nam, Thailand, and Malaya.
This last tract is distinctive for the Euro
pean nature of many of its faunas.

AUSTRALASIA

In New Zealand the Lower Devonian is
known in the Reefton and Baton River
areas. Devonian rocks are widespread in
eastern Australia in a belt from Queens
land to Tasmania that formed part of the
complex Tasman geosyncline composed of
marine, volcanic, and continental deposits.
In Central Australia the Amadeus basin
has continental deposits. Bordering the
margins of the Precambrian platform of
Western Australia are the marine deposits
forming the three discrete areas of the
Carnarvon, Canning (and Lennard Shelf
basin and Fitzroy trough), and Bonaparte
Gulf basins. In these it is the Upper De
vonian that is best developed.

AFRICA

The main development of Devonian rocks
is in North Africa in a broad belt from
the Tindouf basin and isolated outcrops in
Mauritania, Rio de Oro, and. northern
Morocco eastward to the northern Hoggar,
Polignac basin, Mourzouk basin, and
Tibesti and Koufra basins at the Libya
Egypt frontier. Broadly, this North African
development is of shelf-facies marine De
vonian lapping southward onto the African
Precambrian shield. The faunal affinities
are almost wholly European, but with Ap
palachian elements in the west.

By contrast, the Bokkeveld development
of Lower Devonian marine faunas in South
Africa shows typical elements of the Mal
vinokaffric province discussed with Ant
arctica and South America in the Western
Hemisphere section. The Devonian of
Ghana seems to show similar affinities, but
with European elements also (ANDERSON
et al., 1966).
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FIG. 5. Paleogeographic map for the Early Devonian (Emsian) of the Eastern Hemisphere (based on
Boucot & Johnson, 1973; House, n). [Inferred land areas are stippled and areas of marine rocks are

horizontally lined.]

LOWER DEVONIAN FAUNAS

In the Lower Devonian (Fig. 5), faunal
provincialism has long been recognized. For
the Eastern Hemisphere, and excluding,
therefore, the Appalachian province, the
division is essentially into an Old World
province embracing Europe and North
Africa, Asia, Australasia, and western
North America, and a Malvinokaffric prov
ince embracing South Africa, the Falkland
(Malvinas) Islands, South America, and
Antarctica (the term Austral province was
introduced for the latter by J. M. CLARKE
in 1913, but since this could be confused
with Australasian faunas, RICHTER (1941)
proposed the name "Malvinocaffrisch" and
it is this in anglicized form that is normally
used). Paleomagnetic evidence suggests
that the Old World province lay in equa
torial and temperate latitudes and that the

Malvinokaffric province lay nearer the
"southern'·' pole.

The Old World province is commonly
divided into a Rhenish-Bohemian subprov
ince, comprising Europe excluding the
Urals, North Africa, parts of the Near East
and, for the late Early Devonian, parts of
eastern North America; a Uralian subprov
ince embracing the Urals and Asiatic Russia
and the Angaran geosyncline with elements
of the Appalachian province in the latter;
a Tasman subprovince recognized in eastern
Australia; and a New Zealand subprovince
including South Island but with some links
(Reeftonia) with Southeast Asia (BOUCOT,
JOHNSON, & TALENT, 1969; BOUCOT, 1974).

This provincialism is best shown by
benthonic organisms, notably brachiopods
and corals, and probably reached its acme
in the Emsian (BOUCOT, 1975).
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EUROPE

In this area there are great faunal con
trasts between the Rhenish facies of near
shore clastics with abundant brachiopods
and bivalves, the Bohemian facies of cal
careous rocks, which carry the richest fau
nas, and the basinal shales, which preserve
graptolites and Cricoconarida. Major prob
lems remain on the detailed correlation be
tween these facies. Space permits only ref
erence to a selection of the many major
works on these faunas.

The brachiopods have generally been used
for the subdivision of the nearshore clastic
facies. The Gedinnian carries Quadrifarius,
Proschizophoria, Podolella, Mutationella,
and Cyrtina as newly appearing forms
(BOUCOT, 1960; JOHNSON & BOUCOT in HAL
LAM, 1973). Near the beginning of the
Siegenian appear genera such as Anoplo
theca, Bifida, Meganteris, Multispirifer, Pra
doia, Rhenol'ensselaeria, and others. The
stratigraphically useful spiriferids of the
Siegenian and Emsian have been mono
graphed, especially by SOLLE (1953, 1971).
Notable studies on Lower Devonian bi
valves are by MAILLIEUX (1937) for the
Ardennes and BEUSHAUSEN (1895) for the
Schiefergebirge. Trilobite faunas include
Acastella and Warbul'gella in the Gedin
nian, and common phacopids, Tl'everopyge
and BUl'meisteria in the Siegenian and
Emsian (ALBERTI, 1968; RICHTER & RICH
TER, 1954).

The Bohemian facies of Czechoslovakia
is best known through the detailed studies
of CHLUPAC (1957, 1959, 1960, and in Os
WALD, 1968a), who gave stratigraphical pre
cision to many of the faunas monographed
by BARRANDE. CHLUPAC (1972) has also
described the faunas around the stratotype
for the Silurian-Devonian boundary where
the base of the Devonian and of the Loch
kovian is characterized by the appearance
of Monograptus unifol'mis and Warbul'gella
rugulosa rugosa. Scyphocrinites is abun
dant just above and below the boundary.
The Lochkovian carries a rich fauna of
brachiopods including HOfvellella, Pleeto
donta, stropheodontids, and spiriferids
(HAVLICEK, 1959), and trilobites such as
proetids and scutellids. Merostomes, phyl-

locarids, bivalves and coral faunas are also
richly represented. The overlying Pragian
has distinctive brachiopod faunas, including
species of Sieberella, Glossinotoechia, Ste
gerhynchus, Hysterolites, and others. The
Lower Devonian here has been subdivided
by using Cricoconarida (BOUCEK, 1964),
and this work has been extended by LAR
DEUX (1969) to southern Europe and North
Africa. In Czechoslovakia (CHLUPAC in
OSWALD, 1968a, p. 115) the Zlichov-Daleje
boundary, marked by the entry of the
goniatite Gyroceratites and the loss of the
bizarre Caeleceras and of trilobites, notably
Odontochile, has been used as the Lower
Middle Devonian boundary, but CARLS and
others (1972) have argued that it corre
sponds rather with the Lower-Upper Em
sian boundary of Germany. Representatives
of the Bohemian facies also recur in the
Harz Mountains (ERBEN, 1953b, 1960).

The basinal shale facies bearing grapto
lites extends well up into the Lower De
vonian (JAEGER, 1965) and Monograptus
hercynicus also occurs in the late Lochko
vian, enabling correlation between the facies
as well as internationally where the Loch
kovian-Pragian boundary can be identi
fied better than the Gedinnian-Siegenian
boundary. In this facies, also, cricoconarids
(LARDEUX, 1969) are increasingly important
upward in the succession. It is in the Sie
genian Hunsriick-Schiefer of this facies that
goniatites appear (ERBEN, 1966), particu
larly Anetocel'as, and in this unit also is
a remarkable pyritic fauna of crinoids, trilo
bites and other groups revealed in minute
detail by X rays (STURMER, 1969).

In the Early Devonian of Europe, there
fore, three facies regimes carried their own
distinctive faunal elements (ERBEN, 1964)
and doubtless had independent community
evolution. It is this that has led to diffi
culties in the use internationally of the
classical stage divisions adopted here.

Analysis of the faunal communities or as
semblages represented in the various facies
regimes of the Lower Devonian of Europe
has scarcely begun. FUCHS (1971) has made
such a study of the upper Siegenian and
lower Emsian facies of the Eifel and recog
nized a seaward sequence of communities
dominated by Mutationella, Tl'igonol'hyn-
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chia-Subcuspidella, Rhenorensselaria, and
Acrospirifer, followed by a deeper water
community of rarer brachiopods, bivalves
and orthocones. BOUCOT (1975) has at
tempted a preliminary review of commu
nities generally in the Lower Devonian and
has drawn attention to the rarity in most
of these communities of species or genera
of value for time discrimination.

ASIA

Here it is convenient to follow the
broad groupings adopted by NALIVKIN,
RZHONSNITSKAYA, & MARKOVSKIY (1973)
and BOUCOT (1975), recognizing the follow
ing divisions for convenience: the Uralian
region and Arctic Siberia; the Dzhungaro
Balkhash region; the Altay-Sayan area;
Mongolia and the Tikhookian area (the
Mongolo-Okhotsk region of BOUCOT);
China south of the Peking platform; and
the tract of outcrops from Turkey to South
east Asia. These are in part faunal prov
inces, in part regionally defined areas.

The Uralian area shows close similarity
to Europe and belongs to the Old World
province as normally defined. Differences
in southern areas, especially southeast Ka
zakhstan, reflects the terrigenous and vol
canic facies there. In the more calcareous
facies Karpinskia is a characteristic brachio
pod, but it also occurs in the Carnic Alps
and elsewhere. The Arctic area, including
Novaya Zemlya, has widely distributed gen
era such as Eoglossinotoechia, Howellella,
and Hebertoechia, but the combination of
Phragmostrophia and Cortezorthis also oc
curs and gives a clear link with Cordilleran
faunas (JOHNSON & BOUCOT in HALLAM,
1973). The goniatite faunas of the Urals
and Novaya Zemlya are very close to Euro
pean groups (BOGOSLOVSKIY, 1969, 1972).
Rich coral faunas are present, especially in
the upper Lower Devonian reef complexes,
but these are mostly of European types with
some endemics.

The Dzhungaro-Balkhash area of Kazakh
stan is distinctive for the presence in it of
brachiopod genera of Appalachian type,
such as Leptocoelia, Rhytistrophia, and
Meristella at levels probably correlating with
the Siegenian. These occur with a mixture
of European and Tasman subprovince types.
Links both west and east, via the Angaran

geosyncline, are inferred. The Australasian
Maoristrophia also occurs here.

The Altay-Sayan area is thought to have
been in marine contact with the northern
Urals and with the Dzhungaro-Balkhash
area during much of the Early Devonian.
Here, rich faunal sequences in carbonate
facies continue upward from the Silurian
(RZHONSNITSKAYA, 1968). The faunas give
good links with the Urals, Podolia, and
Czechoslovakia.

In the Mongolia and Tikhookian area
Lower Devonian faunas are not well de
scribed, but they include Leptocoelia, Cos
tispirifer, and Rhytistrophia emphasizing
links with the Appalachian region. Links
to the west are indicated by corals such as
Barrandeophyllum and Lindstroemia, and
the crinoid Kuzbassocrinus.

Very little is known about the Lower
Devonian of China (HAMADA in OSWALD,
1968a). Early Devonian fish are recorded
in Yunnan and other areas, but records of
marine fossils are mostly unspecified (SOKO
LOVA, 1962). Hysterolites and "Anastro
phia" suggest that the upper Lower De
vonian is present in Old World facies. A
varied Lower Devonian fauna has recently
been described by Mu and others (1974),
which includes Anetoceras, Erbenoceras, and
Mimagoniatites mostly of European type.
Other faunal elements are also described.

For convenience, the scattered outcrops
along the Tethys belt are considered to
gether. The well-known Lower Devonian
faunas of Turkish Bithynia (PAECKELMANN,
1925; KULLMANN, 1973) contain many Ger
man genera and species, especially in the
Emsian carbonates. In the many Devonian
outcrops of Iran, Afghanistan, and Paki
stan, Lower Devonian marine faunas are
only poorly documented, and the same is
true in Burma, Thailand, and Malaya.
Noteworthy records are of Icriodus wo
schmidti in the Nowshera Formation of
Nowshera, Pakistan (STAUFFER in OSWALD,
1968a). and Lower Devonian graptolites
from Maymyo, Burma, and Thailand (JAE
GER, STEIN, & WOLFART, 1969). These show
that at least locally marine sedimentation
continued upward from the Silurian.

AUSTRALASIA

The Tasman geosyncline belt of eastern
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Australia has given its name to the Tasman
subprovince, a subgroup of the Old World
province. Links with Europe are substan
tial, mainly in Rhenish facies, but also in
the carbonate Bohemian type (SAVAGE,
1971). The Early Devonian graptolite fau
nas of southeastern Australia (JAEGER, 1966,
1970) represent the only graptolite faunas
of this age in the southern hemisphere, and
they allow close correlation with those of
Europe. STRUSZ (1972) has recognized
four successive brachiopod faunas for corre
lation purposes in this area. Fauna I (lower
Yeringian) commonly contains Eospirifer
parahentius, lsorthis allani, Lissatrypa len
ticulata, Maoristrophia banksi, and Bou
cotia; Fauna II (upper Yeringian) has the
association Acrospirifer lilydalensis, Cymos
trophia stephani, and Boucotia; Fauna III
(Tabberabberan) contains Adolfia, Gypi
dula vultur, and Nadiastrophia; and Fauna
IV (Buchanian), contains common Bucha
nathyris, Howittia, Malurostrophia, and
Spinella. Fauna I is thought to be Lochko
vian, Faunas II and III Pragian, and Fauna
IV is thought to range from the latest
Pragian to the early Eifelian. Part of Fau
nas III and IV are referred to the Emsian,
and it is then that the Tasman province is
particularly well delimitated with genera
such as Reeftonia, Maoristrophia, Nadiastro
phia, and Notanoplia (the first two also
occur in New Zealand and in Asiatic Russia
and Manchuria; BOUCOT, 1975, p. 315).
Australocoelia gives a single link with the
Malvinokaffric province.

By contrast, the coral faunas of this belt,
dealt with in many monographs by DORO
THY HILL, include large numbers of en
demic elements. The corals and conodonts
(PHILIP & PEDDER, 1967) have formed the
basis for the recognition of 11 faunas (A-K)
of which A-F are referred to the Lower
Devonian. The conodont sequence, too,
shows differences from that of Europe, a
matter emphasized again by TELFORD
( 1975), who considered the sequence of
faunas better related to those of western
North America.

The New Zealand subprovince is based
on Lower Devonian faunas from Baton
River and Reefton, South Island, New
Zealand. The Baton River fauna was dated
as Upper Siegenian or Lower Coblencian

by SHIRLEY (1938), as Gedinnian by Bou
COT, CASTER, IVES, & TALENT (1963), and
WRIGHT (in OSWALD, 1968a) has suggested
levels from Gedinnian to Emsian may be
represented. Forms such as Fascicostella,
Acrospirifer, Cyrtina, Howellella, Mutation
ella, and Hipparionyx all have a European
aspect. The Reefton Beds, on the other
hand, seem to be of Emsian age, and
Acrospirifer coxi in the fauna is sufficiently
close to A. hercyniae of Germany to suggest
early Emsian. Distinctive genera of the
fauna are Reeftonia, Maoristrophia, Taner
hynchia, Pleurothyrella, and the endemic
Allenetes. Because it is only this fauna for
which any discreteness can be claimed,
elevation of the local early Emsian as a sub
province seems excessive, particularly as ele
ments of the fauna are increasingly being
recognized in the Orient.

AFRICA

The South African faunas of the Lower
Devonian are of Malvinokaffric province
type and hence have their affinity with re
gions discussed in the Devonian of the
Western Hemisphere (NORRIS, herein p.
A218). The North African Devonian, on
the other hand, is clearly of Old World
province type.

The Bokkeveld fauna of South Africa
(RUD, 1925; BOUCOT, CASTER, IVES, & TAL
ENT, 1963) appears to be of early Emsian
age. Characteristic brachiopods are Aus
tralospirifer, A ustralocoelia, Scaphiocoelia,
and Pleurothyrella. This fauna has clear
links with Antarctica, the Falkland Islands
and South America, and slight links (Aus
tralocoelia) with Australia. Paleomagnetic
evidence supports the view that this is a
high latitude fauna.

The Accraian Series of Ghana carries a
fauna of bivalves, gastropods, and homalo
notids (SACL, BOCCOT, & FINKS, 1963) and
rare mutationellid terebratulids (ANDERSON,
BOUCOT, & JOHNSON, 1966). Because Muta
tionella has not been recorded from the
North African Lower Devonian, but occurs
in the Falkland Islands, this has been taken
to indicate affinity with the Malvinokaffric
provillce.

The North African Lower Devonian of
Morocco and Algeria (HOLLARD & LEGRAND
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FIG. 6. Paleogeographic map for the Middle Devonian of the Eastern Hemisphere (based on Boucot &

Johnson, 1973; House, n). [Inferred land areas are stippled and areas of marine rocks are horizontally
lined.]

in OSWALD, 1968a) shows intimate affinity
with the classical successions of Germany
and Czechoslovakia. But whereas in those
areas tectonic complications and poor ex
posure raise many problems, those of North
Africa are superbly exposed along enormous
spreads of outcrop. The potential for re
nned biostratigraphy is immense. Also,
facies of both the European Rhenish and
Bohemian types occur so that evidence from
here has contributed to the correlation be
tween the Czech and German stages.

Monograptus uniformis and the asso-

ciated Silurian-Devonian boundary faunas
and the faunal sequences have been well
documented by HOLLARD (1968, 1974), and
work by specialists on various groups is in
progress, and some on brachiopods (DROT,
1971), cricoconarids (LARDEUX, 1969), and
trilobites (ALBERTI, 1969) have appeared.
During the Early Devonian, evidence of
faunal affinity with North America has not
been as well documented as in younger di
visions, but OLIVER (1976) has drawn at
tention to the occurrence of eastern North
American coral genera in North Africa.

MIDDLE DEVONIAN FAUNAS

By the Middle Devonian little evidence
remains for a Malvinokaffric province in
the area considered here (Fig. 6). In many
areas, extensive transgressions near the
Lower-Middle Devonian boundary, such as
the movements across the Russian platform

and the Onondaga onlap in North America,
led to a general decrease in faunal provin
cialism, and to a mixing where provinces
were adjacent. The distribution of the Old
World province is as indicated for the
Lower Devonian, but the New Zealand
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subprovince cannot be recognized. Particu
larly remarkable, and an indication of the
reduction of provincialism by the Givetian,
is the almost international distribution, in
their appropriate different facies, of the
giant Stringocephalus and its relatives (Bou
COT, JOHNSON, & STRUVE, 1966) and of
Amphipora (DUNCAN in CLOUD, 1959), wit
nessing to the cosmopolitan nature of some
elements of the carbonate environment. But
isolated areas of reef carbonates, in Europe,
the Urals, and other areas are associated
with some endemism. The mixing at prov
ince boundaries is illustrated by the number
of Appalachian province forms occurring
in North Africa and Spain, and European
elements that are found in eastern North
America, and the Appalachian elements
that, as in the Lower Devonian, extend
westward along the Angaran belt to Ka
zakhstan.

The Middle Devonian represents one of
the chief periods of generic and familial
diversification known in the Paleozoic.
There appears to be some link between this
and the widespread distribution of essen
tially shallow-water carbonates in areas
thought to have been near the tropics, and
the early Middle Devonian transgressive
movements made these more extensive. But
the close of the Middle Devonian saw the
loss of many groups, and the brachiopod
groups Rhynchotrematidae, Stringocephali
dae, Dayiacea, Lyssatripidae, and Palaferel
lidae appear to have become extinct before
the earliest Frasnian (HARLAND et al.,
1967); of trilobite groups, the Calymenina,
homalonotids, and cyphaspids are last re
corded in the Middle Devonian. The gonia
tite break is very important, with the loss
of all but two or three genera (HOUSE,
1973b). The pattern of extinction for sev
eral groups is shown in Figure 7.

EUROPE

In the European area the distinction be
tween Rhenish and Hercynian facies is
still clear, although the former is much
less well developed than in the Lower De
vonian. Here for the carbonate facies fun
damental work has been done in the
establishment of ecologically based faunal
assemblages, particularly by LECOMPTE
(1970) and TSIEN (1971) for the Ardennes,

and by STRUVE (1963) for the Eifel. These
may be briefly summarized, in shallow- to
deep-water sequence, as follows (LE
COMPTE'S more interpretative terms are
given in parentheses) : Stromatoporoid
Bankriff (Turbulent Zone); Knollen-Block
riff, and Rasenriff with crinoid meadows
(Subturbulent Zone); Rubenriff (below
Turbulent Zone); Brachiopod-Siedlungen
(Quiescent Zone). The Knollen-Blockriff
comprises loosely associated cerioid rugose
corals and tabulates, the Rasenriff fascicu
late rugosans and tabulates, and the Ruben
riff is the zone of horn corals.

In the deeper water Hercynian facies,
the basinal argillites are now characterized
by styliolinid and nowakiid cricoconarids
of supposed planktonic habit and these are
abundant in the Tentaculitenschiefer and
Styliolinenschiefer units of the Rhenish
Schiefergebirge and in equivalent facies in
Cornwall and other areas. The pelagic car
bonate sequences of the seamounts are rich
in goniatites and orthocones, but of types
different from those of the Lower Devonian.

In the Middle Devonian brachiopod fau
nas increased in diversity. The productids
entered first apparently in the Eifelian
(rather than Emsian; BOUCOT, 1975), and
derivatives are distinctive. Other stocks
show distinctive genera; however, definition
of a Lower-Middle Devonian boundary us
ing brachiopods is difficult. The Cultriju
gatus Schichten, here referred to the Lower
Devonian, are characterized by species of
Paraspirifer (SOLLE, 1971), but the name
giving species occurs in the Laucher Schich
ten, and it is not a diagnostic form. Locally,
especially in the Eifel, various brachiopod
groups have proved useful in time discrim
ination, particularly atrypids and reticu
lariids (STRUVE, 1966, 1970). One of the
most useful genera for the Givetian is
Stringocephalus and its allies. Stringoceph
alus survived into the earliest Late Devonian
as used here, and the extinction corre
sponded approximately to the Middle-Late
Devonian boundary as used here.

Middle Devonian goniatites are charac
terized by the proliferation of anarcestid
and agoniatitid stocks. If CARLS and others
(1972) are correct in correlating the Gyro
ceratite:; gracilis boundary (of ERBEN in
ERBEN, 1962, p. 65) with a level in the
Emsian, then it is the occurrence of Sel-
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G ROUPS EIFELIAN GIVETIAN FRASNIAN FAMENNIAN

PORIFERA Receptacvlitida~ ?
COELENTERATA eoen/tida

H~liolitida ?
Petralidae ?
Streptelasmafidae ?
Halliidae ?
Zaphrentidae
Phacellophyllinae
Stauriidae ?
Spongophyllidae ?
Chonophyllidae
Ptenophyllidae
Stringophyllidae
Gon;ophyllidae
Digonophytlidae

BRACHIOPODA Orthaeea
Plectambonitacea
Rhynchotrematidae ?
Pent ameracea
uncinulidde
Cam~rophorinidae ?
Lyssa1rypidae
Paraferellidae
Atrypidae
Day/acea
Rhynchospirifer;nidae
Cyrtiidae
Fimbr;spiriferidae
Sp;nocyrtiidae
Costispiriferidae ?
Sfr;ngocephalidae

TENTACULITIDA Tentaculitidae
Homoctenldae
Uniaeonidae
Nowakiidae
Sly/lolin/dae

NAUTILOIDEA Discosorida ?
Barrandeoceratida

AMMONOIDEA Agoniatitacea
Tornoceratacea
Pharciceratacea ---
Gephuroceratac ea
Clymeniina ----

TRILOBITA lilinacea
Harpina
Calymen;na
Cheirurina
Phacopina
Lichida ?
Odontopleurida

OSTRACODA Leperditiidae ?
Isochilinidae
Beyrichiidae ?
Richinidae

Pribylit ida e
Primitiopsidae
Aechminidae
Arcyzonidae
Pachydomellidae
Barychilinidae
Beecherellidae

ECHI NODERMATA Rhombifera

Diploporita
Machaeridea -- f-?
Ophiocistioidea

FIG. 7. Pattern of extinctions for selected invertebrate taxa during the Middle and Late Devonian (after
House, 1975b).
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lanarcestes wenkenbachi (e.g., the Obere
Kondel-Gruppe) that represents the best
fauna taken as terminal Lower Devonian
as recommended by SCHMIDT (1926) and
widely followed. The upper Eifelian fauna
with Pinacites jugleri is distinct and quite
widely spread in Europe, occurring in the
Chotec Limestone in Czechoslovakia. The
Cabrieroceras crispiforme fauna makes the
best marker for the basal Givetian; this
occurs in the Kacak Member of the Srbsko
Formation of Czechoslovakia, but the rela
tions in Belgium are uncertain because it is
not recorded there. The late Givetian is
characterized by Maenioceras, Sobolewia,
Agoniatites, Foordites, Holzapfeloceras, late
Cabrieroceras, and others. Of these, only
Maenioceras may just range into the Phar
ciceras lunulicosta Zone, taken here as basal
Upper Devonian. Useful as these goniatite
faunas are for correlation in deeper water
facies, their rarity in near-shore and reef
facies raises many problems.

The coral Calceola has been used as a
guide to the Eifelian, and it is widespread
in shale facies of that age but is now
known to range both lower and higher.
The importance of corals generally in cal
careous facies in the Middle Devonian of
Europe has been indicated in relation to
the recognition of assemblages. It was
WEDEKIND who did the primary work in
Germany (1924-25) and proved the value
of this biostratigraphic tool. His scheme
recognized five successive faunas through
out the Middle Devonian. From below
upward, these include the Keriophyllum,
Astrophyllum, Digonophyllum, Dohmo
phyllum, Leptoinophyllum, Stenophyllum,
Sparganophyllum, and Dialytophyllum
zones. The truth is, however, that subse
quent work has shown that the ranges of
several of the groups used to define these
divisions are not as WEDEKIND supposed,
and taxonomic revisions have eliminated
many of his names (MIDDLETON, 1959;
BIRENI-IEIDE, 1972).

For trilobites there is a break at the
Heisdorf-Lauch boundary marked by the
disappearance of forms such as Basideche
nella kayseri, Comura defensor, and Acas
toides henni posthumus and the appearance
of Pholonyx philonyx, Schizoproetus onyx,
and Longiproetus cultrijugati. In higher

Eifelian strata scutellids, harpids, phacopids,
and thysanopeltids characterize shallower
water facies and proetids and subgenera of
Phacops characterize the deeper water facies.
The Givetian limestone facies is character
ized by bizarre spinose trilobites such as
Acanthopyge, Radiolichas, and Cheirurus,
in addition to traditional groups.

In the basinal argillite sequences, it is
the cricoconarids that are important, and
detailed zonations have been established,
especially for the Eifelian. The earlier fau
nas have been studied by ALBERTI (1971),
and a general review is given by LARDEUX
(1969).

As has already been remarked, there have
been attempts to collate faunal information
in terms of facies faunas, assemblages, or
communities for the carbonate facies of the
Middle Devonian, but there has been little
systematic collation for other facies (HOUSE,
1975b).

ASIA
Treatment here will follow the pattern

adopted earlier for the Lower Devonian.
Again, the Uralian faunas show close af
finity with Europe, but as before those of
the Arctic area differ. The Uralian area,
embracing now the Altay-Sayan, has the
Eifelian brachiopods Zdmir [Conchidiella I
pseudobaschkirica, Megastrophia uralensis,
Carinatina, lanius, and other European
genera. The Altay-Sayan fauna has a num
ber of endemics. In the Givetian, a similar
broad pattern is seen, with common Euro
pean genera such as Stringocepllalus, Born
hardtina, Uncinulus, Schnurella, and Em
manuella, but in the Altay-Sayan the
occasional exotic form Indospirifer from
the east, and rare endemics such as Urella
occur (NALIVKIN, RZI-IONSNITSKAYA, and
MARKOVSKIY, 1973). In the Givetian, when
substantial general transgression had taken
place in the Russian area, there seems to
be a decrease in provincialism.

The goniatite sequences of the Urals, and
indeed of Russia generally, are not well
known (BOGOSLOVSKIY in NALIVKIN, ed.,
1973, p. 51), although general correlation
with Germany is indicated. Little has been
achieved in conodont work or in using cri
coconarids (LYASHENKO in OSWALD, 1968b).
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Paleogeographic distribution of corals, on
the other hand, has been reviewed by Du
BATOLOV & SPASSKIY (in OSWALD, 1968b)
and by SPASSKIY and others (in NALIVKIN,
1973, p. 220, p. 229). The latter authors
recognized three broad time divisions of
coral faunas in the Russian Middle Devo
nian, and listed endemics of particular areas.
The wide distribution of European forms is
striking, but nevertheless they referred Asi
atic faunas to a distinct Uralo-Siberian-Asi
atic province with only a separate Mongolian
fauna (Mongolo-Okhotsk province).

The Dzhungaro-Balkhash region, with
Euryspirifer, Acrospirifer, and Fimbrispi
rifer in the Eifelian and Mucrospirifer
higher continues its Appalachian province
aspect. Records of corals such as Heliophyl
lum (SPASSKIY and others in NALIVKIN,
1973) seem to confirm this, but OLIVER
(1976) casts doubt on the Heliophyllum
determination. Several of the brachiopod
genera occur again in the Tikhookian and
Mongolian area, however, confirming the
easterly link in general terms. Corals
thought to be distinctive of this area
include Stellatophyllum, Pseudotryplasma,
Gurjevskiella, and Amurolites, but with
lowaphyllum suggesting an easterly link.

The Chinese Middle Devonian is poorly
known. Common European coral genera,
including Calceola, and brachiopods, includ
ing Stringocephalus, indicate general links
with Europe. Apart from the early work
on brachiopods by GRABAU (1931-33) and
TIEN (1938), the work on Yunnan corals
by WANG (1948) and the revisions by
HAMADA (in OSWALD, 1968a) seem to be
the main sources confirming the general
picture. But SPASSKIY and others (in NALIV
KIN, 1973, p. 234) united the corals of this
area with those of Australia in a common
Sino-Australian realm. Rich faunas of cor
als, tentaculites, and other fossils have been
described by Mu and others (1974).

The Tethyan belt has scattered Middle
Devonian faunas that generally are most
comparable with those of Europe. From
near Istanbul KULLMANN (1973) recorded
Latanarcestes noeggerati, Anarcestes latesep
tatus, and Pinacites jugleri in successively
higher beds following Emsian-Eifelian tran
sitional faunas. The Middle Devonian is
poorly known in Iran, but BRICE (1970)

and DURKOOP (1970) have reported a varied
fauna of brachiopods and corals from Af
ghanistan, which have a close link with
European and Uralian faunas. REED (1908)
recorded both Calceola and Anarcestes from
northern Burma (ANDERSON, BOUCOT, &
JOHNSON, 1969), but good Middle Devonian
brachiopod faunas are recorded from Viet
Nam and Cambodia, assigned mostly to
European species, and including Calceola
and Stringocephalus. There are also records
of Stringocephalus in Malaya (GORBETT,
1966), and BOUCOT, JOHNSON, & STRUVE
(1966) have reviewed the distribution of
this genus and its relatives.

AUSTRALASIA
In New Zealand there is no evidence that

the Lower Devonian faunal sequence con
tinues into the Middle Devonian. In east
ern Australia, however, along the area re
ferred to as the Tasman geosyncline, rocks
of this age are well developed. In western
Australia, although a Middle Devonian
transgressive phase has been reported (TEI
CHERT, 1974), little has been described;
however, Stringocephalus and Stringophyl
lum have been reported from the Canning
basin (PICKETT, 1972). This section is
therefore concerned only with eastern Aus
tralia.

The formal biostratigraphic subdivision
of PHILIP & PEDDER (1967) has already
been noted. In this scheme the Middle
Devonian embraces divisions G to K. Most
localities are in New South Wales and
Queensland and are from discrete outcrops.
Fauna G, of Macgeea touti, marks the in
coming of Dohmophyllum and Stringophyl
lum, and Fauna H, of Taimyrophyllum
callosum, marks the first incoming of Endo
phyllum. The Xystriphyllum giganteum
fauna (Fauna I) contains the early stringo
cephalid genus Bornhardtina, and the top
of this fauna contains conodonts that corre
late with the Polygnathus kockelianus Zone
of Europe. Fauna J (of Grypophyllum d.
G. denckmanni) and Fauna K (of "Endo
phyllum" schlueteri) have been correlated
with the European Polygnathus varcus
Zone (KLAPPER, PHILIP, & JACKSON, 1970).
Much work remains to be done on the
brachiopod faunas, but the general Euro-
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pean affinity of the coral faunas is clear.
But as HILL (1957) and SPASSKIY and
others (in NALIVKIN, 1973) pointed out, and
has been emphasized by PEDDER, there is
much endemism in the faunas at generic
and especially specific level. Thus, the Tas
man subprovince continued into the Middle
Devonian.

AFRICA

There is no evidence that the faunas of
the South African Bokkeveld beds, or that
of the overlying Witteberg beds, extend up
ward into the Middle Devonian. The same
is true of the Lower Devonian of Ghana.
In North Africa, on the other hand, the
Middle Devonian is superbly developed
(HOLLARD & LEGRAND in OSWALD, 1968a).
The fauna is extremely close to that of
Europe, but there is evidence of faunal
links with the Appalachian area.

A sequence of goniatite faunas from near
the Lower-Middle Devonian boundary has
been established by HOLLARD (1974). The
levels are characterized, in sequence, by
Sellanarcestes wenkenbachi, Anarcestes late
septatus lateseptatus, then A. lateseptatus

plebeius with Pinacites jugleri. The P. jug
lai faunas HOLLARD referred to the upper
Eifelian, as in Germany, and he has dis
proved the earlier date assigned by SOUGY
(1969). A widespread fauna containing
Cabrieroceras crispijorme is taken to mark
the basal Givetian (records of Eifelian
Cabrieroceras from this area refer to forms
best assigned to Werneroceras). The de
tailed affinity of this goniatite sequence
with that established in Germany is most
striking. The C. crispijorme levels seem to
correlate exactly with the New York Wer
neroceras Bed.

Among brachiopods, too, typical Euro
pean forms are well represented (DROT,
1964, 1971), but the coral records of H elio
phyllum and Phillipsastrea are of particular
interest (LE MAITRE, 1947, 1952). The
former is taken, with otherwise endemic
eastern North American forms (OLIVER,
1976), to indicate close links with the Ap
palachian area. The occurrence of Phillip
sastrea is interesting, as here and in Spain
and England it occurs in the Middle De
vonian, but generally in Europe it is an
Upper Devonian form (SCRUTTON, 1975).

UPPER DEVONIAN FAUNAS

Approximately at the Middle-Upper De
vonian boundary there is widespread evi
dence of renewed transgression (Fig. 8).
In the European area this is represented by
the extension of marine sediments well on
to cratonic areas (HOUSE, 1975a) and there
seems to be a good correlation with the
Taghanic onlap of North America (JOHN
SON, 1970). Thus, by the middle Frasnian,
faunas of the Devonian were probably
at their most cosmopolitan. Remarkable
changes took place during the late Frasnian.
Apparently as a result of continued eustatic
rise of sea level, or widespread sea-floor
subsidence in shelf areas, there was first a
restriction of reef carbonates, then the at
tenuation of those that remained, and fi
nally this facies almost disappeared. Accom
panying this was an associated diminution
and extinction of the various specialized
reef and associated carbonate organisms.
The end of the Frasnian apparently saw
the extinction of several groups of brachio
pods (Pentameroidea, Atrypoidea, possibly

Costispiriferidae, and Orthacea), trilobites
(harpids, thysanopeltids, Dalmanitacea,
Odontopleuridae, Lichidae), coral and stro
matoporoid genera, and almost all groups
of Devonian cricoconarids (Uniconidae,
Tentaculitidae, Homoctenidae, Nowaki
idae) (Fig. 7).

This faunal break between the Frasnian
and Famennian is a major Phanerozoic
event, and apart from the Permian-Triassic
break, is probably the most marked in the
Paleozoic as a whole. Documentation is
not precise enough to state that all these
groups became extinct at the same time,
but the main extinctions are clearly late in
the Frasnian. Some global cause is required,
and McLAREN (1970) argued, doubtless
with tongue in cheek, that a meteorite
landing in the Devonian "Pacific" could
ha\'e set up a tidal wave giving near in
stantaneous extinction. HOUSE (1975a,b),
on the other hand. has pointed out the
critical relation between the disappearance
of reef carbonates and these extinctions.
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FIG. 8. Paleogeographic map for the Late Devonian (Frasnian) of the Eastern Hemisphere (based on
House, 1973; House, n). [Inferred land areas are stippled; areas of marine rocks are horizontally lined.]

Once reefs had gone, not only could their
specialized inhabitants not survive, but the
removal of any protection that reef carbon
ates may have provided at platform margins
would have rendered vulnerable many other
shelf environments.

Faunally, as a result of these events, the
Famennian represents a discrete interval
terminated by further extinctions (ely
menoidea, Phacopidae) at the close of the
stage. The almost complete absence of or
ganodetrital carbonates and associated fau
nas, the replacement of well-known bra
chiopod groups by a development of
rhynchonellids and spiriferids, the entry and
diversity of the clymenoid ammonoids, and
in the basinal environment, the replacement
of coniconchines by the planktonic ostra
codes give a quite different stamp to the
Famennian. Some element of provincialism
remains, for example, the restriction of well
developed ostracode slate facies to Europe

and the Urals, but it is quite diminished in
comparison with the Lower and Middle
Devonian.

EUROPEAN FRASNIAN

The progressive series of transgressions
throughout the Frasnian of Europe resulted
in limited preservation of nearshore clastic
facies. Better represented are carbonate and
reef complexes, basinal argillites, and the
reduced successions of seamount Schwellen.
But these, as has already been indicated,
show faunal distinction from those of the
Middle Devonian following the extinctions
of particularly coral, brachiopod, and trilo
bite groups near the end of the Givetian.
As used here the Frasnian is treated as
synonymous, or nearly so, with the
Adorfian, named from the reduced gonia
tite-rich sequence of the northern Schie
fergebirge.
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The type Frasnian area is in southern
Belgium where spectacular knoll-like reef
masses are developed in the middle Fras
nian, although they appear to have been
overwhelmed in the Palmatolepis gigas
Zone with the onset of the terminal Fras
nian transgressions. Cyrtospirifer, long con
sidered the main guide to the Upper
Devonian, enters in the basal Assise de
Fromelennes (LECOMPTE in OSWALD, 1968a)
and this explains why the base of the Fras
nian was defined at that level in 1952.
Other so-called guide fossils include Hypo
thyridina cuboides and Phillipsastrea hen
nahi, but both perhaps have their original
types from the Givetian (ORCHARD, 1974;
SCRUTTON, 1968). BOUCOT (1975) has in
dicated a range of brachiopod genera re
stricted to the Frasnian. The type Frasnian
reefs were studied by LECOMPTE (1970 and
earlier works) and formed part of the basis
for the recognition of depth zonation. This
approach has been followed by TSIEN
(1971).

Reduced successions of the pelagic car
bonates have provided the type sequences
for both the goniatite and conodont zona
tions, which were established at Adorf (now
Diemelsee). The distinction of the basal
Adorfian goniatite faunas is the occurrence
of multilobed pharciceratids such as Phar
ciceras and Synpharciceras, also Epitorno
ceras, Ponticeras, Probeloceras, and others
unknown in the Middle Devonian. In the
middle Fasnian are the typical Manticoceras
and Beloceras. Cnckites holzapfel and
others characterize the late Frasnian. The
pyritic or hematitic fauna of contemporary
shales is referred to as the Biidesheimer
Schiefer. The goniatite sequence was estab
lished mainly by WEDEKIND (1913). The
conodont sequence was established by
ZIEGLER (1958, 1962), but, as remarked
before, certain correlation between the two
schemes has not been achieved.

The gradual dominance of fingerprint
ostracodes over cricoconarids in the photic
zones of the basinal regions took place
through the Frasnian, a typical succession
being described by KREBS and RABIEN
(1964) and this is reproducible in other
European areas.

One particularly unusual facies, the two
Kellwasserkalk bituminous limestones, were

recognized by BUGGISCH (1972) over wide
areas of Europe and in North Africa. These
carry a remarkab~e fish fauna and gonia
tites, orthocones, and even coprolites with
conodont assemblages (LANGE, 1968). BUG
GISCH considered these units were formed
at times of transgression during which
large quantities of organic matter were de
posited. The deepening in pulses that ter
minated the various periods of reef develop
ment in Belgium were of similar type.

A striking coherence exists in the pattern
of Frasnian facies and faunas found in
western Europe and North Africa. In the
Main Devonian Field near Leningrad, and
in the Timan Mountains, widespread shal
low-water calcareous environments have
rather distinctive brachiopod faunas (LYA
SHENKO, 1959; NALIVKIN, RZHONSNITSKAYA,
& MARKOVSKIY, 1973) and goniatite faunas
(BOGOSLOVSKIY, 1969, 1971) that have simi
larities with Cordilleran types. Also, a
cricoconarid sequence, more detailed than
elsewhere, has been described (LYASHENKO,
1959). The abundance of fish in interleav
ing horizons makes this a critical area for
correlation into the Old Red Sandstone
facies (WESTOLL in HOUSE, 1977).

EUROPEAN FAMENNIAN

The almost complete absence of biohermal
carbonates is the most distinctive feature
of the Famennian biofacies of Europe.
From the Holy Cross Mountains of Poland
ROZKowSKA (1969) has described a sparse
fauna of four phillipsastreaid individuals,
some endophyllids, one genus of cystiphyl
loids and the earliest known heterophylloids
from the early Famennian, and this is the
b::st European Famennian coral fauna
known. The limited stromatoporoid fauna
of the Etroeungt (LE MAITRE, 1933) repre
sents the best occurrence of that group.
The result is a marked contrast with the
earlier Devonian.

In the shallower water, clastic-rich facies
brachiopod and bivalve faunas are well de
veloped, the former dominated by rhyncho
nellids (SARTENAER in OSWALD, 1968b) and
spiriferines. SARTENAER recognized in France
and Belgium his international Eoparaphor
hynchus and Basilicorhynchus zones of the
lower Famennian, but higher faunas are
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not well discriminated. In northern Europe,
this facies intertongues with Old Red Sand
stone type terrestrial facies in which fish,
plant, and spore remains are common.

In ,the deeper water argillite facies only
proetlds and phacopids remain of trilobite
groups. The most remarkable feature is
the dominance of planktonic Ostracoda,
which often cover bedding planes in the
Cypridinenschiefer facies; with them are bi
valves, such as Karadjalia venusta, which
may have been epiplanktonic on floating
weed. In shallower silty facies the infaunal
Sanguinolites is characteristic.

Occurring in the argillites, especially in
hematitic or pyritic facies, but more par
ticularly in the seamount or pelagic car
bonates, are the rich and varied ammonoid
faunas. The goniatite Cheiloceras charac
terizes the earliest Famennian, and then
the clymeniids enter, characterizing the later
Famennian and showing remarkable diver
sity until their sudden extinction in the
late W ocklumeria Stufe. Goniatites such as
Sporadoceras and Imitoceras, and also nau
tiloids, accompany them; however, for bio
stratigraphical purposes, it is the conodont
sequence established especially by ZIEGLER
(1962, 1971) that has international im
portance and, for the Famennian, this seems
well linked to the ammonoid scale.

Much detailed work has been done in
Europe on the correlation of beds near the
Devonian-Carboniferous boundary (AuSTIN,
et al., 1970; VOHRINGER, 1960; ZIEGLER,
SANDBERG, & AUSTIN, 1974). The boundary,
in the German (and Heerlen and Sheffield
congresses) definition, is marked by the
extinction of both clymeniids and phaco
pids, whereas in the Belgian and Russian
definitions the boundary is difficult to diag
nose except at low taxonomic levels.

ASIA
For this enormous area the Frasnian and

Famennian are here treated together. In
the Upper Devonian of Asia the broad geo
synclinal tracts recognized earlier in the
Devonian remain broadly discrete. These
are 1) the Ural belt, including Novaya
Zemlya in the north and the Tien Shan
and Kazakhstan in the south, 2) the north
ern Siberian areas of shallow-water sedi-

mentation conveniently termed the Arctic
area, 3) the Altay-Sayan area, 4) the
Dzhungaro-Balkhash area, linking through
the poorly known regions of China and
Mongolia to the east, 5) the Tikhookian
region of southeast Russia, 6) the Chinese
area south of the Peking platform, and
7) the tract of separated and disjunct out
crops from Turkey to Southeast Asia. This
grouping (based in part on NALlVKIN,
RZHONSNITSKAYA, & MARKOWSKIY, 1973) is
here used for discussion.

In the Frasnian and Famennian, the
Uralian and Arctic area, comprising the
Atlantic region of Russian authors, is es
sentially of European type. Even the char
acteristic basinal and seamount facies are
known in the Urals. When faunas were
most cosmopolitan, in the Frasnian, typical
European genera such as Manticoceras, Hy
pothyridina, Ladogia, Theodossia, and Mu
crospirifer were widely distributed across
this broad area. Ladogioides, a Cordilleran
type, occurs in northeast Siberia. Endemics
were rare; among goniatites there is Tama
rites, probably earliest Frasnian in age.
Manticoceras of the middle Frasnian is
widely distributed (HOUSE, 1973b). The
rich coral faunas (DUBATOLOV & SPASSKIY
in NALlVKIN, 1973) show less provincialism
than earlier in the Devonian and the typical
Frasnian genera of Europe are abundant.
The apparent uniqueness of the cricoconarid
faunas of the Russian platform and Urals
in the Frasnian results mainly from the
lack of detailed studies elsewhere.

The Uralian and Arctic areas show fau
nal differences in the Famennian. The
former resembles European biofacies and
contains a very similar ammonoid sequence
(BOGOSLOVSKIY, 1971) and, although only
briefly described, the conodont sequence has
broad similarities (KHALYMBADZHA & CHER
NYSHEVA, 1970), but the brachiopods Zi
limia and Dzieduszichia occur in addition
to common European genera. In the Arctic
area Famennian ammonoids are very rare,
and distinction is given by the occurrence
of Gastrodetoechia (according to NALIVKIN,
RZHONSNITSKAYA, & MARKOWSKIY, 1973, but
not recorded by SARTENAER, 1969), a bra
chiopod common in western North Amer
Ica.

In the Altay-Sayan area, both in the
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Frasnian and Famennian, there are close
links faunally to the Urals, but faunas of
the Kazakhstan area and the Dzhungaro
Balkhash region contain the eastern brachio
pod Yunnanella, according to NALIVKIN,
RZHONSNITSKAYA, & MARKOVSKIY (1973),
but SARTENAER (1971) has reassigned most
of the specimens on which the genus was
recognized. Other evidence of eastern fau
nal affinity is the record by BOGOSLOVSKIY
(1971) of Sinotites in the Aktyubinsk dis
trict, a genus otherwise known only in the
Great Khingan.

The Tikhookian and Mongolian late
Devonian faunas include cyrtospiriferids
and other brachiopods, many of which are
assigned in the literature to New York
species. To the south is the remarkable
sequence of the Great Khingan (CHANG,
1958). Here the Lower Suhuho Formation,
with Sinospirifer, atrypids, Yunnanella, and
Nayunella (SARTENAER, 1971), has been re
ferred to the Frasnian. The overlying
Upper Suhuho Formation contains a rich
goniatite fauna of early Famennian age,
including Cheiloceras, Sporadoceras, and
Pseudoclymenia, whereas Platyclymenia in
dicates a middle Famennian age. CHANG
(1960) has described the peculiar goniatites
Sinotites and Sunites from here, which are
endemic apart from the Aktubinskayan rec
ord mentioned above.

The main Upper Devonian records in
China are from Yunnan, Kwangsi, Hunan,
and Szechwan. The typical Frasnian gonia
tites Manticoceras, Belocel'as, Eobeloceras,
and Ponticeras occur in this area (CHAO,
1956), but there has been considerable
doubt as to whether the Famennian is
represented at all, a substantial post-De
vonian break being thought to be present
above the Frasnian. Whether the Yun
nanella-bearing rocks, which are very wide
spread (SARTENAER, 1971), are wholly Fras
nian is not clear. The earliest Famennian
may be present, but atrypids recorded in
association with Yunnanella suggest that
only Frasnian is involved. This is of some
importance because the type species of
CYl'tiopsis is from this region, and in North
America this genus has been taken as a
Famennian guide. According to the review
by SPASSKIY and others (in NALIVKIN,
1973), the Frasnian coral fauna is broadly
similar to that of Asia and Australia. The

plant Leptophloeum is widespread in more
terrestrial facies in China, Japan, and also
eastern Australia (HAMADA in OSWALD,
1968a). Evidence of late Famennian in
southwest China comes from the record of
Cymaclymenia and Parawocklumeria by
Mu and others (1974).

Upper Devonian rocks are widely ex
posed in scattered outcrops along the
Tethys belt. In Iran, brachiopods of Fras
nian age, such as Ripidiorhynchus and Cy
photerorhynchus are widespread (SARTE
NAER, 1966), Cyphoterorhynchus being
found also from Armenia to Pakistan. Early
Famennian Gastrodetoechia faunas occur,
and in the Tabaz area there is a fauna of
Platyclymenia, Sporadoceras, and Priono
ceras (WALLISER, 1966). Much richer fau
nas have been described from Afghanistan
by BRICE (1970), including a variety of
corals from carbonate horizons. A rich
fauna of brachiopods and corals is known
from the Northern Shan States (REED,
1908), which includes a record of Phillip
sastrea and brachiopods seemingly of Fras
nian age. Scattered records of Late De
vonian in Cambodia, Viet Nam, and
Thailand exist. An interesting tie with
Europe is the occurrence of the trilobite
CYl'tosymbole (Wm'ibole) from Malaya
(KOBAYASHI & HAMADA, 1966). This is an
exotic occurrence of a subgenus abundant
in western Europe and eastward to Kazakh
stan. So much has still to be learned about
these faunas that generalizations are pre
mature. Nevertheless, the affinities with
faunas of Europe and the southern Uralian
belt seem sufficiently strong to confirm the
same provincial assignment given to earlier
Devonian faunas.

AUSTRALASIA
The Upper Devonian of Australia (ROB

ERTS et al., 1972) shows a continued de
velopment along the Tasman geosyncline,
but additionally spectacular reef develop
ment occurs marginal to the Precambrian
shield in Western Australia.

In eastern Australia terrestrial facies oc
cur in many areas with European fish
genera and Leptophloeum and other plant
remains of Late Devonian type. Good
marine faunas in Queensland include Fras
nian corals, cyrtospiriferids and other Fras-
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nian brachiopods and typical European
conodontso McKELLAR (1970) has estab
lished a series of Famennian zones using
productoids, some of which have affinities
with the western United States as well as
with Europe. Other faunas, including
"Cyrtiopsis," Cyrtospinofer, and Tentico
spinier, may be compared with Chinese
and European forms. In New South Wales
conodonts have enabled correlation with
the European zonation in several places
(PHILIP & JACKSON, 1971), the faunas rang
ing through the Frasnian and Famennian.
Also known are the Famennian ammonoid
genera Cheiloceras, Genuclymenia, Platy
clymenia, and Cymaclymenia (JENKINS,
1968; PICKETT, 1960).

The remarkable Frasnian reef sequences
of the Canning basin (PLAYFORD & LOWRY,
1966) and other developments in the Bona
parte Gulf basin and Carnarvon basin are
significant for their incredibly close affinity
with European faunas. For many gonia
tites (GLENISTER, 1958; PETERSEN, 1975)
this is at specific level, as it is for the
conodonts (DRUCE, 1969; GLENISTER &

KLAPPER, 1966), brachiopods (VEEVERS,
1959a,b), and phyllocarid crustaceans and
other groups (BRUNTON et al., 1969). Fitz
royella, one supposed endemic brachiopod,
has since been recorded in Poland (BIER
NAT, 1969). Although indicated in the
literature, it would appear that the evidence
for the stromatoporoid reef facies extending
up into the Famennian in this area is very
slight; the Famennian reefs are stromatolitic.

AFRICA

It is only in North Africa that Upper
Devonian rocks are preserved and there
the faunal agreement with Germany is par
ticularly close. This is well illustrated by
the ammonoid sequences (PETTER, 1959,
1960), which replicate the standard succes
sions. Goniatite faunas near the Middle
Upper Devonian boundary have been de
scribed by BENSAID (1974), who showed
that the base of the Pharciceras lunulicosta
Zone (and Manticoceras Stufe) falls within
the Polygnathus varcus Zone of the cono
dont zonation, thus solving anomalies in
other areas (HOUSE, 1973a). The rare en
demic form Petteroceras is in a fauna mostly
conspeeific with German forms. This area
has also contributed to the correlation of
conodont and ammonoid zonations near the
Frasnian-Famennian boundary, and BUG
GISCH & CLAUSEN (1972) have demonstrated
that the boundary between the Manticoceras
and Cheiloceras Stufen falls at the base of
the upper Palmatolepis triangularis Zone.
Their recognition of the Kellwasser Kalk
facies of Germany at the expected levels is
another tie.

For other groups also, the congruence
with central Europe is apparent. ALBERTI
(1973) recognized only a few new forms
of trilobites from the Famennian. For cor
als, provincialism is mostly lost by the
Frasnian, so similarities with eastern North
America (OLIVER, 1976) are to be expected.
North Africa is an area in which much has
still to be contributed in detailed biostra
tigraphy.

DEVONIAN GLOBAL RECONSTRUCTION

Paleomagnetic data allow some approxi
mation to be made on the position of the
continents in relation to the magnetic poles
and equator in the Devoniano It is assumed
that then, as now, the dipole field axis was
approximately coincident with the earth's
rotational axis. The paleomagnetic evidence
cannot give longitude position, and hence
positioning of continental masses along lines
of latitude is an arbitrary matter and can be
changed at will, guided only by the con
straints of any geological demands. In the
reconstruction given here (Fig. 9), the po-

sitioning of the southern continents is that
of BRIDEN, DREWRY, & SMITH (1974), and
the same authors in HUGHES (1973); the
situation is given by them as the same
throughout the Devonian. For the north
ern continents, following the arguments of
Roy (1971), the Late Devonian reconstruc
tion brings North America and Europe
close together. Russian evidence (KHRAMOV
in OSWALD, 1968b) would bring Asia per
haps five degrees or so farther south than
shown.

It is clear from this reconstruction that
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FIG. 9. Global reconstruction for the Devonian using paleomagnetic evidence. The Emsian distribution
of Malvinokaffric province brachiopods is shown by open circles. The Frasnian distribution of the goniatite
Manticoccra.' is shown by black circles. Note that southeast Asia was probably discrete microplates, the

positions of which are uncertain (House, n; for sources see text).

the Malvinokaffric province of the Emsian
has essentially a high latitude fauna, and this
fact may be the main cause of its unique
ness. Of the divisions of the Old Wor!d
province, the Rhenish-Bohemian subprov
ince is clear!y tropical (HOUSE, 1975a,b),

as is the Uralian subprovince, but the Si
berian Arctic faunas, and those of the An
garan and Tethyan belts, are progressively
of higher latitude. The break between the
Appalachian province and that of the Old
World may be explained in two ways.
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Firstly, some paleomagnetic reconstructions
place North America in a much more
southerly position than that given here for
the Lower Devonian, when the provincial
ism was best developed. Secondly, the Cale
donian orogeny and mid-Acadian orogeny
appear to have interposed an oblique moun
tain barrier stretching from eastern Green
land and Norway southwestward, between
eastern North America and northwest
Africa. The latter would have been an
effective barrier to migration, although in
the Frasnian its effects were mostly lost.

The Appalachian province links with the
Mongolian, Tikhookian, and Dzhungaro
Balkhash areas are less readily explained,
and the problem looks deceptively easy
when only present-day projections are used
(as in BOUCOT, 1975, and elsewhere). Cor
dilleran links with Europe north of the
Old Red Sandstone continental area, and
with Arctic Siberia, pose fewer problems.

Attempts at global reconstruction using
plate tectonic principles have not progressed
very far. After the establishment of the
Caledonian Mountain belt, the European
Hercynian (Armorican, Variscan) geosyn
clinal belt stretched from Cornwall and
Britanny eastward to beyond southern
Poland. This has been interpreted as a
subduction zone, some authors inferring
subduction to the north (BURRETT, 1972;
RIDING, 1974), others to the south (ANDER
SON, 1975). But the review by KREBS &
W ACHENDORF (1973) and the various opin
ions expressed by others, make the placing
of any Benioff Zone uncertain, and the
possibility of microplate accretion in the
southerly belts adds to this uncertainty.
RIDING (1974), following many earlier au
thors, linked the European Hercynian belt
with that of the Piedmont and Ouachita
belt of eastern North America.

The Ural belt shows some of the char-

acteristics of another subduction belt, but
the interpretation of the southern and cen
tral Asiatic fold belts in the Devonian is
exceedingly difficult, particularly because
the northward movement of India through
the later Phanerozoic, which is so well
documented, may have been associated with
microplate accretion. All this will not be
resolved until much more detailed paleo
magnetic evidence is available.

Using modern-day maps, even more prob
lems relate to the inferred link between
Siberia and western North America. CHUR
KIN (1973) has argued that the Franklinian
geosyncline of the Canadian Arctic Islands
may have linked with the ancestral Brooks
Range belt of Alaska to join the Chukotka
geosyncline of northeast Siberia, and he
separated this from the Cordilleran geosyn
cline, which he linked with the Koryak
geosyncline of northern Kamchatka. As has
been indicated in the preceding pages, there
is faunal evidence for some link of this
kind, and the proposed paleomagnetic posi
tion for Asia seems sufficiently at variance
to make it suspect. For the southern con
tinents, the link of the Tasman geosyncline
with the Transantarctic Mountain belt in
Antarctica has been long attested.

It is clear that in the Devonian shallow
seas were widespread over present conti
nental areas (Fig. 5,6,8). The plate tec
tonic model requires that ocean areas would
also have been oceanic in the Devonian, so
enormous spreads of seas covered the De
vonian globe. It is also clear that ice caps,
if they existed, were unlikely to have been
large. It would seem, therefore, that a
generally much warmer world climate than
at present was partly the cause of the enor
mous diversity of Devonian marine faunas,
and was the background for the remark
able development of vascular plants and
early vertebrates in the period.
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INTRODUCTION
The Devonian System was proposed by

SEDGWICK and MURCHISON in 1839 for ma
rine rocks in Devon, England, that were
the lateral equivalent of the Old Red Sand
stone of Scotland and the Welsh Borders
(HOUSE, 1964, p. 262). In North America
the Devonian System was recognized in
1847 as a result of a visit and the subsequent
writings of DE VERNEUIL, whose views were
made known by HALL (COOPER et ai., 1942,
p. 1729). Since 1847, marine and conti
nental Devonian deposits have been recog
nized in many widespread areas of the
Western Hemisphere.

Radiometric evidence on the limits of
the Devonian Period on the geological time
scale, summarized by FRIEND and HOUSE
(1964, p. 233-236), suggests that the base
and top of the Devonian should be dated
at about 395 and 345 million years, respec
tively. Using cumulative thicknesses, they
estimated the ages of the base of the Middle
Devonian at about 370 million years and
that of the base of the Upper Devonian at
about 358 million years. Accordingly, the
approximate durations for the Early, Mid
dle, and Late Devonian are 25, 12 and 13
million years, respectively.

Recent precise radiometric age estimates
of the base of the Devonian in eastern
North America (BOTTINO & FULLAGAR,
1966) and the top of the Devonian in Vic
toria, Australia (McDOUGALL et ai., 1966),
were 413 ±5 my and 363 ±6 my, re
spectively.

More recently the International Geo
chronological Commission (lUGS, 1967)
proposed recommendations for a standard
global chronostratigraphic (geochronologic)
scale in which the averaged datings for the
base and top of the Devonian were given
as 405 and 350 million years, respectively,
with a duration of 55 million years.

Hypothetical Devonian paleolatitudes
have been illustrated by JOHNSON (1970c,
p. 2088, fig. 6), SMITH et ai. (1973, fig. 12),
and others. JOHNSON showed the equator
extending diagonally across North America
from near the north end of the Gulf of
California in the west to the southern part
of James Bay in the east.

Paleogeographic and biogeographic data
have been used by numerous workers in
reconstructions involving the plate tectonic
theory. Various data suggest that the Old
and New Worlds were juxtaposed during
the Devonian, or nearly so at the beginning
of the Devonian (JOHNSON & DASCH, 1972).
Regarding the southern continents, the ex
istence of Gondwanaland accounts for the
Malvinokaffric distributions in South Amer
ica, and the Falkland Islands and Antarctica
in the Western Hemisphere (JOHNSON &
BOUCOT, 1973, p. 95).

The main areas of Devonian rocks in
the Western Hemisphere, both in outcrop
and the subsurface, are shown in a general
way in Figure 1. The distribution of
Lower, Middle, and Upper Devonian rocks
is shown in Figures 2 to 5. These illustrate
the known present distribution for North
America and Greenland as generalized fa
cies maps from which more interpretive
paleogeographic maps may be drawn if so
desired. For South America, where the
Devonian sediments consist mainly of clastic
rocks and where the geology is known in
considerably less detail, the distribution of
Lower, Middle, and Upper Devonian is
shown on paleogeographic maps. The
standard Devonian ammonoid and conodont
zones of Europe and North America, along
with some other zones and ranges of se
lected species in Devonian rocks of North
America, are shown in Figures 6 and 7.

southwestward through the Arctic Islands
into northern continental Canada and then
south-southeastward to north-central United
States. These two main areas are separated
from one another by a northeast-trending
transcontinental arch which extends from
New Mexico to Hudson Bay. Thick, but
areally restricted remnants of the Cordi!-

MAIN AREAS OF DEVONIAN ROCKS

NORTH AMERICA

In North America two main areas of
Devonian rocks incompletely surround the
Canadian shield on its south, southwest,
and north sides (Fig. 1). One is centered
in northeastern United States and adjoining
eastern Canada, and the other extends
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leran geosyncline are present in the Nevada
Idaho basin of west-central United States.

Devonian rocks are widespread also in
Alaska but are incompletely known. The
rocks of southeastern Alaska are of eugeo
synclinal origin, those in northern Alaska
are in a miogeosynclinal belt, and a possible
intervening shelf-like environment is sug
gested for the rocks in the vicinity of the
Porcupine and Kuskokwim rivers (GRYC
et al., 1968).

Devonian rocks are present also in two
intracratonic basins; the Moose River and
Hudson Bay in the Hudson platform, which
are lithologically and faunally related to
the Appalachian sequence of eastern North
America (SANFORD & NORRIS, 1975).

GREENLAND

In the folded belt of central East Green
land, bordering the Greenland shield, con
tinental rocks interbedded with volcanic
rocks are present in an elongated basin
(Fig. 1) where they overlie Caledonian
folded formations (BUTLER, 1961). The
sequence is 7,000 to 8,000 meters thick and
contains rocks of late Middle (Givetian)
and Late Devonian (Frasnian and Famen
nian) ages dated on rich vertebrate faunas
(ALLEN et al., 1968).

Besides the vertebrates, the arthropod
Estheria is the only invertebrate found in
the East Greenland Devonian succession,
and fossil plants, although locally abundant,
are generally poorly preserved (HALLER,
1971, p. 246). The exceedingly rich verte
brate faunas of East Greenland, summar
ized by JARVIK (1961, 1963), have attracted
considerable interest. Among the large col
lections of vertebrate remains are forms
that are unique to East Greenland and
forms showing the transition from fish to
tetrapod (e.g., Ichthyostegalia).

Devonian continental beds are present
also on Spitsbergen (FRIEND, 1961) and on
Bear Island (HOLTEDAHL, 1919) which,
along with the Greenland deposits, are
interpreted as remnants of the Old Red
Sandstone continent (HOUSE, 1968b).

SOUTH AMERICA AND
FALKLAND ISLANDS

The distribution (Fig. 1) and paleogeog-

raphy of Devonian rocks of South America
and the Falkland Islands (Fig. 2 to 5)
have been described by WEEKS (1947),
HARRINGTON (1962, 1968), and others.

Numerous scattered outcrop belts of De
vonian rocks of geosynclinal origin are
present in the Andean orogenic belt that
borders the entire western margin of the
continent, and these occur in Venezuela,
Colombia, Ecuador, Peru, Bolivia, Argen
tina, and Chile. Devonian deposits in the
pericratonic basins that lie between the
Andean folded belt and stable cratonic
areas occur in eastern Bolivia, Paraguay,
and the Falkland Islands. Large outcrop
belts of Devonian rocks are present also
in the intercratonic basins, which include
the Amazonas basin of northern Brazil,
the Parnaiba and Sao Francisco basins of
eastern Brazil, and the Parana basin of
southern Brazil and Uruguay.

A peculiarity of the Devonian of South
America is that carbonate rocks are con
fined to the Andes of the northern part of
the continent in the Colombian-Venezuelan
frontier area; southward this limy facies
gives way to clastic rocks. CASTER (1952)
has postulated that temperature was prob
ably the critical lime-controlling factor, and
that the Devonian sediments of a large part
of South America were deposited under a
cool regime that inhibited the precipitation
of calcium carbonate.

The Devonian sequence of the Falkland
Islands has been described by BAKER (1923),
and summarized by HARRINGTON (1968).
Lithologically, this sequence is strikingly
similar to that of South Africa, but the
Lower Devonian marine faunas are related
more closely to those of Brazil. The lower
two-thirds of the succession represent shal
low-marine deposits, whereas the upper
third is of continental, fluviatile origin.

ANTARCTICA

Devonian rocks of Antarctica have been
described by BOUCOT et al. (1968). They
indicated that Devonian, or probable De
vonian, rocks had been recognized from
only thirteen scattered localities in ice-free
areas around the edge of the continent
(Fig. 1). Five of the localities are in or
near the Ross Ice Shelf, four are in or near
the Filchner Ice Shelf, and the remaining
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four localities are widely separated in East
Antarctica.

The Devonian of Antarctica is part of
a succession of sedimentary strata belong
ing to the Beacon Group. Fish remains,
assigned to the Upper or Middle Devonian

(WOODWARD, 1921) have been collected
from central Victoria Land. A Lower De
vonian marine fauna has been described
by BOUCOT et al. (1963) and by DOUMAN!
et al. (1965) from the Horlick Formation
in the Ohio Mountains.

SILURIAN-DEVONIAN BOUNDARY

Most workers throughout the world now
agree in placing the Silurian-Devonian
boundary at the base of the Gedinnian.
This boundary coincides with the base of
the Monograptus uniformis Zone and is
close to the base of the Icriodus woschmidti
Zone. In shelly successions with corals,
brachiopods, and trilobites the boundary is
recognizable by the disappearance of pen
tamerids, Atrypella, Gracianella, halysitids,
and Encrinurus, and by the appearance of
terebratulids, Cyrtina, and common Schizo
phoria (BERDAN et al., 1969).

Recently this boundary was fixed by in
ternational agreement on a stratotype at

Klonk near Suchomasty, Bohemia, Czecho
slovakia. The horizon chosen is im
mediately below the first occurrence of
Monograptus uniformis, within bed 20 at
Klonk (CHLUPAC, 1972, p. HI, 113; Mc
LAREN, 1972). The base of the Gedinnian
coincides with the base of the Lochkovian
(in NALIVKIN, 1973, p. 12).

In the standard section of eastern North
America the base of the Devonian, defined
as the base of the Gedinnian, is located at
or near the base of the Helderbergian,
which traditionally has been regarded as
the lowermost Lower Devonian stage
(BERDAN et al., 1969).

biostrome facies of the Helderberg include:
Spongyphylloides, Chlamydophyllum, and
Lyrielasma; in argillaceous facies: Cyatho
phyllum, Enterolasma, Heterophrentis, Si
phonophrentis, Lindostroemia, and Syring
axon; and in calcarenite facies, characteristic
genera are Briantelasma, Fletcherina, Naliv
kinella, Pseudoblothrophyllum, and Akniso
phyllum (OLIVER, 1968).

Few corals are known from the lower
part of the Onesquethaw (Esopus), but the
small assemblage contains the oldest known
"BiZlingsastraea" (=Asterobillin gsa) (OLI
VER, 1968, p. 740).

The Schoharie (Emsian) fauna includes
the largest and most widespread of the
rugose coral assemblages. Some of the more
important forms include Acinophyllum da
visi, Acrophyllum oneidaense, Edaphophyl
lum sulcatum, and Kionelasma (OLIVER,
1968, p. 740).

Lower Devonian trilobites in eastern
North America also display marked pro
vinciality and their provincial distribution is
similar to that of the brachiopods (ORMIS
TON, 1972). Gedinnian endemic genera in
clude CO/'dania, Roncellia, Neoprobolium,

LOWER DEVONIAN FAUNAS
(GEDINNIAN, SIEGENIAN, AND EMSIAN)

EASTERN NORTH AMERICA

The Lower Devonian marine sedimentary
sequence of the Appalachian area contains
coral, brachiopod, and trilobite faunas of
pronounced provincial aspect. Four bra
chiopod zones, based on rensselariid evolu
tion, were recognized by BOUCOT and JOHN
SON (1967,1968) as follows: 1) Nanothyris
Zone, occurring in the Manlius-Coeymans
and Kalkberg-New Scotland intervals (Ge
dinnian age); 2) Rensselaeria Zone, in the
Becraft-Port Ewen of the upper Helder
bergian and in the Oriskany (Siegenian
age); 3) Etymothyris Zone; and 4) Amphi
genia (small form) Zone. The latter two
zones occur in the Esopus and Schoharie
Bois Blanc intervals (Emsian age).

Brachiopod assemblage zones were recog
nized by BOUCOT and JOHNSON (1967, 1968)
also in those areas where the rensselaeriid
zones are poorly represented or absent.

Notable rugose coral assemblages were
reported by OLIVER (1968) in the Helder
berg (Gedinnian and lower Siegenian) and
middle Onesquethaw (Emsian). Rugose
coral genera occurring in stromatoporoid
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Phacopina, Kosovopeltis, Homalonotus, Di
cranurus, Ceratonurus, Odontochile, Dal
manites, and Echinolichas. Siegenian trilo
bites are less well known. During the
Emsian, and continuing into the Eifelian,
trilobite provinciality in eastern North
America became even more pronounced
and is marked by a host of endemic genera
including Odontocephalus, Anchiopsis, Syn
phoria, Synphoroides, Trypaulites, Phacops,
Odontochile, Dalmanites, Corycephalus,
Greenops?, Dechenellurus, Terataspis, Echi
nolichas, Mystrocephala, Crassiproetus, and
Isoprusia (ORMISTON, 1972, p. 599).

Gedinnian conodonts representative of
the Icriodus (=Pedavis) pesavis faunas of
Nevada are recorded from New York
(KLAPPER et al., 1971, p. 291). Emsian
conodont faunas in eastern United States
are characterized by the highest occurrence
of Icriodus latericrescens huddlei and the
lowest occurrence of I. latericrescens robus
tus (KLAPPER et al., 1971, p. 292).

Monograptids are rare in the Lower De
vonian of the Appalachian succession
(JOHNSON & MURPHY, 1968).

WESTERN NORTH AMERICA

Throughout the Great Basin of Nevada,
Utah, and Idaho the Lower Devonian is
represented almost wholly by marine car
bonate rocks that were deposited on a broad
shelf. In the abundantly fossiliferous Lower
Devonian strata of Nevada eight distinctive
faunal assemblages based on brachiopods
have been recognized. These are the Gypi
dula pelagica beds (lower lower Gedin
nian), Quadrithyris Zone (upper lower
Gedinnian), Spinoplasia Zone (upper Ge
dinnian), Oriskania beds (lower Siegenian),
T rematospira Zone (upper Siegenian), Ac
rospirifer kobehana Zone (upper upper Sie
genian), Eurekaspirifer pinyonensis Zone
(lower Emsian), and Elythyna beds (upper
Emsian) (JOHNSON, BoucoT, & MURPHY,
1968; JOHNSON & BoucoT, 1968; JOHNSON,
1975).

Important forms from the lower Gypidula
pelagica beds include the lowest Cyrtina
and Schizophoria, Icriodus woschmidti, and
monograptids representing the Monograp
tus uniformis Zone (JOHNSON & MURPHY,
1969). The widely distributed index trilo
bite, Warburgella rugulosa, occurs in upper

Gypidula pelagica beds, above beds with
M. uniformis (ALBERTI et al., 1971) and
above beds containing I. woschmidti (JOHN
SON, BoucOT, & MURPHY, 1973, p. 11).

Succeeding beds contain two graptolite
zones, Monograptus praehercynicus and M.
hercynicus (JOHNSON & MURPHY, 1969);
the latter zone is recognized by the presence
of M. hercynicus nevadensis (BERRY, 1967,
1968). Quadrithyris Zone brachiopods, M.
hercynicus nevadensis, and the conodonts
Icriodus pesavis pesavis and Spathognatho
dus johnsoni are closely associated and
treated as one fauna (JOHNSON & MURPHY,
1969, p. 1279).

Monograptus thomasi and M. yukonensis
occur together and are associated with the
conodont Eognathodus sulcatus immedi
ately underlying beds of the Spinoplasia
Zone (BERRY & MURPHY, 1972; JOHNSON,
1975). The Spinoplasia Zone contains a
shelly fauna of Appalachian affinity (JOHN
SON, 1965, p. 374) dated as late Helder
bergian (Port Ewen).

An interval above the Spinoplasia Zone
has been referred to by JOHNSON (1975) as
"beds with Oriskania," but its fauna has
not been described.

The succeeding Trematospira Zone in
cludes the highest beds in Nevada assign
able to the Siegenian. The conodont Eo
gnathodus sulcatus, a form that overlaps
the lower range of Monograptus yukonensis
in the Yukon, occurs in the zone.

The Acrospirifer kobehana Zone is char
acterized by many forms that range from
underlying to overlying zones and newly
introduced elements.

The Eurekaspirifer pinyonensis Zone con
tains a rich megafauna of corals, brachio
pods, trilobites, and mollusks, and has
yielded the only Lower Devonian goniatites
in the western United States (JOHNSON,
1970b, p. 58).

The Elythyna beds contain abundant E.
"undifera" and are correlated with the up
per part of the Sawkill Stage of New York
(JOHNSON, 1970b).

NORTHWESTERN
NORTH AMERICA

Lower Devonian strata are distributed
widely in the Cordilleran folded belt of
northeastern British Columbia, Northwest
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Territories, and Alaska. In the Royal Creek
section of northern Yukon Territory, the
Silurian-Devonian boundary is drawn be
tween beds with Atrypella d. A. tenuis and
Gypidula pelagica. In the Lower Devonian
of that area, LENZ (1966, 1968) recognized
four brachiopod faunal units and one grap
tolite zone, and KLAPPER (1969) has out
lined the associated conodonts. The four
brachiopod faunal units in ascending se
quence comprise: Gypidula d. G. pelagica,
Spirigerina, Gypidula sp. I-Davidsonia
trypa sp., and Sieberella d. S. weberi
Nymphorhynchia pseudolivonica.

In the Gypidula d. G. pelagica unit the
brachiopod genera Cyrtina and Schizo
phoria appear at or near the base, and the
conodonts Icriodus woschmidti and Ozarko
dina remscheidensis occur together in the
unit, an association similar to that known
from Nevada.

The Spirigerina unit is characterized by
Spirigerina d. S. supramarginalis, Toqui
maella kayi, and Ogilviella rotunda. It is
correlated with the Quadrithyris Zone of
Nevada, which JOHNSON (1975) dated as
late Lochkovian and correlated with a level
near the middle of the type Gedinnian.

An unnamed interval above the Spiri
gerina unit at Royal Creek is characterized
by the first appearance of Eognathodus sul
catus and the presence of Icriodus lateri
crescens subspecies B, forms which are
associated with the Spinoplazia Zone of
Nevada (KLAPPER, 1969).

The Gypidula sp. I-Davidsoniatrypa unit,
as emended by LENZ (1968), contains a
rich and varied fauna. The principal cono
dont species in the unit is Eognathodus sul
catus, which also occurs in the T"ematospira
Zone of Nevada (KLAPPER, 1969, p. 7).
The upper part of the unit is overlapped
by the Monograptus yukonensis Zone (JACK
SON & LENZ, 1963), which also occurs in
Alaska (CHURKIN & BRABB, 1965, 1968), in
the Canadian Arctic Islands (THORSTEINS
SON in BERDAN et al., 1969), and elsewhere.

The Sieberella d. S. weberi-Nymphorhyn
chia pseudolivonica unit succeeds the Mono
graptus yukonensis Zone. The unit contains
forms ranging from below, as well as newly
appearing species which include the two
name bearers as well as Janius sergaensis,
Strophonella?, Cortezorthis d. C. bathur-

stensis, and a distinctive echinoderm ossicle
with a double axial canal (LENZ, 1968).
Associated conodonts include Polygnathus
dehiscens and Pandorinellina exigua dated
as early Emsian.

Regionally the Sieberella d. S. weberi
Nymphorhynchia pseudolivonica unit cor
relates with the lower part of the richly
fossiliferous carbonate and shale Michelle
Formation (NORRIS, 1968a, 1968b; LUDVIG
SEN, 1970). Brachiopods in the Michelle
include Cortezorthis d. C. cortezensis, Cari
napyga loweryi and Schizophoria d. S. ne
vadensis, which suggest a correlation with
the Eurekaspirifer pinyonensis Zone of Ne
vada of mid-Emsian age (LUDVIGSEN, 1970).
Important trilobites in the formation in
clude Lacunoporaspis norrisi (most abun
dant) and Ricticuloharpes d. R. reticulatus
(ORMISTON, 1971). Conodonts in the Mi
chelle studied by FAHRAEUS (1971) were as
signed to the Polygnathus dehiscens fauna.
The dacryoconarid fauna of the Michelle
was correlated by LUDVIGSEN (1970, 1972)
with the Guerichina strangulata Zone of
late Pragian (early Emsian) age. The am
monoid T eicherticeras lenzi described by
HousE (in HouSE & PEDDER, 1963) occurs
in the lower part of the formation.

Succeeding Lower Devonian faunas in
the lower part of the carbonate Ogilvie
Formation are correlated also with the
Eurekaspirifer pinyonensis Zone of Nevada.
Two Lower Devonian conodont faunal
units were recognized by KLAPPER (in
PERRY et al., 1974) in the Ogilvie Forma
tion comprising Polygnathus perbonus per
bonus and P. perbonus, n. subspecies.

Three Lower Devonian graptolite zones
and one informal unit were recognized by
LENZ and JACKSON (1971) in northwestern
Canada. These are, in ascending sequence:
Monograptus uniformis and M. hercynicus
zones of Lochkovian age, and beds with
M. thomasi and the M. yukonensis Zone of
Pragian age.

NORTHERN NORTH AMERICA
(ARCTIC ARCHIPELAGO)

Lower Devonian carbonates and shales
are distributed widely in the Franklinian
miogeosyncline of the Canadian Arctic Is-
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lands. The graptolite sequence of the Cape
Phillips Formation, and partly equivalent
Bathurst Island Formation, contain a faunal
succession that is continuous across the Si
lurian-Devonian boundary. Beds contain
ing Pridolian (Late Silurian) monograptids
are succeeded by beds containing a succes
sion of monograptids similar to that found
in northwestern Canada which include
Monograptus uniformis, Monograptus of
the M. hercynicus type, M. d. M. thomasi,
and M. yukonensis (THORSTEINSSON in BER
DAN et al., 1969; THORSTEINSSON in Mc
GREGOR & UYENO, 1972).

The lower Gedinnian trilobite, Warbur
gella mgulosa canadensis, has been de
scribed by ORMISTON (1967) from lime
stones on Baillie Hamilton Island. From
Devon Island an equivocal Gedinnian shelly
fauna consisting of Cyrtina, Schizophoria,
and other fossils has been described from
the Sutherland River Formation (BOUCOT
et al., 1960; BERDAN et al., 1969). From the
same island, the brachiopod Toquimaella
kayi associated with the conodont Icriodus
pesavis pesavis was reported by JOHNSON
(1967) from the lower part of the Stuart
Bay Formation, indicating correlation with
the Quadrithyris Zone (mid-Gedinnian) of
Nevada. From the Stuart Bay Formation on
Bathurst Island, LENZ (1973) has described
a brachiopod fauna containing species in
common with the Spirigerina fauna of the
Yukon and the coeval QuadrithyriJ Zone
of Nevada. Brachiopods of the Quadrithyris
Zon~ were recognized by JOHNSON (1975)
also on Prince of Wales and Cornwallis
Islands.

From the lower part of the Bathurst
Island Formation on Bathurst Island,
UYENO (in MCGREGOR & UYENO, 1972) re
ported Eognathodus sulcatus and Ozarko
dina remscheidensis suggesting an early
Siegenian age.

The Stuart Bay Formation of Bathurst
Island is characterized by Pandorinellina
expansa and by "two-hole" echinoderm os
sicles (MCGREGOR & UYENO, 1972; UYENO
& MASON, 1975). Polygnathus dehiscens,
suggesting an early Emsian age, occurs in
the lower part of the formation; and P.
perbOntH and other conodonts indicating
a middle to late Emsian age occur in the
upper part of the formation and in the

overlying Eids Formation. A sparse trilo
bite fauna has been identified by ORMISTON
(1967) from the Stuart Bay Formation.

A rich brachiopod fauna associated with
the conodont Polygnathus perbonus perbo
nus of late Emsian age has been reported
by ORMISTON (in KLAPPER, 1969) from the
low~r part of the Blue Fiord Formation on
Devon Island. Brachiopods of probable
Emsian age occur also in the Disappoint
ment Bay Formation on Cornwallis and
Bathurst Islands (JOHNSON, 1971b, p. 3268).

Brachiopods described by BRICE and
MEATS (1977) from the lower part of the
Blue Fiord Formation on Ellesmere, Devon,
and Bathurst Islands are related closely to
forms in the Eurekaspirifer pinyonensis
Zone of Nevada of middle or late Emsian
age.

Trilobites of Emsian age described by
ORMISTON (1967) from the Eids Formation
include Platyscutellum brevicaulis, Cornu
proetus tozeri, Harpes d. H. macrocephalus,
and other forms. Elements in this fauna
closely resemble forms from Europe and
the Urals.

SOUTH AMERICA AND
FALKLAND ISLANDS

Two distinct provincial faunal assem
blages are known in the Devonian of South
America. One, characterizing the Lower
Devonian, belongs to the Malvinokaffric
realm, a name proposed by RUDOLF RICHTER
(1941) and RUDOLF and EMMA RICHTER
(1942), and derived from Malvinas (Falk
land) Islands and the "Kaffric" (South
African) Bokkeveld beds. The other, de
veloped in the Lower and Middle Devonian
of Venezuela and Colombia, has strong
relationships with the Appohimchi subprov
ince of eastern North America.

The Early Devonian (?early Emsian)
Malvinokaffric fauna is characterized by
distinctive genera of brachiopods and trilo
bites unknown in Northern Hemisphere
assemblages. Among the brachiopods, Aus
tralospirifer, Australocoelia, Notiochonetes,
and Scaphiocoelia are some of the typical
representatives. Among the trilobites, Cal
monia, Paracalmonia, Metacryphaeus, Pen
naia, Bainella, Tibagya, and Probolops are
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the most conspicuous. The fauna is char
acterized also by an abundance of large
palaeoneilid and nuculitid bivalves, and by
a scarcity of corals, bryozoans, aviculids,
pterinids, platyceratids, cephalopods, cys
toids, and crinoids (HARRINGTON, 1968, p.
663). In South America, elements of this
fauna have been found in the southern
two-thirds of the continent; in Peru, Para
guay, Argentina, Parana basin of Brazil
(CLARKE, 1913), Bolivia (WOLFART &
VOGES, 1968), and the Falkland Islands
(CLARKE, 1913; SHIRLEY, 1964). All of the
Lower Devonian (Gedinnian to Emsian)
is represented in Bolivia according to
WOLFART and VOGES (1968), based on a
detailed study of trilobites.

The contemporaneous (?early Emsian)
Amazon-Colombian subprovince of the
Eastern Americas realm is found in north
ern South America, mainly in Colombia
and Venezuela. The Eastern Americas
realm elements have been noted by CASTER
(1939), AMOS and BoucOT (1963), and
others. Characteristic brachiopod genera in
clude Leptocoelia, Megakozlowskiella, Eo
devonaria (arcuata) type, Prionothyris, Am
phigenia, Pentagonia, and others (BoucoT,
JOHNSON, & TALENT, 1968). The associated
corals were studied by SCRUTTON (1973),
who concluded that they have strong affini
ties with the upper Onesquethaw (early
Middle Devonian) of eastern North Amer
ica. The brachiopods, dated by BOWEN
(1972) as late Early Devonian, were con
sidered by JOHNSON (in SCRUTTON, 1973)
to represent an overlap of late Early and
early Middle Devonian forms.

ANTARCTICA

A Malvinokaffric realm faunal assem
blage of probable early Emsian age has been
described by BoucOT et al. (1963) and
DOUMANI et al. (1965) from the Horlick
Formation in the Ohio Range of Antarctica.
Brachiopods are the most abundant fossils
and include species of Pleurothyrella, Aus
tralospirifer, and Tanerhynchia. Other
forms include the trilobite Burmeisteria,
and a profusion of bivalves and gastropods
that are indistinguishable from 'South
American and South African species.

PROVINCIALISM AND
AMMONOID DISTRIBUTION

Silurian shelly faunas, particularly bra
chiopods, were relatively cosmopolitan, but
gave way to moderately provincial faunas
during early Gedinnian time. Provinciality
became more pronounced in the late Gedin
nian when two distinct faunal realms de
veloped, the Eastern Americas and the Old
World, each characterized by distinctive
brachiopod assemblages (BoucoT, JOHNSON,
& TALENT, 1968). The Appohimchi sub
province of the Eastern Americas realm
extended in North America from Gaspe
Peninsula to New Mexico. The Cordilleran
region of the Old World realm extended
from Nevada through the Yukon to the
Arctic Archipelago.

During Siegenian time brachiopod prov
inciality increased and part of Nova Scotia
became joined to the Rhenish-Bohemian
region of the Old World realm. Western
North America remained a part of the Old
World realm, except for Nevada, which
became an Appalachian enclave (Nevadian
subprovince of Eastern Americas realm) in
the late Siegenian (BoucOT, JOHNSON, &
TALENT, 1968).

During the early Emsian, marine deposi
tion was more widespread and brachiopod
provincialism increased by the addition of
the Malvinokaffric realm which, in the
Western Hemisphere, covered parts of the
southern two-thirds of South America and
part of Antarctica. Appohimchi subprov
ince influence in Nevada ceased as endemic
new forms appeared and were joined by
brachiopod genera of the Old World realm,
the mixture characterizing a Cordilleran re
gion. During the early Emsian, Uralian
brachiopod elements from the region bor
dering the Siberian platform mingled with
Cordilleran forms in the northern Yukon
and Canadian Arctic, and this mixture is
referred to as the Cordilleran-Uralian re
gion of the Old World realm (BoucoT,
JOHNSON, & TALENT, 1968; BoucoT, 1975).

Beginning approximately in late Emsian
or ear:y Eifelian time the Malvinokaffric
realm disappeared in Antarctica and re
mained only in the deeper parts of the
basins of southern South America.

Trilobite provincialism in North America
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during the Gedinnian and Siegenian is
somewhat similar to that of brachiopods
(ORMISTON, 1972). During Emsian to Ei
felian time provincialism among North
American trilobite faunas was most pro
nounced and at least five biogeographic
subdivisions were recognized by ORMISTON
(1972), comprising the "Appalachian Prov
ince," "Old World Province;" "Cordilleran
Subprovince," "Siberian-Canadian Subprov
ince," and the "Uralian Subprovince."

In South America, W OLFART and VOGES
(1968) recognized two major subdivisions
of trilobite provincialism in the Malvino
kaffric realm, a South American region in
the north and a South African-Malvinian
?West Antarctic region in the south. They
further recognized two minor subdivisions

of the Malvinokaffric realm occurring in
the Andean geosyncline and shelf areas,
each characterized by distinctive trilobite
assemblages.

Goniatites appear in the mid-Siegenian
as simple primitive types which diversified
rapidly (HOUSE, 1967). The richest Lower
Devonian ammonoid faunas of the Sie
genian and especially the Emsian occur in
northern Europe, characterizing the Mi
mosphinctes-Stufe (HOUSE, 1964, p. 263).
Only a few occurrences are recorded from
North America; Teicherticeras and Aneto
ceras occur together in Nevada (HOUSE,
1962), and Teicherticeras (HOUSE & PED
DER, 1963) and Anetoceras (NORRIS, 1968a)
occur separately in the northern Yukon.

name-giver and P. angusticostatus, as well
as rare occurrences of P. linguiformis lin
guiformis a morphotype and P. costatus
patulus, which occur in the upper part of
the Moorehouse Member. The P. costatus
costatus-P. aff. P. trigonicus fauna occurs
in the uppermost bed of the Moorehouse
and throughout the Seneca Member of the
Onondaga Limestone. The succeeding P.
pseudofoliatus-P. aff. P. eiflius fauna occurs
in the Werneroceras bed of the Union
Springs Member and the Cherry Valley
Member of the Marcellus Formation. Ac
cording to KLAPPER (1971, p. 60), the cono
donts of this fauna indicate correlation with
the upper Eifelian and upper Couvinian,
rather than with the Givetian as suggested
by ammonoid evidence (HOUSE, 1962, p.
253-254).

The Givetian in New York embraces
roughly the Hamilton Group and Tully
Limestone. These sediments form a great
clastic wedge filling a geosyncline in eastern
New York that thins westward onto the
shelf areas of the Midwest where the se
quence changes mainly to carbonate rocks.
In New York the Hamilton Group has
been subdivided into four formations in
ascending sequence as follows: Marcellus,
Skaneateles, Ludlowville, and Moscow
(COOPER, 1933-34). These units are traced
westward by means of fossiliferous lime
stone lenses, the most important of which
is the Centerfield Member at the base of

MIDDLE DEVONIAN FAUNAS (EIFELIAN AND GIVETIAN)

EASTERN NORTH AMERICA

The Middle Devonian of eastern North
America is represented by the Onondaga
Limestone, Hamilton Group, Tully Lime
stone, and their equivalents. Characteristic
brachiopods of the Onondaga Limestone
and its equivalents include Coelospira, Le
venea, Protoleptostrophia, Amphigenia,
"Leptocoelia" of the acutiplicata type, Lon
gispina, Megakozlowskiella, Elytha, Pen
tagonia, and Centronella (BOUCOT, JOHNSON,
& TALENT, 1969, p. 25). Within the Onon
daga Limestone, the Edgecliff, Moorehouse,
and Seneca members have distinct assem
blages of rugose corals, and many species
range throughout all three members and
into the overlying Hamilton Group (OLI
VER, 1968).

Conodonts in the basal Edgecliff Member
of the Onondaga Formation are peculiar to
North America, and cannot be dated pre
cisely. The Edgecliff is characterized by a
lack of Polygnathus and presence of Icrio
dus latericrescens robustus as its only index
species (KLAPPER, 1971, p. 60; ORR, 1971,
p. 10). A Polygnathus costatus patulus-P.
linguiformis cooperi fauna occurs in the
Nedrow and lower Moorehouse members
of the Onondaga Limestone, associated with
the Eifelian ammonoid Foordites in the
upper part of the Nedrow (KLAPPER, 1971,
p. 60). The succeeding Polygnathus robus
ticostatus fauna is characterized by the
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the Ludlowville Formation (COOPER &
W ARTHIN, 1942; COOPER, 1957).

Important brachiopods that range
throughout the Hamilton include Spinocyr
tia granulosa, Mucrospirifer mucronatus,
Mediospirifer audaculis, and Tropidoleptus
carinatus. Brachiopods confined to the
Centerfield Limestone at the base of the
Ludlowville include Fimbrispirifer venustus
and Pentagonia bisulcata. Pustulatia pustu
losa first appears in the Centerfield and
ranges upward into rocks of Moscow age.
Spinocyrtia marcyi appears at the base of
the Moscow and ranges upward into beds
of Finger Lakes age.

Stringocephalus was reported by COOPER
and PHELAN (1966) for the first time in the
Midwest from the Miami Bend Formation
of Indiana associated with Subrensselandia
and other megafossils. Conodonts in the
Miami Bend are within the zone of Icriodus
latericrescens latericrescens below the lowest
position of Polygnathus varcus (ORR, 1969,
p. 337), suggesting an early Givetian age.

Much systematic work has been done on
the coral assemblages of the Hamilton and
Transverse groups but their sequences have
not been worked out (OLIVER, 1968, p. 743).

Conodonts of probable early Givetian age,
and characterized by the lowest occurrences
of Icriodus latericrescens latericrescens (be
low the first appearance in sequence of
Polygnathus varcus) are known in the
Skaneateles Formation of New York <lnd
in the lower part of the Traverse Group of
Michigan, and elsewhere (KLAPPER et al.,
1971, p. 296).

The succeeding Polygnathus varcus Zone
is characterized in North America by the
association of P. varcus, Icriodus latericres
cens latericrescens, and Polygnathus lingui
formis linguiformis, which occur in New
York in the interval from the Centerfield
Limestone (earliest occurrence of P. var
cus) to the top of the Tully Formation
(KLAPPER et al., 1971, p. 297).

In central New York, COOPER and WIL
LIAMS (1935) divided the Tully into three
members: the Tinkers Falls at the base
containing abundant RhyHochonetes aurora
and "Stropheodonta" tulliensis; the Apulia
abounding in Hypothyridina venustula,
Schizophoria tulliensis, and R. aurora; and
the West Brook, containing a great variety

of Hamilton species including crinoids, bra
chiopods, corals, and numerous mollusks.

Conodonts of the uppermost Middle De
vonian Schmidtognathus hermanni-Poly
gnathus cristatus Zone are well developed
in a limestone at the base of the New Al
bany Shale in southern Indiana (KLAPPER
et al., 1971, p. 297). Conodonts of this
zone have been recognized also in beds in
eastern Wisconsin, southern Illinois, Iowa,
and elsewhere.

The problem of the boundary between
the Middle and Upper Devonian is as yet
unresolved. COOPER and OLIVER considered
the Tully brachiopods and corals to be
Middle Devonian types (COOPER, 1968; OL
IVER et al., 1968). HOUSE (1962, p. 256)
assigned the Tully to the Upper Devonian
(Frasnian), because of the presence, near
the top of the formation, of Pharciceras and
tornoceratids with lingulate lateral lobes.
KLAPPER and ZIEGLER (1967) reported that
the conodonts in the Tully are confined to
the Polygnathus varcus Zone of Europe,
and dated them as late Givetian.

Many workers in North America place
the Middle-Upper Devonian boundary at
the base of or within beds carrying the
Pandorinellina insita fauna, which succeeds
the Schmidtognathus hermanni-Polygnathus
cristatus Zone (KLAPPER et al., 1971, p.
286).

WESTERN NORTH AMERICA

A number of zonal schemes have been
proposed by various authors including
JOHNSON (1966), JOHNSON and BoucOT
(1968), and others for the Middle Devonian
succession of western United States.

A zonal sequence based on brachiopods
proposed by JOHNSON and BoucOT (1968,
p. 69) for the Middle Devonian of central
Nevada includes the following in ascending
sequence: the Leptathyris circula Zone
with cricoconarids identified by BOUCEK
including N owakia otomari, Variatellina
pseudogeinitziana, and Striatostyliolina stri
ata; the Warrenella kirki Zone with Cabrie
roceras d. C. crispiforme in the lower
faunule; beds with Warrenella fran klin i
associated with Leiorhynchus castanea, Para
stringocephallts, SltbrenHelandia, Mimatrypa
d. M. insqltamosa, and Schizophoria me-
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farlani; and Warrenella occidentalis Zone
containing Schmidtognathus hermanni-Poly
gnathus cristatus Zone conodonts identified
by KLAPPER, indicating a late Givetian age.

The two brachiopod faunal units above
the Warrenella kirki Zone were later sub
divided by JOHNSON (1970c, p. 2089) into
three units comprising, in ascending se
quence, the Leiorhynchus castanea Zone,
the Rhyssochonetes aurora fauna, and the
Leiorhynchus hippocastanea Zone.

The Leptathyris circula Zone with its
basal Pentamerella Subzone contains a large
brachiopod fauna described by JOHNSON
(1966, 1970a). An interval containing
abundant two-hole echinoderm ossicles oc
curs at the base of the zone in some sections
of Nevada (JOHNSON, 1971a, p. 304). Cono
donts in the zone are assignable to the
upper Eifelian Polygnathus kockelianus
Zone.

The succeeding lower Warrenella kirki
Subzone, as restricted by JOHNSON (1971a),
is characterized by Spinulicosta muirtVoodi,
Leptathyris index, and the goniatite men
tioned above.

The upper Warrenella kirki Subzone
contains a less diversified fauna and is
characterized by a great abundance of W.
kirki kirki and Leiorhynchus miram alpha
(JOHNSON, 1971a, p. 304-305).

The Leiorhynchus castanea Zone of Ne
vada is characterized by Parastringocepha
Ius d. P. dorsalis, Subrensselandia nolani,
Warrenella d. W. franklini, Polygnathus
varcus, and other fossils (JOHNSON, 1969;
1970c, p. 2087). It was dated by JOHNSON as
pre-Taghanic Givetian.

The succeeding Rhyssochonetes aurora
fauna includes R. aurora solex, Leiorhyn
chus sp. aft. L. mesacostale, and Polygnathus
varcus. It is correlated with the Lower
Taghanic of New York (JOHNSON, 1970c,
p. 2087).

The Leiorhynchus hippocastanea Zone
contains Warrenella occidentalis, Hadro
rhynchia sandersoni, abundant Emanuella
d. E. meristoides, and a conodont fauna
of the Schmidtognathus hermanni-Poly
gnathus cristatus Zone. This is the highest
brachiopod fauna of Middle Devonian as
pect in Nevada and it is correlated with
the Middle Taghanic of New York (JOHN
SON, 1970c).

NORTHWESTERN
NORTH AMERICA

Faunal assemblages of late Early De
vonian (Emsian) to late Middle Devonian
(Eifelian) age that are widespread in the
northern Yukon comprise, in ascending se
quence: Moelleritia canadensis, Gastera
coma? bicaula, "Schuchertella" adoceta, and
Radiastraea verrilli.

The very large and distinctive ostracode,
Moelleritia canadensis (COPELAND, 1962),
is generally the only megafossil found in
dolomitic rocks in the upper half of the
Gossage Formation and upper part of the
Bear Rock Formation in northern Yukon
Territory and adjacent District of Mac
kenzie. Although formerly dated as Ei
felian, conodonts recovered from the Bear
Rock Formation (UYENO & MASON, 1975,
p. 720) suggest that M. canadensis prob
ably is confined to beds of late Emsian to
early Eifelian age.

Echinoderm ossicles with double and
crosslike axial canals, named Gasterocoma?
bicaula by JOHNSON & LANE (1969), occur
in a variety of facies in beds immediately
above M. canadensis, but also overlap this
form. In Nevada, G.? bicaula occurs at the
base of the Leptathyris circula Zone of
Eifelian age. In northern Yukon the acme
zone of these ossicles is above M. canaden
sis, but they range down to the Sieberella
Nymphorhynchia pseudolivonica unit of
mid- or early Emsian age, and range up
ward into beds of early Eifelian age.

In succeeding beds two widely distrib
uted, richly fossiliferous associations that
occur typically in the Hume Formation of
the central Mackenzie River region are
present. These are characterized by "Schu
chertella" adoceta and Radiastraea verrilli
(approximately equivalent to "Carinatina"
dysmorphostrota and "Spinulicosta" stain
brooki zones, respectively). These faunal
assemblages have been listed and com
mented upon by CRICKMAY (1966), CALD
WELL (1971), LENZ and PEDDER (1972),
PEDDER (1975), and others.

The "Schuchertella" adoceta Zone con
tains many brachiopods that extend into
overlying zones, but the corals "Microcy
clus" multiradiatus, Radiastraea trocho
misca, R. verrilli, and Taimyrophyllum
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triadorum are diagnostic of the zone (PED
DER, 1975, p. 572). Conodonts in the zone
suggest an Eifelian, probably early Eifelian,
age (UYENO in LENZ & PEDDER, 1972), and
Eifelian goniatites have been recorded by
HOUSE and PEDDER (1963) in the strati
graphically lower Funeral Formation.

The "Carinatina" dysmorphostrota Zone
contains a rich fauna including Spinatrypa
borealis, S. andersonensis, S. coriacea; and
the corals Radiastraea tapetiformis, Taimy
rophyllum stirps, Aphroidophyllum howelli,
A. meeki, and Mackenziephyllum insolitum
(PEDDER, 1975, p. 572). Conodonts identi
fied by UYENO (in LENZ & PEDDER, 1972)
from the zone indicate an Eifelian age.

Upper Middle Devonian (Givetian)
zones, or "hemerae," recognized by CRICK
MAY (1966) in western Canada comprise:
Desquamatia (Variatrypa) arctica, Stringo
cephalus glaphyrus, S. chasmognathus, S.
aleskanus, S. axius, Leiorhynchus hippo
castanea, Emanuella vernilis, and Desqua
matia (Independatrypa) independensis.

An alternative zonal scheme proposed by
PEDDER (1975) for Givetian strata of the
central Mackenzie valley area is as follows,
in ascending sequence: Leiorhynchus cas
tanea, Ectorensselandia laevis, Stringocepha
Ius aleskanus, Leiorhynchus hippocastanea
and Grypophyllum mackenziense.

Desquamatia (V.) arctica occurs in the
Elm Point of Manitoba, lower Methy of Al
berta and Saskatchewan, lower Pine Point of
the Great Slave Lake area, upper Hume and
lower Hare Indian of the Mackenzie area,
and is present also in the Hudson platform
and Michigan. Conodonts associated with
D. (V.) arctica in Manitoba (UYENO in
NORRIS & UYENO, 1972) and in the Hudson
platform (UYENO in SANFORD & NORRIS,
1975) are dated as late Eifelian and prob
ably younger.

Stringocephalus, a guide fossil for the
Givetian, is widely distributed in western
North America (BOUCOT, JOHNSON &
STRUVE, 1966, p. 1358, fig. 2) and was dis
covered recently in Indiana of the mid
continent area (COOPER & PHELAN, 1966).
Stringocephalus and the closely related ge
nus Geranocephalus are extremely variable
forms and some of the named species are
difficult to differentiate and correlate pre
cisely. The earliest forms in western Can
ada appear in the Winnipegosis, Methy,

and Pine Point formations and include
Stringocephalus glaphyrus and S. sapiens.
The Stringocephalus and associated mol
lusks in the Miami Bend Formation of
Indiana are closely related to forms in the
Winnipegosis Formation of Manitoba.
Some of the later stringocephalids include
Stringocephalus asteius and S. alaskanus,
which occur in the Ramparts Limestone
of the Mackenzie region.

The Leiorhynchus hippocastanea Zone
occurs in post-Stringocephalus beds below
the reefs of the Ramparts Formation of
the Mackenzie valley. Diagnostic brachio
pods include Schizophoria mcfarlani, Stelc
kia galearius, Hadrorhynchia sandersoni,
"Atrypa" percrassa, Warrenella occidentalis
timetea, and other forms (PEDDER, 1975,
p. 574).

The Grypophyllum mackenziense Zone
occurs in the upper reefal part of the Ram
parts Limestone and is approximately
equivalent to the Emanuella vernilis Zone
of the Slave Point Formation of the Great
Slave Lake area and the Desquamatia (I.)
independensis Zone of the Swan Hills For
mation of northern Alberta. Conodonts of
the Schmidtognathus hermanni-Polygnathus
cristatus Zone of late Givetian age occur
with both the Leiorhynchus hippocastanea
and G. mackenziense faunas.

NORTHERN NORTH AMERICA

The Middle Devonian Series in the Ca
nadian Arctic is represented by marine
clastic carbonate rocks, including some re
markably persistent formations.

The upper two-thirds of the poorly fos
siliferous, clastic Eids Formation of Bathurst
Island contains the Icriodus corniger-I.
curvirostratus-I. introlevatus assemblage and
Polygnathus linguiformis linguiformis,
which UYENO (in MCGREGOR & UYENO,
1972) considered to be of mid-Couvinian
age.

The Blue Fiord Formation contains abun
dant megafossils of which stromatoporoids,
corals, brachiopods and trilobites are im
portant elements. The upper range of the
"two-hole" echinoderm ossicle, Gastero
coma? bicaula, extends into the lower part
of the formation on Bathurst Island (Mc
GREGOR & UYENO, 1972, table 1). Brachio-

© 2009 University of Kansas Paleontological Institute



Devonian in the Western Hemisphere A241

*" N.Y. Brachiopod Zones
cu Standard in Appalachian area
2 r- _ (Boueot and Johnson,

ff).91 ~ "":'::: 1968: Harrington,

£, ill ~5 1972)

Faunal Zones in Western United States

(atter Poole et al., 1968; Johnson,

1%6, 1970c; Johnson et al., 1968;

Sandberg and Mapel, 1968)

Faunal Zones and
Hemerae in Western

Canada (afterCrickmay,
1966; Lenz, 1968;

Norris, 1968a,b)

Upper Devonian

Rhynchonellid Zones in
Western Canada (McLaren,

1954, 1962; $artenaer,

1968,1969)

Ammonoid distribution

in Western Canada and Nevada

(House and Pedder, 1963;

House, 1965 b)

Gastrodetoechia

Cyrtospirifer

ct. mon/iccls

margmifera

Palmatolepis

Scaphignathus
velifer

Spathognathodus

costatus

spp.-

Cyrtosplrlfer

monticola

Cyrtospirifer

Syringothyris --------
1-====--1-;'Po:,,:gn:':'h:::U:-'1 d~t~~:/~~;;~~
endI1;£~*1~~fsSiS styriacus Strophopleura raymond;

0
g

~

~0

z ~
i J'" ~z g

z '"
~ ~- -
'" '" ;;

z ~ is
~'" '"z I <3

0 ->
UJ !Cl

~
~
il

0:
UJ
0
0
OJ

-
z
'"in
~

z
5 zz

'"0
:E>

UJ
Cl iii
0: in
UJ
;;:
g

,.
zz
£
'"

Rensselaeria
Spinoplasia

(M. thomasi,
~ M,yukonensis.

; j 1--------1 E~~~:;7:s~us

: I "Q"'U:':'d:::"""h"',,""'''(M''",h"'.:':,,:;I.)
.... Nanothyris M. praehercynicus

Gypidula peiagIC8
I. WQS. M. uniformis

Syringaxon

Icriodus

lafeflcrescens

subsp. B

Spirigerina P. p. pesavis

Gypldula pelagica

M uniformis.
For recent revisions in the New York Devonian sequence see Rickard (1975)

FIG. 7. Some Devonian faunal zones of Appalachian area, western United States, and western Canada,
and ammonoid distribution in Devonian rocks of western Canada and Nevada (Norris, n).

pods from the middle and upper parts of
the formation were correlated by BRICE and
MEATS (1977) with the Nevada zones of
Leptathyris circula (Eifelian) and lower

part of Warrenella kirk£ (late Eifelian or
Givetian), respectively. ORMISTON (1967)
has indicated that the Blue Fiord trilobite
fauna is highly diverse. Species that are
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identical with Eifelian forms from Europe
include Harpes macrocephalus, Astycorphe
cimelia, Leonaspis elliptica, and Otarion
belanops. About half of the Blue Fiord
trilobites are dechenellids, including Deche
nella (D.) mclareni, D. (D.) tesca, Delta
dechenella bathurstensis, and many others.
Associated corals, according to ORMISTON
(1967), consist entirely of genera present
in beds of Eifelian age in Germany. Cono
donts recorded by UYENO (in MCGREGOR
& UYENO, 1972) include a form close to
Icriodus cOJ'niger and Eognathodus bipen
natus, indicating an Eifelian age.

The succeeding Bird Fiord Formation
has a relatively restricted fauna. Corals are
generally rare; brachiopods include "Cam
arotoechia princeps," Emanuella, and abun
dant Atrypa; trilobites are very restricted,
comprising only five genera of which four
are rare. The presence of Ancyropyge man
itobensis is the best evidence furnished by
trilobites for the Givetian age of the greater
part of the Bird Fiord Formation. In Mani
toba this form occurs in the Winnipegosis
Formation with Stringocephalus.

Brachiopods of the Bird Fiord Formation
recently studied by BRICE and MEATS (1977)
were correlated with the upper Warrenella
kirki Subzone (early Givetian) of Nevada.

Conodonts recovered by UYENO (in Mc
GREGOR & UYENO, 1972) from the lower
part of the Bird Fiord Formation of
Bathurst Island are nondiagnostic. How
ever, Icriodus d. I. obliquimarginatus oc
curs in the upper part of the formation, a
form commonly associated with Poly
gnathus varcus, and indicating a Givetian
age.

On Melville Island, in a shale-sandstone
facies, the Givetian brachiopod Leiorhyn
chus castanea was found, indicating marine
connection with the mainland of western
Canada. Stringocephalus has not been
found in the Canadian Arctic, presumably
because of provincialism and unfavorable
facies during this interval.

PROVINCIALISM AND
AMMONOID DISTRIBUTION

During the Eifelian and most of the
Givetian, excluding the Taghanic Stage,
the contrast between the brachiopod faunas

of the Eastern Americas and Old World
realms continued to be pronounced (JOHN
SON & BOUCOT, 1973). The Malvinokaffric
realm seas had retreated from Antarctica
and remained only in the deeper parts of
the troughs of southern South America.
The Cordilleran region of the Old World
realm in western North America extended
from southeastern California to the North
west Territories (JOHNSON & BOUCOT, 1973).
Throughout most of Middle Devonian time
the Eastern Americas realm in eastern
North America and northern South Amer
ica continued to bear a distinctly endemic
fauna.

Pronounced trilobite provinciality con
tinued from the Emsian into the Eifelian
and, in western North America, exhibited
even greater provinciality than the contem
poraneous brachiopods (ORMISTON, 1972).
A decrease in trilobite provinciality occurred
in the Givetian, which is marked by the
southward migration of Ancyropyge from
the Arctic Islands into the Northwest Ter
ritories, Manitoba, Nevada, and Michigan.
This increasing trend towards cosmopoli
tanism is marked also by the appearance
of Scutellum in the Appalachian area, and
the wide distribution of Dechenella in west
ern Canada and the Great Basin (ORMIS
TON, 1972).

Ammonoid dispersion increased in the
middle Devonian, especially during the
Givetian. Eifelian ammonoids recorded
from North America include Gyroceratites
(Lamelloceras) and A narcestes from the
Northwest Territories (HOUSE & PEDDER,
1963). Foordites from the New York
Onondaga Limestone and from Virginia
(HOUSE, 1962), and Foordites and Cabriero
ceras from the Columbus Limestone of
Ohio (SWEET & MILLER, 1956). HOUSE
(1964, p. 265) pointed out that a distinctive
feature of North American Eifelian ammo
noid faunas is the apparent absence of
Anarcestes of the A. lateseptatus group and
Pinacites, genera which in Europe charac
terize the lower and upper Eifelian, re
spectively.

Givetian ammonoid faunas in North
America are much more widespread and
begin with the entry of Cabrieroceras ple
beijorme (HOUSE, 1964). From the North
west Territories Wedekindella, Maenioceras,
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Agoniatites, Tornoceras, and Cabrieroceras
are recorded (HOUSE & PEDDER, 1963;
HOUSE, 1964), all of which are closely re
lated to European forms. Of interest is the
apparent absence of Middle Devonian
goniatites from the more southerly Rocky
Mountains and the platform areas of the
Plains.

The Givetian goniatites which occur in
the New York-Pennsylvania embayment do
not show typical European features (HOUSE,
1964, p. 265). From this area Tornoceras
(Tornoceras), Agoniatites, and other forms
are known from the Cherry Valley Lime
stone, but typical genera (e.g., Maenioceras,
Wedekindella, Sobolewia) are lacking.
From farther south in Virginia, however,
Sobolewia and Maenioceras, which resemble
a mid-Givetian fauna from Devon are re
corded (HOUSE, 1962). From this distribu
tion HOUSE (1964) suggested that there

was trans-Arctic contact between Europe,
Russia, and western Canada, and perhaps
trans-Atlantic contact between Europe and
Virginia. During the same time little con
nection was made across the shelf areas
over much of northern United States and
southern Canada.

The first goniatite from the Devonian of
South America was described recently by
LEANZA (1968). It was named Tornoceras
baldisi and was collected from the Chavela
Formation outcropping in San Juan Prov
ince of Argentina. LEANZA (1968) dated
the new species as Late Devonian but, ac
cording to W. W. NASSICHUK (pers. com
mun., October, 1973), the suture line of
the new form closely resembles that of
Tornoceras uniangulare aldense (HOUSE,
1965a), which occurs in the Middle De
vonian (Givetian) Alden Marcasite of New
York State.

West River Shale where it is marked by
Palmatolepis punctata. Conodonts of the
upper M. asymmetrica Zone occur in the
lower Rhinestreet Shale; and the "Ancyro
gnathus" triangularis Zone occurs in the
middle and upper parts of the Rhinestreet.
Upper Palmatolepis triangularis Zone cono
donts occur in the upper Hanover and Dun
kirk shales (RICKARD, 1975, p. 9).

Ammonoid zones in rocks of the lower
Upper Devonian (Senecan Series) comprise
in ascending sequences: Epitornoceras pera
cutum, Ponticeras perlatum, Manticoceras
styliophillum, Sandbergeroceras syngonum,
Probeloceras lutheri, P. strix, Manticoceras
rhynchostoma, and Crickites d. C. hol
zapfeli (HOUSE & KIRCHGASSER in RICKARD,
1975). Probeloceras strix is a new zone
described by KIRCHGASSER (1975) that oc
curs in the upper Cashaqua and lower
Rhinestreet shales of New York.

Well-known brachiopods in rocks of the
Finger Lakes Stage include: Mucrospirifer
posterus, limited to the Genesee Group;
Warrenella laevis and Spinocyrtia marcyi,
ranging throughout the stage; and Tylo
thyris mesocostalis, appearing in the Sonyea
Group and ranging into higher beds.

The brachiopod genus Cyrtospirifer first
appears in the lower part of the West Falls

UPPER DEVONIAN FAUNAS (FRASNIAN AND FAMENNIAN)

EASTERN NORTH AMERICA

The Upper Devonian of the New York
standard section is subdivided into the
Senecan Series (Frasnian) with the Finger
Lakes and Cohocton stages, and the Chau
tauquan Series (Famennian) embracing the
Cassadaga and Bradford stages. The rocks
of this interval are almost entirely clastic
and make up more than two-thirds of the
volume of sedimentary rocks in the Appa
lachian basin (RICKARD, 1964). The posi
tion of the base of the Upper Devonian is
not agreed upon but generally it is taken
at the base of the Geneseo Shale.

Conodonts and ammonoids are the prin
cipal fossils used for correlating the New
York Upper Devonian with Europe. Cono
donts of the upper part of the Schmidto
gnathus hermanni-Polygnathus cristatus
Zone occur at the base of the Genesee
Group. The presence of the Pandorinellina
insita has not been demonstrated in New
York (RICKARD, 1975). Conodonts of the
lowermost Mesotaxis asymmetrica Zone oc
cur in the Lodi Limestone. The lower M.
asymmetrica Zone begins in the lower Penn
Yan Shale where Ancyrodella rotundiloba
first appears. The base of the middle M.
asymmetrica Zone appears in the upper
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Group with C. chemungensis and C. per
latus as important species; and C. angusti
cardinalis and C. preshoensis make their
appearance in the upper part of the group.

The Frasnian-Famennian boundary in
Belgium traditionally has been placed at
the base of the Assise de Senseille, which
appears to correspond to a level slightly
below the base of the Cheiloceras-Stufe
(HOUSE in RICKARD, 1975). Opinions dif
fer on the position of the Manticoceras
Cheiloceras boundary relative to the cono
dont zonation. In New York this boundary
is placed at or near the base of the Upper
triangularis Zone (RICKARD, 1975). HOUSE
(1967, 1973) recorded that Crickites, indic
ative of the upper Manticoceras-Stufe, oc
curs 30 feet below the top of the Hanover
Shale, and KLAPPER et al. (1971) referred
the upper Hanover to the upper triangu
laris Zone.

Ammonoids and conodonts are rarer in
the upper Upper Devonian (Chautauquan
Series) and correlation with the Famennian
of Europe becomes increasingly more diffi
cult.

Conodont zones represented in rocks of
the Cassadaga Stage include the upper Pal
matolepis triangularis, P. crepida, P. rhom
boidea, and P. marginifera, but the precise
limits of the zones are unknown (RICKARD,
1975).

The ammonoid Cheiloceras amblylobum,
associated with conodonts of the Palmato
lepis crepida Zone, occurs in the Gowanda
Shale. The youngest ammonoid zone,
Sporadoceras millen', present in Pennsyl
vania, occurs in the lower part of the Brad
ford Stage which correlates with part of
Zone doIII of Europe (OLIVER et al., 1968,
p. 1033).

Scattered conodonts indicate that suc
ceeding rocks of the Bradford Stage may
include equivalents of the European am
monoid Zones dolV to doVr (OLIVER et al.,
1968, p. 1035).

Brachiopods in rocks of the Bradford
Stage include Cyrtospirifer tionesta that
ranges throughout the stage; and C. olea
nensis and "Camarotoechia" allegania that
appear in the upper part of the stage.

WESTERN NORTH AMERICA

Various megafaunal zonal schemes have

been proposed for the abundantly fossilifer
ous Frasnian rocks of western Canada by
a number of workers including CRICKMAY
(1966), MAURIN and RAASCH (1972), Mc
LAREN (1954, 1962), RAASCH in DOOGE
(1966) , WARREN and STELCK (1950), and
others. Frasnian rhynchonellid brachiopods
studied by McLAREN (1954, 1962) are use
ful zonal fossils, especially for the lower
three-quarters of the Frasnian succession.
McLAREN'S zones are listed on Figure 7,
as well as an alternative zonal scheme pro
posed by CRICKMAY (1966).

The Eleutherokomma impennis to E.
killeri zones occur typically in the Water
ways (Beaverhill Lake) Formation of north
ern Alberta. Elements of these zones are
recognized in Manitoba, Saskatchewan, the
Alberta Rocky Mountains, and elsewhere.

Conodonts in the Waterways Formation
studied by UYENO (1974) comprise the
Pandorinellina insita fauna, and Lower and
Middle Mesotaxis asymmetrica zones which
correlate with the lower Manticoceras-Stufe
of Europe.

The genus Ladogioides, commonly asso
ciated with Eleutherokomma impennis and
Platyterorhynchus russelli, is also a valuable
zone marker for the base of the Frasnian
succession in northern Alberta, northeastern
British Columbia, and the southern North
west Territories.

McLAREN'S (1962) Calvinaria variabilis
athabascensis Zone is not contiguous with
the Ladogioides Zone, but is restricted to
the Maligne and lower Perdrix formations
in the Alberta Rockies and the Cooking
Lake Formation of central Alberta.

The Calvinaria variabilis insculpta Zone
of McLAREN (1962) occurs in the upper
Perdrix Formation and its equivalents in
the Alberta Rocky Mountains, and in the
Duvernay Formation of the central Alberta
subsurface. Leiorhynchus (=Caryorhynchus
of some authors) carya commonly is as
sociated with the zone fossil and repre
sents the last occurrence of the genus in
the area. Eleutherokomma disappears late
in the C. variabilis insculpta Zone, within
the "Desquamatia" cosmeta Zone of CRICK
MAY (1966). Cyrtospirifer first appears in
the lower part of the C. variabilis insculpta
Zone, within the E. reidfordi Zone of CRICK
MAY (1966), suggesting a correlation with
the lower part of the Cohocton Stage of
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New York of mid-Frasnian age.
The Calvinaria albertensis albertensis

Zone of McLAREN (1962) is represented in
the lower and middle Mount Hawk Forma
tion and its equivalents in the Alberta
Rocky Mountains and in the Ireton Forma
tion of the Alberta subsurface.

In the upper Frasnian succession, CRICK
MAY'S (1966) zones of Cyrtospirifer chari
topes, Devonoproductus tvalcotti, and Theo
dossia keenei are represented. The lower
two zones occur typically in the Redknife
Formation and the upper zone occurs in
the Kakisa Formation of the Trout River
outcrop area described by BELYEA and Mc
LAREN (1962). The fauna of the T. keenei
Zone is separated from overlying faunas
by a profound break that is remarkably
widespread throughout western and north
ern Canada. This break at the end of the
Frasnian is marked by the disappearance of
numerous corals, stromatoporoids, stropheo
dontids, pentamerids, and atrypids.

Fossiliferous Frasnian rocks of western
United States are less abundant and less
continuous than those in western Canada.
Various tentative megafaunal zones have
been proposed by POOLE et al. (1968), JOHN
SON (1970c), BAARS (1972), and others.
Brachiopod zones used by POOLE et al.
(1968) in southwestern United States are
listed on Figure 7.

Six brachiopod zones were recognized by
CRICKMAY (1966) within Famennian rocks
of western Canada comprising in ascending
sequence: Cyrtospirifer mimetes, Basili
corhynchus basilicum, Cyrtospirifer nor
mandvillana, C. sp., C. d. C. monticola,
and Strophopleura raymondi. Another
zonal scheme based on rhynchonellids and
proposed by SARTENAER (1968, 1969) for
the same interval is as follows: zones of
Eoparaphorhynchus, Basilicorhynchus, Gas
trodetoechia, and Sinotectirostrum avellana.

The Eoparaphorhynchus Zone is re
stricted to the lower part of the lower
Famennian and is represented in the Trout
River and Sassenach formations, and in the
upper part of the Winterburn Group. The
zone is represented by E. maclareni in the
Mackenzie River area and Alaska; by E.
lentiformis in the area east and north of
Jasper in the Rocky Mountains; and by E.
walcotti in Nevada and Utah.

The succeeding Basilicorhynchus Zone is
restricted to the upper part of the lower
Famennian and occurs in the Tetcho For
mation, in the lower part of the Wabamun
Group, and in the upper Sassenach and
lower Palliser formations.

The Gastrodetoechia Zone extends from
the middle Famennian to the lower part of
the upper Famennian. The zone is pres
ent in the Rocky Mountains and Northwest
Territories of Canada, and in Idaho, Mon
tana and Utah of the United States. The
zone contains a large brachiopod fauna, as
well as ammonoids described by HOUSE
(in HOUSE & PEDDER, 1963), which include
species of Cheiloceras, Tornoceras and Pla
tyclymenia.

The Sinotectirostrum avellana Zone oc
curs in the upper part of the upper Famen
nian and is known only in the North
Nahanni and Root Rivers areas of the
Northwest Territories and from wells in
northeastern British Columbia. The zone
corresponds to HUME'S (1922) Athyris an
gelica Zone.

Famennian brachiopod assemblages rec
ognized by POOLE et al. (1968) in south
western United States comprise in ascending
sequence: Cyrtospirifer spp.-C. portae, C.
monticola, Paurorhyncha endlichi-Cyrtiopsis
animasensis, and Syringothyris spp.

NORTHERN NORTH AMERICA

Upper Devonian rocks in the eastern Arc
tic Islands are predominantly clastic strata
of nonmarine origin. Marine Frasnian
rocks, however, have been reported from
scattered localities in the western Arctic
Islands, notably Banks, Melville, and Prince
Patrick islands. On Banks Island the early
Frasnian is indicated by the presence of
Ladogioides pax, Eleutherokomma d. E.
impennis, and "Allanaria" allam'; and the
mid-Frasnian by Cyrtospirifer thalattodoxa
and Calvinaria albertensis. A rich fauna of
middle to late Frasnian age occurs in reefs
on northeastern Banks Island and includes
Hexagonaria, Phillipsastrea, Theodossia, and
others (KLOVAN & EMBRY, 1971).

Marine Famennian megafossils of the
Canadian Arctic Islands have been sum
marized by McLAREN (in KERR, MCGREGOR
& McLAREN, 1965). They occur in the
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upper part of the Griper Bay Formation on
Bathurst, Cameron, Byam Martin, and Mel
ville islands. Brachiopods of this assem
blage represent a single fauna and include
Acanthatia sp., Basilicorhynchus sp., Pty
chomaletoechia? sp., and possibly Cyrtospi
rifer sp. Conodonts associated with the
brachiopods on Byam Martin Island include
Palmatolepis perlobata and Icriodus cos
tatus. The former ranges from the upper
Palmatolepis triangularis Zone through the
lower "Spathognathodus" costatus Zone
(MCGREGOR & UYENO, 1972).

SOUTH AMERICA

In Late Devonian time the sea withdrew
from most of the extra-Andean regions of
South America, but seems to have per
sisted in the Andean belt. The upper bar
ren parts of the Devonian clastic successions
in western Venezuela, southern Peru, cen
tral Bolivia, and western Argentina may
belong in the Upper Devonian (HARRING
TON, 1962, p. 1786). Recently, COUSMINER
(1964, p. 33-35) reported lower Upper De
vonian palynomorphs from the upper part
of the Devonian succession of Bolivia.
Sparsely fossiliferous rocks present also in
the Parnaiba basin of Brazil are probably
of early Frasnian age (HARRINGTON, 1968,
p. 662). A few authors, notably MAACK
(1964), have argued that South America
was glaciated during the Late Devonian.
MAACK (1964, p. 291, 292) cited as evidence
widespread Upper Devonian tillites present
in northeastern Brazil and northwestern
Argentina.

PROVINCIALISM AND
AMMONOID DISTRIBUTION

Beginning in late Eifelian time, routes
for faunal migration were reestablished be
tween the midcontinent area and western
North America via the Williston basin, as
indicated by an intermingling of Eastern
Americas and Old World shelly elements
in Indiana, Michigan, northern Ontario,
and northern Manitoba. The separation
between the Old World and Eastern Amer
icas realms apparently was breached com
pletely by onlap of epicontinental seas
during the Taghanic (JOHNSON, 1970c),
resulting in a single cosmopolitan brachio-

pod fauna in the marine areas of North
America and elsewhere during the Frasnian
(JOHNSON & BOUCOT, 1973). Important
widespread brachiopod genera of this fauna
include Calvinaria, Cariniferella, Devono
productus, Douvillina, Eleutherokomma,
Hypothyridina, Nervostrophia, "Spirifer"
of the orestes-type, Tenticospirifer, and
Theodossia (JOHNSON & BOUCOT, 1973, p.
94).

The tubular stromatoporoid Amphipora
abundant in western North America and
the Old World reached the midcontinent
and Appalachian areas during this interval
(DUNCAN in CLOUD, 1959, p. 948, fig. 12);
and similar evidence showing intermingling
of coral genera was cited by OLIVER (1975).

In contrast to the cosmopolitanism shown
by Frasnian brachiopods, trilobites are very
scarce at this time; Scutellum and a few
phacopids only are known in western North
America (ORMISTON, 1972, p. 602). The
radiation in the cyrtosymbolinids that took
place in Europe did not reach North Amer
ica because of the shutting-off of the migra
tion route from Europe to North America
by a continental clastic wedge which was
deposited across northern Alaska and the
Arctic Islands during the Frasnian and
Famennian (ORMISTON, 1972, p. 602).

At the end of Frasnian time a number
of important invertebrate groups became
extinct, including the brachiopod taxa
Atrypoidea, Pentameroidea, Stropheodonti
dae, Delthyridae, and Meristellinae. Among
the trilobites, the harpids and thysanopel
tids disappeared in the Late Devonian,
probably in late Frasnian time (HOUSE,
1967).

The principal brachiopod genera that sur
vived the extinction at the end of the Fras
nian and continued into the Famennian
include: Attribonium, Aulacella or Rhi
pidomella, "Chonetes" or Retichonetes, Cru
rithyris, Cupularostrum or Ptychomaletoe
chia, Cyrtina, Cyrtospirifer, Productella,
Schizophoria, and Steinhagella (JOHNSON &
BOUCOT, 1973). Along with these survivors
the Famennian brachiopod fauna comprises
principally new rhynchonellid, productid,
athyridid and spiriferid genera, some of
which are widely distributed (SARTENAER,
1969), indicating continued cosmopolitan
ism (JOHNSON & BOUCOT, 1973).

The ammonoid genus Manticoceras,
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guide fossil for the Frasnian, is more widely
distributed than any other, but is absent
from South America (HOUSE, 1964). Ties
between North America and Europe are
indicated by occurrences of early Frasnian
forms in several places. Timanites is re
corded from Alberta, and Koenenites is
known from Michigan (MILLER, 1938).
Pharciceras is the European guide genus
of the lower Frasnian, and it, or its close
allies, occur in the upper Tully Limestone
of New York (HOUSE, 1962, 1968a). The
most widespread distribution of Mantico
ceras apparently occurred in the middle
Frasnian, where the genus is known from
the Northwest Territories, Alberta, Ontario,
including the Hudson Bay Lowlands (MIL
LER, 1938, p. 115, 116), Michigan, Iowa,
Utah, New Mexico, Missouri, Ohio, Vir
ginia, and especially New York. These
occurrences form a link with those along
the northern Siberian coast (HOUSE, 1964,
p. 266). The richest North American
Frasnian goniatite faunas occur in New
York where a succession of species closely
allied to those of Europe may be recognized.

In North America, Cheiloceras is known
from New York (HOUSE, 1962) and west
ern Canada (HOUSE & PEDDER, 1963), and
is apparently almost as widespread as Man
ticoceras geographically, but is sparser nu-

merically (HOUSE, 1964). This sparseness
marks the beginning of geopraphical restric
tion of later Devonian ammonoid faunas.

Clymeniids entered with the faunas of
the Platyclymenia-Stufe, a fauna well known
from Europe and North Africa. In North
America representatives of this fauna occur
in the Three Forks Shale of Montana and
include Tornoceras, Platyclymenia, Recto
clymenia, and Raymondiceras (HOUSE,
1964). The latter genus is recorded also
from New Mexico (MILLER & COLLINSON,
1951). Of interest is the apparent absence
of this fauna from eastern North America,
except for Sporadoceras milleri from Penn
sylvania, which may occur at this level
(HousE, 1962, p. 263).

The goniatites and clymeniids of the up
permost Famennian, including the Cly
menia and W ocklumeria zones known in
England, Germany, France, North Africa,
and elsewhere, are sparingly represented in
North America and the traces found are
equivocal. Cyrtoclymenia and Cymacly
menia are known from Ohio, and Cyrtocly
menia from New Mexico (HousE, 1962),
and also from Alaska (SABLE & DUTRO,
1961). None of the North American oc
currences can be dated certainly as latest
Famennian, and all may well be mid
Famennian in age (HOUSE, 1954, p. 268).

DEVONIAN CONTINENTAL DEPOSITS AND ASSOCIATED
INVERTEBRATE FAUNAS

Nonmarine Devonian rocks occur in sev
eral well-known areas in the Western
Hemisphere, the main areas being in the
Appalachians of the eastern United States
and Canada, in Arctic Canada, and in east
ern Greenland; these are commonly re
ferred to as "Old Red Sandstone" basins of
deposition. Devonian continental beds also
are represented possibly around the edges
of the cratonic basins of South America and
Antarctica where clastic sequences are
largely barren or sparsely fossiliferous and
difficult to date. Smaller, thinner, and more
isolated occurrences are known also in the
southern part of the Hudson Bay Lowlands

(SANFORD & NORRIS, 1975), in Montana and
Wyoming (SANDBERG, 1961), in Arizona
(TEICHERT & SCHOPF, 1958), in the Rocky
Mountains of Alberta (AITKEN, 1966), and
elsewhere. Many of these deposits contain
abundant plant and fish remains but lack
identifiable invertebrate fossils.

Invertebrate fossils in Devonian conti
nental beds are generally scanty in variety
and numbers. A few of the more important
forms include the brachiopod genus Lin
gula, several mollusks (e.g., Amnigenia) ,
leperditiid ostracodes, the euryptids Ptery
gotus and Eurypterus, ceratiocarid crus
taceans, and the arthropod Estheria.
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INTRODUCTION

The name Carboniferous was introduced
by CONYBEARE and PHILLIPS (1822) for the
English succession that included the Old
Red Sandstone, Mountain Limestone, Mill
stone Grit, and Coal Measures. Later SEDG
WICK and MURCHISON (1839) removed the
Old Red Sandstone from the Carboniferous
to establish the Devonian System. In 1841
MURCHISON established the Permian System
in the Province of Perm, Russia, as overly
ing the Carboniferous. Since then the lower
and upper boundaries of the Carboniferous
with adjacent systems have presented prob
lems. The Old Red Sandstone (Devonian)
of Devonshire is mainly nonmarine, is
structurally deformed, and lacks diagnostic
fossils of worldwide biostratigraphic value.
The overlying Permian (Magnesian Lime
stone) in England also has few abundant
fossils and the Russian Carboniferous and
Permian sections are far away and have dif
ferent faunal and floral assemblages than the
Carboniferous and Permian of England.
Furthermore, MURCHISON'S original defini
tion of the Permian System left some doubt
concerning the placement of beds above the

1 Manuscript received October, 1975.

Moscovian Stage and below the Artinskian
Stage, beds having marine faunas that are
not present in the predominantly nonmarine
sections in northwestern Europe.

The recognition of lateral changes in
facies in the upper part of the Devonian
from continental beds in Devonshire into
marine strata bearing marine faunas in the
lower Rhine valley led to the acceptance
of locating a succession in marine strata
that could serve as a type section to define
the Devonian-Carboniferous boundary. Al
though the Rhine valley sections contain a
variety of cephalopods and conodonts, fau
nas of the carbonate facies are poorly rep
resented. The Belgium succession includes
bioherms and reefs in this interval, and
after considerable study the lower boundary
was agreed upon by the first Congres de
stratigraphie et de geologie du Carbonifere,
Heerlen, 1927, as the base of the Tournaisian
Stage in Belgium. At the second Heerlen
congress (1935) the base was reassigned as
the first appearance of a zonal guide fossil,
the ammonoid Gattendorfia subinvoluta, a
useful index fossil in the German strati-
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graphic section, which was thought to be
equivalent to the Etroeungt beds at the
base of the Tournaisian Stage. Later study
has demonstrated that the lower beds in the
type sections of the Tournaisian include
strata older than the zone of Gattendorfia
subinvoluta and span nearly the entire latest
Devonian zone of Wocklumeria. The Sub
commission on Carboniferous Stratigraphy
at the Seventh Congres International de
stratigraphie et de geologie du Carbonifere
(1971) adopted several working agreements
that attempted to resolve this boundary
problem. These in effect are as follows:

1. The base of the Gattendorfia subin
voluta Zone will continue to serve as
the accepted base of the Carboniferous.

2. Because the geographic distribution of
the zone name-bearer is restricted, the
evolution (first appearance) of the
conodont Siphonodella sulcata from its
Devonian ancestor (which occurs at
the same stratigraphic position as the
appearance of G. subinvoluta in the
German succession) will be used on a
worldwide basis as the base of the
Carboniferous.

3. The designation of a stratotype will be
postponed until a search has been
made for a suitable, continuous, marine
stratigraphic succession, preferably in
the region of the original chronostrati
graphic units (stages).

4. The boundary of the lowest Carbonif
erous stage is to be modified to cor
respond with the lower boundary of
the system.

The upper boundary of the Carboniferous
has been placed at several positions although
there are at least six major recognizable,
worldwide, marine, faunal biostratigraphic
zones between the top of the Moscovian
Stage and the base of the Artinskian Stage.
Presently most European and North Ameri
can biostratigraphers follow the recommen
dations of the All Soviet Committee on the
Car~oniferous-Permian boundary (1952) in
placmg the top of the Carboniferous at the
top of the Gshelian Stage. In the past the
Carboniferous-Permian boundary has been
placed as high as the top of the Sakmarian
Stage (or base of the Artinskian Stage) or
lower at the top of the Asselian Stage or
even within the Asselian. Some biostrati-

graphers have continued to use the term
Permo-Carboniferous for the interval be
tween the Gshelian and Artinskian. Thus,
the Autunian Series of Europe and the
lower part of the Dunkardian Series and
the Wolfcampian Series and even the low
est parts of the Leonardian Series in North
America at times have been correlated with
the Carboniferous or "Permo-Carbonifer
ous" based on these various boundary posi
tions. The top of the Carboniferous has only
infrequently been placed below the top of
the Gshelian Stage in the Soviet Union.

Subdivisions.-Three different schemes of
subdivision of Carboniferous rocks are ex
tensively used (Fig. 1): the western Euro
pean classic sections with subdivision into
Lower and Upper parts; the southern Urals,
Russian platform, and greater Donetz basin
sections with subdivision into Lower, Mid
dle, and Upper parts; and the central North
American sections recognizing the Missis
sippian and Pennsylvanian as independent
systems. Other sets of subdivisions proposed
for various eastern Asia and Gondwana
regions probably are equally useful. Cor
relations between different Carboniferous
biogeographic realms and regions are still
incomplete and Figure 1 indicates a gener
ally accepted correlation of the three sets of
series and stages.

In northwestern Europe the Carbonifer
ous System is divided into two subsystems,
the Dinantian below and Silesian above.
The Dinantian takes its name from the
Dinant area of Belgium where type sections
for the mainly carbonate series, Tournaisian
(MORTELMANS, 1969) and Visean, are located
(GEORGE,1969). The Silesian takes its name
from the coal basins of the Silesian region
of Poland. Three series are recognized: the
Namurian (at the base), Westphalian, and
Stephanian, and the successions are largely
nonmarine or paralic with a few marine
bands (transgressions) and a number of
deeply weathered, flinty underclays (seat
earths). In practice the Namurian (HUD
SON, 1945; RAMsBoTToM, 1969) and most of
the Westphalian marine bands are correlated
with the British succession which has a
slightly more complete fauna than the type
succession on the European continent (Fig.
1). The Westphalian (CALVER, 1969) is
subdivided into four stages (A, B, C, and
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FIG. 1. Comparison of Carboniferous stratigraphic terminology in western Europe, European USSR and
North America, and correlation of boundaries. Biostratigraphic zone fossils for ammonoids, foraminiferids,
brachiopods, corals, and megaflora indicate approximate relationship between zonations based on different
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FIG. 1. (Contintted from facing page.)
groups. See Figure 7 for ranges of stratigraphically important genera of conodonts. The megafloral zones

are for the Euramerian floral region (modified from Read & Mamay, 1964).
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D) by three marine bands and some differ
ences in floral content. The Stephanian
has no marine bands in its type area where
it is subdivided into three stages (A, B, and
C) based on floral differences. The Upper
Westphalian and Lower Stephanian were
separated by the International Subcommis
sion on Carboniferous Stratigraphy (1967)
by using Tonstein 60 as the boundary in
the Saar-Lorraine area. A floral succession
that either spans Late Westphalian-Early
Stephanian time or fills a gap between them
has been found in northern Spain and
named the Cantabrian Stage (WAGNER,
1969). At present the type section of the
Stephanian lies in the coal basin of St.
Etienne in Loire and passes transitionally
upward into beds having fossil floras of
Autunian (Early Permian) appearance
(LIABEUF & ALPERN, 1969). Correlations of
the Westphalian and Stephanian are based
mainly on the distribution of plant leaves,
stems, and spores and become complicated
by ecological differences in floras between
basins of approximately the same age, but
in different environmental settings (i.e.,
elevation, rainfall) (BOUROZ, 1969; DE MAI
STRE,1969).

The North American succession of strata
equivalent to the Carboniferous is separated
into two local systems, the Mississippian be
low and the Pennsylvanian above. The Mis
sissippian System, named for a sequence of
predominantly limestone, sandstone and
shale exposed along the Mississippi valley
in Missouri, Illinois, and Iowa, is based on
the "Mississippi Group" (WINCHELL, 1869),
between the Devonian and the "Coal Meas
ures." The "Coal Measures" were renamed
the Pennsylvania Series (WILLIAMS, 1891)
for exposures in Pennsylvania. Both system
names gained wide usage in North Ameri
can textbooks early in this century. The type
Mississippian strata (Fig. 1) have a clastic
and limestone portion at their base (WELLER
et ai., 1948), the Kinderhookian Series (the
original definition included some latest De
vonian beds), which represents a shallow
water facies with reworked faunas in part.
The mainly carbonate succession is divided
into the Osagian Series, which is mainly
middle and late Tournaisian, and the Mer
amecian Series, which includes all except
latest Visean equivalents. These two carbon-

ate series are locally dominated by echino
derm faunas that, in general, are not a typi
cal lithofacies and this has made correlation
outside the type region difficult. The upper
part of the carbonate sequence grades later
ally into the basal part of the Chesterian
Series. The Chesterian has fifteen or so
sequences of transgressive and regressive sed
iments that are terminated by a major re
gional unconformity.

The type Pennsylvanian (BRANSON, 1962)
is in southwestern Pennsylvania in strata
that are predominantly nonmarine with a
few marine beds. Because of uncertaintly in
correlating the strata of the type area with
marine and paralic strata in much of the
rest of North America, a set of standard
reference sections was established in the
southern Midcontinent region (in Arkansas,
Missouri, Oklahoma, Kansas, and Iowa)
(MOORE et ai., 1944). These reference sec
tions form the basis for five standard series,
in ascending order: Morrowan, Atokan,
Desmoinesian, Missourian, and Virgilian.
The lower two, Morrowan and Atokan, are
located near the southern edge of the Early
Pennsylvanian North American craton and
are geosynclinal sequences deposited at a
time of active tectonic deformation of the
main part of the geosyncline to the south
(GORDON, 1974). The type section of the
Desmoinesian was deposited to the north
in Iowa, well on the North American cra
ton, as were the Missourian and Virgilian
series in Missouri and Kansas. These higher
three series include evidence of numerous
transgressions and regressions and compli
cations of repeated cyclothems (WANLESS,
1969). On the cratonic shelf, low tectonic
arches and shallow basins (Illinois, Michi
gan, and Forest City basins) caused sedi
mentary units to thin and disappear or
thicken and change facies (WANLESS, 1969).
These standard sections are marine and
paralic and are separated from areas to the
southwest by block-faulted uplifts and ba
sins and from areas west of the Southern
Rockies by the transcontinental arch.

The third set of sections that are used as
references for the Carboniferous are those
on the Russian platform (DALMATSKAYA et
ai., 1961), southern Urals, and greater Don
etz basin (AYZENVERG, 1969). In these
sections the Tournaisian and Visean strata
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and faunas are similar to those in the Bel
gian type area and no major correlation
problems are apparent. The "Namurian"
on the Russian platform, which equates to
only the lower part of the Namurian of the
Belgium section, was renamed the Ser
pukhovian Stage by EYNOR in 1970. The
Tournaisian, Visean, and Serpukhovian
stages are included by Soviet biostratigra
phers in their Lower Carboniferous.

A major unconformity separates these
Lower Carboniferous units from higher
Carboniferous units on the Russian platform
(BARKHATOVA et al., 1970); however, the
sections near the margins of the geosynclines
( Southern Urals) and sedimentary troughs
(Donetz basin) have a succession, called the
Bashkirian Stage, which marks the base of
the Middle Carboniferous. The Bashkirian
is overlain by the Moscovian Stage, which
covers most of the Russian platform and
forms the upper part of the Middle Carbon
iferous. The Upper Carboniferous, Kasmov
ian and Gshelian stages, is present on much
of the Russian platform where it is overlain
by the Asselian Stage (Lower Permian).

As revised in 1974, the Lower Carbonifer
ous of the Russian platform is correlated
with the North American Mississippian; the
Middle Carboniferous is correlated with the
Morrowan, Atokan, and Desmoinesian; and
the Upper Carboniferous with the Missour
ian and Virgilian. Most marine Carbonifer
ous sequences on cratonic shelves and in
geosynclines are adaptable to this three-fold
subdivision. In the succeeding discussions
in this paper, Lower, Middle, and Upper
Carboniferous will be used as outlined
above.

The Carboniferous histories of Australia,
peninsular India, South America east of the
Andes, and Antarctica are generally similar,
although not as closely similar as their Per
mian and Triassic histories.

Two regions of deposition were present
in Australia during the Carboniferous: an
eastern region along the Tasman geosyn
cline, which was divided into a number of
structurally delimited basins; and a western
region which included the Carnarvon, Can
ning and Bonaparte Gulf basins. In the
eastern region seven faunal zones are recog
nizable in the Lower Carboniferous succes
sion (HILL, 1957; CAMPBELL & McKELLAR,

1969; CAMPBELL et al., 1969; ROBERTS,
1975), based primarily on coral and bra
chiopod ranges. Above these seven fau
nal zones, one brachiopod zone is recog
nized in Middle Carboniferous strata and
another zone is identified in what are
probably Upper Carboniferous strata. These
two highest zones are interbedded with
rocks having the Rhacopteris flora.

The zonation in the eastern region is not
applicable to the western basins where dif
ferent brachiopod zones and conodont zones
are used for the Lower Carboniferous suc
cession. Middle and Upper Carboniferous
strata in the western region are poorly fos·
siliferous and pass upward without much
depositional change into beds of probably
Early Permian age bearing Eurydesma.

The eastern Australian Lower Carbonifer
ous includes conglomerate and sandstone
beds at its base and a succession of shale
with a few limestone beds. The Middle and
Upper Carboniferous are mainly clastic
rocks and volcanics and include conglomer
ates, tuffs, flows, tillites, diamictite with a
few limestones and marine and nonmarine
shales. The Tournaisian and early Visean
corals show similarity to those of south
eastern Asia, but later Visean and early
Namurian corals show considerable endem
ism (HILL, 1948, 1957, 1973; CAMPBELL &

McKELLAR, 1969). This has been inter
preted as a gradual change from warm or
temperate marine conditions to cooler con
ditions before the end of the Early Carbon
iferous. The two marine zones within the
predominantly clastic and volcanic beds of
Middle and Late Carboniferous age having
interbedded tillites and glacial marine beds
represent possible times of climatic warm
ing in an otherwise cold interval. The Early
Permian Eurydesma fauna is closely associ
ated with glacial deposits and is considered
to be a cold-water assemblage.

In eastern South America, in Brazil,
Argentina, Paraguay, and Uruguay, Lower
Carboniferous, and possibly Middle Car
boniferous, strata are separated fr0111 Upper
Carboniferous and Permian strata by a
major regional unconformity that forms the
sub-Gondwana surface (CASTER, 1952). The
relationship between the Lower and Middle
Carboniferous of Argentina suggests that ~I

hiatus of some magnitude exists between
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them. The Lower Carboniferous marine
faunas are mainly conulariids, brachiopods,
and bivalves (AMOS & SABATTINI, 1969) and
are not completely studied. The Middle
Carboniferous faunas contain brachiopods,
bryozoans, and trilobites, which are similar
to Australian faunas of this age. These
faunas also include the cephalopods Anthra
coceras and Eoasianites, which are simildr
to those of the Desmoinesian of North
America. Strata of probable Late Carbon
iferous age in Argentina have plants that
may be Stephanian and locally marine fau
nas of brachiopods, such as Cancrinella,
Crurithyris, Tornquistia, Spinfer, and Ali
spinfer. The lateral relationships of these
Argentinian faunas to nearby glacial depos
its remain unanswered; however, Eoasian
ites and other faunas and floras of probable
late Middle Carboniferous age are known
from beds within the Tubarao glacial beds
in Brazil and Uruguay. The coals of the
Parana basin in Brazil are in interglacial
deposits that lie between glacial beds and
are probably Carboniferous in age rather
than Permian; however, the upper part of
the tillite succession may be Early Permian

in age if the occurrence of Eurydesma is a
reliable guide.

In the Cape region of South Africa, the
Lower Dwyka Shale contains a sparse flora
similar to the Rhacopteris flora in Middle
or Upper Carboniferous strata of eastern
Australia. Most of the overlying tillite of
the Dwyka is probably Late Carboniferous
in age. The Eurydesma fauna occurs in
mudstone and shale above the tillites of the
Dwyka and is considered to be of Early
Permian age.

The Carboniferous in other Gondwanan
continents or continental fragments is poorly
understood. In Madagascar the Carbon
iferous, if present, seems to be represented
by a thin tillite, and in the Falkland Islands,
the succession is remarkably similar to that
in South America and South Africa. The
Lower? Carboniferous contains plant fossils
and is overlain by tillites and clastic beds
interbedded with marine units of probable
Middle and Late Carboniferous age. In
Antarctica, Devonian strata having fish re
mains are unconformably overlain by tillite
and coal-bearing sandstone that are consid
ered to be Permian based on the presence
of Glossopteris without non-Gondwanan
plants.

BIOSTRATIGRAPHIC AND BIOGEOGRAPHIC ANALYSIS

The Carboniferous Period, estimated to
extend from 345 mya to 280 mya (FRANCIS
& WOODLAND, 1964), had a duration of 65
my, which approximates the length of each
of the four other long geologic periods, the
Cambrian, Ordovician, Cretaceous, and Ter
tiary. During this long interval of time,
distributions of marine invertebrate faunas
were strongly influenced by changes in cli
mate; in seaways, their interconnections,
and sea levels; in the relative position of
land areas; and in tectonic, orogenic, and
epeirogenic changes. The details of how
these physical changes modified the Carbon
iferous physical environment are much less
thoroughly known that is the actual distri
bution of most of the fossil groups represent
ing part of the biological environment. At
present the mechanisms of the dispersals of
faunas between different realms and regions
during the Carboniferous are not well un
derstood and require much more study.
These dispersals appear to reflect the differ-

ent threshhold levels of each faunal group
to dispersal filters that accompanied changes
in paleogeographic climate and environ
ments during the period. This was a period
of widespread crustal deformation as well
as sea-level and climatic fluctuations, even r

unconformities on the more stable parts of
continental masses are commonly irregular
in duration and extent. Later crustal move
ments have partially obscured Carboniferous
tectonic settings. In addition, Carboniferous
biostratigraphers started only in the late
1960's to reconsider distributions of pre
Mesozoic faunas and floras in the context of
plate tectonic models.

The biogeographic distribution of many
invertebrates during the Carboniferous Pe
riod (EYNOR et al., 1973; Ross, 1973) is
marked by times of widespread dispersals
of nearly cosmopolitan faunas but this
is contrasted at other times by well-de
veloped provincialism with many endemic
genera and families. These distributional
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patterns have been studied for Protozoa
(Foraminiferida) , Coelenterata (Rugosa) ,
Brachiopoda (Articulata), Mollusca (Ceph
alopoda), and Arthropoda (Insecta). Al
though many questions remain unan
swered, a general pattern for marine
invertebrates shows increasing provinci
alism after the Visean. Provincialism was
particularly strong by the beginning of
the Middle Carboniferous followed by some
decrease in the levels of provincialism near
the end of Middle Carboniferous (Ross,
1970) .

During parts of the Carboniferous,
strongly differentiated provincial faunas re
sult in a number of biostratigraphic prob
lems. Within individual biogeographic
realms (or regions) correlation is based
largely on successful and abundant endemic
faunas. Therefore, correlation from one
biogeographic realm (or region) to the next
is generally more difficult and less certain
than within a particular realm because dis
tinctive genera and families may have con
siderably different stratigraphic and geo
graphic ranges in different realms. At several
times during the Carboniferous, incomplete
faunal interchange between provinces took
place and resulted in the introduction of
new lineages into another province and
often the extinction, at least within several
provinces, of another lineage, presumably
by ecologic replacement. The biogeographic
distribution of other invertebrate groups is
less thoroughly studied, but available data
suggest that they also may have a similar
pattern. Terrestrial insect distributions are
closely comparable to those recorded for
plant fossils.

The biostratigraphic distribution of Car
boniferous fossils is well known for a num
ber of groups that are extensively used as
zonal index fossils. In marine carbonate
strata protozoans (Foraminiferida), corals
(Rugosa), and brachiopods are commonly
abundant and are widely used for correla
tion because of their rapid evolution or dis
tinctive morphological features or both.
Shaly marine sequences may have large
numbers of mollusks (Cephalopoda) which,
because of their rapid evolution, are valuable
guide fossils. Conodonts occur in most Car
boniferous marine strata and have been
particularly thoroughly studied from Lower
Carboniferous strata.

FORAMINIFERS

This group of microfossils is widely used
in correlating marine strata, particularly the
calcareous foraminifers that are commonly
abundant in limestone. A large proportion
of the foraminifers used in interregional
correlation are nearly cosmopolitan and are
the basis for a worldwide correlation scheme
(Fig. 2, 3), although numerous species and
genera have endemic distributions.

In summarizing the Lower Carboniferous
foraminiferal zonation, data were compiled
from the publications of RAuzER-CHERNou
SOVA (1948), REYTLINGER (1960, 1962, 1963,
1969), LIPINA (1963, 1964, 1965, 1970,
1973) MAMET (1962, 1968), MAMET and
SKIPP (1971), SANDO, MAMET, and DUTRO
(1969), CONIL (1964), CONIL and LYs
(1968), and CONIL, PI\PROTH, and Lys
(1968). In the lower Tournaisian (Zones
6 and 7) the earliest Carboniferous foramin
iferal zone is identified as Zone 6, which is
characterized in Eurasia by an abundance
of Quasiendothyridae, which are absent in
most of North America. Also present in
both regions are species of Septaglomospir
anella, Latiendothyra, and Earlandia. This
fauna is not diverse and a number of the
species are endemic. The next younger
Tournaisian foraminiferal zone (Zone 7)
has nearly uniform faunas in Eurasia and
North America. It is characterized by many
genera of the Tournayellidae. Especially
abundant are individuals of Septaglom 0

spiranella and Palaeospiroplectammina, and
the first appearance of Tuberendothyra of
the Endothyridae.

The upper part of the Tournaisian has
two zones, the lower, Zone 8, contains the
first appearance of Spinoseptatournayella
and Spinoendothyra and an abundance of
Tuberendothyra. The upper zone, Zone 9,
is characterized by an abundance of Tuber
endothyra, as well as Spinoendothyra, and
shows a continued increase in faunal
diversity. Some genera, which are common
to abundant in Eurasia, such as Brunsia,
Urbanella, Glomospiranella, and others, are
rare or lacking in North America.

Zone lOis of earliest Visean age. The
important faunal elements in North Amer
ica are Toumayella, Eoforschia of the group
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FIG. 2. Stratigraphic range of important genera of Foraminiferida in the Lower and part of Middle
Carboniferous. The upper line indicates the range in Europe and the lower line the range in North
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E. moe/leri, Spinoendothyra (sparse), Cal
cisphaera, Pachysphaerica, Tetrataxis, Glob
oendothyra baileyi, Eoendothyranopsis, Pro
permodiscus, Archaediscus of the group A.
kerstovnikovi, and Planoarchaediscus. In
Eurasia Brunsia, Endothyra of the group
E. prisca, Latiendothyra, Dainella, Eopara
statJella, primitive EostatJella, Permodiscus,
Urbanella, and Lituotubella are common but
are unreported or sparse in North America.

Zone 11 is late early Visean in age. The
important genera in North America are
Tournayella, Eoforschia, Eoforschia of the
group E. moelleri, Endothyra of the group E.
prisca, Globoendothyra, and Eoendothyran
opsis of the group E. spiroides, Tetrataxis,
Archaediscus of the group A. krestovniko!'i
and Planoarchaediscus. In Eurasia Forschia
(first appearance), Lituotubella, Eotextular
ia, Latiendothyra, Dainella, EoparastatJella,
Polytaxis, Valvulinella (rare), Permodiscus,
and Archaediscus of the group A. moelleri
are important parts of this fauna but are
sparse or unreported in North America.

Zone 12 is of early middle Visean age.
Characteristic genera of Zone 12 in North
America are Tournayella, Eoforschia of the
group E. moellert', Palaeotextularia of the
group P. consobrina, Globoendothyra, Eo
endothyranopsis of the group E. spiroides,
Tetra taxis , Propermodiscus, Al'chaediscus
of the group A. krestovnikovi, and Plan
oarchaediscus. In Eurasia, diagnostic faunal
constituents are: Forschia, Forschiella (first
appearance), Lituotubella, H aplophragmel
la, Eotextularia, Cribrostomum, Climacam
mina of the group C. prisca, Endothyra of
the group E. prisca, Dainella, EostatJellll,
ViSJariotaxis (first appearance), Permodis
cus and Archaediscus of the group A.
c!JernouSJovensis (first appearance).

Late middle Visean (Zone 13) foramin
ifers include: Eoforschia, Paleotextularia
of the group P. consobrina, Climacammina
of the group C. prisca, Globoendothyra,
Eoendothyranopsis, Tetrataxi>', Propermo
discus, Archaediscus of the group A. kres
tovnikovi, Archaediscus of the group A.
moelleri, Archaediscus of the group A.

chernouSJovensis and Planoarchaediscus, and
the following first appear: Endothyra of
the group E. bowmani, Globoendothyra
of the group G. tomiliensis, Eoendothyran
opsis of the group E. rarus, and Endothyran
opsis of the group Endothyranopsis com pres
sus. In Eurasia, important genera include
Forschia, Lituotubella, Haplophragmella,
Cribrostomum, Climacammina of the group
C. prisca, Endothyra of the group E. prisca,
Dainel'a, EostatJella, Valvulinella, Vissario
taxis, Omphalotis, EndostatJella, Endothyra
of the group E. pauciseptata, Janischew
skina, and Mediocris make their first ap
pearance.

Early late Visean foraminifers (Zone 14)
in North America are found in the upper
most part of the St. Louis Limestone and
the lowermost part of the Ste. Genevieve
Limestone and include most of the faunal
elements listed under Zone 13 with the
addition of Cribrostomum, Eoendothyran
opsis utahensis, Eoendothyranopsis macrus,
Mikhailovella, and Cribrospira. Rare speci.
mens of Forschia and Lituotubella are rec
ognized in the northernmost Cordillera. In
Eurasia also the faunas of Zones 13 and 14
are very similar.

Middle upper Visean (Ste. Genevieve in
part) (Zone 15) in North America is char
acterized by abundant Palaeotextularia of
the group P. consobrina, C"ibrostomum,
Endothyra of the group E. bowmani, Glo
boendothyra, Eoendothyranopsis utahensis,
Tetrataxis and the first appearance of Cli
macammina of the group C. prisca, Palaeo
textularia of the group P. longiseptata,
Climacammina of the group C. patula, and
Endothyranopsis craSJus. In Eurasia, For
schia, Forshiella, Haplophragmella, En do
thyra of the group E. prisca, Endothyranop
sis compreHus, Pseudoendothyra, EostatJella,
Mediocris, Valvulinella, ViSJariotaxis, Ar
chaediscus of several groups, and Plano
archaediscus karreri are important.

Late Visean Zone 16i (early Chesterian)
is characterized bv common to abundant
Cornuspira, Palaeotextularia of the group P.
consobrina, Climacammina of the group C.

FIG. 2. (Continued from facing page.)

America (mainly western part). [Thick lines indicate abundant, thin lines common, and dashed Jines
rare or questionable ocCUrrences. Numbered foraminiferal zones and data from Mamet & Skipp (1971);

Ross, n.]
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FIG. 3. Range of Middle and Late Carboniferous fusulinacean genera in Arctic-Eurasian province (upper
line) and in North American Midcontinent province (lower line) (data from Ayzenverg and others, 1969;
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prisca, Palaeotextularia of the group P. long
iseptata, Climacammina of the group C. pa
tula, Endothyra bowmani, Endothyranopsis
crassus, Globoendothyra globulus, Pseudo
endothyra, EostatJelia (= Paramillerella),
Tetrataxis, Archaediscus of the group A.
krestovnikovi, Archaediscus of the group A.
moelleri, Archaediscus of the group A. cher
noussovensis, and Stacheia. Archaediscus of
the group A. latispiralis and N eoarchaedis
cus appear for the first time. The Eurasian
fauna is similar but differs in retaining
Forschia (sparse,), Forschiella (sparse), Lit
uotubella (sparse), Haplophragmella, Cri
brostomum, Endothyra of the group E.
prisca, Globoendothyra, Omphalotis, Cri
brospira, Bradyina, and Mediocris as im
portant elements.

Latest Visean foraminifers (Zone 16s) in
North America are similar to those of the
preceding zone (Zone 16i) but include, in
addition, the first appearance of Zellerina
and Asteroarchaediscus (very scarce). Glo
mospira, Planospirodiscus, and Neoarchaedi
cus become abundant faunal elements. In
Eurasia, the fauna is much the same, but
primitive ancestral Loeblichia? appears.
This is the highest zone having Lituotubella
(very sparse), Haplophragmella (sparse),
Cribrostomum, Globoendothyra of the group
G. tomiliensis, Endothyranopsis compressus
(sparse), Ianischewskina, V alvulinella,
Howchinia, Propermodiscus, and Planoarch
aediscus and marks the top of the Visean.

The lowest Namurian foraminifers (Zone
17) occur in the Glen Dean Limestone
(Chesterian Series) in North American and
include abundant coiled unichambered
calcareous Foraminiferida, such as Pseudo
glomospira, Trepeilopsis, and Palaeotextu
laria of the group P. consobrina. Clim
acammina of the group C. prisca, Palaeo
textularia of the group P. longiseptata,
Climacammina of the group C. patula,
Endothyra of the group E. bowmani, Pseu
doendothyra, EostatJella, Tetrataxis, Archae
discus of the group A. krestovnikovi, Arch
aediJCus of the group A. chernoussovensis,
Archaediscus of the group A. latispiralis,

Neoarchaediscus, Earlandia, Calcisphaera of
the group C. laevis, Stacheia, and Tuberitina
remain important faunal elements. To these
are added Monotaxinoides, Vissariotaxis,
primitive "Globivalvulina," Mediocris (very
rare), and abundant specimens of Astero
archaediscus. The Eurasian fauna is similar,
differing largely in being more abundant
and in possessing a few elements such as
Bradyina and Loeblichia, which have not
been observed in faunas of this age in North
America.

Foraminifers in upper Lower Namurian
strata (upper part of the Chesterian) (Zones
18-19) in North America contain most of
the faunal elements of Zone 17 and also
include the first appearances of highly
evolved Bradyina, Pseudoendothyra of the
group P. kremenskensis, Eos taffellina,
"Globivalvulina" of the group G. parva,
Eosigmoilina, and Quasiarchaediscus. In
these zones Eurasian faunas have a few ele
ments, such as Loeblichia, which have not
been reported from North America. In the
Donetz basin and in many other parts of
Eurasia, Namurian toraminifers of the
Homoceras Zone (Zone 19) are character
ized by the transitional archaediscid-miliolid
Quasiarchaediscus-Eosigmoilina? fauna. Al
though beds of this age are missing in the
type Mississippian section, this foraminiferal
fauna is reported from the North American
Cordillera (MAMET, SKIPP, SANDO, & MAPEL,
1971).

Foraminiferal zones in the Morrowan of
the North America Midcontinent region
and the Bashkirian of the Donetz basin
(Fig. 3) are particularly diverse and differ
in faunal composition. The Morrowan is
dominated by Millerella, Eoschubertella, and
trilayered Globivalvulina, and the Bashkir
ian has abundant Bradyina, Archaediscus,
Asteroarchaediscus, Neoarchaediscus, Pseu
doendothyra, EostatJella, Novella (primi
tive), PseudostatJella, Schubertella, Semino
vella, Verella, Eofusulina, Ozawainella, and
Profusu1inella. The early Bashkirian in the
Donetz basin and southern Ural Mountains
can be divided on the basis of fusulinaceans

FIG. 3. (Continued from facing page.j

Rauzer-Chernousova and others, 1951; Ross, 1967, 1970, 1973; Rozovskaya, 1950, 1969; Thompson,
1948, 1966, 1967; Ross, n). [Thick lines indicate abundant, thin lines common, and dashed lines rare or

questionable occurrences.]
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into a lower zone having the first appearance
of Pseudostaffella, Seminovella, and Miller
ella, and a higher zone having the first ap
pearance of Novella and Ozawainella. The
late Bashkirian is characterized by a lowest
zone having the first appearance of Profusu
linella, a middle zone having the first ap
pearance of Schubertella and Verella, and a
highest zone having the first appearance of
Parastaffella. In addition, species groups of
Palaeotextularia, Climacammina, Endothy
ra, Bradyina, Pseudoendothyra, Eostaffella
(=Paramillerella), Tetrataxis, Eolasiodiscus,
and Neoarchaediscus and the first appearance
of Lipinella are important zonal fossils
among the other foraminiferids in the
Bashkirian. In the Midcontinent region of
North America the Morrowan Series is the
time equivalent of most or all of the Bash
kirian. The middle part of the type Mor
rowan has Millerella as the dominant for
aminifer and in other areas higher parts
of this stratigraphic interval have in ad
dition Eoschubertella and Pseudostaffella
(THOMPSON, 1948).

Above the Morrowan and its equivalents,
foraminiferal correlations are based largely
on members of the superfamily Fusulinacea
(THOMPSON, 1948, 1966, 1967; RAUZER
CHERNOUSOVA et al., 1951, 1954, Rozovs
KAYA, 1950, 1969: Ross, 1967, 1970, 1973).
A few long-ranging genera of smaller for
aminifers appear near the base of the Mos
covian and Atokan-Desmoinesian sequences,
such as Nodosaria and Cribrogenerina, but
these and their late Carboniferous descend
ants have not been studied in as much detail
as the earlier Carboniferous genera. Al
though the Midcontinent North American
and Arctic-Eurasian fusulinid faunas show
general similarities during the remainder of
the Carboniferous, the range of many gen
era differs between the two regions, and a
number of endemic genera are reported
(Fig. 3) in both regions.

Atokan fusulinids are characterized in
North America by Profusulinella in the
lower part, which evolved with little over
lapping range into Fusulinella in the upper
part to provide a twofold division into a zone
of Profusulinella and a zone of Fusulinella.
Several long-ranging genera such as Miller
ella, Eostaffella (=Paramillerella), Parastaf
fella, Pseudostaffella, and Eoschubertella per-

sist from the Morrowan in the Midcontinent
North American sections into the Atokan.
One lineage of Fusulinella evolved through
several transitional species into Beedeina
near the base of the Desmoinesian Series
and formed the beginning of the zone of
Beedeina, which characterizes most of the
Desmoinesian strata. Fusulinella, Eoschu
bertella, and Pseudostaffella continue into
the zone of Beedeina but are usually rare
above the lower third of the zone. Wede
kindellina first appears slightly above the
base of the zone. In the northern Cordil
leran region Akiyoshiella, Pseudowedekin
dellina, Eowaeringella, and Bartramella ap
pear in the assemblage. The highest species
of Beedeina occur near the top of the Des
moinesian Series.

The Atokan-Desmoinesian interval is cor
related with the Moscovian Stage in Eurasia
and the Arctic. The lower part of the Mos
covian contains a fusulinacean assemblage
that includes most of the Bashkirian genera,
except Verella, and the first appearance of
Aljutovella, Hemifusulina, and Eofusulina.
The upper part of the Moscovian has the
additional genera Fusulinella, Fusulina,
Ozawainella, Fusiella, Wedekindellina, Pu
trella, and Protriticites.

Except for the lowest part of the Missour
ian Series, the later part of the Pennsylvan
ian in North America is characterized by
the zone of Triticites. The oldest Missour
ian assemblage includes Fusulina (of the
Russian-platform type; it is not a Beedeina),
and associated Oketaella, Schubertella, and
Eowaeringella.

The succeeding zone of Triticites includes
most of the Missourian and Virgilian series
and has the first appearance of Triticites,
Iowanella, and Kansanella in the Midconti
nent region. Of these, Triticites is long
ranging and continues into overlying zones
in the Permian. Within the zone Waerin
gella and Dunbarinella appear briefly. The
top of the zone of Triticites is usually placed
below the first occurrence of Schwagerina
or Pseudofusulina.

In Eurasia and the Arctic, the zone of
Triticites in its lower part includes forms
ancestral to Triticites that have subsequently
been given generic status, Protriticites,
Obsoletes, Montiparus, as well as Fusulin
ella, Quasifusulina, and the last of Quasifu-
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sulinoides. Triticites is advanced but rela
tively unspecialized when it first appears in
the middle part of the zone and early in its
history it gives rise to Daixina and /igulites
and finally to primitive Pseudofusulina near
the top of the zone (REYTLINGER, 1969). In
the Soviet Union, a number of fusulinacean
paleontologists include the overlying zone
of "Schwagerina" (i.e., Asselian Stage) in
the Carboniferous, whereas most other pale
ontologists and biostratigraphers place the
Asselian in the basal part of the Permian.
The Asselian, as a biostratigraphic unit, is
correlated with the lower part of the
North American Wolfcampian Series (Neal
Ranch Formation), which is considered low
est Permian by most North American pale
ontologists.

The biogeographic distribution of Car
boniferous Foraminiferida has been dis
cussed by EYNOR and others (1973), LIPINA
(1973), LIPINA and REYTLINGER (1970),
MAMET and SKIPP (1971 ), Ross (1967,
1973), and THOMPSON (1967).

The epeirogenic sea of the North Ameri
can craton had an impoverished foramini
feral fauna compared to the seas in the
miogeosynclines and on the edges of the
craton. The fauna on the craton is less
diverse and is characterized by accumula
tions of monogeneric and even monospecific
assemblages and there are fewer individuals.
The least diverse and most endemic fora
miniferal faunas in North America are in
the upper Mississippi valley and Midconti
nent regions and this leads to difficulties in
extending biozones of the type sections of
the Mississippian to the Cordilleran region.
The distribution of different families of
Foraminiferida is affected by the environ
ments of this epeirogenic sea. Cornuspiridae
and Fischerinidae? are evenly distributed in
North America, Tournayellidae are mainly
restricted to the Cordillera, Forschiidae are
rare in the Midcontinent, and Palaeotextu
lariidae are common in the Visean of the
Cordillera but scarce in rocks older than
Namurian in the Midcontinent. Endothyri
dae are widespread in North America and
the variety of species makes them strati
graphically useful in the Midcontinent.

Early Carboniferous foraminiferal as
semblages of Eurasia and North America
show some latitudinal differences but there

is no evidence of exclusive provincialism.
The most complete assemblages are in
miogeosynclines and on shelf margins in
the Urals, Donetz, Turkey, North Africa,
western Europe, Iran, Vietnam, and Aus
tralia, and form a Tethyan realm. The
foraminiferal faunas in northern Siberia,
Kuznetzk, Japan, and the Cordilleran and
Appalachian geosynclines differ from the
Tethyan populations in having a much
greater percentage of Endothyridae, a spar
sity of Forschiidae, Bradyinidae, and Palaeo
textulariidae, and a lower species diversity.

Inverse relations exist between the im
portance of planispirally coiled Eoendothy
ranopsis and of EostafJella and Pseudoen
dothyra; in the European Visean EostafJella
and Pseudoendothyra are abundant and
Eoendothyranopsis is scarce whereas in
North America the Visean Eoendothyran
opsis is abundant and EostafJella is sparse.
Exchanges of fauna between the two realms
were widespread during most of the Early
Carboniferous and the North American
fauna, despite impoverishment in many
elements, always has counterparts in Eur
asian faunas.

Middle and Late Carboniferous members
of the superfamily Fusulinacea are widely
distributed, commonly abundant, and
evolved rapidly. Figure 3 shows the strati
graphic and geographic distribution of gen
era belonging to the five Carboniferous fam
ilies of fusulinaceans. In the Eurasian-Arctic
province many more genera and a more
complex zonal sequence of genera in these
families arose than in the Midcontinent
Andean province (Ross, 1967). Infrequent
and incomplete faunal exchange through a
filter region between faunal provinces, such
as occurred early in Morrowan time and
again early in Atokan time, established the
initial fusulinacean stock that produced suc
cessive provincial lineages characterizing the
zones of Millerella, Profusulinella, Fllmlin
ella, and Beedeina in the Midcontinent
Andean province.

A nearly independent evolutionary history
of the Eurasian-Arctic and Midcontinent
Andean faunal provinces is indicated by the
different stratigraphic ranges of Profuslllin
ella, Fusulinella , Beedeina, and Fllmlina in
the two provinces. In the Eurasian-Arctic
province Fusulinella and Fllmlina appear at
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about the same time and persist, along with
their ancestor, Profumlinella, until near the
end of the Moscovian. In the Midcontinent
province a phylogenetic sequence from Pro
fusulinella to Fusulinella to Beedeina shows
little stratigraphic overlap between these
three genera. Fumlina appears briefly in the
basal part of the Missourian (Midcontinent
Andean province) only after the extinction
of Beedeina. The few genera of Fusulinidae
that are nearly cosmopolitan, such as Pseu
dostafJella, Fusulinella, Wedekindellina, and
Beedeina, have different species complexes
in the different provinces during the Middle
Carboniferous. Near the end of the Middle
Carboniferous, a few genera, such as Fusi
ella, which is typical of the late Moscovian
of the Eurasian-Arctic province, and Bar
tramella appear abruptly in the Desmoines
ian in the Midcontinent-Andean province.

In both provinces many lineages of Mid
dle Carboniferous foraminiferids became
extinct at about the end of Desmoinesian or
Moscovian time and relatively few genera
survived into the Late Carboniferous. Most
surviving lineages were modified sufficiently
to be given new generic names. In the
Eurasian-Arctic province rapid evolution
produced a sequence of early schwagerinid
genera: Protriticites, Montiparus, Obsoletes,
and finally Triticites. Triticites is the only
genus of this sequence that successfully
invaded the Midcontinent province. How
ever, the Midcontinent genera, 10wanella
and Kansanella, are probably derived from
the Eurasian-Arctic genus Montiparus and
not directly from Triticites. In Eurasian
Arctic faunas Fusulinella persisted in a dis
tinctive facies and gave rise to Pseudofusu
linella near the end of Late Carboniferous
time. Eowaeringella appears to be restricted
to North America and ranges from the Mid
dle Carboniferous into the Upper Carbon
iferous; it gave rise to the Virgilian Waer
ingella of the Midcontinent province and
possibly gave rise to Thompsonella. During
the later part of the Late Carboniferous in
the European part of the Eurasian-Arctic
province Triticites evolved into several di
verse lineages with several subgenera, such
as Jigulites and Rauserites, and the genera
Pseudofusulina, Rugosofusulina, and Daix
ina. Some of these are restricted to the
Eurasian-Arctic province and, at times, to

only certain of its subprovinces. Within the
Midcontinent-Andean province species of
Triticites form several distinctive lineages.

In comparison with the Early and Middle
Carboniferous, during Late Carboniferous
both the Eurasian-Arctic and Midcontinent
Andean provinces had less diversity. Major
morphological changes occurred in only the
earliest part and again in the later part of
the Late Carboniferous and seem to coin
cide with increased dispersal.

The patterns of distribution and dispersal
and intervals of endemic evolution of Fora
miniferida during the Carboniferous (Ross,
1970) are similar to those that have been
demonstrated for rugose corals (HILL, 1957,
1973) and ammonoids (RuzHENTsEv, 1966;
GORDON, 1970). As with many questions
of biogeography, it is difficult to establish
causal factors for these similar histories;
however, some speculations are possible.
LIPINA and REYTLINGER (1970) suggested
that the faunal differences between the
European and Siberian subprovinces of their
Eurasian foraminiferal province coincide
with the change from tropical to extra
tropical floral zones and their interpretation
is supported by the decrease in foraminiferal
diversity and lack of forms having massive
shells. Early and Middle Carboniferous
paleofloral regions (MEYEN, 1970) of the
Euramerican region extending from south
central Asia across Europe into North
America have woods lacking annual rings
(indicative of tropical climate) and those
in the Angaran region have woods with
annual rings (indicative of extra-tropical
climates).

CORALS

Although Carboniferous coral occurrences
(Fig. 1, 4) are considered to be closely re
lated to biofacies, they have been widely
used for establishing stratigraphic correla
tions. Where corals are abundant and
several biofacies are represented, correla
tions within a province are usually consistent
with those based on other fossil groups.
Corals apparently did disperse slowly and
relatively infrequently between some prov
inces after the Visean and this limits their
effective use in younger Carboniferous
strata.
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Lower Carboniferous coral faunas in
North America, Eurasia, and Australia are
sufficiently distinct from one another that
HILL (1948 1957, 1973) considered each of
these areas ~ separate zoogeographic region.
The Eurasian region includes four major
subdivisions: 1) a western European prov
ince including part of the maritime prov
inces of eastern Canada and northwestern
Africa, 2) an eastern European province, 3)
a Chinese-Japanese province, and 4) a
southcentral Asian province, which with
additional study may be further subdivided
(HILL, 1973).

During earliest Carboniferous time
(Tournaisian) the North American zoogeo
graphic region was subdivided by the trans
continental arch that partially separated
coral faunas of the stable broad Mississippi
valley epicontinental shelf from the faunas
of the Cordilleran geosyncline and its mar
ginal shelf. According to HILL (1973),. a
number of solitary coral genera of the MISSIS
sippi valley shelf appear to be related to cera
toid genera of the western European prov
ince. In addition, several North American
endemic lineages developed (e.g., Clinophyl
lum and Neozaphrentis) and some genera
continued from Late Devonian time (e.g.,
Microcyclus and Hadrophyllum). The North
American Cordilleran coral faunas include
a number of genera in common with those
of the Mississippi valley shelf, such as
Cyathaxonia and Homalophyllites, but also
include several eastern European genera
such as Keyserlingophyllum, Enygmophyl
lum, and Uralinia? which suggest a shallow
marine connection with the Uralian geosyn
cline. Zaphrentites, Amplexus, and Vesicu
lophyllum are also present in this fauna.

Within the Eurasian region, HILL (1973)
recognized considerable provincialism. The
western European province (including a
portion of northwestern Africa) has great
diversity and includes an impressive as
semblage of corals characterized by Cra
venia, Allotropiophyllum, Amplexocarinia,
Amplexus, Caninia, Caninophyllum, Cyath
oclisia, Koninckophyllum, Cryptophyllum,
Cyathaxonia, Lonsdaleia, Menophyllum,
Sychnoelasma, Palaeosmilia, Rotiphyllum,
Siphonophyllia, T hysanophyllum, Zaphren
tis, and a number of tabulate corals (HILL,
1948). The eastern European corals of the
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FIG. 4. Coral and brachiopod zonation of the
Lower Carboniferous of the Avon section of south
ern England (Vaughan, 1905, 1915) and approxi
mate correlation with the boundaries of the Tour
naisian and Visean stages of Belgium (modified

from Vaughan, 1915; George, 1969).

Russian platform (and the margins of that
platform) contain different species assem
blages that were used by VASILYUK et al.
(1970) to identify three subproyinces: one
in the north in the region of Novaya
Zemlya, another in the Moscow basin, and
a third in southern Ural-Donbas (or south
shelf edge). In these subprovinces. the
tabulate corals Syringopora, Tetrapor11lus,
Roemeripora, Michelinia, Emmonsia, .a~d

Gorskyites are important and Camma,
Caninophyllum, Uralinia, Siphonophyllia
and other caninioid genera are present.
Farther east the Kazakhstan Tournaisian
coral faunas are small in number of species
and genera and include a Chinese element,
Cystophrentis, suggesting connections to the
east. The Kuznetzk basin faunas include
Cyathoclisia and possible ancestors of the
Visean Arachnolasma and Yuanophyllum of
China. Late Tournaisian coral faunas be
came more widely dispersed in the east
European-Asian provinces, and of these
Uralinia, Keyserlingophyllum, and Enyg
mophyllum are particularly widespread and
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characteristic and were dispersed as far as
the western Cordilleran province of North
America. The southern Ural, Kazakhstan,
and Kuznetzk areas have a number of
distinctive genera, such as Bifossularia, in
dicating dispersal of some genera was still
partially restricted. Kazakhstan had several
endemic species or subspecies and Kuz
netzk, in addition to endemic species, had
several endemic genera, such as Kuzbaso
phyllum, Adamanophyllum, and Tachyphyl
lum (DOBROLYUBOVA, et al., 1966). The ap
pearance of Chia and Tetraporinus in the
Donetz basin at this time suggests faunal
dispersals along an east-west seaway (or
shelf margin) with parts of China. Along
the northwestern edge of the Angaran cra
ton IVANOVSKIY (1967) reported a small
coral fauna including Amplexus, Campo
phyllum, Tachyphyllum?, and Trochophyl
lum and on the northeastern edge of the
Angaran craton the Tournaisian coral fauna
includes Uralinia, Keyserlingophyllum, Am
plexus, Caninia, Caninophyllum, Rotiphyl
lum, Sychnoelasma, and Trochophyllum.

HILL (1973) recognized a Chinese prov
ince in which Cystophrentis and Pseudoura
linia are common together with the widely
distributed genera Caninia and Zaphrent
ites. In Japan a Tournaisian sequence in
cludes three assemblage zones: Amygdalo
phyllum and Lithostrotionella at the base;
next, Amplexus and Syringopora; and
Sugiyamaella near the Tournaisian-Visean
boundary.

Thus far, relatively few coral localities
are reported from the Tournaisian of the
Australian biogeographic region. The earl
iest occurrences (which may prove to be
latest Devonian) include Lithostrotion,
Amygdalophyllum, Naoides (endemic),
Michelinia, Yavorskia, and Syringopora.
Another locality has Cladochonus and Bibu
cia (endemic) and a higher locality has
Am"gdalophyllum and Merlewoodia (en
demic).

Visean corals were also divided into three
zoogeographical regions by HILL (1973):
North American region, eastern Australian
region, and Eurasian region. The Eurasian
region includes the maritime provinces of
Canada and Bonaparte basin (northwestern
Australia) in addition to much of north
western Africa. Visean coral faunas are

more diverse than those of the Tournaisian
and include a number of new introductions
and newly evolved genera.

In the Cordilleran province of North
America a large representation of species
of Lithostrotionella is associated with Litho
strotion, T hysanophyllum, Sciophyllum, Di
phyphyllum, and? Dorlodotia. In addition,
Ekvasophyllum, Faberophyllum, Liardiphyl
lum, and Zaphriphyllum, along with a num
ber of nondissepimented genera, occur in the
northern part of the North American Cor
dilleran and also in the Taymyr geosyncline
north of the Angaran shield. The epicon
tinental shelf of central North America con
tained a less diverse fauna than the Cordil
leran region and includes at least one genus,
Palaeosmilia, of Eurasian affinities.

On the basis of Visean corals, the Eur
asian faunal region is divisible into a num
ber of provinces and subprovinces. The
western European province (including Nova
Scotia and northwestern Africa) has a
diverse fauna with the characteristic genera
Allotropiophyllum, Amplexus, Caninia, Car
ruthersella, Cravenia, Cyathaxonia, Dibuno
phyllum, Koninckophyllum, Lithostrotion,
Lonsdaleia, Orionastrea, Zaphrentites, and
Palaeosmilia, but lacks Lithostrotionella,
Ekvasophyllum, Faberophyllum, Liardiphyl
lum, Zaphriphyllum, and Gangamophyl
lum. The Nova Scotian Visean coral fauna
includes the distinctly Eurasian genera
Lonsdaleia and Dibunophyllum. The east
ern and southeastern European Visean prov
ince includes most of the genera of the
western province and, in addition, has some
distinctive genera, such as Gangamophyl
lum, Turbinatocaninia, and Paralithostro
tion, as well as a few genera, such as Eolith
ostrotionella and Melanophyllum, that
suggest connections with parts of central
and eastern Asia. The Donetz basin fauna
is largely western European in its affinities
but does carry representatives from the
proto-Tethys geosynclinal margin, such as
Neoclisiophyllum and Arachnolasma of
Chinese affinities, Amygdalophyllum with
Australian affinities, and a number of en
demic genera.

Farther south in Turkey, Iran, and south
ern Soviet Union, Visean corals include a
mixture of eastern European and Chinese
genera, including Kueichouphyllum and
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Kueichowpora, and in Ferghana the fauna
appears to be a combination of various gen
era from western European, eastern Euro
pean, central and eastern Asian, and Aus
tralian faunas. In the Visean, other areas
in central Asia also include mixtures of
genera from western or eastern European
or Chinese faunas but with endemic species,
as in Pamir and Kazakhstan. In the Kuz
netzk basin, endemism is more marked and
is indicated by the genera Kuzbasophyllum,
Adamanopliyllum, and Bifossularia. Also
present is the North American Faberophyl
lum. In the eastern part of the Taymyr area
(VASILYUK et al., 1970) the mainly Eurasian
genus Lithostrotion occurs with Chinese
tabulate and North American rugose genera.

The Chinese coral province of the Visean
has a distinctive mixture of western Euro
pean, North American, and more or less
endemic southeast Asian genera. Subprov
inces are apparent. In Hunan, Yu (1934,
1937) recognized two assemblages, the
Thysanophyllum and Yuanophyllum as
semblage zones, based on endemic species.
In the lower zone Kueichouphyllum,
Bothrophyllum, Caninia, Dibunophyllum,
Kwangsiphyllum, and Lithostrotion are
common and in the higher zone Cyathax
onia, Rotiphyllum, Zaphrentites, Zaphren
toides, Heterocaninia, Dibunophyllum, Clis
iophyllum, Koninckophyllum, Arachnolas
ma, Ekvasophyllum, Caninostrotion, Litho
strotionella, Lithostrotion, and Aulina form
the dominant part of the assemblage. The
upper part of the Hunan Visean succession
has reduced diversity and Lonsdaleia and
Arachnastrea appear in this province for the
first time.

In Sinkiang and Kansu, Visean coral
faunas include Siphonophyllia, Palaeosmilia,
Kueichouphyllum, Yuanophyllum, Amch
nolasma, Gangamophyllum, and others with
important endemic species and many en
demic species of more widespread genera.
Elements of this fauna have been traced into
Yunnan, Tibet (YANG & Wu, 1964), Nepal
(FLUGEL, 1966), and farther along the proto
Tethys. Much of this coral fauna is trace
able along the western margin of the South
China-Indochina craton (FONTAINE, 1961;
SMITH, 1948) and into the Bonaparte Gulf
basin of northwestern Australia.

In Japan, Visean corals form a separate

subprovince of the Chinese province and
are further divisible into an inner and outer
zone based on sedimentary environmental
features as well as faunal composition. The
outer zone of dark limestone facies includes
many genera typical of the main part of
the Chinese province but also includes
Pseudodorlodotia, Sciophyllum, Setamain
ella, and Tschussovskenia; this assemblage
may extend into the lower part of the
Namurian. The inner zone is largely a reef
and slope facies and contains Nagato
phyllum, Echigophyllum, Taisyakuphyllum,
Pseudopavona, and Akiyosiphyllum. In this
inner zone the fauna ranges from upper
Visean into Middle Carboniferous and be
comes increasingly endemic.

Eastern Australia forms a separate Visean
coral region and has Lithostrotion, Michel
inia, Caninophyllum, Amygdalophyllum,
Nothaphrophyllum (endemic), Symplecto
phyllum (endemic), Merlewoodia (endem
ic), Orionastraea, Palaeacis, A phrophyllo
ides, Heterophyllia, Syringopora, and Aph
rophyllum. Although many endemic species
and several endemic genera are important
constituents of this fauna, the lower endem
ic Tournaisian genera, such as Bibucia and
Naoides, are not found in Visean faunas,
and only the endemic Merlewoodia appears
as a holdover among the Visean assem
blages.

Lower Namurian coral faunas are much
less widely distributed than either Tourna
isian or Visean faunas and usually are a
continuation of upper Visean assemblages
that are reduced in diversity and numbers.
The central North American region con
tains coral faunas having Palaeosmilia, Kin
kaidia, Caninostrotion, Koninckophyllum,
and a few other genera, all with distinctive
endemic species (EASTON, 1945). The Nam
urian fauna of the western Cordillera of
North America has Caninia, Zaphrentites,
Lithostrotionella, Syringoporella?, Haya
sakaia?, and Siphonophyllia? (SANDO, 1965;
ROWETT, 1969) most of which have endemic
species but are predominantly descended
from faunas of the Chinese Visean province.

The Eurasian region is still clearly dis
tinguished during the Namurian and is
composed of faunal provinces that are re
lated to their Visean predecessors. About
a dozen genera range from the Visean into

© 2009 University of Kansas Paleontological Institute



A272 Introduction-Biogeography and Biostratigraphy

the Namurian of western Europe (HILL,
1973) although species (and individuals)
are much less numerous. These genera
are Aulina, Aulophyllum, Carcinophyllum,
Clisiophyllum, Dibunophyllum, Konincko
phyllum, Lithostrotion, Lonsdaleia, Zaph
rentites, Carruthersella, Palaeacis, and Pal
aeosmilia? The Donetz basin continues to
have a dominantly western European fauna
with a few Chinese genera. The eastern
European province has Arachnolasma,
Gangamophyllum, Kazachiphyllum, Melan
ophyllum, Nervophyllum, and Paralithostro
tion, in addition to most of the western
European genera.

In central Asia, Kazakhstan, and Pamir,
the Namurian corals are closely similar to
those reported from the eastern European
province. The Chinese province carries a
continuation of its Visean coral faunas and
Namurian coral assemblages are difficult to
distinguish from Visean ones. Corals have
not been reported from the Namurian strata
of Kuznetzk and Australia.

Late Namurian (or Bashkirian) coral
faunas are relatively poorly known probably
because rocks of this age with a coral-bear
ing carbonate facies are not extensively ex
posed. In the Donetz basin and southern
Ural regions a continuation of earlier gen
era, such as Lithostrotion, Orionastraea, and
Corwenia, is accompanied by the appearance
of Eolithostrotionella, Cystophora, and Don
ophyllum. Endemic complexes of species of
caniniid-clisiophyllid corals, in which the
axial structures are poorly developed or lack
a clearly defined pattern, are common and
include species of Lophophyllum, Neokon
inckophyllum, Yuanophylloides, Caninia,
Cam pophyllum, Yakovleviella, and others,
including the endemic genus Sestrophyllum.
The Chinese genus Arachnolasma is present,
and in the Donetz basin Cyathaxonia, Loph
ophyllidium, Zaphrentites, Allotl'Opiophyl
lum, and the endemic Parastereophrentis,
Kumpanophyllum, and Cystilophophyllum
have been recorded. In the southern Urals,
the endemic Lytvophyllum is present at this
time. Bashkirian coral faunas from Japan
are rare, not widely distributed, and include
Diphyphyllum, Thysanophyllum, Lithostro
tionella, Nagatophyllum, and Chaetetes. A
Cyathaxonia-bearing fauna has been re
ported from the Atokan of the United States

and may be of late Bashkirian age.
Near the western end of the proto-Tethys

in northwestern Spain, DE GROOT (1963) re
ported endemic species of Lithostrotionella,
Dibunophyllum, Clisiophyllum, Konincko
phyllum, Pseudozaphrentoides, Konincko
carinia, and Carcinophyllum. Other Bash
kirian (or Morrowan) coral faunas are
poorly known, but apparently are present
in the marine part of the proto-Tethyan
geosyncline in Tien Shan along the south
ern edge of the Angaran craton. In North
America, Morrowan corals are widely dis
tributed but are not well known.

Moscovian (Atokan-Desmoinesian) corals
are more widely distributed than Bashkirian
corals, but have not been thoroughly studied.
Most of western Europe had nonmarine
deposition during most of this time (West
phalian) but in the eastern European prov
ince along the edges of the Russian platform
Cystophora and Arachnastraea are common
and Koninckocarinia, Carniaphyllum, Can
inoph)'llum, Bothrophyllum, and Timania
may be present in various localities in the
Ural, Donetz basin, Tien Shan, and Kazakh
stan regions. The first species of Durham
ina has been reported from the northern
Urals (MINATO & KATO, 1965a). Farther
east, the Middle Carboniferous of China
contains Kionophyllum and Gshelia. How
ever, these faunas are poorly known and
are apparently not abundant or common.
The earliest waagenophyllid, Huangia, oc
curred in China during the Moscovian
(MINATO & KATO, 1965b). In Japan the
inner zone assemblages with Nagato
phyllum apparently range from strata of
late Visean age upward into strata of
Namurian age and probably into strata as
young as Moscovian age. In northwestern
Spain, DE GROOT (1963) recorded endemic
species of Koninckophyllum, Carcinophyl
lum, Lithostrotion, Corwenia, Arachna
straea, and Lithostrotionella from Moscov
ian strata. In North America a number of
genera and species were endemic to central
North America during the Pennsylvanian
including the middle Pennsylvanian (Ato
kan-Desmoinesian) genera Empodesma,
Stereocorpha, Lophotichium, Barytichisma,
Acaciapora, and Cumminsia; endemic spe
cies of Dibunophyllum and Neokonincko
phyllum; and also the highest occurrence of
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Chaetetes in the North American region.
During Moscovian time (HILL, 1957), a

distinctive coral province extended at least
from Spitsbergen along the Russian plat
form and western side of the Ural geosyn
cline across southern Europe to northwestern
Spain. In southeastern Asia several genera,
such as Gshelia, Cyctophora, and Arachna
straea, suggest a separate province at this
time.

Post-Moscovian-pre-Permian (i.e., Late
Pennsylvanian) coral faunas have not been
widely studied and apparently are not com
mon. The eastern European province has
a continuation of dominant Moscovian gen
era, such as Tiinania, Gshelia, Bothrophyl
lum, Caninophyllum, Eolithostrotionella,
Tschussovskenia, and Protolonsdaleiastraea.
Kionophyllum and Amandophyllum spread
to the Carnic Alps during latest Carbonifer
ous time. Also, in very Late Pennsylvanian
time in southwestern North America Dur
hamina, Stereostylus, and Leonardophyllum
formed the beginnings of several endemic
lineages that extended into Early Permian
time. Lophophyllidium, Syringopora, Aulo
pora, and "Caninia" also are recorded from
the Upper Pennsylvanian at several localities
in central North America. Limited knowl
edge of post-Moscovian (post-Desmoines
ian)-pre-Permian corals of the Carbonifer
ous does suggest well-developed provincial
and regional faunas. These faunas included
new families and genera that led to an in
creasing diversity marking the beginning
of the Permian; however, the details are not
presently known.

BRACHIOPODS

Near .the end of the Devonian many of
the major brachiopod superfamilies and
families either became extinct or were
greatly reduced in importance. These in
~Iude the strophomenaceans, punctate and
Impunctate. orthids, pentamerids, atrypa
ceans, daylaceans, and early terebratulids
(RUDWICK, 1970). The surviving rhyn
chon~lIids, spiriferids, and strophomenids
(particularly those with tubular spines or
shell cementation) evolved rapidly to give
the Low~r C~rbo~iferous brachiopods high
taxonomic diversIty (Fig. 5), and they
were adapted to a wide range of environ-

mental habitats. Other strophomenids, such
as chonetaceans, davidsoniaceans, and stro
phalosiaceans, spiriferids, atrypids, rhyn
chonellids, and the few surviving terebra
tulids also underwent significant taxonomic
expansions. In the Early Carboniferous
several major families of spiriferids evolved
(IVANOVA, 1972): Spiriferidae and Syringo
thyrididae (both of which may have first
evolved in the Late Devonian), and Brachy
thyrididae, Choristitidae, Paeckelmanellidae,
Davidsoninidae, and Spiriferellinidae. Sev
eral Carboniferous subfamilies have short
st~atigraphic ranges. The subfamily Spirif
ennae appears to range no higher than the
upper part of the Visean. Although present
earlier, Neospiriferinae were common in
the Middle and Late Carboniferous and
gave rise to the Trigonotretinae during the
Late Carboniferous. The family Davidson
inidae appeared in the Visean and became
extinct by the end of the Namurian (IVAN
OVA, 1972). Rapid evolution and short
stratigraphic ranges of species of the family
Choristitidae are useful in subdividing the
Middle Carboniferous in Eurasia (KHALYM
BADZHA & TIKHVINSKIY, 1967).

During the Tournaisian and Visean, spirif
erids were widespread and most groups
wer~ cosmopolitan. Beginning in the Na
munan their distributions became increas
ingly more restricted as endemic species
and then endemic genera replaced the older
more cosmopolitan species and genera. Mid
dle Carboniferous spiriferids are less well
known but are commonly abundant and
diverse in regions of marine epicontinental
deposition (KHALYMBADZHA & TIKHVINSKIY,
1967). However, the number of cosmopoli
tan species and genera was considerably less
than in the Early Carboniferous. The data
available for spiriferid distributions in the
Late Carboniferous are less complete than
for the other parts of the Carboniferous, but
a renewed diversification in the Early Per
mian suggests increasing geographic dis
persal during the Late Carboniferous.

The general history of the evolution and
geographic distribution of productoid brach
iopods (MUIR-WOOD & COOPER, 1960) is
similar to that of the spiriferids. Most Early
Carboniferous diversity in the productoids
was in lineages that first appeared in the
Late Devonian. Tournaisian and Visean
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FIG. 5. Stratigraphic ranges of superfamilies and families of brachiopods in the Carboniferous. Dashed
lines indicate the limits of uncertainty of the stratigraphic range of each family. The number of genera
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productoids evolved into diverse and wide
spread groups that contained many cosmo
politan elements as well as a number of
endemic and locally important genera (e.g.,
the four genera of the Gigantoproductidae).
During the later part of the Early Carbonif
erous a number of genera and subfamilies
became extinct (Sinuatellidae, Productelli
dae).

Middle Carboniferous productoids had
less cosmopolitan distributions. Most Car
boniferous genera of the Linoproductidae,
except Striatifera, had endemic distributions
and only near the end of the period or in
the Early Permian did this family become
widely dispersed. This distributional pat
tern is also apparent in the Buxtoniidae,
Dictyoclostidae, and Echinoconchidae. Sev
eral families had subfamilies or genera with
disjunct distributions during the Carbon
iferous: during the Visean the family Stro
phalosiidae had only one genus in Europe
and two in North America; and during the
Late Carboniferous the subfamily Echino
steginae had two endemic stocks, one in
North America, and other in the Ural
region, that gave rise to major lineages that
subsequently dispersed in the Early Per
mian. Several of the surviving Devonian
lineages, such as the Leioproductidae, Pro
ductininae, Overtonidae, and Productidae,
evolved a number of endemic genera in ad
dition to a few cosmopolitan genera in the
Lower Carboniferous. The reduction in
productoid generic diversity near the begin
ning of the Middle Carboniferous was fol
lowed by a gradual increase in diversity
again near the end of Middle Carboniferous
time, and it continued through the late
Carboniferous into the Early Permian.

CEPHALOPODS

Carboniferous cephalopods were a diverse,
rapidly evolving, free swimming, benthonic
group that forms one of the important series
of stratigraphic index fossils for the period.
As with several other groups of Carbonif
erous fossils, the cephalopods of Europe

and central and southwestern United States
are known in considerably more detail than
in many other parts of the world because of
the availability of collections of specimens
and more detailed study. Many species and
genera are believed to have lived within
particular depth intervals and, as a conse
quence, if a cephalopod assemblage was
derived from the overlying water column,
deeper water sediments commonly contain
a greater diversity than shallower water sed
iments. On the other hand, many empty
shells floated and were carried by currents
hundreds, perhaps thousands, of kilometers
beyond the biogeographic areas occupied by
living specimens, as presently happens to
shells of recent Nautilus. Thus, a number
of cephalopod fossil assemblages, particu
larly those having an unusually large num
ber of species and genera, is believed not to
be living assemblages, but postmortem col
lections of drifted shells concentrated at
shorelines.

Carboniferous cephalopods include the
remnants of the subclass Actinoceratoidea,
which had a long history in the early and
middle Paleozoic, the long-ranging subclass
Nautiloidea, and the rapidly diversifying
subclass Ammonoidea. Only a few genera
of the subclass Actinoceratoidea have been
reported from Carboniferous strata (TEICH
ERT et al., 1964): Mstikhinoceras from the
Visean of the Russian platform, Carbactino
ceras and Aploceras from Visean strata in
western Europe, and Rayonnoceras, which
is longer ranging and more widespread in
both North America and Europe.

In the subclass Nautiloidea three orders
occur in the Carboniferous: Orthocerida,
Oncocerida, and Nautilida. The Orthocerida
includes a smaller superfamily, Orthocerat
aceae, having long-ranging genera that are
mainly European and North American in
distribution and a larger superfamily, Pseud
orthocerataceae. This latter superfamily in
cludes Pseudocyrtoceras, Cyrtothoracoceras,
five closely related genera, Pseudactinoceras,
Bergoceras, Cam pyloceras, EusthelloceraJ.
and Paraloxoceras, which are known only

FIG. 5. (Continued from facing page.)

in each family is shown by the type of line; less than three (single fine line), three to six (double fine
lines), seven to twelve (broken thick line), and more than twelve (solid thick line). (Data from

Rudwick, 1970; Ross, n.)
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from the Tournaisian and Visean of western
Europe, and Euloxoceras from the upper
Mississippian and Pennsylvanian of central
North America. The remaining seven pseu
dorthoceratid genera are widespread and
apparently cosmopolitan. The order Onco
cerida has three Lower Carboniferous gen
era of which Argocheilus is known only
from China and the other two from North
America and Europe.

The order Nautilida has nine families in
the Carboniferous, six of which contain a
number of genera that appear to be wide
spread in Europe and North America in
Lower Carboniferous strata; for example, in
the family Koninckioceratidae, Millkoninck
ioceras, Endololobus, Knightoceras, Planet
oceras, and Temnocheilus; in the family
Trigonocerataceae, A phelaeceras, Maccoyo
ceras, Rineceras, Stroboceras, Thrincoceras,
and Vestinautilus; in the family Solenochil
idae, Acanthonautilus; in the family Liro
ceratidae, Liroceras; and the family Ephip
pioceratidae, Ephippioceras. A few of these
genera are recorded elsewhere also, such as
Liroceras and Ephippioceras. Among the
nine nautilid families, many other genera
are known from Lower Carboniferous stra
ta from limited geographical areas, for
example, Tylonautilus, Duerleyoceras, Lo
phoceras, Subvestinautilus, Trigonoceras,
Discitoceras, Epistroboceras, Leuroceras, Lis
poceras, Mesochasmoceras, Pararineceras,
Subclymenia, Diorugoceras, Phacoceras, Epi
domatoceras, and Bistrialites are known
from Europe (mostly western Europe), and
Edaphoceras, Tylodiscoceras, Chouteauo
ceras, and Diodoceras are known only from
central and eastern North America.

Middle and Upper Carboniferous genera
of the family Tainoceratidae are widely dis
tributed in North America and Europe, ex
cept for Gzheloceras from the Urals. In the
family Grypoceratidae most genera are
nearly cosmopolitan, such as Domatoceras,
Stenopoceras, and Titanoceras, and in the
family Solenochilidae Solenochilus is also
cosmopolitan. A few Pennsylvanian genera
seem restricted to North America, including
Coelogasteroceras, Condraoceras (which ap
pears also in the Permian of Europe), and
Megaglossoceras. A few additional distrib
utions are of interest largely because they
indicate the incompleteness of these records.

Valhallites has been reported only from
Siberia and Arkansas, and Phacoceras is
known not only from the Lower Carbon
iferous of Europe but also from the Lower
Permian of Australia.

The subclass Ammonoidea is widely, and
commonly abundantly, distributed in Car
boniferous strata and appears to be generally
more cosmopolitan than the Actinocerat
oidea and Nautiloidea (MILLER & FURNISH,
1957). The evolution and biostratigraphic
zonation of Carboniferous ammonoids have
been extensively studied in Europe and
North America because of the usefulness of
this group as stratigraphic index fossils.
Based on these studies, ammonoids from the
rest of the world have been compared and
analyzed and assigned to biostratigraphic
units. RUZHENTSEV (1966) recognized nine
major biostratigraphic assemblages (Fig. 6)
using the stratigraphic ranges of 158 am
monoid genera.

Few recent studies have considered the
geographical distributions of Carboniferous
Ammonoidea in detail. Data available for
Tournaisian and Visean goniatites (BISAT,
1924; DRAHOVZAL, 1972; HODSON & RAMS
BOTTOM, 1973) indicate that seven assem
blage zones were widely distributed. The
oldest of these Carboniferous goniatite fau
nas appears at the edges of the Hercynian
belt in Europe, Kazakhstan, and North
Africa, and commonly occurs in strata that
rest without hiatus on highest Devonian
strata. The succeeding five zones are iden
tified mostly on the basis of ranges of genera
of Goniatitidae that are widely distributed
in the northern hemisphere, but they are
poorly known from the southern hemi
sphere except Australia where two of
the assemblage zones are recorded. Based
on wide geographic distribution, these five
sets of late Tournaisian and Visean assem
blage zones are considered to be cosmopol
itan. The highest Visean assemblage zone
is likewise widely distributed but the species
show provincial distributions.

Provincialism becomes characteristic of
ammonoids for the remainder of the Lower
and Middle Carboniferous. For example,
about half of the Ural faunas are made up
of members of the Prolecanitidae, Agathice
ratidae, Pronoritidae, Delepinoceratidae, and
Ferganoceratidae; forms that are absent in
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FIG. 6. Ranges of ammonoid genera in the Upper Devonian, Carboniferous, and Lower Permian. (Data
from Ruzhentsev, 1960, 1966; Ross, n.)

northwestern Europe. Namurian and early
Westphalian ammonoid distributions are
characterized by a number of provincial
faunas in which generic ranges extend ir-

regularly upward in the succession (RAMS
BOTTOM, 1971); some lineages became ex
tinct or evolved into new but endemic gen
era. Goniatitids persisted in North Africa
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and Arkansas well into the Namurian to
give rise to Proshumardites, and in the Ural
region Dunbarites and Platygoniatites per
sisted into the Namurian, whereas in north
western Europe the only goniatitids to sur
vive are in the base of the Namurian. Al
though the genus Cravenoceras (Zone Ed
is widespread and cosmopolitan, its species
tend to be endemic to several provinces.
Eumorphoceras and Delepinoceras are wide
spread but their contribution to various
faunas varies considerably and Craveno
ceratoides (Zones E2b and &0) is a common
northwestern European genus that has also
been recorded from Spain, the Sahara, and
central Asia.

At the top of Zone E~ and in Zone H,
goniatite zonal index faunas are lacking
in North America, but they are common
in northwestern Europe, North Africa, and
possibly in the eastern Urals; the zonal
genus Homoceras has been reported from
as far east as the Tien Shan Mountains.
Pronoritids are commonly associated with
these occurrences except in northwestern
Europe.

Reticuloceras is common in the Ural
Mountains, Donetz basin, and to the south
along the proto-Tethyan geosyncline where
it is associated with Proshumardites and
pronoritids, but Reticuloceras is rare in
North America where Syngastrioceras and
Cymoceras dominate. In northwestern Eu
rope the goniatite fauna is less diverse and
restricted. Later Reticuloceras stocks in
northwest Europe and North America ap
pear to have had independent histories.

Gastrioceras, Branneroceras, and Syngas
trioceras form the typical assemblage of
Zone G1 and are nearly cosmopolitan ex
cept for northwestern Europe where Gast/'i
oceras occurs without the other two typical
genera. In succeeding strata with Zone G2,

northwestern European goniatites represent
a relict fauna with the exception of Polito
ceras, which was introduced from North
America. In North America the Middle
Carboniferous is an interval of increasingly
diverse goniatite faunas, and a number of

genera, such as Bisatoceras, Gonioloboceras,
Gonioglyphioceras, Wiedeyoceras, Dunbar
ites, Vidrioceras, Paralegoceras, Diabloceras,
Win slowoceras, and Owenoceras, are en
demic.

Late Carboniferous ammonoids appear to
be more cosmopolitan in distribution than
those of the Middle Carboniferous. Dun
barites was still endemic to south-central
North America as were Eupleuroceras and
Vidrioceras, and in the Ural Mountains
Gleboceras was endemic.

Tournaisian and Visean seas covered a
larger proportion of continental platforms
than did Namurian and later seas (RAMS
BOTTOM, 1971). The most varied cephalopod
faunas are in the proto-Tethyan region
which was connected at various times to
these epicontinental seas. When ammonoid
distributions are plotted on reconstructed
Carboniferous paleogeographic maps, they
occur between Carboniferous latitudes 60 0 N
and SOoS.

CONODONTS

The use of discrete conodont elements in
establishing a detailed biostratigraphic zona
tion for the Devonian and Lower Carbon
iferous has provided a tool for accurately
dating many marine strata that have rela
tively few other fossils (Fig. 7). Little
biological information is available about the
organism which bore the conodont elements.
Assemblages containing different types of
conodont elements are not commonly pre
served, so the custom of referring to each
type of element as a different form taxon
is a useful biostratigraphic expedient. Al
though many of the conodont guide fossils
have an uneven geographic and stratigraphic
distribution (RHODES & AUSTIN, 1971), they
form a widely used biostratigraphic scheme.
The British Tournaisian and Visean are
divided into 14 zones based on conodont
succession and the comparable sections in
North America are divided into 13 zones
and in Germany into eight zones.

In North America and in many other

FIG. 7. (Continued from facing page.)

range through the Carboniferous, such as Spathognat/lOdus, and have species with distinctive stratigraphic
ranges, are not shown. (Data from Rhodes and Austin, 1971; Collinson, Rexroad, & Thompson, 1971;

Lane, Merrill, Straka, & Webster, 1971; Meischner, 1970; Ross, n.)
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parts of the world (SANDBERG et al., 1972),
Siphonodella has an important succession
of species that permits subdivision of the
lower part of the Lower Carboniferous.
These are succeeded in the upper part of the
Lower Carboniferous by a number of species
of Spathognathodus, Polygnathus, Bactrog
nathus, Taphrognathus, Apatognathus, and
Cavusgnathus, which have distinctive strati
graphic ranges.

In England the Lower Carboniferous con
odont succession is characterized by a
large number of short-ranging species of
spathognathodids and pseudopolygnathids.
Siphonodella, a distinctive genus for the
Tournaisian elsewhere, is very rare in Eng
land. Gnathodus has many short-ranging
species in Visean and lower Namurian stra
ta. Idiognathodus first appears at about the
same horizon as the cephalopod Reticulo
ceras and different species of Idiognathodus
are distinctive in the upper part of the
Namurian. Gnathodus becomes increasingly
rare in this interval and finally disappears.
Westphalian conodont faunas lack Gnatho
dus and are dominated by species of !dio
gnathodus.

In North America, Mississippian conodont
zonation has been well studied in the upper
Mississippi valley and adjacent areas (COL
LINSON, REXROAD, & THOMPSON, 1971) and 16
named conodont zones and several subzones
are recognized (Fig. 7). The Kinderhook
ian Series has six zones based on strati
graphic ranges of species of Siphonodella,
Gnathodus, and Protognathodus. The
Osagean Series is subdivided using ranges of
species of Bactrognathus, Doliognathus,
Gnathodus, Pseudopolygnathus, Polygna
thus, and Taphognathus. The base of the
Chesterian Series falls within one of these
zones. Species of Kladognathus appear in
the upper part of the Chesterian and the
highest zone in the Mississippi valley region
has the first appearance of Streptognatho
dus. The top of the type Mississippian Sys
tem is marked by a major hiatus; however,
at least part of the missing interval is repre
sented by strata in Nevada where a higher
conodont zone, Gnathodus girtyi simplex
Zone, is assigned to the Mississippian.

Studies in North American Pennsylvanian
conodont zonation have concentrated on the
lower part of the succession, particularly the

Morrowan Series (LANE et al., 1971). Four
Morrowan zones are recognized based on
ranges of species of Spathognathodus, !dio
gnathoides, and Gnathodus. In the Mid
continent area, Idiognathoides dominates
the Morrowan conodont faunas. Several
species of Gondolella are restricted to the
Desmoinesian, Missourian or Virgilian
series and a species of Gnathodus occurs
in the Desmoinesian. Idiognathodus and
Streptognathodus are important in late Car
boniferous conodont faunas of the Mid
continent region.

In the central Appalachian Mountains,
Pennsylvanian lineages of Gnathodus start
in the lower part of the Pottsvillean Series
and have not been found above the middle
part of the Conemaughan Series. Specimens
of Idiognathodus are the most abundant
conodont in the Pottsvillean and Allegheny
an Series but Streptognathodus dominates
the Conemaughan Series.

In the southwestern part of the Cordil
leran miogeosyncline, the first appearance
of species of Streptognathodus and Idiogna
thoides is in strata of early Morrowan
age. A number of species appear in both
the Cordillera and the Midcontinent areas
but they seem to have different regional
stratigraphic ranges and apparently reflect
intermittent connection between the two
regions.

The Carboniferous succession in Germany
is divisible into 14 conodont zones and sub
zones (MEISCHNER, 1970). Tournaisian
strata are divided into five conodont zones
based on ranges of species of Protognatho
dus, Pseudopolygnathus, Polygnathus, and
Siphonodella. Five zones are recognized in
Visean strata based on ranges of species of
Scaliognathus, Gnathodus, and Paragnatho
dus, some of which range upward into the
lower part of the Namurian. From strata of
the Homoceras Zone and higher Namurian
and Lower Westphalian, species of Gnatho
dus dominate the conodont faunas. The
first appearance of Idiognathodus is in the
middle part of the Gastrioceras Zone at
the base of the Westphalian, a stratigraphic
position that suggests Idiognathodus occurs
higher in Germany than in England or
North America.

Studies of the biogeographic distribution
of conodonts (DRUCE, 1973) have come
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about only since the completion of detailed
stratigraphic analyses from a number of
different regions. Several Carboniferous
genera are apparently geographically re
stricted to certain regions. The late Tour
naisian genera Bactrognathus and Stauro
gnathus are found only in the Midcontinent
and southwestern regions of the United
States and other reported occurrences are
questionable. Cavusgnathus occurs in the
Visean of North America, England, Scot
land, and Germany, but is rare or lacking
in other parts of Europe (DRUCE, 1973);
however, this genus may be closely associ
ated with nearshore deposits (LANE et al.,
1971) and these distributions may reflect
inadequate sampling. Other Tournaisian or
Visean genera with restricted distributions
include Clydagnathus (Western Australia
and southern England), Doliognathus and
Dollymae (Europe and central North Amer
ica), Mestognathus (Nova Scotia, Australia,
and Europe), and Taphrognathus (North
America, British Isles, and Australia).
Among the Middle and Late Carboniferous
conodonts, Gondolella was restricted to cen
tral North America but became widespread
during the Permian Period.

Most other important zonal index genera
are cosmopolitan in distribution including
Gnathodus, Idiognathodus, Spathognathus,
and Siphonodella. Several genera have
patchy distributions but are reported from
many different parts of the world; these
include Idiognathoides, Scaphignathus, and
Streptognathodus. Conodont distributions
in the Carboniferous are not particularly
provincial and many of the patterns of
distribution may be the result of inadequate
sampling of all of the biofacies for each
zone (DRUCE, 1973). Most conodont studies
have concentrated on Lower Carboniferous
(Tournaisian, Visean, and lower Namur
ian) strata where other faunas generally also
suggest cosmopolitan distributions. At pres
ent there is insufficient knowledge of Middle
and Upper Carboniferous conodonts to eval
uate their geographic distributions.

INSECTS

Insect fossils from the base of the West
phalian through the remainder of the Car
boniferous have the potential of being ex-

tremely useful as index fossils (Fig. 8, 9).
They show considerably greater taxonomic
diversity and more rapid evolution than do
the fossil flora with which they are com
monly associated. Many insects have stra
tigraphic ranges that are closely similar in
North America and Europe and relatively
few have strongly endemic distributions.

Although relatively few of the 17 orders
of Insecta of the Carboniferous have been
studied in terms of their world paleoge
ography, several analyses have examined the
evidence from one or two orders in a more
limited geographic framework. The early
Insecta of the eastern Canadian (Maritime
provinces) Carboniferous have a pronounced
number of European elements (DURDEN,
1967, 1969) as do the plant fossils (BELL,
1938). Some European elements appear
farther to the southwest and some American
elements appear to the east in Wales and
France, suggesting a transitional belt of
provincial differentiation and a lack of
major physical barriers. Blattoid (cock
roach-like) insects appear in lower or mid
dle Namurian strata of central Europe and
upper Namurian of western Europe and
eastern Canada. By early Westphalian time,
the insect assemblage, characterized by
blattoids, dispersed into central eastern
North America (Pennsylvania and Mary
land) and two parallel bands of geograph
ically distinct assemblages (but with over
lapping boundaries) are recognized. By
middle Westphalian time, additional as
semblages are recognized and have distri
butions that also form subparallel geo
graphic bands from central North America
into western Europe. During the later part
of Westphalian time several earlier assem
blages were reduced in size but the assem
blage from the southern part of western
Europe expanded markedly over a much
larger area. Several assemblages were miss
ing during this time, but because they (or
their descendants) reappear in younger stra
ta, DURDEN (1974) assumed that they were
displaced geographically outside present col
lecting localities.

The early Stephanian of Europe was
complicated by the Asturian orogenic phase,
which disrupted many of the Westphalian
depositional patterns and caused major
changes in insect distributions and also in
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FIG. 8. Ranges of families, superfamilies, and suborders of early blattoid-like insects and phylogenetic
relations. Lineages marked with an asterisk became extinct during the Permian. Lineages with arrows

have given rise to recent descendants. (Data from Durden, 1969; Ross, n.)

plant distributions (DE MAISTRE, 1970).
Southwest European insect assemblages of
this age are found as far west as Pennsyl
vania associated with the remnants of an
earlier north-central (Mazonian) North
American assemblage. Many of the non
blattoid insect assemblages of the Stephan
ian include a significant percentage of new
groups that have no known immediate an
cestors suggesting dispersal from earlier
isolated provinces that are not known at
present. During the Stephanian an eastern
North American (Ottweilerian) assemblage
developed and expanded westward into
Missouri and eastward into the Saar basin.
During middle Stephanian time (Missour
ian-early Virgilian) the southwest European
(Iberian) assemblage occurred in Portugal,
southern Pennsylvania, Missouri, and pos-

sibly in Brazil. Just to the north of the
Iberian assemblage the Ottweilerian assem
blage continued to be widespread, reaching
from eastern Germany to Pennsylvania and,
as mixed faunas, as far west as central
Colorado. In Kansas, the beginnings of two
assemblages are seen, the Zavjalovian and
the Elmoan, which are mixed with Ottweil
erian genera. The Elmoan assemblage has
many new genera and these are presumed
to have dispersed into Kansas at this time
from an unknown area to the northwest.

During late Stephanian to early Autunian
time the Ottweileran insect assemblage ex
tended from Wettin, Germany, through
Pennsylvania into Colorado. At Wettin this
assemblage also included forms similar to
those reported from strata of about the same
age in the Kuznetzk basin, Siberia. The
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FIG. 9. Ranges of blattoid-like insect genera having multiple occurrences in Eurasia, Pennsylvania (type
region), and other parts of North America. (Data from Durden, 1969; Ross, n.)

Iberian assemblage occurred to the south
in Texas at this time.

The late Virgilian and Wolfcampian
distribution of blattoid-like insects showed
a continuation of the Iberian assemblage
in Texas. The Lebachian assemblage, a
new, rich and varied assemblage, is known
mainly from this interval in Germany and
West Virginia, with a few representatives

in Texas and Kansas. In Colorado parts of
this assemblage are mixed with genera of
Ottweilerian and Zavjalovian affinities in a
predominantly Elmoan fauna. DURDEN

(1974) was able to trace many of these
groups through the Early Permian :md
showed that most of the three Early Perm
ian assemblages had their origins during
the Late Carboniferous.

BIOGEOGRAPHIC INTERPRETATION

Three general trends appear from the fore
going analyses of the distributions of Car
boniferous invertebrate faunas; one has evo
lutionary implications and the other two
have climatic fluctuation and climatic zona
tion implications. Faunas of Tournaisian
and Visean times were relatively wide
spread; many were nearly cosmopolitan and
the remainder had low levels of provincia
lism. These were also times of widespread,

shallow, warm-water carbonate deposition,
particularly on continental platforms. As a
great percentage of the area of these plat
forms was submerged, world sea level was
apparently relatively high and the marine
connections between adjacent platforms
were well established. After the Visean,
Carboniferous faunas became increasingly
provincial with several times of infrequent
to frequent dispersal between marine prov-
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FIG. 10. Reconstruction of Carboniferous paleogeography during an interval of relatively high sea level:
middle Early Carboniferous (Visean) (Ross, n). [Explanation: N.Z., New Zealand; T., Tarim stable block.]

inces until the end of the Carboniferous.
The later part of the Early Carboniferous

was the beginning of Hercynian mountain
building and saw an increase in volcanic
activity in parts of Europe and western Si
beria. These events are also associated with
the beginning of cyclic sedimentation, the
reduction in warm-water carbonate deposi
tion, and probably the initiation of glacia
tion in parts of the Gondwana continent in
conjunction with general lowering of world
temperatures. During the later part of the
Early Carboniferous the average sea level
declined and reached a minimum level be
fore the beginning of the Middle Carbon
iferous. Most of the continental shelves were
extensively exposed to erosion at this time
(EYNOR et al., 1965). Dark shale, sandstone
and limestone are typical deposits and
marine connections between regions were
mainly by seaways through those geosyn
clines that had not been disrupted by
orogenic activities. Much of the Hercynian
orogeny was well advanced by this time
and, during the later part of the Early
Carboniferous and Middle and Late Car
boniferous, this fold belt prevented direct
marine connection between western North
America and southeastern Europe.

During Middle Carboniferous time, sea
level gradually rose accompanied by a series
of transgressions and regressions, reaching
a comparatively high level during the Des
moinesian when seas covered much of the
continental platforms. As world sea level
started to fall again near the end of the
Middle Carboniferous a number of changes
started to take place in marine invertebrate
faunas. Many of those faunal groups that
had held dominant positions in Middle Car
boniferous communities became gradually
less important and a number of transitional
forms appeared which evolved into new
genera, and also new families, in the early
part of the Late Carboniferous. The end
of the Middle Carboniferous is marked by
a reduction in world sea level of almost
the same magnitude, but of shorter dura
tion, as that at the end of the Early Carbon
iferous. A number of previously important
genera and families of the Early and Middle
Carboniferous did not survive into the Late
Carboniferous.

During the Late Carboniferous the new
lineages of marine invertebrate faunas
evolveci into numerous genera and families
and gradually formed a large variety of
communities. The faunas and communities

© 2009 University of Kansas Paleontological Institute



Carboniferous

MOSCOVIAN

A285

FIG. 11. Reconstruction of Carboniferous paleogeography during an interval of relatively high sea level:
late Middle Carboniferous (Moscovian) (Ross. n). [See Fig. 10 for explanation of abbreviations and

symbols.]

were not highly specialized, suggesting that
they were adapted to fluctuating climatic
conditions. Although cyclic sedimentation
continued through the Late Carboniferous,
local variations in the sedimentary cycles
became more pronounced and, in general,
the volume of clastic material became great
er. This suggests orogenic activity had
reached a level that significantly altered local
climatic patterns and related erosional rates
and that interglacial intervals were warmer,
dryer, and probably of longer duration. The
faunal changes at the end of the Carbonif
erous and the beginning of the Permian,
while significant, were concurrent with
specialization of existing Late Carboniferous
families into an increasingly complex set of
Permian communities and increased disper
sals between faunal provinces.

Climatic zonation in the Carboniferous
was first recognized in the distribution of
Carboniferous plants, which may exhibit
seasonal growth features such as growth
rings. Carboniferous floras (MEYEN, 1972)
became differentiated into at least two re
gions near the beginning of the Namurian,
i.e., the Euramerian and Angaran regions,
ch:tracterized largely by different ecological
associations of lepidophytes. The Euramer
ian flora was tropical but it has not been
established yet that the Angaran woods were
extra-tropical at this time. Middle Carbonif-

erous floras of the Euramerian and Angar
an regions show substantial differences in
composition and woods from the Angaran
region consistently have annual rings. Early
and Middle Carboniferous floras from Gond
wana are poorly known and fossil wood
data are not available for comparison.

Late Carboniferous plants form four
paleofloral regions, Euramerian, Cathaysian,
Angaran, and Gondwanan (JONGMANS,
1936; HALLE, 1937). The Euramerian and
Cathaysian floral regions differ mainly in
the presence of large numbers of endemic
genera. These two floras are diverse, gen
erally lack annual rings and are considered
tropical. The Angaran flora had a few
Euramerian elements but endemic genera
were dominant by the end of the Late Car
boniferous. This flora had annual growth
rings and is considered extratropical. The
Gondwanan flora is poorly known from
strata older than Late Carboniferous; how
ever, by Late Carboniferous time it was
widespread and remarkably uniform in
species composition. This early Gondwanan
flora is associated with tillites and possibly
was contemporaneous with glaciation. The
flora was deciduous and had annual rings,
a relatively low number of genera and
species and is considered to be extra-tropical.
The Gondwanan flora was isolated from
other floras at this time, having few, if any,
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genera and species in common with the
Euramerian, Cathaysian, or Angaran floras.

Some marine invertebrate evidence also
suggests well-developed climatic zonation
during the Carboniferous. A tropical for
aminiferid faunal belt is identified for the
Early and Middle Carboniferous based on
greater species diversity and dominance of
calcareous taxa (MAMET & SKIPP, 1970).
The position of this tropical belt corresponds
closely to the position of tropical climates
as suggested from plant data. Away from
this tropical belt foraminiferids gradually
become less diverse and arenaceous taxa be
come dominant. The margins of the An
garan continent and the Gondwanan con
tinent are identifiable by these two changes
(YUFEREV, 1969). Also, ammonoid distri
butions appear to be restricted to a band
about '50° to 60° on either side of a Carbon
iferous paleoequator (RAMSBOTTOM, 1971).

Two paleogeographic maps, one of Visean
time (Fig. 10) and the other of Moscovian
times of major marine transgressions onto
the cratonic platforms. During Visean time,
marine connections existed in an east-west

direction near the paleoequator from west
ern North America to eastern Asia and this
apparently accounts for the nearly cosmo
politan nature of the equatorial marine
faunas. By Moscovian time, the Hercynian
orogeny had closed off these east-west
marine connections along the paleoequator
and dispersal of tropical marine faunas be
tween different provinces became more diffi
cult because these organisms had to pass
through extratropical areas in order to

disperse into other provinces. These gen
eralized maps leave many details to be
explained; for example, the Middle Carbon
iferous marine faunas of one tectonic belt
in the western Cordillera of North America
are probably tropical whereas faunas in the
adjacent tectonic belt are probably non
tropical, suggesting a more complicated
history of geographic displacement than
indicated by these maps. Of particular con
cern is the need for additional criteria and
evidence that would establish the relative
positions during the Carboniferous of the
cratonic blocks that presently form southern
and southeastern Asia.
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INTRODUCTION

The Permian System was named by
MURCHISON in 1841 for strata exposed in a
large structural basin on the western flank
of the Ural Mountains and takes its name
from the Province of Perm about 1,200 km
east of Moscow. Along the western flanks
of the Urals, Carboniferous strata are over
lain by sandstone, conglomerate, evaporite,
shale, and marly limestone strata from
which MURCHISON identified brachiopods
that, in general, are similar to those of
Carboniferous faunas elsewhere. They also

1 Manuscript received August, 1976.

contain fishes and amphibians similar to
those in the Zechstein of the German Dyas,
and correlate with the Magnesian Lime
stone, which in Great Britain overlies the
Carboniferous coal measures. MURCHISON
realized that the stratigraphic interval above
the Carboniferous and below the Triassic
must be more significant than suggested by
the poorly fossiliferous reddish sandstone,
shale, and dolostone of western Europe and
that the Russian faunas and stratigraphic
succession of the Perm region fitted into
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this part of the geologic column; therefore,
the Permian became the only system (except
for the North American usage of Mississip
pian and Pennsylvanian for Carboniferous)
to be defined outside of northwestern Eu
rope.

Neither the lower nor upper boundaries
of the Permian System were well defined by
MURCHISON and this has resulted in some
confusion that has been compounded by
later, more detailed biostratigraphic studies
that have attempted to place the lower
boundary at so-called "natural faunal
breaks" in the succession. One consequence
of this type of faunal approach to studies
of Permian strata in the type area is an
overemphasis on biostratigraphic units and
a neglect of detailed lithologic studies. In
the type area the upper boundary of the
Permian with the Triassic System is in a
clastic redbed continental succession and is
defined on vertebrate fossils where these are
available. Considering the work of Russian
geologists available at the time and the fact
that MURCHISON spent only the summers of
1840 and 1841 examining the whole of the
geology of Russia in order to prepare his
monograph on The Geology of Russia in
Europe and the Ural Mountains, it is re
markable that there are not more problems
with the definition of the Permian System.

As described in more detail by MURCHI
SON, DE VERNEUIL, and VON KEYSERLING
(1845), the strata originally included in the
Permian System clearly encompass beds of
the Kungurian facies and the Ufimian, Kaz
anian, and Tatarian stages (DUNBAR et al.,
1960). The thick section of Artinskian
shale, sandstone, and conglomerate exposed
in the southern flanks of the Ural Mountains
contains ammonoids (KARPINSKY, 1889) that
are considerably more advanced phylogeneti
cally than those known from Upper Car
boniferous beds and can be correlated with
faunas in other parts of the world that
generally have been accepted as of Permian
age. KARPINSKY'S Artinskian Stage, which
he included in the Permian System, has the
Sakmarian Limestone at its base. RUZHENT
SEV (1936), after a preliminary study of the
ammonoids, proposed recognition of the
Sakmarian Stage for this limestone and re
stricted the Artinskian Stage to the beds
above the Sterlitamak beds.

MURCHISON considered the lower lime
stone units exposed on the Ufa plateau and
Timan arch to be Upper Carboniferous, on
limited fossil evidence. CHERNYSHEV (1902),
FREDERIKS (1928, 1932), and TOLSTIKHINA
(1935), while studying fossils from these
beds, described them as Upper Carbonifer
ous and considered them to constitute the
"Uralian Stage" of DE LAPPARENT (1902).
Several distinctive fossil zones were event
ually recognized and the next to lowest zone
was designated as the Zone of "Schwager
ina" (=Sphael'oschwagerina), which was
also known from the lower part of the
Sterlitamakian Stage in the southern flanks
of the Urals. The "Uralian Stage" thus
overlapped with the Sterlitamak and Artin
skian beds but was not an exact equivalent.
The lowest zone of the "Uralian" contain
ing fossils of the Zone of Triticites is con
sidered to be Upper Carboniferous, and the
name Gzhelian Stage has been adopted for
the major part of this Upper Carboniferous
sequence.

The question of the placement of the
lower boundary of the Permian was dis
cussed by leading Soviet specialists in 1936
prior to the seventeenth International Geo
logical Congress in 1937 and no consensus
was reached on whether the base should be
at the base of the "Schwagel'ina"-bearing
beds, which form the lower part (Asselian)
of the Sakmarian Stage, as indicated by
RuzHENTsEv's studies, or near the top of
the "Uralian" equivalent at a stratigraphic
position within the Sterlitamak beds as
suggested by RAuzER-CHERNousovA (1940,
1949) based on fusulinacean studies. Earlier,
in North America, BEEDE and KNIKER
(1924) had recognized the stratigraphic
significance of the Zone of Pseudoschwager
ina and had used that unit to recognize the
base of the Permian in North America and
elsewhere. It may be argued (DUNBAR,
1940) that at least some Soviet paleontolo
gists had correlated fossils, such as am
monoids, from the Asselian, Sakmarian, and
Artinskian with Wolfcampian and Leonard
ian faunas described from North America.
Because these North American faunas had
been assigned to the Permian on the
strength of their stratigraphic position with
respect to the Zone of Pseudoschwagerina,
many Soviet biostratigraphers decided to

© 2009 University of Kansas Paleontological Institute



Permian A293

assign the Asselian, Sakmarian, and Artin
skian stages to the Permian. In so doing a
major marine faunal succession was in
cluded in the type sections of the Permian
System. Chinese biostratigraphers (CHAO,
1965) have apparently maintained that the
base of the Permian should not be placed
this low and they choose a boundary that
lies approximately at the base of the Ufim
ian Stage or near the base of the "Kungur
ian" facies.

In 1950, and again in 1960, the Soviet
All-Union Institute of Petroleum Geology
(VNIGRI) held conferences concerning the

boundary between the Carboniferous and
Permian and the subdivisions of the Perm
ian System. The major conclusions of these
conferences are summarized in Figure 1
(see also MIKLUKHO-MAKLAY, 1963; LIK
HAREV, 1966; NALIVKIN, 1973). The base of
the Permian System is placed at the base of
the fusulinid Zone of "Schwagerina." One
change in nomenclature that the second of
these conferences adopted was the recogni
tion of the Zone of "Schwagerina" as the
Asselian Stage and the restriction of the
Sakmarian Stage to the stratigraphic equiv
alents of the Tastuba and Sterlitamak beds.

REGIONAL BIOSTRATIGRAPHY

PERMIAN SYSTEM
IN TYPE AREA

On the Russian platform and along the
western margin of the Ural Mountains (Fig.
1) the Asselian, Sakmarian, and Artinskian
stages show numerous facies changes, which
also led to early stratigraphic confusion.
Large, massive reef mounds are common
along the southeastern edge of the Russian
platform and these pass eastward into shale
and sandstone along the downwarp at the
western edge of the Uralian geosyncline.
To the west on the Russian platform these
stages include limestone, commonly dolo
mitized or silicified, dolostone, and an
hydrite. In the northern part of the Russian
platform Asselian and Sakmarian gypsum,
anhydrite, and dolostone are widespread
and overlain by Artinskian terrestrial red
beds. Several structural arches on the Rus
sian platform were exposed during these
ages to form low islands. The Uralian geo
syncline was in the initial process of being
structurally compressed and uplifted, and
formed an eastern source of clastic sedi
ments.

Most of the Kungurian facies contains
poorly fossiliferous gypsum and red shale
(GLUSKO & FEDoRov, 1974). These rock
types, although locally missing, are widely
distributed on the Russian platform above
Artinskian strata. Kungurian marly lime
stone and dolomitized limestone beds bear
ing restricted marine faunas are not widely
distributed, and contain species having

Artinskian affinities as well as other species
having Kazanian affinities. NALIVKIN
(1973) suggested that many of the evapo
rite beds presently considered to be Kungu
rian in age may eventually prove to be in
part Artinskian, Ufimian, or Kazanian.

The Ufimian Stage is less continuously
distributed and between the Volga River
and the Ural Mountains these strata locally
appear as red clastic, variegated clay, sand
stone, and marly shale beds reaching as
much as 150 m in thickness. The fauna
is meager and includes fresh-water bivalves
and ostracodes in the lacustrine and marly
clays. These nonmarine strata of the Ufim
ian increase to 1500 m in thickness near
the Urals and indicate the presence of the
Ural Mountain Range as a source of clastic
sediment by Ufimian time. The lateral
facies relationships between the Ufimian
nonmarine strata, the evaporites of the
Kungurian, and the brackish-water deposits
of the Kazanian Stage are not well known.

The Kazanian Stage overlies the Kungur
ian and Ufimian stages, consists of 100 m
or less of well-cemented, greenish-gray, im
pure limestone, clay and marly clay, and has
a brackish-water or restricted marine fauna.
Litholo!!ically the Kazanian strata resemble
the Zechstein beds of western Europe and
are traditionally correlated with them. Kaz
anian strata and faunas are distributed in
an elongate basin that extends north-south
along the central part of the Russian plat
form. NALIVKIN (1973) compared these dis
tributions to those of the modern Caspian
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to the Karachatyrian Stage and the Artinskian equivalents to the Darvazian Stage (Ross & Ross, n).
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Sea. The Kazanian fauna is lacking in colo
nial corals, cephalopods, trilobites, and echi
noderms, but has two faunal facies; one in
which bivalves predominate, the other in
which brachiopods and bryozoans predomi
nate. The main elements of the restricted
Kazanian fauna are relicts of the earlier re
stricted Kungurian fauna and their local
geographic and stratigraphic positions in
Kazanian strata relate to facies variation
in water of low salinity.

In the southeastern part of the Kazanian
depositional basin near Orenburg, the strata
include more sandstone a'nd, locally, thick
evaporite deposits. The eastern edge of the
typical Kazanian impure limestone facies
intertongues with red clastic beds that rep
resent a coastal plain extending eastward to
ward the Urals. In the northern part of the
Russian platform in Arkhangel Province,
faunas from the lower part of the Kazanian
include rare goniatites of the genus Pseudo
gastrioceras, or a closely related genus hav
ing a ventral sinus, indicative of an age
equivalent to the Wordian Stage in North
America (KULIKOV, PAVLOV & RosTEvTsEv,
1973).

The Tatarian Stage is the highest and
youngest of the Permian deposits on the
Russian platform and is formed of brightly
colored, variegated sandstone, conglomerate,
and clastic strata that represent fluviatile,
eolian, and lacustrine deposits with local
evaporite beds. Although generally not
richly fossiliferous, the fauna includes fish,
bivalves, and ostracodes in the lacustrine
deposits, and reptiles and amphibians in
other deposits. Locally, plant fossils are
common and thin seams of coal are present.
Tatarian deposits are irregular in thickness
and reach a maximum thickness of only a
few hundred meters. These deposits are
confined to the depositional basin of the
earlier Kazanian sea and were attributed
by NALIVKIN (1973) to deposition in arid
conditions. These conditions of deposition
continued without change into Triassic
times over the same part of the Russian
platform, and the Lower Triassic succession
is called the Vetluzhian Stage. The Triassic
fauna is not abundant but includes distinc
tive ostracodes, fresh-water phyllopods, rep
tiles, and a new flora. The Tatarian and
Vetluzhian are similar in lithology and dis-

tribution so that their identification is based
on the recognition of nonmarine faunas of
different ages.

In summary, the Permian System in its
type region on the southern and western
margins of the Ural Mountains and on the
eastern part of the Russian platform is a
complicated set of intertonguing facies.
These facies and their faunas reflect the
progressive changes of depositional environ
ments from a marine carbonate shelf, shelf
edge, and elongate basin setting during the
Late Carboniferous and earliest Permian
(Asselian to early Artinskian) to a gradual
restriction of marine circulation late in
Artinskian and Kungurian times with the
deposition of evaporites and presence of
specialized faunas. This was accompanied by
the continued closing and uplift of the Ural
ian geosyncline, which began at about this
time to shed terrestrial debris westward in
the form of the Ufimian deposits. By
Kazanian time deposition was mainly con
fined to a shallow interior basin having
water of low salinity and a specialized relict
fauna derived from Kungurian time. By
Tatarian time this interior sea dried up and
gave way to fluviatile, eolian, and lacustrine
deposits having terrestrial and fresh-water
biotas. This set of conditions persisted into
Early Triassic time.

NORTHWESTERN EUROPE

Beds above the Carboniferous and below
the Triassic are widespread in western Eu
rope (Fig. 1) and are mainly red sandstone
(Rotliegende beds) overlain unconformably
by beds of conglomerate, chalcopyritic shale,
dolomitic limestone, evaporites, and shale
(Zechstein beds). Because of this consistent
twofold division these beds were once
known as the Dyas. The Rotliegende beds
are subdivided into a lower part, the
Autunian Series (Unterrotliegende), and
an upper part, the Saxonian Series (or
Oberrotliegende). The Zechstein, which
forms the Thuringian Series, is subdivided
into a basal conglomerate, a copper-bearing
shale (Kupferschiefer), a dolomitic lime
stone (Zechstein), and an evaporite unit
consisting of red clay, thin-bedded dolomitic
limestone, anhydrite, halite, sylvite, and
magnesium salts.
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Autunian rocks are less widely distributed
in western Europe than later Permian strata
and are closely associated with the Upper
Carboniferous Stephanian coal basins. Gen
erally Stephanian deposits are followed with
little interruption by Autunian deposits,
which are commonly dark-gray to red shale,
locally containing volcanics and some thin
coal beds. Plant fossils, including Walchia
and Callipteris, and the vertebrates, Pala
cohatteria and Archegosaurus, are common.
Most of these basins were tectonically active
during the Autunian and in the Saar-Nahe
basin as much as 3,000 m of sediment was
deposited during this epoch.

Saxonian deposits are more widely distrib
uted and usually unconformably overlie
Autunian and older rocks. They are young
er than the Saale tectonic phase, last major
movement of the Hercynian orogeny, and
show a major change in geographic distri
bution and climates. The Saxonian includes
conglomerate and sandstone deposits that
reach a maximum thickness of about 500 m.

Thuringian deposits also are widely dis
tributed in northwestern Europe where they
unconformably overlie Saxonian beds. The
base is marked by a thin conglomerate that
contains rare Cancrinella cancrini, which
is also found in the Kazanian of the Russian
platform. Above this conglomerate lies the
Kupferschiefer, a thin 0.6-m bed that con
tains well-preserved fish fossils, such as
Palaeoniscus, and plants, such as Voltzia.
The Kupferschiefer is a possible facies
equivalent of the Kungurian on the Russian
platform. The Zechstein dolomitic lime
stone, which is 5 to 10 m thick and con
tains an impoverished fauna having low
species diversity but considerable numhers
of individuals, is the prominent marker bed
in the region. Coelenterates, cephalopods,
and echinoderms are rare or lacking and
bryozoans, brachiopods, bivalves, and gastro
pods are abundant. The brachiopods Hor
ridonia hon'ida, St1'Ophalosia goldfussi, Die
lasma elongata, Pterospirifer alatus, Spirif
erina multiplicata, Punctospirifer cristata,
and Cleiothyridina pectinifera are character
istic of the Zechstein or its stratigraphic
equivalent, the Magnesian Limestone of
Great Britain. Small reefs form a distinctive
facies and include some brachiopods and
numerous fenestrate bryozoans. Conodonts

and smaller foraminifers also occur in the
Zechstein but their study is stilI in progress.
The upper part of the Thuringian is a
complex evaporite facies that includes shale,
limestone, and various evaporitic salts, in
cluding bitter salts. Although the thickness
of these evaporites varies from place to
place for several reasons, locally in northern
Germany they reach several hundred meters
in thickness. In the uppermost part of this
evaporitic sequence, sandy shales contain a
few marine fossils such as the bivalves
Schizodus and Gervilleia and the brachiopod
Dielasma.

The extent of the Thuringian sea is well
known for northwestern Europe where it
covered most of Germany, parts of Poland
and Great Britain, and the North Sea.
It is difficult to establish whether or not
this sea also connected to the east with the
Kazanian sea on the Russian platform. Low
species diversity and general similarity of
faunas in the two regions suggest similar
ecological conditions if not some inter
change of faunas.

CENTRAL EAST GREENLAND

The Permian of the central East Green
land succession, the Foldvik Creek Forma
tion, has a basal conglomerate lying on a
regional unconformity with topographic re
lief. Above this basal conglomerate, a 30
to 40-m interval has a number of inter
tonguing lithologies including light-gray
dolomitic limestone, gypsum, shale, and
near the top, a fish-bearing black "Posidonia
Shale." Overlying this is the brachiopod
rich "Martinia Shale" that grades laterally
from gray limestone to calcareous shale and
siltstone. In the upper part of this unit is
a prominent "Productus" bed. The "Mar
tinia Shale" is unconformably overlain by
the clastic Lower Triassic Kap Stosch For
mation, which contains blocks of Foldvik
Creek Limestone (TEICHERT & KUMMEL,
1972). On the basis of brachiopods, DUN
BAR (1955, 1961) correlated the Foldvik
Creek Formation with the Zechstein and
Magnesian Limestone, and considered the
brachiopods to be at least as young as the
Capitanian of the west Texas standard sec
tions. The ammonoids from Martinia-bear
ing limestone include Medlicottia malm-
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quisti and Cyclolobus kullingi (MILLER &

FURNISH, 1940b), which were believed to
represent a latest Permian fauna; however,
subsequent studies have shown that Cyclo
lobus ranges through much of the upper
Permian, and primitive species occur as low
as the Timorites Zone (FURNISH, 1966). C.
kullingi is a primitive species and therefore
may be early Capitanian in age. Corals from
the Upper Permian of the Kap Stosch area
(FLiJGEL, 1973) include 11 genera and sub
genera that are older than Dzhulfian corals
and possibly equivalent in age to the Yabe
ina Zone.

Reconstructions of Pangaea for late Pale
ozoic time place Greenland and parts of
North America against northern Europe
and the Barents shelf (DIETZ & HOLDEN,
1970). In such a geography the Upper
Permian deposits of central East Greenland
are in juxtaposition with the northwestern
end of the Late Permian Thuringian basin.
The faunas from the Permian of central
East Greenland are of particular interest
because they provide clues for the correla
tion of units in the Thuringian of north
western Europe (and possibly the Kazanian
of the Russian platform) with other Late
Permian successions in Spitsbergen and the
Canadian Arctic islands.

OTHER NORTHERN AREAS

The Permian of Pechora and Pay-Khoy of
northeastern Europe, north East Greenland,
Spitsbergen, the Canadian Arctic islands,
Yukon, and east-central Alaska share many
features with each other. The Lower Perm
ian parts of these successions commonly have
well-developed fusulinid zones, particularly
for the Asselian to lower Artinskian equiva
lents, with one or more evaporite units and
clastic marginal facies. These Lower Perm
ian beds also show abrupt changes in thick
ness and lithologies and include shelf and
platform clastics, a few shelf evaporites,
shelf-edge carbonate bank and basinal evap
orites, limestone and shale. The marked
changes in thickness apparently relate to
late phases of Hercynian structural adjust
ments equivalent to those of northwestern
Europe during the Autunian, but in a
marine shelf environment.

Unconformably above these Lower Perm-

ian beds is a succession of limestone, cherty
limestone, chert, and sandstone that forms
the Brachiopod Cherts of Spitsbergen (see
recent summary by GOBBETT, 1963), the
Upper Marine Group of north East Green
land (DUNBAR et al., 1962), and the Assis
tance Formation of the Grinnell Peninsula
(HARKER & THORSTEINSSON, 1960). Strep
torhynchus, Derbyia, Dictyoclostus, Muir
ttJoodia, Kochiproductus, Waagenoconcha,
Stenoscisma, Rhynchopora, Pterospirifer,
and Spirifella are common in these faunas
(HARKER & THORSTEINSSON, 1960), and their
abundance and widespread distribution led
STEPANOV (1957) to propose the name Sval
bardian Stage as a replacement for the
Kungurian and Ufimian stages. In present
usage, the Svalbardian is important as a
northern facies (or regional stage) and, al
though it is difficult to correlate with the
Russian platform sections, STEPANOV (1936,
1937) suggested that the faunas had most
similarity to those in the upper part of the
Kungurian and lower part of the Kazanian.
Later, STEPANOV (1957) included the brachi
opod fauna from central East Greenland in
his Svalbardian although DUNBAR (1955),
FREBOLD (1950), and HARKER and THOR
sTEINSSON (1960) had pointed out some dif
ferences in generic and specific composition.
Also, FREBOLD, HARKER, and THORSTEINSSON
considered that many similarities are present
and the faunas are either of somewhat dif
ferent facies of the same age or the central
East Greenland faunas are only slightly
younger. In the Canadian Arctic islands,
THORSTEINSSON (1974) showed that the
Trold Fiord Formation and its apparent
lateral equivalent, the Degerbols Formation,
unconformably overlies the Assistance For
mation and its lateral facies, the Van Haven
Formation. The Trold Fiord and Deger
bois formations contain a sparse fauna of
corals, brachiopods, and ammonoids of prob
able Guadalupian age. Future studies may
demonstrate that part of the central East
Greenland faunas are of the same age as
those of the Trold Fiord and DegerbOls
formations.

TETHYAN AREA

The Hercynian orogenic belt extends gen
erally east-west from central western Europe
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with few interruptions into central Asia
and eastern Asia. Although the Hercynian
orogeny started in the later part of the Early
Carboniferous, a number of strong orogenic
pulses occurred during the Middle and Late
Carboniferous, and the final major interval
of deformation in Europe, the Saale phase,
took place in the middle or later part of
Artinskian time. This last phase of Hercyn
ian deformation terminated formation of
the Autunian coal-basin structures of north
western Europe and many similar structures
in other parts of Europe and southwestern
Siberia (LAPKIN & SOLOVYEV, 1969). One
result of this final phase was to separate
the shallow seas on the northern side of
the Hercynian Mountain belt (in which
accumulated Kazanian and Zechstein de
posits and strata to the north in Greenland,
Spitsbergen, the Barents shelf, and northern
Canada) from a large significant shelf and
Tethyan geosyncline to the south. Although
the exact details of the geographic features
involved in the separation of the southern
geosynclinal seas and the northern epicon
tinental seas need further study, the faunas
on either side attest to a nearly complete
isolation after the early part of the Artin
skian.

In seas south of the Hercynian orogenic
belt a distinctive fusulinacean, coral, and
brachiopod fauna rapidly evolved. Later
orogenic movements, particularly during
Cenozoic times, have greatly complicated
the relationships of Tethyan strata, and their
interpretation is a major problem in Perm
ian biostratigraphic and biogeographic stud
ies. Several linear belts of Permian rock
seem to have been present, each of which
may have included shallow reef deposits,
shallow clastic deposits, and deeper water
clastic and carbonate deposits. These dep
ositional belts fringed a number of small
cratonic areas that have since been displaced
and moved much c'oser together (YANSHIN,
1965).

The extent of the Tethyan belt during
the Permian (Fig. 1) can be judged by the
distribution of its distinctive fauna that ex
tends from as far west as Tunisia, through
Sicily, the Carnic Alps, Yugoslavia, Greece,
Crimea, Turkey, Iran, Iraq, Soviet Middle
Asia, northern Pakistan, Mongolia, China,
Indochina, Indonesia, New Zealand, Japan,

Soviet Maritime Province, Kamchatka,
southern Alaska, British Columbia, Wash
ington' Oregon, and into California. This
Tethyan fauna is now fragmented and has
been displaced in pieces to many latitudes
and different climatic belts, but overall simi
larity of the fauna suggests free communi
cation and great diversity within warm to
tropical waters.

In the southern part of the Soviet Union
where a large portion of the Tethyan belt
is exposed, considerable effort has been di
rected toward establishing correlations with
the type Permian on the Russian platform
and the Ural region with inconclusive re
sults (ARAKELIAN et al., 1964; STEPANOV,
1970). Relatively few species are common
to the two areas and regional stages are
used widely for the Tethyan realm. The
Lower Permian is divided into the Kara
chatyrian and Darvazian stages (VLASOV,
LIKHAREV, & MIKLuKHo-MAKLAY, 1962) and
the Upper Permian into the Murgabian and
Pamirian stages. The following is a sum
mary of the diagnostic faunas (LIKHAREV &
MIKLUKHo-MAKLAY, 1972).

The Karachatyrian Stage contains a much
greater diversity of fusulinaceans than the
Asselian or Sakmarian, including species of
Ozawainella, Boultonia, Schubertella, Qua
si/usulina, Occidentoschwagerina, Zeilia,
Pseudoschwagerina, Schwagerina, Sphaero
schwagerina, Robustoschtvagerina, Pseudo
/usulina, Paraschtvagerina, Rugososchtvag
erina, and primitive Para/usulina. Brachio
pods are common and include species of
Isogramma, Enteletes, Dictyoclostus, Tere
bratuloidea, Stenoscisma, Sph"i/er, Martinia,
Dielasma, and Notothyris, and corals in
clude species of Tachylasma, Caninia, Ti
morphyllum, Caninophyllum, Cyathaxonia,
Amplexocarinia, Allotropiophyilum, and
Lophophyllidium. In addition, gastropods,
bivalves, and algae (Tubiphites, Eugeno
phyllum, and Epimastopora) are abundant
and ammonoids are lacking or not reported.

The Darvazian Stage also includes a
diverse fusulinacean fauna including numer
ous species of Nankinella, Sphaerulina,
Yangchienia, Minojapanella, Kahlerina,
Darvan"tes, Robustoschtvagerina, Nagatoella,
Pseudo/usulina, Ch lisenella , Para/usulina,
Brevaxina, Misellina, Armenina, and primi
tive Cancellina. Brachiopods include species
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of Enteletes, Echinoconchus, Productus
(Striatifera?), Wellerella, Martinia, Hetero
lasmina, and Notothyris; corals include, in
the lower part of the stage, species of
Verbeekiella, Cyathocarinia, Sinophyllum,
Amplexocarinia, and in the upper part
Yatsengia and Granophyllum. Ammonoids
include Propinacoceras, Prosicanites, Perrin
ites, Marathonites, and Agathiceras. Among
the algae are Mizzia, Tubiphites, Epimasto
pora, and Girvanella.

The Murgabian Stage contains a diverse
fusulinacean fauna that is particularly
widely dispersed, including numerous
species of Leella, Neofusulinella, Pseudo
fusulina, Paraverbeekina, Verbeekina, Ar
menina, Neoschwagerina, Praesumatrina,
Sumatrina, and Polydiexodina. Brachiopods
include species of Derbyia, Chonetella, Lino
productus, Dictyoclostus, Productus, Mar
tinifera, and Lyttonia. Corals include species
of Yatsengia, Granophyllum, Waagenophyl
lum, and Polythecalis; the ammonoids in
clude species of Neostacheoceras, Taurocer
as, Paraceltites, and Adrianites; and algae
include species of Gymnocodium, Permocal
Cltlus, lndopolia, Cyrocopora, and Vermi
porella.

Although the Pamirian Stage generally is
not as complete in the Soviet Union as
equivalent beds in China, it does contain a
typical high Upper Permian fauna and
locally the section is nearly complete. Fusu
linaceans and other foraminiferids include
species of Reichelina, Palaeofusulina, Codo
nofusiella, Lasiodiscus, Colanie!la, and Pach
yphloia. Brachiopods are represented by
species of Enteletella, Striatifera, Margini
fera, Urushtenia, Tschernyschewia, Weller
ella, Pugnax, Ambocoelia, Athyris, and
Hemiptychina. Ammonoids include species
of Prototoceras, Rotaraxoceras, Araxoceras,
and Urartoceras; algae include species of
Gym nocodium, Permocalculus, and Vermi
porella.

In the Pamirs, the Pamirian Stage com
monly rests unconformably on the Mur
gabian Stage (LEVEN, 1967) and is uncon
formably overlain by strata assigned to the
Triassic System. In the southeastern Pamirs,
a number of lithologic facies are present,
which include the zones of Yabeina, Codo
nofusiella-Reichelina, and Palaeofusulina of
very late Permian age. Elsewhere in the

Pamirs the Permian section is not as com
plete and it is not clear whether this is
because of nondeposition or pre-Triassic
erosion. Ammonoids are apparently not re
corded from these Pamirian beds.

Another classic Upper Permian section,
which was believed for a long time to have
a transitional boundary with the Triassic,
is located in the Trans-Caucasus (Fig. 1)
along the Aras (=Araks, Araxes) River near
Dzhulfa, Soviet Azerbaijan, and Jul£a, Iran.
Ammonoids and brachiopods are common
in several of these beds (ABICH, 1878) and
the section has been restudied in detail by
several groups (RUZHENTSEV & SARYCHEVA,
1965; STEPANOV, GOLSHANI, & STOCKLIN,
1969; KUMMEL & TEICHERT, 1973). The
combined list of genera of ammonoids from
the Dzhulfian Stage is impressive and ap
pears to represent a nearly complete suc
cession of post-Guadalupian, pre-Triassic
ammonoids. Fusulinaceans are common in
the lower 2 to 5.5 m of the Dzhulfian Stage
and include Codonofusiella and Reichelina
in a fine-grained, bituminous limestone that
lithological1y contrasts with the underlying
Khachik Limestone, which carries a late
Guadalupian fauna. Higher in the Dzhul
fian Araxoceras and Oldhamina are com
mon and a few beds containing Codonofusi
ella and Reichelina form the succeeding 8
to 20 m. Above these are up to 19 m of
coral-, brachiopod-, and ammonoid-bearing
beds with the Vedioceras and Haydenella
fauna. Above these are 4.5 m of beds with
the ammonoids Phisonites, Xenaspis, and
Xenodiscus, and the brachiopod Comelicania
and others. Soviet scientists choose to place
the top of the Permian at the top of this
Phisonites unit, but most other scientists
also include the succeeding Ali Bashi For
mation, about 18 m thick, in the Permian,
which includes Paratirolites and several
other ammonoids (KUMMEL & TEICHERT,
1973). Above this are 10 to 20 m of fine
grained limestone containing the Triassic
bivalve Claraia.

Two other sections or areas of consider
able historical interest to the problems of
the uppermost Permian biostratigraphy are
in and near the Salt Range of Pakistan
(Fig. 1) and in Kashmir (KUMMEL &

TEICHERT, 1966, 1970, 1973). The Chhidru
Formation ("Upper Pmductus Limestone")
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of the Salt Range contains a fauna that is
similar to that from the lower part of the
Dzhulfian Stage in having mainly corals,
brachiopods, and ammonoids but no fusulin
aceans. The overlying Kathwai Member
of the Mianwali Formation (uppermost part
of "Upper Productus Limestone") contains
the ammonoids Ophiceras and Glyptophi
ceras which KUMMEL and TEICHERT (1973)
considered to be indicative of Early Triassic
age, and the brachiopods Enteletes , Ortho
thetina, Spinomarginifera, and Martinia,
which GRANT (1970) considered to be typi
cal Permian genera and equivalent in age
to the Dzhulfian brachiopods listed and
described by RUZHENTSEV and SARYCHEVA
(1965).

The section at Guryul Ravine, Kashmir
(HAYDEN, 1907; MIDDLEMISS, 1910), also has
been of considerable interest as a sequence
that passes conformably from uppermost
Permian into Lower Triassic strata (KUM
MEL & TEICHERT, 1973; NAKAzAwA et al.,
1975). Here, as in the Salt Range, Triassic
ammonoids and bivalves are associated with
brachiopods that belong to genera usually
considered to be Late Permian. Also, con
odonts of the Anchignathodus typicalis As
semblage-Zone cross the Permian-Triassic
boundary. The Late Permian Zeewan For
mation (120 m thick), which rests on the
Panjal volcanics, is sandy in its upper part
and detailed faunal studies are needed.
Fusulinaceans have not been reported.

The Pamirian, Dzhulfian, and Chhidruan
stages appear to represent approximately
the same time interval. The Pamirian may
include somewhat older beds in its lower
part than the other two and the Chhidruan
may not include beds as young as latest
Dzhulfian. Faunal zones that can be later
ally traced and that include fossils common
in Upper Permian strata in other geograph
ical areas are much needed. Some of the
faunas studied are closely associated with
particular depositional environments and
the lateral equivalency of different facies is
commonly difficult to determine. The Lop
ingian Series in South China offers possibil
ities for establishing a reliable biostrati
graphic framework for this latest Late
Permian interval (Fig. 1) (SHENG, 1963;
CHAO, 1965).

The Lopingian Series unconformably

overlies the Maokou Limestone, which has
the Zone of Yabeina in its upper part. The
series was subdivided by CHAO (1965), and
a lower part is made up of the Wuchiaping
Limestone and its lateral equivalents, such
as the Hoshan Limestone, the Lungtan Coal
Series in the lower Yangtze valley, and the
Loping Coal Series in north-central Kiangsi.
These coal series, reaching 600 to 700 m in
thickness, have continental sandstone and
shale interbedded with marine shale and
thin limestone beds that yield brachiopods
and ammonoids. The continental beds in
clude floras of Taeniopteris, Pecopteris,
Sphenopteris, Cladophlebis, and Giganto
pteris. Common brachiopods are Chonetes,
Dictyoclostus, and Squamularia. In the
lower third of this succession the am
monoids Anderssonoceras, Prototoceras, Ar
axoceras, Kiangsiceras, Vescotoceras, and
Pseudogastrioceras are common and are
similar to those in the lower part of the
Dzhulfian Stage. Near the top of this suc
cession, continental beds have Neuropteris,
Lepidodendron, and Lobatannularia.

The upper part of the Lopingian Series,
the Changhsing Limestone, is 120 to 150 m
thick and has a Palaeofusulina-Reichelina
fusulinacean fauna in north-central Kiangsi.
This limestone is typically developed in the
Changhsing coal field of northern Chekiang
where it is formed of 25 to 34 m of dark
gray to black limestone and siliceous inter
beds. The lower part contains Pseudotiro
lites and Pseudogastrioceras. The upper
part contains Stacheoceras, Pachydiscoceras,
Rotodiscoceras, Trigono gas trites, and
Changhsingoceras in association with Palae
ofusulina, Reichelina, and the brachiopods
Oldhamina, Dictyoclostus, and Hustedia. In
many parts of South China the predomi
nantly limestone facies of the Changhsing
changes laterally into the Talung Formation,
which consists of siliceous shale and lime
stone and contains Palaeofusulina, Pseudo
gastrioceras, Pseudotirolites, and other gen
era of ammonoids. CHAO (1965) estimated
that the Changhsing and Talung strata
contain more than 100 species and 30 genera
of ammonoids, most of which are not de
scribed. In South China the Lopingian
Series has at least two ammonoid zones, the
Prototoceras-Araxoceras Zone in the lower
part and the Pseudotirolites-Pleuronodoceras
Zone in the upper part.
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Fusulinaceans are common in much of the
Lopingian Series of the Permian of South
China (SHENG, 1963) and, although not
present in some of the Iranian, Soviet, Pak
istan, and Kashmir sections, they are more
widely distributed (TORIYAMA, 1973) than
most of the ammonoid genera listed by
CHAO (1965). TORIYAMA (1973) reviewed
these high Upper Permian occurrences of
fusulinaceans and concluded that three
zones could be recognized. A late Guada
lupian fusulinacean assemblage-zone in
cludes Yabeina, Lepidolina, Codonofusiella,
Reichelina, and a large variety of Verbeek
ininae; a lower Dzhulfian (lower Loping
ian) assemblage-zone has Codonofusiella
and Reichelina but without other fusulin
aceans (except possibly in Japan where the
Lepidolina kumaensis Zone may extend
into this zone); and an upper Dzhulfian
(upper Lopingian) assemblage-zone in
cludes Palaeofusulina and Reichelina. These
fusulinacean zones, as well as those based
on ammonoids and brachiopods, are in need
of further investigations.

Other well-studied Permian Tethyan sec
tions (Fig. 1) include Japan and the Carnic
Alps, which are discussed in more detail
under fusulinacean zonation. The Japanese
sections were deposited in eight different
tectonic settings (TORIYAMA, 1973), each
with its own lithofacies and structural his
tory, occurring in an outer tectonic zone, an
inner tectonic zone, and a number of mas
sifs and basins. The base of the Permian,
drawn at the base of the Pseudoschwagerina
Zone, is usually unconformable on Carbonif
erous and older rocks. Four Permian series
are commonly recognized:

SERIES ZONE

Kuman Yabeina yasubaensis-
Lepidolina toriyamai (lacks
N eoscl/wagerina)

Akasakan N eosel/wagerina cratieuli/era-
Verbee!(ina l'erbeeki

Nabeyaman Para/wulina I(aerimizensis-
Neosc!lwagerilla simplex

Sakamotozawan Pseudosc!zwagerina moril,awai
Pseudo/umlina l'ulgaris

In only two or three sections are Triassic
strata preserved above these Permian beds.
The Kuman Series is usually not present or,
if present, may lie either unconformably or

in fault contact with the underlying Akasa
kan Series, suggesting a period of mountain
building activity that may correspond to
the Tungwa movements of China. An
earlier orogenic pulse also seems to have
been widespread during the latter part of
the Nabeyaman Epoch. Both orogenic in
tervals resulted in considerable changes in
paleogeography.

Tethyan deposits of southern Europe are
shared by Austria, Italy, Yugoslavia, Greece,
and Sicily and include a complex sequence
of Permian rocks. One of the better known
successions is the Lower Permian of the
Carnic Alps, which consists of 200 to 270
m of limestone and interbedded shale and
200 to 400 m of massive limestone (FLUGEL
& SCHONLAUB, 1972). These form the Rat
tendorfer Limestone and Shale and the
Trogkofel Limestone. The Trogkofel is lo
cally reefoid and also includes a c1astic facies
and breccia. The overlying beds rest dis
conformably on the Trogkofel Limestone
and include 30 to 40 m of red clastic Gro
dener Shale. This clastic depositional phase
probably is a result of the Saale tectonic
pulse that terminated Autunian deposition
in northwestern Europe. Thus, the Gro
dener is approximately equivalent to the
lower clastic portion of the Zechstein.
Above this are up to 200 m of Bellerophon
bearing shale and limestone that are equiv
alent to the middle and upper part of the
Zechstein.

The Rattendorfer and Trogkofel beds
contain a diverse, apparently normal marine
Tethyan fauna including many fusulia
aceans, corals, brachiopods, and cephalopods.
This depositional pattern started in the
Late Carboniferous with the deposition of
the Auernig clastic beds and a few marine
limestone beds bearing plants, fusulinaceans,
corals, and brachiopods of either Stephanian
or Gzhelian affinities. The Rattendorfer
beds have abundant and diverse fusulinacean
faunas that include typical Asselian 'lnd
Sakmarian species. The Trogkofel Lime
stone is particularly rich in Artinskian ceph
alopods, including Medlicottia near the
base and Agathiceras, Popanoceras, and
Thalassoceras near the top. The Grodener
beds are plant-bearing and are similar in
lithology to the Saxonian facies of north
western Europe. The Bellerophon-bearing
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beds represent a complex of lagoonal facies
having a number of different lithologies in
which brachiopods, gastropods, bivalves, and
rare cephalopods show affinities to both the
Zechstein and the Upper Permian of the
Salt Range. Northwestward from the Car
nic Alps, the Permian strata thin and be
come nonmarine, and to the southeast, in
Yugoslavia, Greece, Crimea, and Turkey,
the Upper Permian carries a varied Tethyan
fauna that includes fusulinaceans, brachi
opods, and other invertebrates.

NORTH AMERICA

Permian strata of North America include
shallow marine shelf deposits, evaporites
and nonmarine beds in much of the mid
continent and southwestern regions, non
marine plant-bearing beds in parts of West
Virginia and adjacent areas (Dunkard
Group), and a complex set of eugeosynclinal
and miogeosynclinal sediments in the west
ern Cordillera as far east as Utah, Idaho,
and western Alberta (MCKEE et al., 1967).

The Dunkard Group was deposited in a
semi-isolated nonmarine basin along the
western flank of the Appalachian orogenic
belt, and on the basis of plant fossils appears
to be no younger than latest Autunian and
no older than earliest Permian.

The midcontinent and much of the south
western region is characterized by a compli
cated set of lithofacies that were gradually
modified by changes in sea level, mO\'e
ments related to tectonics of the craton,
and gradual filling-in of basins and troughs.
The Ouachita sector of the Appalachian
orogenic belt lay as a large S-shaped feature
to the south and actively moved against
the southern margin of the North American
craton, closing a deep marine sea that
reached from west Texas into southern
Oklahoma and Arkansas. Block faulting
and resulting deposition progressively closed
off the sea in northern Oklahoma and Kan
sas by the end of Wolfcampian time and
the normal marine faunas, which were rich
in fusulinaceans, bryozoans, bivalves, and
crinoids gave way to specialized brackish
and saline faunas in the later part of the
Permian. By the early part of the Leonard
ian, the east Texas shelf between the Mid
land basin and the Ouachita belt also pro-

gressively developed into a broad, low,
deltaic plain and the deposits are rich in
nonmarine vertebrate fossils. Shelf-edge
carbonate banks of algae, fusulinaceans,
bryozoans, brachiopods, and crinoid debris
fringed most of the Delaware and Midland
basins during the Early Permian (Fig. 1)
and these basins had considerable topo
graphic relief; the Midland basin being in
part below a sill restricting water circulation
and bottom faunas.

During the Leonardian the reefs around
the Delaware basin continued to deposit
thick sedimentary units. By Guadalupian
time the Midland basin was restricted as the
Ouachita orogenic belt and debtis from it
closed the passage at the southern end of the
Central Basin platform. A marine channel
to the south and southwest supplied the
Delaware basin with normal marine water
and large marginal reefs continued to form
around that basin (KING, 1949; NEWELL
et al., 1953). To the south in northern
Mexico volcanics finally closed this channel
and marked the end of Guadalupian depos
ition. The faunal zonation of these west
Texas reference sections is discussed in the
Fusulinacean and Ammonoid sections of
this review.

Westward in New Mexico and southeast
ern Arizona, other fault-bounded blocks
show generally similar histories of basin in
filling during the Early Permian (Ross,
1973), and the gradual restriction of faunas
to very specialized biofacies by Leonardian
time. Although carbonates of Guadalupian
age are extensive over the southwestern end
of the transcontinental arch in the Grand
Canyon region, the biofacies were not norm
al marine, probably somewhat brackish,
having a predominantly molluscan fauna.
North of the western end of the transcon
tinental arch, block-faulted marine basins
and clastic source areas extended well into
Utah during Early Permian time and appear
to be the continuation of the structural pat
terns seen in Arizona, New Mexico, and
Texas. These basins and adjacent clastic
source areas have many thousands of meters
of displacement and the basins are filled
mainly with conglomerate, sandstone, and
shale, with locally well-developed limestone
having a normal marine fauna including
fusulinaceans. Farther north in Montana,
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Alberta, and Yukon, the western edge of
the P~rmian cratonic shelf was more stable
and extensive thin sheets of sandstone are
common in the Lower Permian and a few
are apparently as young as early Late Perm
ian. Marine faunas are meager in these
shelf and shelf-edge clastic belts but a few
limestones and silicified limestones contain
Early Permian brachiopods, corals, and
fusulinaceans.

In central eastern Alaska, Canadian Arc
tic islands, and northeastern Greenland this
shelf clastic facies is well developed and in
tertongues near the shelf edge with thicker
carbonate beds that have well-developed
Early Permian fusulinacean, coral, bryozoan,
brachiopod, and ammonoid faunas. These
faunas are similar to those in Spitsbergen,
the northern Urals, and the Russian plat
forms, but have not been completely studied.

West of the Permian edge of the North
American craton several different, highly
deformed sedimentary belts have contrasting
faunas of Early and early Late Permian
age and are presently aligned more or less
parallel to the former cratonic edge (MON
GER & Ross, 1971). Some of these, particu
larly the eastern belt, have Lower Permian
shale and limestone deposited on structur
ally disturbed lower and middle Paleozoic
strata. Some of the diverse Early Permian
faunas of these strata are similar to those
of the reefs and carbonate banks along the
Ural geosyncline. A central belt includes
thick, extensively developed carbonate banks
and reefs that rest on ribbon chert, basaltic
tuffs, and greenstone, and are overlain by
basalts. These limestones have an abundant
Tethyan fauna of fusulinaceans, bryozoans,
brachiopods, ammonoids, crinoids, and a
rich algal flora, and they were probably
deposited in shallow, tropical or subtropical
water. Further west, other parts of the
Cordillera have a pre-Devonian granitic
basement overlain by a thick Lower Perm
ian carbonate sequence with algae, fusuli
naceans, corals, bryozoans, brachiopods, and
crinoids, which also may represent a part
of the Tethyan flora and fauna. Other fusu
linaceans having affinities with the west
Texas faunas are found in places in British
Columbia and Yukon in another one of
these Cordilleran tectonic belts. Interpreta
tions of these distributions generally imply

a significant geographical rearrangement of
late Paleozoic strata during the Mesozoic
and early Cenozoic. The youngest well
dated Permian fusulinaceans include primi
tive Yabeina with Wordian ammonoids,
suggesting that in much of this region dep
osition was minor after middle Guadalup
ian time.

The relationships between these structur
ally bounded belts that have different sedi
mentary origins and contrasting faunas are
only partially worked out; however, parts
or pieces of many of these belts extend from
southwestern Alaska through western Can
ada and western United States into Baja
California and Sonora. These belts are
principally identified by their faunal affini
ties and by their stratigraphic and structural
relationships to underlying and overlying
rock units.

In northern Mexico, east of Sonora, the
Permian was deposited in basins much like
those in Arizona, New Mexico, and west
Texas, and on the flanks of the Ouachita
Marathon orogenic belt that turns south
into Mexico. In Chiapas, in southern Mex
ico, light-gray thick-bedded limestone has
yielded an abundant and diverse Lower
Permian fauna in an algal-rich limestone,
and in Belize dark-gray limestone in dark
shale also has Lower Permian fusulinaceans.
The remainder of Central America and the
Caribbean region is composed of rocks that
are mostly Jurassic or younger in age, and
Permian strata are not reported.

GONDWANA CONTINENTS

AUSTRALIA

Major sequences of Permian strata are
located in four basins in the western part
of Australia (Perth, Carnarvon, Canning,
and Bonaparte Gulf basins) and in five
basins along the Tasman geosyncline in the
eastern part of Australia (Tasmanian, Syd
ney, Maryborough, Bowen, and Yarrol bas
ins). Based on faunal and Roral associations
(DICKINS, 1970; THOMAS, 1971), six sub
divisions are correlated between the western
basins and the Bowen basin in the east,
and from there to other eastern basins
(RUNNEGAR, 1969; DEAR, 1971). The earliest
Permian fauna (Stage A, DICKINS, 1970) of
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Asselian and early Sakmarian age is char
acterized by the bivalve Eurydesma, which
was apparently adapted to cold water. In
the west it is known only from the Car
narvon basin, but it is more widely distrib
uted in the eastern basins. Glacial marine
tillites, clastic strata, and volcanics are pres
ent in this interval in most basins. The
second faunal assemblage (Stage B, DICK
INS, 1970) of late Sakmarian or early Artin
skian age is more widely distributed, sug
gesting more widespread marine conditions,
and in the Carnarvon basin this assemblage
contains a few genera of Tethyan affinities.
The bivalve Edmondia is characteristic of
this fauna and is associated with Oriocras
satella, Astartella, Pseudomyalina, and At
omodesma. In the Bowen and Sydney basins
the bivalves Astartila?, Megadesmus, and
EurydeJma, the brachiopods Ingelarella,
StrophaloJia, and Notospirifer, and the
ammonoid Uraloceras also occur in this
fauna (ARMSTRONG et al., 1967). The third
subdivision (Stage C, DICKINS. 1970) is
largely nonmarine and dominated hy clastic
sediments. In many of the basins coal beds
formed in this interval and contain the plant
fossils Gangamopteris, GloHopteris, and
Dadoxylon (DAVID & BROWNE, 1950). The
fourth subdivision (Stage D, DICKINS, 1970)
includes another widespread marine fauna,
which in the western basins has additional
genera of Tethyan affinities (TEICHERT,
1974) and locally reaches considerable thick
ness (up to 2,000 m) in the Carnarvon
basin. An older (Stage D 1 ) and a younger
(Stage D~) part of this faunal assemhlage
have heen recognized. A late Artinskian
age was suggested by DICKINS (1970) for
the older part and a Kazanian age was
indicated for the younger.

The fifth suhdivision (Stage E, DICKINS,
1970) is a succession of coal and plant
bearing clastic strata that generally lack
marine fossils. The sixth subdivision (Stage
F) includes the youngest Permian marine
faunas of western Australia, which occur
in the upper part of the Liveringa Forma
tion (Hardman Member). This fauna in
cludes many genera of hivalves (such as
Phestia. Megade.iml/.i, AJtartila?, "Allor
i.c17w," "i\fodiollls," ..ftomodeJma, Avicu
lopectell, Girtypecten?, Acanthopecten, Stre
blopteria, Pselldomonotis, SchizoduJ, Orio-

aaHatella, and Astartella) and several gen
era of gastropods. It is probably Tatarian
(Dzhulfian) in age.

Permian ammonoids are rare in most
Australian sequences and include 17 species
from the western basins and two from the
Sydney basin in the east (GLENIsTER &

FURNISH, 1961). From the western basins
several species of Uraloceras and !ureJanites
occur in the Holmwood Shale (upper part
of Stage A) and suggest a Sakmarian age.
ThalaHoceras, Metalegoceras, and Propopan
oceras in the Nura Nura Member of the
Poole Sandstone (Stage B) are of late Sak
marian age. Several ammonoid assemblages
of Artinskian (Baigendzhinian) age have
been reported and include species of Neo
crimites, Propinacoceras, and PseudoschiJt
oceraJ. The lower beds of the Liveringa
Formation (Lightjack Member) and heds
of approximately the same age (Stage D)
contain PseudoJChi5toceras, AgathiceraJ, and
possihly PropinacoceraJ, indicating an age
near the Early-Late Permian houndary or
slightly above. The ammonoid fauna from
the Kockatea Shale of the Perth basin is
now known to he early Triassic in age.
In the Sydney basin in eastern Australia
(Fig. 1), the Farley Formation contains
UraloceraJ, brachiopods, gastropods and bi
valves, of probable late Sakmarian age; the
Branxton Subgroup has NeocrimiteJ, corals,
and bryozoans of Artinskian (Baigendzhin
ian) age.

An extensive Late Permian insect fauna
is known from the Newcastle Coal Measures
near Newcastle and Lake Macquarie in the
northern part of the Sydney basin in eastern
Australia (TILLYARD, 1917-36). This insect
fauna lacks many of the forms usually found
in Permian tropical or suhtropical moist
forest assemblages and is dominated hy the
orders Hemiptera and Mecoptera. These
insects are distinctively more advanced than
those of the Early Permian of Kansas and
include many genera that are closely re
lated or ancestral to orders that are typically
Mesozoic and younger. This fauna is gener
ally considered to he Tatarian in age hased
on a few closely similar species that are
found in the Russian section. In Tasmania,
the Pe.rmian-Triassic boundary is drawn
at the top of the Cygnet Coal Group (BANKS
& NAQVI, 1967).
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INDIA AND PAKISTAN

The Permian deposits of India and Paki
stan are distributed in a number of fault
bounded basins located along three struc
tural trends in peninsular India and to the
north in elongated fold belts o~ the flanks
of the Himalayan orogenic belt. The succes
sions in peninsular India lie on a Precam
brian basement, are called the Gondwana
Group, and generally have a tillite or a
diamictite at their base. Clastic nonmarine
strata dominate the overlying parts of the
Gondwana Group (Permian to Early Cre
taceous). and h~ve interbedded coal and only
a few thill manne beds. Two marine assem
blages are recognized, suggesting two differ
ent intervals of flooding. The oldest (Assel
ian or early Sakmarian) has an Eurydesma
fauna, was deposited within the Talchir
Boulder beds, and was probably a cold-water
assemblage. Three other localities have
more: diverse faunas, which are generally
consIdered to be of late Sakmarian age.
Eurydesma may be present in these three
fauna! assemblages, along with bryozoans,
brachIOpods, gastropods, bivalves, ostra
codes, and echinoderms (TEICHERT, 1974).
Some of these fossil groups include genera
known also from Australia and South
America and others are nearly cosmopolitan.
The faunas suggest that these beds were the
result of brief marine flooding of the Gond
wana depositional basins by water from the
northern edge of the Indian craton.

The Permian strata exposed in the flanks
of the Himalayan Mountains appear to
represent deposits along the edge of the
Indian craton that bordered the southern
Tethys. Diamictite in the Salt Range is
overlain by marine clastic and carbonate
units that carry a fossil succession having
mostly Tethyan forms (Zaluch Group =
Lower, Middle, and Upper "Productus"
Limestone of early reports) (see discussion
above on Tethyan Belt).

AFRICA

Central, southern, and parts of northwest
ern Africa were consolidated by the end of
Middle Carboniferous time into a relatively
stable platform. Block faulting developed
basins for clastic deposition during the

Permian and the stratigraphic succession
(Karroo Series) that is preserved is similar
to that of peninsular India. At the base, the
D~yka Tillite (o~ Diamictite) Group is
WIdespread and ill southwestern Africa
marine tongues are found with Eurydesma,
Conularia, Archaeocidaris, and the fish Pal
aeoniscus. Nonmarine shaly tongues near
the base have Glossopteris fragments, and
shales near the top have Glossopteris and
the. Go~dwana aquatic reptile Mesosaurus,
whIch IS also found in South America.
These fossils suggest a Late Carboniferous
to Asselian (or early Sakmarian of some
authors) age and presumably are equivalent
to the earliest Permian assemblages of India
and Australia.
. A~ove th~ D~yka Group, the Ecca Group
IS WIdely dIstnbuted and is mainly fine- to
coarse-grained sandstone with some shaly
beds. In the Karroo trough these strata are
mostly gray shale, siltstone, and subgray
wacke sandstone having Gangamopteris,
Glossopteris, and Cyclondendron. To the
east in Natal, Transvaal, and Orange Free
State, coals are well developed and to the
west in southwestern Africa red sandstone
and shale are typical of the Ecca. Much of
the middle part of the Ecca Group repre
sents cyclic deposition associated with several
widespread coal beds. Most of these deposi
tional cycles have only the nonmarine por
tion preserved, but locally some marine shale
is preserved above the coal. In the Dundee
district in northern Natal, one such occur
rence yielded Paraceltites?, which suggests
a latest Early Permian or Late Permian
age for that part of the Ecca (TEICHERT &
RILETT, 1974). Northward the Ecca Group
thins and lies directly on the pre-Permian
platform where the Dwyka Tillite is miss
ing.

The youngest Permian beds are non
marine and they form the lower part of the
Beaufort Group, which passes upward into
strata of Triassic age. Six reptilian zones
are recognized in the Beaufort but only
the lower three are Permian. These are the
Zone of Tapinocephalus, overlain by the
Zone of Endothiodon, and finally by the
Zone of Cisticephalus at the top of the
Permian. This lower part of the Beaufort
Group seems to be restricted to the Karroo
trough.
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MADAGASCAR

The western half of Madagascar is under
lain by a succession of Gondwana strata
that have many features of the southern
African, peninsular Indian, and Salt Range
successions. The Permian part of this suc
cession is the Sakoa Group and the lower
part of the overlying Sakamena Group. A
tillite, the lowest formation, is overlain by
mainly nonmarine sandstone and shale beds
with several marine limestone and shale
units. The Glossopteris-Gangamopteris
flora, associated reptiles, and the occurrence
of several coal beds are similar to the Karroo
Series of southern Africa. Productid and
spiriferid brachiopods are common in the
marine shale and limestone units. The low
er part of the Sakamena Group in northern
Madagascar also has several marine lime
stone and shale units and these include pro
ductid, spiriferid, and atrypid brachiopods,
bivalves, and cephalopods, such as Cyclolo
bus, Episageceras, Xenodiscus, Propinaco
ceras, and Popanoceras, that are similar to
those of the Chhidru Formation of the Salt
Range, Pakistan (TEICHERT, 1974).

SOUTH AMERICA

East of the Andean belt most of South

America had a Permian history that is
closely similar to that of Africa. By Middle
or Late Carboniferous time the shield areas
of South America formed a large platform,
which, based on geological similarities, ap
pears to have been continuous with that of
western Africa. The Gondwana deposits in
the Parana basin that lie unconformably on
this platform are of glacial origin and are
similar to those in southwestern Africa
(CASTER, 1952). The Itarare Group at the
base has shaly interbeds with paleoniscid
fish, ammonoids, and Glossopteris and
Rhacopteris floras that are probably of Mid- .
die and Late Carboniferous age. The over
lying Guat<l. Group has local glacial sedi
ment, coal, and marginal marine deposits.
Eurydesma and Glossopteris occur in the
upper part of the Guata and suggest an
Early Permian age. Higher, the Irati For
mation has Mesosaurus, and the Estrada
Nova Group and Rio Do Rasto Group are
mainly clastics that contain an extensive
plant succession and a few marine tongues
having sparse invertebrates. Rynchosaurid
reptiles Cephalonia and Scaphonyx are
found in the overlying Santa Maria Red
beds and are of Middle Triassic age.

FAUNAL ZONATION AND DISTRIBUTION

In reviewing the zonation and geograph
ical distribution of Permian faunas, groups
have been selected that have been widely
used for correlation or that have shown a
strong potential use, as in the case of cono
donts. Such groups are likely to have
received more thorough study and more
detailed phylogenetic analysis than other
groups. Because of limitation of space and
time, the following groups are examined in
hierarchical order: fusulinaceans (foraminif
erid protozoans), other foraminifers, corals,
bryozoans, brachiopods, ammonoids, and
conodonts. Other groups that are widely
distributed. but which have been less
thoroughly studied or less widely used
for correlation. such as sponges, bivalves,
gastropods, arthropods, and echinoderms,
are not discussed. It is recognized, based on
a number of local studies, that many of
these groups also may have a potential im-

portanee in evaluating worldwide biostrati
graphic and paleogeographic problems.

FUSULINACEANS

Fusulinaceans are a group of large extinct
protozoans that evolved rapidly during the
late Paleozoic. Of the more than 80 genera
recognized in Permian strata only about a
dozen are Carboniferous holdovers (Fig. 2).
Two major intervals of unusually rapid
evolution are known; the first in Early
Permian during the Asselian in all parts of
the world, and the second during the later
part of the Dar\'asian and early part of the
Murgabian in the Tethyan faunal realm.

The phylogeny and geologic history of
fusulinaceans has been summarized by Ross
(1967: 1978) and ROZOVSKAYA (1975) and
Figure 2 is based on these reports. All
of the six Permian families are assigned to
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FIG. 2. Ranges of fusulinacean genera arranged by families and their geographic distribution. [Ex
planation: unshaded, cosmopolitan distribution; black, Tethyan distribution; ruled pattern, Uralian,
Franklinian, and northeastern Cordilleran distribution; stippled pattern, midcontinent, southwestern

the one superfamily, Fusulinacea, and are
recognized on the basis of differences in
wall structure and other internal features.
Although the Ozawainellidae evolved into
at least nine genera during the Middle Car
boniferous and again into three or four
genera in the Late Permian, the family is
more important because it gave rise to the
families Fusulinidae, Schubertellidae and
Staffellidae. In their evolutionary develop
ment genera of the Fusulinidae become
markedly elongate along their axis of coil
ing. Only one of the three subfamilies,
the most primitive group, the Fusulinel
linae, ranged into the Permian. It survived
until the Late Permian, and retained the
basically simple unfolded septa and simple
layered-wall structure. By Late Carbonifer
ous time, the Fusulinidae gave rise to the
Schwagerinidae, which evolved only slowly
during the Late Carboniferous. In Asselian,
Sakmarian, and lower Artinskian rocks,
genera in the family Schwagerinidae are im
portant zonal fossils, particularly genera with
inflated chambers such as Sphaeroschwager
ina, Pseudoschwagerina, Paraschwagerina,
Robustoschwagerina, Zellia, Parazellia,
Occidentoschwagerina, Acervoschwagerina,
and Rugososchwagerina, which have dis
tinctive ranges. Also important are the

elongate subcylindrical genera derived from
Pseudofusulina, such as Eoparafusulina,
primitive Parafusulina, and primitive Mon
odiexodina. Several inflated genera ex
tended into the later part of the Early
Permian and Rugososchwagerina extended
into the early part of the Late Permian.
Several of these inflated genera may have
been pelagic; however, most other fusulin
aceans were benthonic. In southwestern
North America, schwagerinids extend
through the Guadalupian Series before be
coming extinct and include many of the
descendants of the Early Permian schwag
erillids together with a few Tethyan migrant
genera. Advanced species of Parafusulina
and the first appearance of Chusenella, Skin
nerina, Nipponitella, and Polydiexodina oc
cur in the Guadalupian.

The Schubertellidae, a second family that
evolved from the Ozawainellidae, had a
conservative Carboniferous history; how
evu, during the Permian it started to ex
pand and one of its lineages, Boultonia,
eventually gave rise to a burst of Late Perm
ian genera that extended to the end of the
Permian. The schubertellids are small, and
many became uncoiled and are closely as
sociated with reefs and shallow lagoonal
deposits in the later part of the Permian.
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The Staffellidae, which also arose from the
Ozawainellidae, had a few, small conserva
tive Carboniferous genera; however, in the
later part of the Early Permian this family
rapidly evolved. It reached greatest diver
sity in the early part of the Late Permian,
but only one of two genera occur in young
est Permian strata and are associated with
back-reef lagoonal sediments.

The Verbeekinidae arose from the Staffel
lidae and rapidly evolved in the later part
of the Early Permian into five or six lineages
before becoming extinct about the middle
of the Late Permian. Some of its genera
are large, subspherical forms with complex
internal features.

In addition to their common ancestry, the
Staffellidae and Verbeekinidae are similar
in that they evolved rapidly in the later part
of the Early Permian and early part of the
Late Permian, increased in size, and had
strongly modified wall structures. The
schubertellid subfamily Boultoninae in
creased in diversity in the early part of the
Late Permian but showed an even greater
diversity of genera in the latest part of the
Permian before becoming extinct. Most of
the generic diversity in the Schwagerinidae
occurred in the early part of the Early
Permian and only a few new genera ap-

peared in the Late Permian. The family
Fusulinidae includes one long-ranging line
age that extended into the Late Permian.
The family Ozawainellidae had a diversity
peak in the early part of the Late Permian.
These phylogenetic patterns suggest that
the early part of the Early Permian and
the early part of the Late Permian were
times of major fusulinacean diversification,
and later parts of the Early Permian and
the latest Permian were times of restriction
of previously successful lineages. These
evolutionary patterns appear to be associated
with changes in geographical distributions
and the development of regional and en
demic lineages.

FUSULINACEAN ZONES OF THE
RUSSIAN PLATFORM, URAL

REGION, AND ADJACENT REGIONS

The Late Carboniferous and Early Perm
ian fusulinacean zonation of the Russian
platform and Ural region is well known
from extensive studies by RAuZER-CHER
NOUSOVA (1937, 1940, 1949, 1965), RAUzER
CHERNOUSOVA and others (1958), SYEMINA
(1961), SHCHERBOVICH (1969), MIKHAYLOVA
(1974), and many others. Although there
is a lack of agreement among some Soviet
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paleontologists as to which of the zones
should be used for defining the base
of the Permian and subdivisions within
the Permian, the actual sequence of zones
and the fusulinacean assemblages that form
these zones have been extensively studied.

~~e. zones characterized by Montiparus,
Tnttcttes, and Pseudofusulina (i.e., the Kasi
movian, Gshelian, and Orenburgian stages)
are generally included in the Upper Carbon
iferous. The overlying zones are included
by many in the Lower Permian and that
procedure is followed in this review.

Eight fusulinacean assemblage-zones are
recognized from the type area of the Lower
Permian; however, no fusulinaceans have
been reported from Upper Permian strata in
this area or in areas that were laterally con
nected with it to the north (VISSARIONOVA
et al., 1949).

ASSELIAN

The Asselian Stage contains three fusu
linacean zones. These are separated on the
basis of different species of Sphaeroschwag
erina and combine to make up the "Zone
of Schwagerina" as commonly used in
Soviet literature. The lowest is the Zone of
Sphaeroschwagerina fusiformis and Sphaero
schwagerina vulgaris, which includes about
33 characteristic species of Pseudofusulina,
Pseudofusulinella, Schubertella, Triticites,
Jigulites, Daixina, Schwagerina, and Pseu
doendothyra. In the middle is the Zone of
Sphaeroschwagerina moelleri and Pseudo
fusulina fecunda, which includes 57 char
acteristic species of Pseudoendothyra, Pseu
dofusulinella, Schubertella, Fusiella, Tri
ticites, Jigulites, Daixina, Pseudofusulina,
Schwagerina, Pseudoschwagerina, an'd
Sphaeroschwagerina. At the top is the
Zone of Sphaeroschwagerina sphaerica and
Pseudofusulina firma, which includes 38
characteristic species of Pseudoendothyra,
Pseudofusulinella, Schubertella, Triticites,
Pseudofusulina, Schwagerina, and Sphaero
schwagerina.

Within the Asselian, species of Sphaero
schwagerina show an evolutionary trend to
ward becoming more globose in outline.
Pseudofusulina has many lineages of species
including some that have strongly rugose
outer walls and others that develop heavy
secondary deposits.

Unfo~tunately, many Soviet micropale
ontologIsts prefer to continue to use the
generic concept of VON MOELLER (1877) for
the genus Schwagerina rather than the type
specimens .illustrated by EHRENBERG (1854,
plate XXXVI, X, c, figs. 1-4) as "Borelis prin
ceps," to which VON MOELLER (1877) re
ferred as follows: "Als eine typische Form
derselben sehe ich die Schwagerina princeps
Ehrenb. an.6 ." Although VON MOELLER illus
trated thin sections of highly inflated forms
that he believed were the same as EHREN
BERG'S species, polished and thin-section
study of EHRENBERG'S material showed it to
be quite different in internal features and
probably closely related, if not identical to
"Fusulina" krotowi (DUNBAR & SKIN~ER,
1936; DUNBAR, 1958). Earlier, DUNBAR and
SKINNER (1931) had erected Pseudofusulina
for elongate forms that, as it turned out,
had many of the features of EHRENBERG'S
Borelis princeps and, for several years after
1936, Pseudofusulina was considered by
most non-Soviet micropaleontologists to be a
synonym of Schwagerina. The North Amer
ican forms, which previously had been as
signed to Schwagerina were placed in
Pseudoschwagerina and it was assumed that
the Soviet species also belonged there. Be
tween 1936 and 1976, 10 new genera have
been proposed for various inflated schwager
inids, including Sphaeroschwagerina, using
VON MOELLER'S specimens of "princeps" as
its type. In contrast to Pseudoschwagerina,
which occurs in many of the same strati
graphic beds with it, Sphaeroschwagerina
has low, thin-walled juvenile whorls that
lack folded septa and massive chomata and
the two genera are easily distinguishable.

The result of this nomenclatural con
fusion over use of the name Schwagerina
is even more awkward because it is associ
ated with the naming of several distinctive,
widely distributed, and easily recognized
biostratigraphic zones within the Asselian
Stage. Thus the "Schwagerina" zones of
the Russian platform and Urals are based
on species that are neither Schwagerina nor
Pseudoschwagerina, but species of Sphaero
schwagerina.

SAKMARIAN

This stage has been divided into two
major subdivisions (RAUZER-CHERNOUSOVA
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1965), the Tastubian "superzone" and the
Sterlitamakian "superzone," which are iden
tified on the basis of different species of
Pseudofusulina. The lower part of the
Tastubian is identified as the Zone of Pseu
dofusulina moelleri and includes about 10
additional species of Pseudofusulina, Fusi
ella, Triticites, and Pseudoendothyra. The
upper part of the Tastubian is the zone of
Pseudofusulina verneuili and includes five
other species of Pseudofusulina, Pseudo
fusulinella, Fusiella, Pseudostaffella, and
Schubertella.

The Sterlitamakian is essentially the Zone
of Pseudofusulina plicatissima, P. urdalensis,
P. schellwieni, P. intermedia, and P. callosa.
It also includes several species of Rugoso
fusulina, Daixina, and Pseudofusulinella.
The Burtsevian "superzone" is included by
many Soviet biostratigraphers as a facies of
the upper part of the Sterlitamakian. It in
cludes nearly a dozen closely related species
of Pseudofusulinella, including P. concavu
tas, P. viJSarionovae, P. paraconcavutas, P.
pseudoconcavutas, P. delicata, P. schellwieni,
P. kutkanensis, and P. juresanensis. Al
though the trend appeared in the Tastubian,
the fusulinacean faunas at this time began
to show a marked decrease in generic and
species diversity; and limestone facies are
less widely developed, particularly in many
parts of the Russian platform.

ARTINSKIAN

The Irginian Substage includes Pseudo
fusulinella concessa, P. paraconceJSa, P.
solida, P. schellwieni, P. verneuili, and
Parafusulina lutugini. Parafusulina lutugini
is a long-ranging species that has many
primitive features of the genus. Its age
relationship to other primitive lineages of
Parafusulina, such as those in the Leonard
ian Series of North America, is poorly
known.

FUSULINACEAN ZONES
OF THE TETHYAN REGIONS

The most complete stratigraphic record
of Permian fusulinaceans occurs in the
Tethyan regions (Fig. 2). These regions
were sites of major structural deformation
during Permian and post-Permian time so
that the structure is usually complex and
strata have complicated facies relations be-

cause of large and changing topographic
relief. Fusulinaceans are well studied from
several of these Tethyan regions and, in
spite of the structural and stratigraphic diffi
culties, a fusulinacean zonation has been
established that greatly aids the correlation
of these rocks with the type Permian (ARA
KELIAN et al., 1964). Although not all of the
biostratigraphic problems are resolved, par
ticularly near the top of the Permian (NA
KAZAWA, ISHII, et al., 1975; NAKAZAWA,
KAPOOR, et al., 1975), the Tethyan fusulin
acean succession for Japan is the most
thoroughly documented (TORIYAMA, 1958,
1963, 1967) and is used in the following
discussion of zonation as the reference stand
ard for the regions.

SAKAMOTOZAWAN SERIES

The Sakamotozawan includes the zones
of Pseudoschwagerina morikawai and Pseu
dofusulina vulgaris, and in its type section is
defined as the stratigraphic range of Pseudo
schwagerina. Three subzones based on
species ranges are recognized. The lowest,
the Subzone of Pseudoschwagerina mori
kawai, has associated species of Triticites
and is correlated with the Asselian Stage.
It commonly is not present above a wide
spread Carboniferous-Permian unconform
ity. The middle, the Subzone of Pseudo
fusulina vulgaris, is distributed more widely
in Japan and other Tethyan regions and is
associated with more advanced inflated gen
era such as Robustoschwagerina, advanced
species of Paraschwagerina, species of Na
gatoella, and holdover species of Triticites.
This subzone appears to correlate with some
part of the Sakmarian Stage. The highest
unit is the Subzone of Pseudofusulina am
bigua, which also has a wide distribution
in Tethyan successions. This subzone is
marked by a profusion of related species of
Pseudofusulina, such as P. krafti, P. globosa,
P. fusiformis, P. japonica, and others. Na
gatoella and Schwagerina are locally com
mon, and Triticites is rare. Primitive Mis
ellina, one of the early verbeekinids, first
appears in the subzone of Pseudofusulina
vulgaris and is well developed in the Sub
zone of Pselldofusulina ambigua. The fauna
with Misellina is sufficiently different in its
species assemblage to suggest a different
depositional facies.
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NABEYAMAN SERIES

The Nabeyaman is identified as the Zone
of Parafusulina and is characterized by
species of the Parafusulina kaerimizensis,
Parafusulina matsubaishi, or Pseudofusulina
japonica stage of development; however,
these species and species with these stages
of development are known to range also
into overlying zones. Much of this zone is
equivalent to the Zone of Cancellina, which
is abundant in some facies. The Zone of
Parafusulina also includes primitive species
of Neoschwagerina, marking the Subzone
of Neoschwagerina simplex, a species that
forms an important facies in which Cancell
ina, Verbeekina, and Yangchienia also are
commonly well represented. Because of
facies differences, this zone is difficult to
interpret at present. In correlation, the
Nabeyaman Series usually is placed as
equivalent to the middle, or middle and
upper parts of the Artinskian Stage and to
the middle, or middle and upper parts of
the Leonardian.

AKASAKAN SERIES

This series is the Zone of Neoschwagerina
as characterized by the Subzone of Neosch
wagerina craticulifera below and the Sub
zone of N. margaritae above. The Neo
schwagerina craticulifera fauna is widely
distributed in Tethyan regions and includes
additional species of Neoschwagerina, Af
ghanella, Pseudodoliolina, Verbeekina, Par
afusulina, and Pseudofusulina. The higher
Neoschwagerina margaritae assemblage also
is widely distributed and includes additional
species of most of the genera of the lower
subzone although species of Parafusulina
and Pseudofusulina become increasingly
rare. Elsewhere in the Tethyan regions,
Skinnerina (primitive Polydiexodina of
authors) occurs low in this Zone of N eo
schwagerina and suggests correlation with
the lower part of the Guadalupian Series.

KUMAN SERIES

This is the youngest series that is usually
recognized in Japan and in most part cor
responds to the Assemblage-Zone of Yabeina
and Lepidolina in which Neoschwagerina is
not recorded. Although the stratigraphic
evidence is not entirely clear, it appears that
the lower part of this zone is dominated by

Yabeina globosa and Lepidolina elongata
and the middle part is dominated by Lepido
lina kumaensis and L. shiraiwensis.

YOUNGEST TETHYAN FUSULINACEAN
ZONES

The upper part of the Kuma Formation
on which the Kuman Series is defined in
cludes species of Codonofusiella, Rauserella,
Parareichelina, Dunbarula, Sichotenella,
StatJella, and Nankinella along with smaller
foraminiferids. Elsewhere in Japan a fauna
dominated by Codonofusiella, Reichelina,
and Palaeofusulina are known from a few
high Permian strata and these are probably
equivalent in age to a part of the Loping
Series of south China (TORIYAMA, 1973).
The most complete development of the
youngest Permian fusulinacean zonation is
in southern and central China (Nanking,
Inst. Geo!. and Paleont., 1974; SHENG, 1963,
1965), in southeast Asia (TORIYAMA, 1975;
TORIYAMA et al., 1974; LYEM, 1971, 1974),
and in southeast Pamir (LEVEN, 1967, 1975).
Two assemblage-zones apparently are pres
ent, a lower Zone of Codonofusiella and
Reichelina and an upper Zone of Palaeo
fusulina and Reichelina (SHENG, 1963;
TORIYAMA, 1973). Both Codonofusiella and
Reichelina appear in the underlying Zone
of Yabeina and Lepidolina and extend into
younger strata that contain Palaeofusulina.
As far as can be determined, the extinction
of Palaeofusulina, Codonofusiella, Reichel
ina, and associated genera in the highest
Permian fusulinacean zone took place prior
to the first appearance of the Triassic fauna.

Permian fusulinaceans are widely distrib
uted in southern and southwestern China
(CHEN, 1934, 1956; SHENG, 1963, 1965) and
have a zonation that closely parallels that of
Japan. The lower part of the Maping Lime
stone includes one or more Late Carbon
iferous (as used in this review) species
zones of Triticites. As these rocks include
mainly latest Carboniferous zones (char
acterized by Quasifusulina, Rugosofusulina,
and Pseudofusulina), the unconformity with
the underlying Huanglung Series (char
acterized by Fusulina and Fusulinella) may
represent a long hiatus. The higher parts
of the Maping Limestone contain Pseudo
schwagerina, Zellia, Quasifusulina, Rugoso
fusulina, Paraschwagerina, Pseudofusulina,

© 2009 University of Kansas Paleontological Institute



Permian A313

and Triticites, which correlate with the
Asselian and, possibly, parts of the Sak
marian Stage of the Russian platform. Post
Maping diastrophism resulted in consider
able erosion prior to the deposition of the
Chihsia Formation. This widespread un
conformity is one of the reasons that Chi
nese geologists consider the Chihsia Forma
tion to be the lowest Permian unit (SHENG
& LEE, 1964). The Chihsia Formation con
tains part of the Zone of Parafusulina and
includes the Subzone of Misellina. The
overlying Maokou Formation includes the
upper part of the Zone of Parafusulina,
with the Subzone of Cancellina, and the
Zones of Neoschwagerina and Yabeina
(CHEN, 1956). The Chihsia and Maokou
Formations comprise the Yangsinian Series.
Disconformably overlying the Maokou For
mation is a thick sequence of limestone of
the Lopingian Series that has Codonofusiella
in the lower 400 m (Wuchiaping Lime
stone) and Palaeofusulina in the upper 100
m. The Lopingian Series lacks Yabeina
and Lepidolina and, therefore, is probably
younger than all but the upper part of the
Kuman Series of Japan. Shale and lime
stone with the Triassic Claraia bivalve fauna
lie above the Lopingian Series.

PAMIRS

The Permian of Soviet Middle Asia, par
ticularly in the Pamir region, has a nearly
complete succession that LEVEN (1967,1975)
divided into three series. The lowest is
the Yaikian Series having Asselian, Sak
marian, and probably early Artinskian
equivalents, that is, the zones of Sphaero
schwagerina through to the earliest of the
primitive Parafusulina, and is equivalent to
the upper part of the Maping Limestone of
southwestern China. The middle series, the
Kushanian, is subdivided into three re
gional stages, the Chisyanaian Stage (en
compassing the Zone of Misellina) , the
Kubergandinian Stage (encompassing the
Zone of Cancellina) , and the Murgabian
Stage (including the Zone of Neoschwa
gerina). The highest series, the Pamirian
(LEVEN, 1967), was renamed the Arianian
(LEVEN, 1975) and three stages were recog
nized. the Keptenian (Capitanian) (zones
of Yabeina and Lepidolina), the Dzhulfian
(Zone of Paradunbarula) , and the Chan
sinian (Changhsingian) (Zone of Palaeo-

fusulina) at the top. As in the southwestern
China section, regional unconformities lie
below the Zone of Misellina and above the
zones of Yabeina and Lepidolina.

FUSULINACEAN ZONES
OF NORTH AMERICA

The succession of fusulinaceans is known
for a number of stratigraphic sequences in
western and southwestern North America.
The standard reference sections in west
Texas include the Wolfcampian and Leo
nardian series of early Permian age in the
Glass Mountains and the Guadalupian and
Ochoan series of late Permian age in the
Guadalupe Mountains.

The usually accepted placement of the
lower boundary of the Permian in North
America has been at the base of the Zone
of Pseudoschwagerina (BEEDE & KNIKER,
1924; THOMPSON, 1954) and this corresponds
closely to the base of the Asselian Stage on
the Russian platform, which also contains
primitive Pseudoschwagerina, as well as
primitive Sphaeroschwagerina. In the type
section of the W olfcampian Series, the first
Pseudoschwagerina appears in the Neal
Ranch Formation (Ross, 1959, 1963a) and,
using this criterion, the upper beds of the
underlying Gaptank Formation (Bed 2 of
the Gray Limestone Member and the Ud
denites-bearing shale of R. E. KING, 1931,
1938) are considered to be Carboniferous.
The fusulinacean fauna in Bed 2 is meager
and includes advanced species of Triticites,
including some that are similar to Daixina
and, possibly Schwagerina.

The lower part of the Wolfcampian, the
Neal Ranch Formation, contains the Zone
of Pseudoschwagerina uddeni and associated
species of Paraschwagerina, Pseudofusulina,
Schwagerina, Stewartina, Schubertella, Eo
parafusulina, and advanced species of Tri
ticites (DUNBAR & SKINNER, 1937; Ross,
1963a). The upper part of the Wolfcam
pian Series, the Lenox Hills Formation,
contains the Zone of Pseudoschwagerina
robusta and advanced species of Paraschwa
gO'ina, Eoparafusulina, Schwagerina, and
small StafJella? (Ross, 1963a).

The type Leonardian Series has been sub
divided into three formations, the Skinner
Ranch Formation at the base, the Cathedral
Mountain Formation, and the Road Canyon
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Formation at the top (COOPER & GRANT,
1964, 1966, 1973), which have a thin
bedded lateral facies, the Hess Limestone
(Ross, 1960, 1962a). The Skinner Ranch
Formation and the lower part of the Hess
Limestone are characterized by Schwagerina
hawkinsi, S. crassitectoria, S. guembeli, S.
dugoutensis, Parafusulina spissisepta, P. al
lisonensis, and Eoparafusulina linearis. The
Cathedral Mountain Formation contains
Parafusulina durhami and laterally equiva
lent strata contain Schwagerina setum and
Skinnerella sp. All the species of Para
fusulina from the Skinner Ranch and Ca
thedral Mountain formations have low cu
niculi and are considered primitive because
these structures appear irregularly in the
early volutions. Road Canyon fusulinaceans
include Parafusulina having well-developed
cuniculi, such as P. d. P. lineata and P.
sullivanensis.

The lower part of the Guadalupian Series
in the Glass Mountains, the Word Forma
tion, contains Rauserella, Skinnerina, and
large species of Parafusulina with well
developed cuniculi and large proloculi. In
the Guadalupe Mountains, the lower part
of the Guadalupian also is characterized
by large advanced species of Parafusulina,
such as P. rothi, P. maleyi, and rare speci
mens of Leella. The upper part of the
Guadalupian, the Capitan Limestone, is
characterized by several species of Poly
diexodina that have a central as well as
accessory tunnels. The upper member of
this limestone contains a few genera and
species with Tethyan affinities, such as
Yabeina texana and Codonofusiella para
doxica. The Ochoan Series is an evaporite
succession that lacks fusulinaceans and other
normal marine fossils, and our understand
ing of the correlation of this series is based
on its stratigraphic position in one deposi
tional basin where it lies above strata of
Capitanian age and below Middle Triassic
nonmarine strata.

Elsewhere in North America depositional
facies became gradually unsuited for fusu
linaceans during the Early Permian as parts
of the epicontinental seas became filled in
by sediments or were uplifted. This is well
shown in the midcontinent region, where
fusulinaceans did not survive beyond the
Wolfcampian, and in the Midland basin and

the east Texas shelf, where they did not
survive beyond the Leonardian. The block
faulted basins to the west in New Mexico
and southeastern Arizona generally lack
fusulinaceans in strata younger than Wolf
campian or early Leonardian, except for
one thin limestone unit of local extent that
has early Guadalupian species of Parafusu
lina (Ross, 1973).

To the north and west of the transconti
nental arch the general stratigraphic range
of fusulinaceans is similar to that of Early
Permian fusulinaceans, being widespread
and becoming progressively restricted be
fore the middle of the period. Only in the
strongly deformed structural belts of the
western Cordillera do fusulinaceans range
well up into the Late Permian. Along this
western cratonic shelf Early Permian fusu
linaceans from east-central Alaska, northern
Canada (THORSTEINSSON, 1974), Greenland
(DUNBAR et al., 1962), and the northern
part of the Russian platform spread south
ward and reached into southern Alberta,
and a few reached the Basin and Ran~e

region in Nevada and Utah (SLADE, 1961).
South of the transcontinental arch, as far

as Venezuela, Colombia, Bolivia, and Peru,
the Early Permian fusulinid faunas are
similar in general composition as far as the
limited data permit comparison.

The early Permian of northern California
(SKINNER & WILDE, 1965) has a particularly
diverse fauna of fusulinaceans and parts of
this fauna and later Permian fusulinaceans
of both Tethyan and non-Tethyan affinities
occur to the north in Oregon, Washington,
British Columbia, Yukon, and Alaska in
structurally complex rocks (MONGER & Ross,
1971). Primitive species of Yabeina and
Waagenoceras (Ross & NASSICHUK, 1970)
suggest that the upper part of the Zone of
Neoschwagerina is equivalent in age to the
early part of the Guadalupian (Word For
mation). It is not clear how high in the
Permian the succession in these western
belts of strata extend, but locally they seem
to be at least as young as the Zone of
Yabeina and Lepidolina.

GEOGRAPHIC DISTRIBUTION

Fusulinaceans are recorded from North
America, South America, Europe, Asia, and
northern Africa, but are unknown from
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Australia, Antarctica, and central and south
ern Africa (Ross, 1967). They are asso
ciated with normal marine limestones and
are common in bioherms and banks having
coral, algal, and echinodermal fragments
in three types of depositional settings. The
first type is thin-bedded, algal-rich lime
stone on cratonic shelves usually associated
with widespread, rapid transgressions and
regressions of the shoreline across areas of
low relief during the Early Permian (Ross,
1972). Ecological niches on these shelves
were numerous and, as each shelf was more
or less isolated from the others, endemic
species abound and a few endemic genera
also are present. The second type includes
reefs and lagoons as well as some deeper
water carbonate environments between the
reefs on cratonic shelf edges. Different spe
cies and even different genera inhabited
each of the various shelf and shelf-edge
environments. Cratonic shelf and shelf-edge
environments are particularly important be
cause their stratigraphic successions are
generally uncomplicated by major contem
poraneous or later structural deformation
so that facies relations can be traced. The
third depositional setting is less thoroughly
understood but includes thick carbonate
deposits with abrupt lateral changes in depo
sitional facies into dark shale, graywacke,
and ribbon chert (MONGER & Ross, 1971).
The carbonate facies are associated with
basaltic, noncratonic igneous rocks and are
probably closely related to reef environ
ments on former island arcs or oceanic
ridges. The abundantly fossiliferous lime
stone normally includes a wide variety of
corals, bryozoans, brachiopods, crinoids, and
algae in addition to many species and genera
of fusulinaceans, and indicates tropical or
subtropical shallow-water deposition. De
posits of this type were usually strongly de
formed by contemporaneous or later struc
tural events and their internal stratigraphy
is complicated and generally difficult to
work out in detail.

Near the end of Carboniferous and the
beginning of Permian time, a few generic
and species complexes became widely dis
persed, perhaps several times within rela
tively brief intervals (Ross, 1962b). These
species groups established lineages in differ
ent regions that can be traced through

several geologic stages. Early Permian fusu
linacean faunas are dominated by genera
and species of Schwagerinidae that evolved
into many well-defined lineages (Ross, 1967;
1977). Several genera, such as Sphae
roschwagerina, Pseudoschwagerina, Para
schwagerina, Zellia, and Parazellia, are
short ranging and are found in the earlier
part of the epoch. Sphaeroschwagerina, Zel
lia, Parazellia, Robustoschwagerina, Acervo
schwagerina, and Biwaella are commonly
found only in the Tethyan-Uralian-Frank
linian region and most occurrences outside
of that region represent sporadic, brief mi
grations that did not survive for any ap
preciable length of time. In contrast, one
major lineage, Pseudoschwagerina, was
present for only the early part of its history
in that region and then became confined to
the midcontinent-southwestern North Amer
ican region and to the Andean belt of
South America. Although not as com
pletely known as those from North America
and Eurasia, these Andean fusulinaceans
are most closely related to those from south
western North America and should be in
cluded with that region (Ross, 1963b, 1967).

The later part of the Early Permian
Epoch was marked by increasing endemism
in species complexes in most genera of
Schwagerinidae and also in several other
families. Dispersals between different re
gions became less frequent and before the
end of Early Permian time three regions
developed strongly differentiated faunas.
A Tethyan region, a separate Uralian
Franklinian region, and a southwestern
North American-Andean region are recog
nizable. Separation of the Tethyan region
from the Uralian-Franklinian region after
the early part of Artinskian time appears
sharp because fusulinaceans in these regions
became markedly different and faunal corre
lations between all three regions becomes
increasingly difficult as species and generic
endemism increases. The Schubertellidae,
Ozawainellidae, Staffellidae, and Verbee
kinidae evolved rapidly into nearly 40 gen
era that became dominant in the Tethyan
region (GOBBETT, 1967). By the beginning
of Late Permian time the Tethyan fusuli
nacean faunas became distinctively endemic
and are difficult to correlate with those of
other areas. Each of the three regions
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should be considered a separate faunal
realm beginning at this time.

In the Tethyan region Pseudoendothyra,
a long-ranging conservative genus from the
Middle Carboniferous or earlier, began a
remarkable evolutionary diversification in
the later part of the Early Permian Epoch,
giving rise to a dozen genera of advanced
Staffellidae. One of these gave rise to
Misellina, the earliest verbeekinid. The
Schubertellidae show a significant but
smaller evolutionary burst and a few gen
eric and several species complexes of the
Schwagerinidae show increasingly endemic
distribution at this time. Although the
Verbeekinidae and Schwagerinidae died out
and the latest Permian Lopingian faunas
were composed of only six Tethyan genera
and one new genus, Palaeofusulina, all
seven of these genera became extinct before
the beginning of the Triassic.

Outside the Tethyan realm, fusulinaceans
have a much different history in middle
and late Artinskian and Late Permian
times. In the Uralian-Franklinian realm
the number and diversity of fusulinaceans
decreased rapidly. The few surviving line
ages of Fusulinidae and Staffellidae died
out in the region before the Artinskian and
Pseudofusulina, Schwagerina, and primitive
Parafusulina continued until about the end
of Early Permian time when they also died
out. The Late Permian in the Uralian
Franklinian realm lacks a fusulinacean
fauna.

In the midcontinent-southwestern North
American-Andean region progressive re
duction in the extent of epicontinental seas
resulted in the fusulinacean distribution be
ing reduced to the southwestern part of
North America where, in the later part of
Early Permian time, Schwagerina, primi
tive Parafusulina, and StafJella were domi
nant. Fusulinidae and early lineages of
Verbeekinidae are absent. Representatives
of Schubertella and Boultonia appeared at
different times in the region and indicate
separate temporary dispersals during the
Early Permian. Several other genera, such
as Robustoschwagerina, temporarily dis
persed into the region during the later part
of the Early Permian. By the beginning of
Late Permian time the fusulinacean genera
were greatly reduced to abundant advanced
Parafusulina and rare Skinnerina and Rau-

serella. By the beginning of Capitanian
time, these genera were replaced by Poly
diexodina, a probable emigrant from the
Tethyan fauna.

A few other genera, such as Paradoxiella,
Codonofusiella, Yabeina, and Leella, ap
peared for short intervals in the southwest
ern North American realm during Late
Permian time, but they established no long
lineages of species. In general, the south
western North American realm is identified
by species complexes of Parafusulina and
Polydiexodina, which dominated the fusuli
nacean fauna from the Leonardian to the
end of the Guadalupian, and by the gen
eral lack of persistent lineages of Ver
beekinidae. By latest Permian time, fusuli
naceans became extinct in this realm.

OTHER FORAMINIFERIDA

Few studies on nonfusulinacean forami
niferids are available for Permian strata,
although arenaceous and smaller calcareous
foraminiferids commonly are present in
nonfusulinacean-bearing shale and lime
stone. Lituolidae, Textulariidae, Ammo
discidae, Lagenidae, and Nodosinellidae of
Asselian, Sakmarian, and Artinskian age
are recorded from the Bashkirian region
(LIPINA, 1949; MOROZOVA, 1949). From the
Kazanian of the Russian platform 27 genera
of arenaceous foraminifers were reported
from acid residues (UCHARSKAJA, 1970).
In the Maritime Territory of the Soviet
Union, NIKITINA (1969) located widely dis
tributed Hemigordiopsis in the zones of
Neoschwagerina and Yabeina. The genus
is also recorded from northern Caucasus
and Cyprus. PANTIC (1970) described
Hemigordiopsis, other foraminiferids, and
algae from the middle and upper parts of
the Permian of western Serbia, which in
cludes the Zone of Reichelina-Codonofu
siella at the top. Although additional stud
ies of smaller foraminiferids are available
for various parts of the Permian succession
(see SOSNINA, 1965; ISHII et al., 1975; OKI
MURA et al., 1975), our understanding of
their phylogeny and distributional patterns
remains poorly known.

CORALS

Many late Paleozoic coral genera have
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long geological ranges and wide geographic
distributions, whereas other groups of gen
era have restricted geological ranges and
also restricted geographic distributions (Fig.
3). This pattern of distributions presents
difficulties in analyzing the biostratigraphy,
interregional correlations, and paleobiogeog
raphy of Permian Anthozoa. The compre
hensive summations by HILL (1948, 1957,
1958), the most recent compilation review
ing the worldwide distribution of Permian
Rugosa, noted the distinct distribution of
some waagenophyllid genera and reaffirmed
her earlier interpretations that the distribu
tion of rugose corals was strongly influ
enced by environmental conditions. In rela
tively shallow, nearshore, clastic marine
environments the coral assemblages con
sisted principally of small, solitary, morpho
logically simple, nondissepimented corals.
In contrast, in relatively deeper water off
shore marine environments the coral as
semblages were dominated commonly by
large solitary or compound dissepimented
corals.

MINATO and KATO (1965a, 1965b, 1970)
extensively studied the phylogeny and dis
tribution of two distinctive families of
Rugosa, the Durhaminidae and Waageno
phyllidae (Fig. 3), and they demonstrated
the distinct biogeographic distribution of
genera in these two families. The dur
haminid distribution plotted on a map of
the world with present-day geographic lo
cations was in the more northerly subarctic
and arctic regions of the northern hemi
sphere with a southerly extension along the
western part of North America, whereas the
waagenophyllids were distributed in lower
latitudes of Europe, Eurasia, and southern
Asia. Earlier detailed investigations on the
Permian Anthozoa of the Soviet Union by
SOSHKINA et at. (1941), SOKOLOV (1955),
and others provided considerable informa
tion on faunal assemblages in the Ural
Mountain region and the Russian platform.
VASILYUK et at. (1970) and SHCHUKINA
(1973) have more recently provided addi
tional information on the distribution of
faunas, and ROWETT (1972, 1975a) and
STEVENS (1975a) have presented further as-

FIG. 3.
families

Ranges of genera of the rugose coral
Durhaminidae and Waagenophyllidae.

(Data from Minato & Kato, 1965a and 1965b; Ross
& Ross, n.)
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peets of the paleobiogeography of Early
Permian Rugosa.

Presently, Permian corals are considered
to form three faunal provinces, two of
which, the Ural-Ariinsk and Tethys, are
partly identified on the basis of other faunal
distributions, particularly fusulinid prov
inces (see Ross, 1967). The third province
includes the more poorly delimited fauna of
the midcontinent and southwestern parts
of the United States and possibly also Cen
tral America and the northern Andes of
South America. The Ural-Artinsk province
(so named by VASILYUK, 1970) is dominated
by durhaminid rugose· corals and extends
from the southern Ural Mountain region
and Russian platform north and westward
to the region of Vest Spitsbergen and the
Canadian Arctic Islands into western North
America and possibly Central America.
The coral assemblages of this province were
originally identified in the Ural Mountain
region and the geographic boundaries have
been more clearly defined as more studies
have been undertaken. The other distinct
province, the Tethys, is dominated by
waagenophyllid corals and extends from
Tunisia across the Carnic Alps, Donbas,
Crimea, Caucasus, Transcaucasus, Iran,
Pamirs, Pakistan, Nepal, parts of China,
Japan, Maritime Territory of the Soviet
Union, Timor, New Zealand, and Aus
tralia. The Early Permian faunal assem
blages of the midcontinent of the south
central and southwestern parts of the
United States appear to form another prov
ince that has some endemic forms and a
mixing of genera at different times from
both the Ural-Artin'sk and Tethyan prov
inces. Mixing of generic assemblages from
the Ural-Artinsk and Tethys provinces also
occurred in the Early Permian (Sakmarian)
in the western (Carnic Alps) and eastern
(parts of China and Japan) regions of the
Tethys province.

UR.aL-ARTINSK PROVINCE

In the Ural Mountain region and Russian
platform the exceedingly rich, Early Per
mian (Asselian and Sakmarian) coral fau
nas have many genera, most of which
range upward from the Carboniferous. They
include massive colonial forms such as the
lonsdaleiid T hysanophyllum, the lithstro-

tionids Orionastraea and Stylastraea, the
durhaminid Protolonsdaleistraea, as well as
solitary fasciculate caniniids. The durham
inid Kleopatrina and the aulophyllid Pro
towentzelella, which appear for the first
time in the Urals in the Early Permian,
may occur in older Carboniferous strata in
other parts (Novaya Zemlya and Alaska)
of the Ural-Artinsk province (STEVENS,
1975a). Except for Protowentzelella and
T hysanophyllum, all these genera continue
into the Artinskian. In the upper part of
Artinskian and in Kungurian strata colo
nial Rugosa are absent and only small long
ranging solitary forms are present along
with tabulates such as Cladochonus.

In the late Asselian or early Sakmarian
of Vest Spitsbergen, the massive colonial
corals include T hysanophyllum, Stylastraea,
Kleopatrina, and Protolonsdaleiastraea. The
Canadian Arctic islands have a fauna that is
principally Artinskian in age and have the
massive corals Stylastraea, Protolonsdaleias
traea, and Kleopatrina, as well as Clisio
phyllum? and Caninia.

Faunal assemblages of Artinskian age
from northern Alaska (Lisburne Peninsula
and northeast Brooks Range) are strongly
dominated by small, simple nondissepi
mented corals (ROWETT, 1975b). The fauna
includes the polycoeliids Tachylasma,
Ufimia, and Sochkineophyllum; the hapsi
phyllids Amplexizaphrentis, Allotropiophyl
lum, and Euryphyllum; the metriophyllid
Stereocorypha; the laccophyllid Amplexo
carinia, and cyathopsid Hornsundia. These
assemblages occur in nearshore clastic ma
rine facies. In east-central Alaska the Ar
tinskian coral fauna is also in the same
facies and has small nondissepimented cor
als such as the lophophyllidiid Lophophyl
lidium and the hapsiphyllids Euryphyllum,
Hapsiphyllum, Neozaphrentis, and Am
plexizaphrentis. In southern and southeast
ern Alaska, in the Sakmarian and Ar
tinskian, the coral faunas are markedly
different from those of northern Alaska.
Here they are dominated by large dissepi
mented solitary and colonial corals that in
habited a deeper water eugeosynclinal en
vironment. The solitary forms include the
lophophyllidiids Lophophyllidium and Ster
eostylus; the aulophyllids Clisiophyllum and
Auloclisia; and the cyathopsids Bothro-
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phyllum, Timania, Caninophyllum, and
Caninia. The compound fasciculate dissepi
mented corals are the durhaminids Dur
hamina and Heritschioides. Massive cerioid
corals are rare and are represented by the
durhaminid Protolonsdaleiastraea and the
waagenophyllid Wentzelella. The occur
rence of a waagenophyllid in this Ural
Artinsk assemblage may represent mixing
of the faunas of the Ural-Artinsk and Teth
yan assemblages or, as suggested by MONGER
and Ross (1971), the Tethyan faunas are
part of a tectonic belt that has been struc
turally moved against the Ural-Artinsk
province. Tabulates are also common in
this southern region and include the aulo
porids Syringopora and Cladochonus, and
the favositid Michelinia, and the sinoporid
Sinopora.

In Nevada in the western United States,
a coral fauna of probably early Sakmarian
age contains the massive coloniallonsdaleiid
forms T hysanophyllum, Sciophyllum, Eas
tonoides, and Lithostrotionella; the massive
colonial durhaminid Kleopatrina; the fasicu
late durhaminid Durhamina; a fasciculate
lithostrotionid, and solitary forms such as
the cyathopsid Caninia and the lophophyl
lidiid Stereostylus.

In the Upper Permian Kazanian deposits
of the Russian platform coral faunas are
widely distributed and consist of long
ranging solitary forms such as the polycoe
liids Plerophyllum and Calophyllum. In
Alaska, in the northeast Brooks Range,
strata of probable Kazanian age contain the
metriophyllid Duplophyllum and the poly
coeliid Pseudobradyphyllum. In the Kap
Stosch area of central East Greenland in
beds of late Guadalupian age, 11 rugose
genera from six families are all solitary
forms and include Calophyl/um, Pentam
plexus, Amplexocarinia, Cryptophyllum,
Lytvolasma?, Amplexizaphrentis, Brady
phyl/um, Sinophyllum, Hapsiphyllum?, and
Leonardophyl/um? (FLiJGEL, 1973).

Corals have not been reported from the
Tatarian of the Russian section or from
other latest Permian strata of the Ural
Artinsk province.

TETHYAN PROVINCE

In the Tethyan province colonial and
solitary waagenophyllids and solitary za-

phrentid and caniniid forms commonly
characterize the coral assemblages. Exten
sive documtntation of the waagenophyllids
by MINATO and KATO (1965b) provided
much of the data in the following summary.
Some of waagenophyllid genera such as
Waagenophyllum (Waagenophyllum), Ipci
phyllum, A kagophyllum , and Polythecalis
have a wide geographic distribution, and,
in addition, many waagenophyllid genera
have long geological ranges. Some with
short geologic ranges and limited geo
graphic distribution may be useful in re
gional and, possibly interregional correla
tion. MINATO and KATO (1965b) considered
the following coral genera or subgenera to
have such short ranges: Pavastehphyllum
(Pseudocarniaphyllum) and Heritschiella,
which characterize the Zone of Pseudo
schtvagerina in strata of Asselian or, pos
sibly, Sakmarian age; Chihsiaphyllum and
Polythecalis (Chusenophyllum), which char
acterize the Zone of Pseudofusulina and
occur in rocks of usually late Sakmarian,
but possibly also early Sakmarian age;
Waagenophyllum (Chaoiphyllum) , which
occurs in the Zone of Parafusulina of early
to middle Artinskian age; Parawentzelella
(Miyagiella) , Paraipciphyllum, and Went
zellites, which characterize the Zone of Neo
schwagerina of early Wordian (early Gua
dalupian) age; and Waagenophyllum
(Liangschanophyl/um), Waagenopltyllum
(Huayunophyllum) , and Wentzelloides,
which identify the Zone of Yabeina of
Capitanian age.

In the Early Permian (Zone of Pseudo
schtvagerina) , waagenophyllid corals are
widely distributed and a number of genera,
such as the solitary forms Iranophyllum,
Iranophyllum (Laophyllum), Pavastehphyl
lum (Sakamotosawanella), Pavastehphyl
lum (Pseudocarniaphyllum) , Akagophyl
lum, Pseudohuangia, Yokoyamaella, Poly
thecalis, Wentzelophyllum, Wentzelella, and
P. (Pavastehphyllum) range upward from
the Carboniferous. Pavastehphyllum (sensu
lato) appears to characterize the earliest
Permian coral assemblages. In the Donbas
and Pamirs, the coral fauna of the Zone of
Pseudoschwagerina includes the tabulate
Michelinia and the lophophyllidiid Lopho
carinophyllum, as well as abundant caniniids
and zaphrentids, Pavastehphyllum, and the
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colonial forms Pseudohuangia and Herit
schiella (VASILYUK et al., 1970). In China,
the Zone of Pseudoschwagerina has Caninia
and Pseudocarniaphyllum (SHENG & LEE,
1964). In the Early Permian of Australia
and Timor only solitary nondissepimented
corals, such as Euryphyllum, Tachylasma,
Verbeekiella and Plerophyllum and tabu
lates such as Cladochonus and Thamnopora
occur.

From the Zone of Pseudofusulina, usually
correlated as late Sakmarian but possibly
in part also early Sakmarian, the waageno
phyllids Pseudohuangia and Lonsdaleias
traea identify this interval. During the
Artinskian some of the earlier waagenophyl
lid genera such as Akagophyllum, Wentzel
ophyllum, P. (Polythecalis) , Yokoyamaella,
and Pseudohuangia became rarer and gen
era such as Waagenophyllum (Waageno
phyllum), IpciphyUum, Parawentzelella and
Lonsdaleiastraea became increasingly sig
nificant in the coral assemblages. In the
Transcaucasus, Pamirs, and Caucasus, a
rugose coral fauna of marked diversity
contains Wentzelophyllum, Yatsengia,lpci
phyllum, and Parawentzelella. In the
Pamirs the coral assemblage includes
Carnithiaphyllum, lranophyllum, Pavasteh
phyllum (Pavastehphyllum), Yatsengia, and
Heritschiella: In China this zone has the
tabulate llayasakia and the rugose forms
Stylidophyllum and Polythecalis. In Timor
and Australia only small, solitary rugose
corals, such as Euryphyllum, Plerophyllum,
Allotropiophyllum, and Verbeekiella, and
tabulates are present.

The Zone of Neoschwagerina, correlated
with the early Wordian (early Guada
lupian), has an abundant waagenophyllid,
lpciphyllum. Waagenophyllum (Waageno
phyllum) continued to diversify with wide
distribution of its species. At this time the
genus extended into the Caucasus, Crimea,
and Pamirs, and in the Pamirs the coral as
semblage also included Yatsengia and lrano
phyllum. In the Maritime Territory of the
Soviet Union and in China Wentzelella is
distinctive, but in the Transcaucasus
waagenophyllids are poorly developed and
the coral assemblage consists mostly of
plerophyllids. In the southern part of the
Tethys, waagenophyllids reached Timor
and New Zealand but did not reach Aus
tralia where only small, solitary rugose

corals are found.
The Zone of Yabeina, correlated with the

Capitanian (late Guadalupian), is the time
of greatest diversity and abundance of
Waagenophyllum. At this time P. (Pavas
tehphyllum) reached Tunisia (STEVENS,
1975b). In the latest Permian (Dzhulfian),
the coral fauna in most parts of the Tethys
consisted of solitary corals and is known
as the Plerophyllum fauna. Environmental
conditions in the Tethys were apparently
suitable for only a few corals and as condi
tions continued to change these corals grad
ually became extinct. In China, in the re
gion between Shensi and Szechuan prov
inces, a rich coral assemblage with
Waagenophyllum, Lophophyllidium, and
Liangshanophyllum occurs in a limestone
with the fusulinids Codonofusiella and
Reichelina, and represents the highest oc
currence of an extensive Permian coral as
semblage (CHAO, 1965). A primitive spe
cies of Waagenophyllum has been reported
also from the Pamirian of the Pamirs. In
many other areas, such as Transcaucasus,
Iran (FLUGEL, 1968), Nepal, Timor, and
China, micheliniid tabulates and small
plerophyllid corals, such as Plerophyllum,
Pleram plexus, and W annerophyllum, and
polycoeliids Polycoelia and Ufimia are pres
ent. FLUGEL (1970), in discussing the grad
ual decline and extinction of the rugose
corals in the Upper Permian in the Tethys,
considered the genera with more complex
morphology to become extinct first. These
would be the cerioid forms with dissepi
ments or with dissepiments and presepi
ments, for example, Wentzelella and Yoko
yamaella (Maoriphyllum) with dissepiments
and Polythecalis with dissepiments and pre
sepiments. These genera occur only as high
as the top of the Zone of Yabeina. This was
followed by extinctions in fasciculate forms
with dissepiments (for example, Waageno
phyllum, which extends as high as the Zone
of Codonofusiella) , and finally, extinctions
of forms with septal columella (for exam
ple, Lophophyllidium, which extends to the
top of the Zone of Codonofusiella).

MIDCONTINENT NORTII
AMERICAN PROVINCE

Lower Permian rocks of the midcontinent
region of the United States extend from
Nebraska into Kansas and Oklahoma. To
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the southwest in Texas, Lower Permian
rocks occur in the north-central and western
regions of the state. The coral faunas of
the Wolfcampian in shallow, nearshore, cy
clothem deposits of Kansas (MOORE & JEF
FORDS, 1941) and biohermal limestones in
west Texas (Ross & Ross, 1962, 1963) are
sparse and are dominated by solitary corals,
especially Lophophyllidium. In the Lower
Permian, however, this genus is not as
abundant as it was in the Upper Carbonif
erous. Other solitary corals are Neokoninck
ophyllum, Lophamplexus, and Stereostylus.
In Kansas, the waagenophyllid Heritschiella
indicates a dispersal of a genus in a family
that has a distinctively Tethyan distribution.
In the Leonardian in the Glass Mountains,
Texas, the fauna has Lophophyllidium, Ster
eostylus, Amplexocarinia, and Durhamina.
The occurrence of Durhamina represents
mixing of a genus that is widespread in the
Ural-Artinsk province. Other Early Per
mian genera in the midcontinent are the au
lophyllids Palaeosmilia and Dibunophyllum,
the timorphyllid Leonardophyllum, and
the auloporid tabulate Aulopora. ROWETT
(1975a) noted that these faunas have simi
larities with those in northwestern South
America. Such genera as Lophophyllidium
and Stereostylus are widely distributed in
western North America including Alaska,
suggesting periodic mixing with faunas
from the small cul-de-sac Midcontinent
North American province bounded by the
transcontinental arch on the north and west
and by the Marathon-Ouachita orogenic belt
to the east and south. The sparse Upper
Permian coral faunas of the Guadalupian
of west Texas include the aulophyllid Palae
osmilia and the tabulate Cladopora.

BRYOZOANS
Bryozoans (ectoprocts) are a significant

part of Permian faunas in certain environ
mental settings. The Cystoporata and Cryp
tostomata are dominant and the Treposto
mata are far less abundant than at other
times in the Paleozoic (Fig. 4). The Cysto
porata with 24 genera in six families show
a gradual increase in abundance and diver
sity through the Permian, becoming re
stricted in distribution in the later part of
the Permian. The Cryptostomata with 57
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genera in 12 families have a pattern of
development in the Permian similar to the
Cystoporata. The Trepostomata are repre
sented by 19 genera in six families and
show a pattern of increased, albeit limited,
diversification through the Permian until
late Kazanian time. Data for this review
came from many reports, but principal
references were J. R. P. Ross (1978), GOR
JUNOVA (1975), and MOROZOVA (1970).
The biogeographic distribution of the bryo
zoans is summarized for nine different re
gions in the Permian.

RUSSIAN PLATFORM
AND URALIAN SEA

During the Permian, on the Russian plat
form and adjacent shelf areas a rich fauna
of bryozoans continued from the Carbonif
erous into the later part of the Kazanian.
These faunas have been extensively docu
mented by Russian scientists including NIK
IFOROVA (1939), TRIZNA (1950), SHULGA
NEsTERENKO (1952), TRIZNA and KLAUTSAN
(1961), and MOROZOVA (1970). In the Early
Permian (Asselian and Sakmarian), fenes
trate cryptostomes of the families Fenestel
lidae and Polyporidae were dominant mem
bers of the hydractinoid reefs and adjacent
shelf biota. Other groups, represented by
cryptostomes such as Ascopora, Nickleso
pora, Streblotrypa, Acanthocladia, and Ti
manodictya, the stenoporid Rhombotrypella,
and the cystoporates Hexagonella, Fistuli
pora, and Ramipora, were also part of this
rich fauna. In the Artinskian, generic di
versity was still high with an abundance
of fenestellids and polyporids, the trepo
stome Rhombotrypella, the cystoporates
Hexagonella and Goniocladia, and the cryp
tostomes Ptylopora and Ptyloporella. Dur
ing Artinskian time the trepostomes Psed
dobatostomella and Stenopora and the
fistuliporid cystoporate Eridopora became
proportionally more significant in the
faunas.

Toward the end of Artinskian time the
bryozoans show a marked reduction in
generic diversity and this appears to relate
to changes resulting from tectonic move
ments and subsidence in the Uralian Sea
and on the Russian platform. Fenestella,
Polypora, Rhombotrypella, Pseudobatosto
mella, and Streblotrypa are still present but

Clausotrypa and Hexagonella have disap
peared. In Kazanian time the distribution
of bryozoans shows an increasing generic
diversity gradient from the southern part
of the Uralian Sea north and westward to
the edge of this sea (MOROZOVA, 1970).
Eleven genera are present in the southern
part of the Uralian Sea in the region of
Tatarian SSR, whereas in the north in the
Arkhangel region, 26 genera are present.
Genera that are well represented in all parts
of this Uralian Sea include the trepostomes
Pseudobatostomella, Dyscritella, Rhombo
trypella, and T abulipora, the fenestellids
Wjatkella and Fenestella, and the crypto
stomes Streblascopora, Pinegopora, Para
fenestralia, and Triznella. Bryozoans have
not been reported in higher units of the
Upper Permian on the Russian platform
and adjacent regions.

FRANKLINIAN SEA AND
ADJACENT SHELF AREAS

Bryozoans from this region that lay north
and west of the Uralian Sea stretching from
Novaya Zemlya to Spitsbergen, Greenland,
and Canadian Arctic islands are poorly
known, but they appear to have affinities
with the faunas of the Russian platform.
In the Sakmarian of northeastern Greenland
(Ross & Ross, 1962) the trepostomes Rhom
botl'ypella, Stenopora, and Tabulipora, and
the cryptostomes Polypora, Fenestella, and
Timanodictya occur. A sparse Lower Per
mian fauna from Novaya Zemlya contains
Pseudobatostomella?, Fenestella, Ramipora,
and Hyphasmopora. From Spitsbergen an
upper Permian fauna of probable Kazanian
age contains Fenestella, Polypora, Ptylopora,
Septopora, and Ramipora.

ZECHSTEIN SEA

In western Europe (England, Germany,
Poland, and southern Baltic region), bryo
zoans, mainly fenestrate cryptostomes, are
present in the Upper Permian. The faunas
in the Zechstein or equivalents, such as
those in the Magnesian Limestone of Eng
land, have low generic diversity. The poly
porid Kingopora and Fenestella have a wide
distribution. In small reefs in the Zechstein
Limestone of Germany the fauna also in
cludes the cryptostomes T hamniscus, Acan-
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thocladia, Penniretepora, and Synocladia,
the trepostome Stenopora, and the hexa
gonellid cystoporate Coscinotrypa.

SOUTHERN REGION
OF NORTH AMERICA

Faunas from this region, which are pres
ently poorly known, have been described
from the midcontinent region of the United
States (MOORE & DUDLEY, 1944) and Texas
(GIRTY, 1908). In the Lower Permian of
the midcontinent region (Nebraska, Kansas
and Oklahoma), cryptostomes are abundant
in strata of Wolfcampian age and are rep
resented by Fenestella, Polypora, Septopora,
Thamniscus, Streblotrypa, Rhombopora, and
Syringoclemis. The flstuliporid cystoporate
Cyclotrypa occurs in the Wolfcampian of
Nebraska and the hexagonellid cystoporate
Meekopora in the Wolfcampian of Kansas.
These cystoporates are present in the Leon
ardian together with Meekoporella and
Fistulipora, and all four genera extend up
into the Wordian (lower Guadalupian). In
the Guadalupian two other cystoporates,
Goniocladia and Epiactinotrypa, also ap
pear. The Guadalupian cryptostomes have
marked diversity with Fenestella, Polypora,
T hamniscus, Acanthocladia, Girtyopora,
and Girtyoporina. The trepostomes are
Pseudobatostomella?, Paraleioclema? and
Stenopora. Higher in the succession in the
upper Guadalupian (Capitanian) the fauna
has the cystoporates Fistulipora and Gonio
cladia, the cryptostomes Fenestella, Acan
thocladia, and Girtyoporina, and the trepo
stome Paraleioclema.

ANDEAN SEA

Two faunas in the Lower Permian of
southern Peru occur in strata of W olf
campian age. They have the cystoporates
Meekopora and Goniocladia and the cysto
porates Fenestella, Polypora, Septopora,
Rhombopora, and Acanthocladia.

NORTHERN TETHYAN SEA

The abundant bryozoan faunas of Japan
occur in rocks in various structural blocks
and basins, and they range in age from As
selian (Zone of Pseudoschtvagerina) to
Pamirian (Zone of Yabeina-Lepidolina)
(SAKAGAMI, 1970). Bryozoans from the

Zone of Pseudoschwagerina range in age
from Asselian into the Sakmarian and in
clude the cystoporates Fistulipora, Coscino
trypa, and Sulcoretepora, the trepostomes
Pseudobatostomella, Stenopora, and Tabuli
pora, and a great many different crypto
stomes (e.g., Fenestella, Penniretepora, Poly
pora, Anastomopora, Thamniscus, Raya
sakapora, and Streblascopora).

In Japan, bryozoans of the Zone of Para
tusulina, correlated with the Artinskian, in
clude a number of genera that range up
from the Zone of Pseudoschtllagerina, such
as Fistulipora, Pseudobatostomella, Steno
pora, Fenestella , Penniretepora, Rayasaka
pora, and Streblascopora. Hexagonellid cys
toporates show considerable diversity with
Meekopora, Meekoporella, and Prismopora.
In the Zone of Neoschwagerina, correlated
with the Wordian of the Guadalupian
(Ross & NASSICHUK, 1970), many genera
range up from the Zone of Paratusulina,
and additional genera include the hexa
gonellid Fistulamina, the cryptostomes Sep
topora and SatJordotaxis, and the trepo
stome Ulrichotrypella. The youngest bryo
zoans in the succession occur in the Zone
of Yabeina-Lepidolina and range in age
from upper Guadalupian to possibly Dzhul
flan. The cystoporates have high diversity
and include Fistulipora, Meekopora, Pris
mopora, Sulcoretepora, Coscinotrypa, Gonio
cladia, and Ramipora. The trepostomes are
still sparse and the cryptostomes include
Septopora, Synocladia, Rhabdomeson, and
Clausotrypa.

In the Maritime Territory and Kabarovsk
region of the Soviet Union the structurally
complex suite of rocks has a rich bryozoan
fauna (NIKITINA et al., 1970). Little is
known of the Lower Permian faunas. In
Upper Permian strata of Kazanian age the
bryozoan fauna contains Fenestella, Poly
pora, Coscinotrypa, Dyscritella, Paraleio
clema, and Permoleioclema. From the up
per part of the Zone of Yabeina, MOROZOVA
(1970) listed 30 genera, 18 of which occur
in both the Maritime Territory and Ka
barovsk region. The fauna common to
both areas contains the cystoporates Fistu
lamina and Fistulipora, the trepostomes
Dyscritella, Ulrichotrypella, Ringanella,
Stenodiscus?, T abulipora, Paraleioclema,
and Permoleioclema, and abundant crypto-
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stomes, such as Rhabdomeson, Streblasco
pora, Maychella, Clausotrypa, Fenestella,
Polypora, Septopora, Girtyoporina, and Gir
tyopora.

From the Kolyma and Omolon massifs
and adjacent regions, an Upper Permian
fauna has a great abundance of crypto
stomes, such as Fenestella, Wjatkella, May
chella, Polypora, Synocladia, and Timano
dictya, the cystoporate Fistulipora, and the
trepostomes Dyscritella and Primorella.

CENTRAL TETHYAN SEA

The well-developed bryozoan faunas of
the Darvas and Pamir regions range in age
from Asselian into the Pamirian (GoRJU
NOVA, 1975). The faunas are abundant in
the Lower Permian and sparse in the Up
per Permian. In southwestern Darvas, the
bryozoans from strata of Asselian and Sak
marian age include the cystoporates Fistuli
pora, Actinotrypella, Goniocladia, Rami
poridra, and Sulcoretepora, the trepostomes
Rhombotrypella and Primorella, and the
cryptostomes Rhabdomeson and Streblasco
pora. Strata of Artinskian age contain a
small cystoporate fauna of Fistulipora, Eri
dopora, Cyclotrypa, and Hexagonella. Only
the two cystoporates Fistulipora and Hexa
gonella occur in the Artinskian in central
Pamir. In southeastern Pamir, the lower
Permian (Sakmarian) has beds filled with
the cryptostome Nikiforovella, and in the
Artinskian, a more diverse fauna includes
the cystoporates Fistulamina and Rami
poridra, the trepostomes Rhombotrypella
and Dyscritella, and abundant representa
tives of the eryptostomes Pamirella and
Streblascopora.

High in the Permian (Pamirian) of
southwestern Darvas the cystoporate Fistuli
pora is the only bryozoan reported. No
bryozoans have been recorded from the in
tervening stages. In central Pamir, where
stages are not presently differentiated, the
fauna has the cystoporates Fistulipora and
Eridopora and the eryptostome Ogbinopora.
In southeast Pamir the Murgabian has the
cystoporate Hexagonella and the trepostome
Araxopora.

In the Transcaucasus region of the south
central Soviet Union, the Upper Permian
fauna is dominated by cryptostomes (MoRo
ZOVA, 1970). The bryozoan assemblages in

the lower part of the Guadalupian (Gni
shikian) consist of the cryptostomes Fenes
tella, Septopora, Polypora, Rhabdomeson,
Ogbinopora, and Streblascopora, the cysto
porates Fistulipora, Cyclotrypa, Hexago
nella, and Sulcoretepora, and the trepo
stomes Paraleioclema and Araxopora. In
the upper part of the Guadalupian (Ka
chikian) the trepostome Araxopora is the
only genus reported. The Dzhulfian in
cludes the cryptostomes Synocladia, Poly
por~, Septopora, Streblotrypa, and Girtyo
portna, and the cystoporate Fistulipora.

In central-eastern China, the Lower Per
mian Chihsia Limestone has the cosmo
politan genera Fistulipora, Fenestella, Poly
pora, and Septopora (Loo, 1958). The first
three of these genera as well as Stenopora
and Dyscritellcr occur in the Upper Permian
in the Maokou Formation of China and
the Jisu Honguer Limestone of Inner Mon
golia. In addition, in the Upper Permian
of China, the cryptostome Acanthocladia
has been reported, and in Inner Mongolia
other genera are the cryptostomes Rhabdo
meson, Streblascopora, Maychella, Girtyo
pora, and Girtyoporina, the cystoporates
Fistulamina and Hexagonella, and the trep
ostomes Tabulipora and Paraleioclema
(GRABAU, 1931; MOROZOVA, 1970). In
China, in higher units of the Permian, the
Loping Series contains Fistulipora, Poly
pora, Septopora, Penniretepora, Synocladia,
Pseudobatostomella, and Paraleioclema.

SOUTHERN TETHYAN SEA

In central-eastern Afghanistan abundant
bryozoans occur in strata ranging in age
from Sakmarian into Kazanian. The Lower
Permian faunas of Sakmarian and Ar
tinskian age have numerous polyporids and
fenestellids such as Polypora (Pustulopora)
and Fenestella, which range through the
entire sequence, and Polypora (Paucipora)
and Minilya. Other cryptostomes are Rhom
bopora, SafJordotaxis, Septopora, and Rhab
domeson. The cystoporates include Cy
clotrypa, Meekopora, Goniocladia, and
Sulcoretepora. The trepostomes have low
representation with Tabulipora, Dyscritella,
and Rhombotrypella. The Upper Permian
(Kubergandinian) faunas have a number
of genera that extend up from the Ar
tinskian, including Rhombotrypella and the
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four cystoporates noted above. The crypto
stomes Aseopora, Streblascopora, Septopora,
and Aeanthocladia first appear in the Per
mian. Higher in the Upper Permian (Mur
gabian), Tabulipora reappears and the cys
toporates are represented by Goniocladia,
Hexagonella, and Coseinotrypa, and the
cryptostomes by Streblascopora, Rhabdome
son, Thamniscus, and Reteporidra.

In the Salt Range of Pakistan, the re
corded Lower Permian (Artinskian) faunal
assemblages are not as diverse. Lower Per
mian (Artinskian) strata contain the cysto
porates Fistulipora and Hexagonella, the
trepostomes Stenopora and Stenodiscus, and
the cryptostomes Fenestella, Polypora,
Rhombopora, T hamniscus, Acanthocladia,
and Girtyopora. In the Upper Permian, the
two cystoporates noted above are associated
with Goniocladia, and the cryptostomes are
limited to Polypora, Rhombopora, and
Synocladia.

In Thailand the Lower Permian bryozoan
faunas of late Sakmarian to late Artinskian
age have abundant cystoporates and crypto
stomes. The cystoporates include Fistuli
pora, Coscinotrypa, Hexagonella, Gonio
cladia, RamipOl'a, Liguloclema, and Sul
coretepora, and cryptostome assemblages
consist of Fenestella, Polypora, T hamniseus,
Penniretepora, Aeanthocladia, Rhabdome
son, Ascopora, Streblascopora, Streblotrypa?,
Rhombopora, Timanodietya?, and Ogbino
pora. Other members of the faunas are the
trepostomes Dyscritella and Leioclema? In
Malaya a distinctive Upper Permian fauna
of Guadalupian age includes Fenestella,
Pseudobatostomella, Araxopora, Paraleio
clema, and Clausotrypa.

In western Australia, in the Fitzroy
trough of the Canning basin and in the
Carnarvon basin (CROCKFORD, 1951; Ross,
1963), Lower Permian (Sakmarian) bryo
zoan assemblages contain the cystoporates
Evaetinostella, Hexagonella, and Fistulipora,
the cryptostomes Streblascopora, Fenestella,
Polypora, and Lyropora, and the trepo
stomes Dyscritella, Stenopora, and Para
leioclema. In rocks of Artinskian age the
fauna shows a marked increase in diversity
with the addition of the cystoporates Pris
mopora, Fistulamina, Evactinopora, Erido
pora, Liguloclema, Etherella, Goniocladia,
and Ramipora, and the cryptostomes Syno-

cladia, Minilya, Streblotrypa, Acanthocladia,
Septopora, Saffordotaxis, Rhabdomeson,
Megacanthopora?, Callocladia?, Rhombo
cladia, Streblotrypa, and Streblocladia. In
the Bonaparte Gulf basin in strata con
sidered to be in the lower part of the Upper
Permian, the sparse fauna consists of Fistuli
pora, Rhombopora, Streblotrypa, and Rami
pora. In Upper Permian strata of Tatarian
age in the Fitzroy trough, the assemblage
has Stenodiscus and Dyscritella.

In Timor, bryozoan faunas that are as
signable to stratigraphically identified units
range in age from Early Permian into the
Late Permian. The sparse fauna from the
Bitauni Beds of Artinskian age comprise
the cystoporate Fi.aulipora, the cryptostomes
Rhombopora, Streblascopora, and Fenestella,
and the trepostomes Ulrichotrypa and
Hinganella. Upper Permian bryozoan fau
nas occur in the Basleo and Amarassi beds
of Kazanian age. In the Basleo Beds, cys
toporates are more abundant and include
Fistulipora, Eridopora, Fistulotrypa, Gonio
cladia, and Hexagonella, and, in addition,
the trepostome Hin ganella and the crypto
stomes Streblaseopora and Fenestella. In
the overlying Amarassi Beds, the sparse
fauna consists of Fistulipora, Fenestella,
Clausotrypa, and Stenopora. Higher in the
sequence in strata of probable Kazanian age
the fauna has the two cryptostomes Rhab
domeson and Streblotrypella.

TASMAN GEOSYNCLINE
(EASTERN AUSTRALIA)

In northeastern Australia the Permian
bryozoan faunas show a pattern of generic
diversity comparable to that of Western
Australia. In the Lower Permian (Sak
marian) of the Bowen basin and Springsure
shelf, Queensland, the fauna is sparse and
contains Fenestella and Polypora (WASS,

1969). In strata of Artinskian age cystopo
rates and cryptostomes are abundant and
include Fistulipora, Ramipora, Goniocladia,
Liguloclema, Saffordotaxis, Rhombopora,
Streblaseopora, Diploporaria, Penniretepora,
Polypora, and Minilya. The trepostomes
are Stenopora, Dyscritella, and Stenodiscus.
In the Upper Permian the fauna of Ka
zanian age comprises the cryptostomes Sat
tordotaxis, Penniretepora, Ptylopora, Levi
tenestella, Septatopora, Fenestella, and Poly-
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pora, and the trepostomes Paraleioclema?,
Stenopora, and Stenodiscus.

In the Sydney basin of southeastern Aus
tralia, formations of Sakmarian age have
a restricted fauna, including Stenopora and
Dyscritella. In deposits of Artinskian age,
species diversity increases, particularly in
the genus Stenopora; other genera are Pseu
dobatostomella?, Rhombopora, Fenestella,
Minilya, and Polypora. In Tasmania, rocks
of the same age also show great species di
versity in Stenopora and also contain Remi
trypa? and Stenodiscus.

BIOGEOGRAPHIC DISTRIBUTION

During a large part of the Early Permian
(Asselian to Artinskian) a number of cys
toporate genera had cosmopolitan distribu
tion, including the fistuliporids Fistulipora
and Cyclotrypa, the hexagonellids Rexago
nella, Coscinotrypa, and Meekopora, and
the goniocladiids Ramipora and Gonio
cladia. Cyclotrypa, Meekopora, Ramipora,
and Goniocladia continued to have cosmo
politan distribution in the Kazanian. Other
cystoporates form a distinctive part of many
Tethyan faunas and in the Early Permian
are represented by the hexagonellids Evac
tinopora, Evactinostella, Fistulamina, Pris
mopora, and the sulcoreteporid Sulcorete
pora. During the Late Permian, Tethyan
cystoporate assemblages included the fistu
liporid Fistulotrypa, the hexagonellids
Fistulamina, Prismopora, and the sulcore
teporid Sulcoretepora.

Trepostomes generally paralleled the cys
toporates in being mainly either cosmo
politan or Tethyan. Cosmopolitan genera
ranging through the Early and into the
Late Permian were Stenopora, Tabulipora,
Rhombotrypella, and, possibly, Pseudobato
stomella. Genera restricted to the Tethyan
included Paraleioclema in the Early and
Late Permian and Permoleioclema, Araxo
pora, Primorella, Dyscritellina, Arcticopora,
and Permopora in the Late Permian. Some
genera, such as Dyscritella, were widely dis
tributed in the Uralian and Tethyan seas
early in the Permian, dispersed into south
ern Europe in the Artinskian and became
restricted to the Tethys in the Late Permian.

The cryptostome genera provide more de
tailed distributional data for delineating
faunas of the Uralian, Franklinian, Tasman,

Zechstein, and Tethyan seas, and they ex
hibit dispersal patterns different from those
of the cystoporates and trepostomes. From
the Asselian through the Kazanian the
fenestellids Fenestella and Penniretepora
and the polyporid Polypora were cosmo
politan. The septaporid Septapora was cos
mopolitan during the Sakmarian, then ap
parently was restricted to the Tethyan Sea
during the Artinskian and had a worldwide
distribution again in the Kazanian. The
septaporid Synocladia first appeared in the
Franklinian Sea and gradually dispersed so
that it was cosmopolitan by the early part
of the Kazanian. In the Uralian Sea, the
fenestellids Ptylopora and Ptiloporella were
distinctive genera during the Early Permian
and the fenestraliids Paratenestralia and
Triznella were distinctive in the Late Per
mian. Certain genera apparently were re
stricted to the Tethyan Sea in the Permian
and include the fenestellid Minilya, the
polyporid Lyropora, the nikiforovellid Niki
torovella, and the rhabdomesid Pamirella.
In the Tethyan Sea, the girtyoporid Raya
sakapora ranged through the Permian, the
hyphasmoporid Ogbinopora occurred in the
Artinskian and the Kazanian, and the gir
tyoporid Tavayzopora was present during
the Kazanian. Some cryptostomes dis
played a bipolar distribution during the
Early Permian, such as the septaporid Syno
cladia and the fenestellid Diploporaria, oc
curring in the Uralian Sea and the Tasman
geosyncline, and in the Late Permian the
fenestellid Ptylopora was present in the
Franklinian Sea and Tasman geosyncline.
Dispersal of some genera, such as the ti
manodictyid Timanodictya and the rhabdo
mesid Ascopora, from the Uralian Sea into
the Tethyan Sea occurred during the Early
Permian. Other genera, such as the niki
forovellid Clausotrypa, were present in the
Uralian Sea in the Early Permian and the
Tethyan Sea in the Late Permian.

BRACHIOPODS
The evolution and dispersal of Permian

brachiopods were extremely complex and
their taxonomy, phylogeny, and strati
graphic and geographic distributions are
known in only broad outline on a world
wide basis. Thus, considerable uncertainty
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exists concerning the placement of many
genera and some families into a generally
accepted scheme of classification (WILLIAMS
et al., 1965; RUDWICK, 1970; WATERHOUSE
& BONHAM-CARTER, 1975). These problems
in classification introduce many additional
uncertainties for establishing stratigraphic
and geographic distributions of families and
superfamilies (Fig. 5) in addition to those
uncertainties associated directly with the
stratigraphic record.

The most diverse order during the Per
mian was the Strophomenida followed by
the Spiriferida and Rhynchonellida. These
three orders account for more than four
fifths of the Permian brachiopods, and
most of the Permian extinctions occurred
in these groups. The strophomenids, which
generally had either a reduced pedicle open
ing or none in the adult shell, had two
types of adaptation to fixing or positioning
their shell on or in the substrate. The Pro
ductacea used tubular spines as anchoring
devices in soft or shifting substrates and
the Strophalosiacea and Davidsoniacea gen
erally cemented their shell to other shells.
During the Permian the strophalosiaceans,
richthofeniaceans, and lyttoniaceans flour
ished in reeflike bioherms that gradually
became more abundant and complex in
their ecological organization.

Most Early Permian brachiopods are con
tinuations of well-established Late Carbonif
erous lineages or are relict lineages having
Middle or Early Carboniferous origins.
Many Late Carboniferous genera range into
Sakmarian and Artinskian deposits. Only
a few new families evolved during the Per
mian, such as the Chonetellidae, Tscherny
schewiidae and, possibly, the Athyrisinidae,
and only one superfamily, the Richtho
feniacea.

Extinction of families and genera was
gradual within the later part of the Permian
and the' majority of the families became ex
tinct by the beginning of Dzhulfian time
(Fig. 5). Although one or two genera in
each of the orders survived the close of the
Permian, most of the Dzhulfian genera ap
parently became extinct before the end of
the period; however, it should be noted that
our knowledge of the Dzhulfian faunas is
still very incomplete.

DISPERSAL PAlTERNS

The dispersal patterns in the six super
families of Strophomenida contrast in sev
eral ways. During the Early Permian the
Davidsoniacea had widely distributed gen
era, most of which are nearly cosmopolitan,
and during the Late Permian they showed
a gradual reduction in number of genera
and a development of endemic genera. The
chonetaceans are few in number, being the
end of a long, diverse phyletic lineage of
which the Permian representatives are es
sentially cosmopolitan. The genera of the
seven Permian families of strophalosiaceans,
although of different numerical importance,
are mainly endemic genera with only a few
appearing in more than one faunal province.
The richthofeniaceans were widely distrib
uted during the Early Permian but were
restricted to the Tethyan before the end of
the Artinskian. The productacean families
had several dispersal patterns during the
Permian. The linoproductids, and to a les
ser extent the overtoniids, were represented
in the Permian by a few genera that prob
ably were part of relict lineages whose
distributions record much earlier dispersals.
The Echinoconchidae, Buxtoniidae, and ap
proximately half of the Dictyoclostidae and
Linoproductidae were mostly cosmopolitan.
The remaining Dictyoclostidae and Lino
productidae and most of the Marginiferidae
were strongly provincial in their distribu
tions and were probably endemic. The Lyt
toniacea have one nearly cosmopolitan
genus, three that are of more limited dis
tribution, nine that are Tethyan, and one
that is present in southwestern North
America.

In the rhynchonellids, the rhynchonella
ceans are of interest because of their relict
pattern of distribution; a few genera had
provincial distributions following the super
family's great Devonian evolutionary diver
sification. In the Camarotoechiidae Parana
rella and Leiarhynchaidea survived into the
Permian of southwestern North America.
The rhynchotetradid Ganiapharia survived
as a successful relict in the Tethyan region.
Of the Atriboniidae, three genera are found
only in the Upper Permian of the Tethys and
the other few are widely different in geo
logic age and scattered in geographic dis-
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tribution, such as Camerisma from the Mis
sissippian of Alaska and the Artinskian of
the Tethys and Soviet Union. Similar
stratigraphic and geographic gaps are also
characteristic of the ranges of the four Per
mian generic survivors of the Stenoscismati
dae that have Lower Carboniferous and
Permian records but lack Middle and Up
per Carboniferous records.

The third major Permian order, the Spi
riferida, has three families that are repre
sented by more than one or two relict line
ages. The Syringothyrididae are almost
entirely Tethyan, Ural region-Russian plat
form or northern in distribution. The Bra
chythyrididae are mostly cosmopolitan or
bipolar in distribution. The Spiriferinacea
has a few cosmopolitan genera, but most
others are known from particular geograph
ical provinces. The few Permian genera of
the Martiniidae and the Spiriferidae were
also mainly provincial and only the three
Permian genera of Elythidae had nearly
cosmopolitan distribution.

The Terebratulida had about 19 genera
during the Permian and seven were widely
distributed or nearly cosmopolitan, and the
remainder are reported from one or two
provinces. The order Orthida had seven
Permian genera and were widely distrib
uted.

These patterns of distribution suggest
that the Permian distributions of most Or
thida, Davidsoniacea, Productacea, Rhyn
chonellacea, Stenoscismatacea, Spiriferida,
and Terebratulida were the result of earlier
dispersals, possibly as early as the Early
Carboniferous in some groups and as late
as Late Carboniferous in others. The small
number of new Permian genera in these
taxa and the generally low numbers of indi
viduals and geographic restriction of many
of these genera suggest that they are relict
faunal lineages that had fairly wide eco
logical tolerances. In the Strophomenida,
the Productacea show a similar trend but
with less reduction in the number of genera,
perhaps because their major evolutionary
diversification had occurred only in the
later part of the Carboniferous Period. The
Strophalosiacea and very specialized Rich
thofeniacea and Lyttoniacea showed the
greatest evolutionary increase of genera dur
ing the Permian, most of which were en-

demic and restricted to either the Tethys
province or to the southwestern North
American province.

ASSOCIAnONS AND
DIVERSITY PATIERNS

Permian brachiopods may appear in lo
calities and lithofacies that lack ammonoids,
corals, and fusulinaceans and as a group
brachiopods probably occupied a great range
of habitats. Differences in brachiopod com
munity assemblages may indicate different
paleolatitudes, depths (including a variety
of communities below the photic zone), or
paleobiogeographic provinces (RUNNEGAR &
ARMSTRONG, 1969). Many of these distribu
tional differences have been attributed to
temperature effects (WATERHOUSE & BON
HAM-CARTER, 1975). Three types of bra
chiopod associations are: 1) low diversity
brachiopod associations, mainly from Aus
tralia, New Zealand, and Siberia, which
lack associated fusulinids and corals and
are near glacial deposits; 2) high diversity
brachiopod associations that are almost al
ways associated with corals and fusulinids,
and frequently algae, but never with glacial
deposits; and 3) intermediate diversity bra
chiopod associations that commonly, but
not always, occur with corals and fusuli
naceans. The low diversity associations are
believed to have been adapted to cool or
cold waters, the high diversity associations
to warm tropical water, and the intermedi
ate associations to temperate waters.

Low diversity brachiopod associations in
the Gondwanan marine faunas are charac
terized by the Martiniidae as well as Lino
productidae, Strophalosiidae, Aulostegidae,
Wellerellidae, and Spiriferidae. Members
of some of these families, as well as Reticu
lariidae and Heterelasminidae, are common
in Siberian faunas. These low diversity as
sociations are accompanied by characteristic
bivalve assemblages that include the Eury
desmatidae, Deltopectinidae, Edmondiidae,
and Pholadomyidae.

Brachiopod associations of intermediate
diversity include chiefly Marginiferidae and
Echinoconchidae with numerous Rhyncho
poriidae, Buxtoniidae, Dictyoclostidae, and
Ambocoeliidae. Important in these associa
tions are Lingulidae, Discinidae, Choneti
dae, Rhynchotetradidae, Retziidae, and Spi-
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riferinidae. Many of these families also are
found in the high diversity brachiopod as
sociations, although only as a minor part.

High diversity brachiopod associations are
c~aracterized by Meekellidae, Aulostegidae,
Rlchthofeniidae, Lyttoniidae, Stenoscismati
dae, Uncinulidae, Athyrisinidae, Elythidae,
Heterelasminidae, Cryptonellidae, Isogram
midae, Enteletidae, Rhipidomellidae, and
others. These associations usually occur
with colonial corals and fusulinaceans.

Several interesting trends become appar
ent in these. various associations during the
Permian. On the Russian platform, Sak
marian brachiopod faunas and their eco
logical and faunal associations differ from
Asselian ones at the species level and ex
tend with little change into lower Artins
kian strata (Aktastinian). In general, the
Asselian, Sakmarian, and lower Artinskian
brachiopods are widespread, and within a
region, each brachiopod faunal association
shows a general taxonomic consistency sug
gesting no major change in physical environ
ments but occasional minor fluctuations. In
upper Artinskian strata (Baigendzhinian)
the rhipidomellids and overtoniids, which
contribute prominently to earlier Permian
brachiopod faunas, decrease in importance
and marginiferids and dictyolostids become
increasingly abundant. Kazanian (and
Zechstein) associations become much less
diverse than lower Permian faunas in cen
tral and eastern Europe, apparently in re
sponse to salinity changes or fluctuations.

After Kazanian time brachiopod faunas
became rare, particularly low and interme
diate diversity associations, and soon after
high diversity associations also became rare.
In those areas where younger brachiopod
faunas survived, associations became con
siderably less diverse, presumably because
of continued ecological changes in shallow
shelf environments.

Permian brachiopods have received con
siderable attention and their early use in
establishing local and regional zonation of
the Permian in the Urals and Russian plat
form (CHERNYSHEV, 1902; FREDERIKS, 1932)
was paralleled by their use in North Amer
ica (GIRTY, 1909; R. E. KING, 1931). De
tailed stratigraphic zonation based on local
or regional ranges of species and genera of
brachiopods is available for a number of

stratigraphic sequences. COOPER (in DUN
BAR et at., 1960) outlined preliminary range
information on genera and species from the
Glass Mountains of west Texas and later
studies in the Glass Mountains have greatly
expanded our knowledge of brachiopod dis
tribution in that succession (COOPER &
GRANT, 1972, 1973, 1974, 1975, 1976). Bra
chiopod studies are particularly important
in the Gondwana and eastern Siberian suc
cessions, which commonly lack many of the
other marine fossil groups. In the Urals
and Russian platform, brachiopods domi
nate one of the facies of the upper part of
the Artinskian and the Kazanian appar
ently as a result of their tolerance to salinity
changes. Brachiopod faunas of the Tethyan
region are the most diverse and it is in this
region that most of the evolutionary changes
were introduced, such as the specialization
in the richthofeniids, scacchinellids and
lyttoniids.

Brachiopods from the Dzhulfian Stage
have been described from only a few seg
ments of the Tethyan region and consider
able additional information is needed to
fully understand the complicated strati
graphic facies interrelations in the upper
most part of the Permian. A number of
lineages of Permian brachiopods continue
into the overlying ammonoid zone of Oto
ceras and Ophiceras, which has long been
taken as the lowest zone of the Triassic
and, therefore, a few representatives of
typically Permian families survived into
earliest Triassic time before they became
extinct.

AMMONOIDS
Study of the distribution and evolution

of Permian ammonoids (Fig. 6) has had
many important influences on the present
concepts of subdividing the Permian Sys
tem into series and stages (FURNISH, 1973).
As most specialists studying Permian am
monoids believe that this nektonic group
shows little evidence of paleogeographical
provincialism, they have concentrated their
attentions on the rapid, commonly spec
tacular, evolutionary history of the ammo
noids. Most families, genera, and even
many species are apparently cosmopolitan
and most geographical differences have been
considered to be the result of incomplete
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collections. A few differences in paleogeo
graphic distributions were noted by FURNISH
(1973); for example, Perrinites was com
mon in Permian tropical latitudes and the
Paragastrioceratinae and Metalegoceratinae
were common in Permian temperate lati
tudes during Artinskian time. During Late
Permian times ammonoid diversity gradu
ally decreased as more and more families
became extinct and new families did not
evolve to replace them. In Permian strata
younger than Capitanian age only three
new families appear and these are geo
graphically restricted.

In spite of detailed knowledge of their
phylogeny and rapid evolutionary history,
Permian ammonoids generally are only lo
cally abundant in fine-grained clastic beds.
Relatively few of the localities having these
abundant faunas are in the same or closely
related stratigraphic sections. Because of
this distribution, ammonoid specialists tend
to use the stage of evolution and position
within phylogenetic successions as criteria
for assigning ages to these scattered am
monoid occurrences (FURNISH, 1973). Be
cause of these considerations, the subdi
visions of the Permian based on ammonoid
occurrences are a mixture of the concepts
of chronostratigraphic and genus- and spe
cies-range zones, and ammonoid "stage"
names are derived from those parts of the
world where ammonoid assemblages of
those ages are abundant (Fig. 6). The
lowest 12 of the 16 ammonoid assemblages
are based on taxonomic ranges in relatively
thick stratigraphic sections in which the
biostratigraphic relationships with units
above and below are known for ammonoids
and also for other faunal groups. Ammo
noid assemblages are named from the lower
parts of the Lower Permian from the south
ern Ural region, the upper part of the
Lower Permian and the lower parts of the
Upper Permian from the west Texas re
gion, and higher assemblages of the Upper
Permian are named from Timor, Indonesia,
the Dzhulfa (Julfa) region of Soviet Nakhi
che\'an Azerbaidzhan and Iran, Salt Range
of Pakistan, and southwestern China. Thus,
the general scheme of ammonoid subdivi
sion is pragmatic and usable even if it does
not fully agree with the American Code
of Stratigraphic Nomenclature (A.C.S.N.,

1961). The actual application of some of
the names differs in rank and range from
that used by specialists in other groups
(Fig. 1), and contributes to the existing
general confusion about unit boundaries.
The following general summary is based
largely on the works of RUZHENTSEV (1951,
1952, 1966, 1974) and a summary by
FURNISH (1973).

LOWER PERMIAN ZONATION
ASSELIAN STAGE

In the southern Urals ammonoids in this
stage include a number of gastrioceratid
genera that range upward from the Car
boniferous as well as some pronoritid, darae
litid, uddenitin, gonioloboceratid, thalasso
ceratid, adrianitid, and vidrioceratin genera
that have close Late Carboniferous ancestors.
Three families, the metalegoceratids, para
gastrioceratids, and popanoceratids first ap
pear in Asselian strata and, along with the
first common members of one subfamily,
the sicanitins, are widely distributed.
RUZHENTSEV (1951, 1952, 1966) considered
Artinskia of the A. kazakstanica group and
primitive species of Paragastrioceras, Pro
popanoceras, and Juresanites as typical of
the Asselian ammonoid assemblage. Ruz
HENTSEV (1966) listed the following Per
mian genera, which first appear and are
common in the Asselian Stage: Sakmarites,
Akmilleria, Kargalites (Kargalites), Mara
thonites (Almites) , Prostacheoceras, and
Protopopanoceras.

Strata of equivalent age in west Texas
and the midcontinent region of North
America have numerous early perrinitids
(a family not found in the Ural region),
represented by Properrinites. Other taxa in
these earliest Permian ammonoid assem
blages are closely similar to those in the
Ural region.

SAKMARIAN STAGE

In the southern Ural and Ufa plateau
regions the Tastubian Substage of the Sak
marian contains the first true members of
MetalegoceraJ and UraloceraJ along with
many holdo\'er genera from the underlying
Asselian Stage. In western North America
a number of species of ProperriniteJ, such
as P. boesei and P. denhami, are found in
ammonoid assemblages of this age as well
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tinctive of a post-"Capitanian," latest Gua
dalupian, age. FURNISH (1973), FURNISH
and GLENISTER (1970), and SPINOSA et al.
(1975) identified the following "Amaras
sian Stage" or assemblage of ammonoid
species: Strigogoniatites angulatus, Epadria
nites timorense, Stacheoceras tridens, Timor
ites curvicostatus, Cyclolobus persulcatus,
Hyattoceras subgeinitzi, Sundaites levis,
Syrdenites sp., Episageceras noetlingi, E.
nodosum, Xenodiscus wanneri, "Hyatto
ceras" sp., and "Parapronorites" sp. In the
La Colorada beds of Coahuila, Mexico,
Xenodiscus wanneri, Kingoceras kingi, and
Eoaraxoceras ruzhencevi are associated in a
southwestern North American assemblage
of this age. Based on a number of logical
models of phylogenetic lineages, the Ama
rassian ammonoid assemblage is most likely
to be equivalent in age to the upper beds
of the Guadalupian Series (i.e., the upper
part of the Bell Canyon Formation and the
Lamar and Tansill carbonates).

DZHULFIAN STAGE

According to FURNISH (1966, 1973) and
FURNISH and GLENISTER (1970), the highest
Permian stage is represented by three sub
divisions, the Araksian, Chhidruan, and
Changhsingian (Fig. 6), which are based
on ammonoid assemblages from three geo
graphically separate segments of the present
Himalayan Mountain chain. The Araksian
Substage is based on the Araxilevis-, Araxo
ceras-, and Oldhamina-bearing beds, whose
faunas were described in detail from the
Araks Gorge at Dorasham Station near
Dzhulfa by RUZHENTSEV and SARYCHEVA
(1965). The ammonoids occur in the up
per part of these beds and include a wide
variety of specialized otocerataceans (Araxo
ceratidae) and other ammonoids of Paleo
zoic ancestry. Abundant Araxoceras, Ro
taraxoceras, Prototoceras, Pseudotoceras, and
Vesocotoceras are in association with Pseu
dogastrioceras and characterize the fauna.
Three rarely found genera, the medlicottid
Syrdenites and the cyclolobaceans Stacheo
ceras and Cyclolobus, are also associated
with this faunal assemblage in nearby lo
calities. The Cyclolobus species is con
sidered to be primitive and was assigned
to C. kullingi, originally described from
central East Greenland. At Abadeh, in cen-

tral Iran, TARAz (1969, 1971, 1973) reported
a thicker, possibly more complete, sequence
than at Dzhulfa. TARAz (1973) believed
that the Abadeh section fills in a hiatus that
lies beneath the Araxilevis beds at Dzhulfa
and that the Abadeh section is younger
than the Guadalupian Series of North
America. FURNISH (1973) pointed out that
the late Guadalupian Amarassian ammo
noid fauna of the La Colorada beds near
the top of the Permian section at Las Deli
cias, Coahuila, Mexico, has a similar am
monoid composition to those in the upper
part of TARAz's (1969, 1971) Abadeh sec
tion and that this fauna is overlain by an
Araksian assemblage above which appears
a Chhidruan assemblage.

WAAGEN (1889-91) recognized the Chhi
dru beds in the upper strata of the Upper
Productus Limestone, Salt Range of Paki
stan, with an abundant and diverse inverte
brate fauna. TEICHERT (1966) and KUM
MEL and TEICHERT (1970) summarized the
stratigraphy of these beds and the distribu
tion of fossils in them. Cyclolobus ranges
through a small interval in the upper third
of the Chhidru Formation of KUMMEL and
TEICHERT (1970) and is represented by
three species of which C. oldhami and C.
teicherti are the best known. These are
intermediate in stage of evolution between
C. kullingi from the Araksian assemblage
and the cyclolobids of the Changhsingian
assemblage. Other Chhidruan ammonoids
include Stacheoceras antiquum, Eumedlicot
tia primas, Episageceras wynnei, and Xeno
discus carbonarius.

Basing his conclusions mainly on indirect
evidence, FURNISH (1973) believed that the
Vedioceras-Oldhamina assemblage, which
lies above the Araksian ammonoid assem
blage in the Dzhulfa sections, is equivalent
to the Chhidruan ammonoid assemblage of
the Salt Range. In the Dzhulfa region the
Vedioceras-Oldhamina assemblage includes
Vedioceras and Dzhultoceras, which in the
region are restricted to that assemblage, and
Urartoceras, Rotaraxoceras, Prototoceras,
and Pseudotoceras ranging upward from
the Araxoceras beds below.

The highest Permian beds of Dzhulfa and
the Salt Range are thin and have restricted
ammonoid faunas (FURNISH, 1973; KUM-
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MEL, 1972). At Dzhulfa, these strata have
yielded coarsely ribbed xenodiscids, dzhu1
fitids, a maximitid, Neoaganides, and rare
Pseudogastrioceras and Stacheoceras. A
comparable assemblage having a more abun
dant fauna has been reported from the
Changhsing Limestone of northern Cheki
ang, China. In its lower part this limestone
includes Pseudotirolites and Pseudogastrio
ceras and in the upper part it has
Stacheoceras, Pachydiscoceras, Rotodisco
ceras, Trigonogastrites, and Changhsingo
ceras. Associated with these ammonoids are
Palaeofusulina, Reichelina, Oldhamina, Dic
tyoclostus, and H ustedia. CHAO (1965)
stated that "The Changhsing Limestone
changes into siliceous limestone, siliceous
shale, and sandstone at many places in
South China, where they are called the
Talung Formation (equivalent to Hoshan
Formation of Sun, 1939)." Although it is
not clear from CHAO'S statement if this is
a lateral or a vertical lithofacies change, or
both, he combined ammonoids from both
lithologic units in his analysis of the
"Changhsing or Talung ammonoids." The
Talung Formation is disconformably over
lain by Lower Triassic shales bearing
Claraia.

Correlations with other regions are com
monly indirect (CHAO, 1965; FURNISH,
1973). The Loping Coal Series that lies
beneath the Changhsing Limestone is cor
related with most of the Dzhulfa beds of
Iran and with the Chhidru Formation of
the Salt Range. CHAO (1965) suggested
that the reddish limestone and shale with
Paratirolites just beneath the Lower Trias
sic beds bearing Claraia at Dzhulfa are pos
sibly equivalents of the Ali Bashi Forma
tion (see also KUMMEL & TEICHERT, 1973;
TOZER, 1969, 1971; FURNISH, 1973; TEI
CHERT, KUMMEL, & SWEET, 1973; and KUM
MEL, this volume).

CONODONTS

In contrast to studies of Devonian, early
Carboniferous, and Triassic conodonts,
study of Permian conodonts has not yet
advanced to the point of establishing a
worldwide scheme of biostratigraphy. Sev
eral studies have recently shown the po
tential use of conodonts in establishing

zonation, particularly in strata having few
ammonoids or fusulinaceans (CLARK &
ETHINGTON, 1962; BENDER & STOPPEL, 1965;
SWEET, 1970; CLARK & BEHNKEN, 1971;
KOZUR, 1973, 1975; BEHNKEN, 1975). Nev
ertheless, relatively few stratigraphic succes
sions are known in the detail that is avail
able for the Upper Devonian and Lower
Carboniferous.

Most detailed studies of Permian cono
donts have dealt with biostratigraphic prob
lems of either the Carboniferous-Permian or
Permian-Triassic boundary (CLARK & BEHN
KEN, 1971) or have described relatively iso
lated faunas (Fig. 7). For reasons that are
not entirely clear, the North American
standard Permian reference sections in west
Texas have yielded neither abundant nor
diverse conodont faunas, and correlation of
stratigraphic sections having more plentiful
conodonts with these standard sections is
not as precise as might be desired (BEHN
KEN, 1975). Also, few conodont studies
deal with the type Permian sections in the
Russian platform and Urals, and conodont
correlation with those sequences is not pos
sible at present.

WESTERN NORTH AMERICA

The present conodont zonation for the
Permian is based largely on studies by
CLARK and BEHNKEN (1971) and BEHNKEN
(1975) in the western North American
Cordillera in central Nevada and southeast
ern Idaho and some studies in portions of
the succession in the Guadalupe Mountains
of west Texas (Fig. 7). Apparently some
confusion exists concerning the boundaries
and thicknesses of many of the named units
in the Great Basin and the resultant un
certainty leads to difficulty in correlation
with the west Texas standard sections.

BEHNKEN (1975) recognized two cono
dont zones, the Idiognathodus ellisoni As
semblage-Zone and the Neogondolella bis
selli-Sweetognathus whitei Assemblage
Zone, which he considered to be Wolf
campian in age. KOZUR (1975) considered
that the base of the Permian should be
placed at the base of the second of these
zones. In the Riepe Springs and Ferguson
Mountain formations of Nevada, Idiogna
thodus ellisoni occurs without other plat
form conodonts and marks a zone of early
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FIG. 7. Ranges of zonally important species of conodonts, principally based on Lower Permian taxa in
the western United States (Behnken, 1975) and Upper Permian taxa in Pakistan (Sweet, 1970; Ross &

Ross, n).

and middle Wolfcampian age. Neostrepto
gnathodus pequopensis is rare in this as
semblage-zone. The lower 30 m of the
Pequop Formation contains mainly Sweeto
gnathus whitei and the succeeding 82 m
contain abundant Neogondolella bisselli, N.
pequopensis, and several species of Xanio
gnathus. The top of this zone approximates
the Wolfcampian-Leonardian boundary in
the Glass Mountains as based on correla
tions using fusulinids (SLADE, 1961).

Conodont zones assigned to the Leon
ardian in the Great Basin region include,
at the base, the Neostreptognathodus pequo
pensis Assemblage-Zone and the N eostrepto
gnathodus sulcoplicatus-N. prayi Assem
b~age-Zone. The N. pequopensis Zone is
identified on the abundance of N. pequo
pensis. Also in this zone are a few speci
mens of Xaniognathus abstractus, Anchi
gnathodus minutus, species of Hindeodella,
and Ellisonia excavata. The N. sulcopli
catus-N. prayi Zone is late Leonardian to
early Guadalupian in age and includes ele
ments of Xaniognathus abstractus, Neogon
dolella idahoensis, N eostreptognathodus
clinei, A nchignathodus minutus, Ellisonia
excavata, and Hindeodella spp. Consider
ab~e geographical and local stratigraphic

variations appear in the occurrence of the
two guide species of Neostreptognathodus
and associated species. BEHNKEN (1975)
placed the upper limit of this zone at the
base of the first appearance of faunas con
taining either Neogondolella rosenkrantzi
or N. serrata.

The overlying Neogondolella serrata ser
rata Assemblage-Zone begins with the first
appearance of this species and in places
overlaps with the upper ranges of many
species found in the preceding lower zone.
Xaniognathus tortilis and Ellisonia tribulosa
first appear in this zone. This assemblage
zone appears in strata of possible late Leon
ardian age and ranges into strata of prob
ab~y early Wordian age in the Guadalupe
Mountains, west Texas, and the Meade
Peak Member (Phosphoria Formation) in
Idaho.

Three conodont assemblage-zones char
acterize the remaining parts of the Guada
lupian Series. The Neogondolella rosen
krantzi-Neospathodus arcucristatus Assem
blage-Zone is based on the assemblages
from the upper 30 m of the Plympton For
mation and the lower part of the Gerster
Formation of eastern Nevada (BEHNKEN,
1975). The first appearance of either Neo-
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gondolella rosenkrantzi or Neospathodus
areucristatus marks the base and the last
appearance of N. areueristatus marks the
top of the zone. The upper part of the
Gerster Formation contains the Neogon
dolella rosenkrantzi-Neospathodus divergens
Assemblage-Zone, which includes Ellisonia
tribulosa. N. divergens appears at the base
of the zone and the top of the zone is an
erosional unconformity. This assemblage
also has been reported from the Zechstein
of Germany (BENDER &' STOPPEL, 1965).
Based on available strata preserved beneath
the basal Triassic unconformity, these as
semblage-zones form the upper portion of
the conodont zonation in the Permian mio
geosyncline of Nevada, Utah, and south
eastern Idaho.

In the Guadalupe Mountains of west
Texas, the youngest recognized zone, the
Neogondolella serrata postserrata Assem
blage-Zone, lies above the N. serrata serrata
Zone and includes strata of late Wordian
and Capitanian age. In addition to N.
serrata postserrata, this assemblage includes
Anehignathodus typiealis, Xaniognathus tor
tilis, Ellisonia tribulosa, Prioniodella deeres
eens, P. anguinea, P. eteniforma, and Caeno
dontus serrulatus. N. serrata postserrata
currently is known only from the west
Texas region.

From the scattered occurrences of Per
mian conodonts that are available for com
parison, Wolfcampian and early to middle
Leonardian species appear to be widely dis
persed and within the western United States
are regionally distributed with few indica
tions of provincialism. On the other hand,
the late Leonardian and Guadalupian spe-

cies begin to show increasing provincial
distributions, which may relate to biofacies
rather than geographic isolation. The high
est part of the Gerster Formation (corre
lated on the basis of brachiopods and the
ammonoid Timorites) is considered to be
Capitanian in age, and has a conodont
fauna similar to that of the lower part of
the Zechstein of Germany.

SALT RANGE, PAKISTAN

Conodonts from the uppermost Chhidru
Formation in Pakistan are the youngest Per
mian representatives yet described (SWEET,
1970). In general, conodonts are rare in
most of the Upper Permian in the Salt
Range and nearby areas of Pakistan and
only the white sandy beds in the upper 1 to
5 m of the Chhidru Formation contain a
definable conodont fauna. The Anehigna
thodus typiealis Assemblage-Zone includes
A. typiealis, A. isareieus, Ellisonia triassiea,
E. gradata, E. teieherti, Neogondolella eari
nata, and Xaniognathus eurvatus and occurs
in the uppermost 4 m of the Chhidru For
mation (Permian) and lowermost 1 to 3 m
of the overlying Mianwali Formation (Tri
assic). Based on other faunal evidence
(KUMMEL & TEICHERT, 1970), this zone
straddles the Permian-Triassic boundary and
supports the view that if a paraconformity
is present, the resulting hiatus is of rela
tively short duration. Brachiopods (possibly
reworked from earlier deposits) were col
lected from the same beds as those contain
ing this conodont assemblage and have a
Guadalupian, rather than a later Permian
aspect (COOPER, in KUMMEL & TEICHERT,
1966; GRANT, 1970).

PALEOGEOGRAPHIC RECONSTRUCTION

Possible geographic arrangements for the
various epicontinental seas, miogeosynclines,
and eugeosynclines during the Permian Pe
riod suggest that a modified Dietz-Holden
model (DIETZ & HOLDEN, 1970; SMITH,
BRIDEN, & DREWRY, 1973) may help to ex
plain some of the apparent problems in
phylogenetic histories and biogeographic
distributions. Two time intervals, Early
Permian (Asselian) and Late Permian (Ka
zanian), are examined on world reconstruc
tions (Fig. 8 and 9).

Early Permian epicontinental seas reached
their maximum distribution during the As
selian (Fig. 8). Mountain building and
deformation of the Ouachita-Appalachian
Hercynian belt continued and, although
mountains were high, marine epicontinental
embayments were still extensive. The Ural
ian geosyncline was very narrow and prob
ably relatively deep but connected the Rus
sian platform with the Hercynian belt of
the Tethyan region. Shallow-water marine
connections with southwestern North Amer-
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FIG. 8. Paleobiogeography during Asselian Age with connection between Uralian and Tethyan seas well
established. Volcanic islands include parts of Tethyan regiun that have been added to continents at a later
time, probably during Mesozoic and Cenozoic (Ross & Ross, n). [Explanation: N. Z., New Zealand;

T, Tarim stable block.]

ica and western South America were by
way of the Franklinian geosyncline and
northern and western Canadian shelves so
that distance and latitude produced tem
perature gradients that reduced the dispersal
of many marine invertebrate faunas.

During Sakmarian time, exchange of ma
rine invertebrates became increasingly less
frequent b::tween the Tethyan region, the
Uralian-Franklinian region, and the south
western North American region (Ross,
1970). By late Artinskian time direct ma
rine connections between the Tethyan re
gion, the Uralian geosyncline, and Russian
platform ceased and from this time until
the end of the Permian the Tethyan faunas
became increasingly endemic and formed
a distinctive faunal realm. By the beginning
of Late Permian (Fig. 9) the northern
Pangaea epicontinental seas (Kazan and
Zechstein seas) lacked fusulinaceans, and
only a few genera of smaller Foraminiferida
were present. Other marine invertebrates
show similar specialized faunas. The late
Late Permian (Dzhulfian) was a time of
minor inundation of the epicontinental
shelves and many of those seas had unusual
environments of deposition. Of the Early
Permian geosynclines, only parts of the

Tethyan geosyncline remained a marine
seaway in the later part of the Late Permian.

Although much is known about shallow
water marine faunas of the Permian Period,
many questions about their distribution, dis
persal, and phylogeny remain unanswered
(USTRITSKIY, 1974). Large parts of Asia
and South America are poorly known. New
Zealand has an interesting Permian fauna
but a poorly understood geographic position
in the late Paleozoic. Parts of the southern
Eurasian Tethyan belt may have been
widely separate sialic blocks that have been
united at a much later time. In the Cordil
leran and Andean structural belts of North
and South America, strata containing Te
thyan realm marine faunas, which were
probably tropical or subtropical with rela
tively high diversity, lie next to strata hav
ing non-Tethyan faunas that were probably
temperate and have low diversity. As these
strata in these structural belts are older
than 150 my, and, therefore, older than
present sea floors, these belts may include
carbonate banks and platforms associated
with old tropical island arcs and other up
lifted ocean crustal fragments that have
been added to the western side of the
Americas during the Mesozoic.
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KAZAN IAN
FIG. 9. Paleobiogeography during Kazanian Age with connection broken between Uralian and Tethyan

seas (Ross & Ross, n). [See Fig. 8 for explanation of abbreviations and symbols.]

SUMMARY AND CONCLUSIONS

Several patterns in Permian faunas and
biostratigraphy appear consistently in the
different fossil groups examined. During
Asselian time, and to a lesser extent during
Sakmarian time, many of the shallow-water
marine faunas are widely distributed in the
Tethyan and Uralian-Franklinian region,
or, at least, there were several short inter
vals of faunal exchange followed by longer
intervals of restricted dispersals between
these regions. In this respect, Asselian pat
terns represent a continuation of Late Car
boniferous distributional patterns and may
relate to the continuation of cyclic deposi
tion associated with marine transgressions
and regressions that gradually decreased in
extent and magnitude during Asselian and
Sakmarian time. Nearly all Asselian and
Sakmarian marine faunas either lack or
have very low species diversity in the Gond
wana sequences where glacial beds are com
mon. This suggests that repeated fluctua
tions of glacial conditions (which gradually
decreased in importance), marine trans
gressions and regressions, and faunal dis
per~al and restriction may be closely inter
re~ated because of repeated changes in
climatic conditions and in sea levels. Within
the Asselian and Sakmarian intervals, cli
matic zonation is suggested by several of

the faunal groups based on the amount of
generic and specific diversity, in the asso
ciation or nonassociation with abundant cal
careous algae, based on shell growth pat
terns, and by the distribution of carbonate
reefs and banks in contrast to sections hav
ing predominantly shallow-water sandstone.
Some groups, such as many of the bryo
zoans and brachiopods, lived in a broader
range of marine shelf and slope environ
ments and their distributions were less
strongly related to the distributions of shal
low epicontinental flooding than were other
groups, such as fusulinaceans and corals.
Cephalopod distributions, and probably also
conodont distributions, were a function of
neritic habitats and relate to the direction
and extent of different surface currents.

By Artinskian time many shallow ben
thic marine faunas showed marked pro
vinciality, particularly between the Tethyan
region and the Ural-Franklinian region.
This is possibly best shown by the distribu
tion and phylogenetic patterns in fusulina
ceans and corals. Direct faunal connections
for many groups seem to have been broken
in Sakmarian or early in Artinskian time
between the Uralian Sea and the Tethys,
particularly for fusulinaceans, corals, bryo
zoans, and brachiopods. Cephalopods and
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some bryozoans retained some widely dis
persed, nearly cosmopolitan, genera and
families, but genera in many other groups
were restricted in distribution to particular
regions at this time. The main cause for
the disruption of avenues for faunal dis
persal appears to have been the last of the
major orogenic episodes associated with the
Hercynian orogeny. This appears to coin
cide with the uplift of the southern end of
the Uralian geosyncline and southern part
of the Russian platform. Uplifts within the
Early Permian also modified many dispersal
paths in parts of southern Asia and in
North America.

New patterns of biogeography and phy
logeny, and changes in sedimentary pat
terns began with these late phases of the
Hercynian orogeny and were of major sig
nificance in forming a starting point for
the clear identification of a Tethys ocean
and a Tethyan faunal realm that reached
from northern Africa, through the Alps,
Yugoslavia, Greece, Turkey, Crimea, Iran,
Iraq, Afghanistan, Pakistan, Kashmir,
China, Japan, Indochina, New Zealand,
Maritime Provinces of the Soviet Union,
and parts of Alaska, Yukon, British Colum
bia, Washington, Oregon, and California
a much larger and more elongate realm than
the Mesozoic Tethys. The fauna was di
verse, abundant, and associated with algal
and crinoid banks and reefs. The contrast
ing northern European and northern North
American faunas were mainly composed of
relict genera and decreased rapidly in di
versity as depositional environments became
poorly suited to a normal marine biota.

In Kazanian time the Tethyan fauna
reached its greatest Permian diversity as
shown by fusulinaceans, corals, bryozoans,
and cephalopods, whereas the Zechstein
and Uralian-Franklinian faunas had very
low species diversity in the few groups that
survived in those seas. Some elements of
the Tethyan fauna spread into parts of the
Tasman geosyncline in eastern Australia
suggesting warmer seas. By the end of
Kazanian time, an orogeny of major magni
tude affected the Japanese, Chinese, and
adjacent regions in the eastern Asian seg
ments of the Tethys. Present evidence sug
gests that deposition ceased in many parts
of the eastern Tethys after this orogeny.

Marine Dzhulfian fossils are known only
in the Eurasian part of the Tethys, which
more closely approximates the distribution
of the Mesozoic Tethys. Dzhulfian faunas
are of particular interest because they con
tain the remnants of a once prolific Tethyan
fauna of Kazanian age and the phylogenetic
ancestors for many of those Triassic faunas
that evolved rapidly after the beginning of
the Mesozoic. Paleozoic faunal groups, such
as the fusulinaceans, became extinct at dif
ferent times during the Late Permian and
only a few Paleozoic lineages in groups
such as the brachiopods and bryozoans sur
vived into the earliest part of the Triassic.
For these reasons the Late Permian and
Early Triassic are generally regarded as
times of acute ecological stress for shallow
marine organisms.

The biogeographic and biostratigraphic
relations within the Permian System have
many unanswered questions. The lower
boundary of the system is still in the process
of being examined critically and in the
Tethyan region a three-fold, rather than a
two-fold, subdivision may be more applic
able. Age relationships between Tethyan
and non-Tethyan faunas are difficult to
establish with precision after the middle
part of the Early Permian because different
lineages evolved independently in each fau
nal province. Reasons for these separate
faunal provinces continue to be investigated
and include studies on orogenic changes and
climatic differences that probably contrib
uted to provinciality. Climates during the
Permian appear to have become gradually
warmer as indicated by a decrease in glacial
beds and in cyclical sedimentary deposition
and by an increase in evaporite deposition
from Asselian through Kazanian time. The
magnitude of the latitudinal temperature
gradients for the Permian and possible
major temperature fluctuations at different
times during the period are poorly known;
however, the extinction of many genera
and families of late Paleozoic marine or
ganisms near the end of Kazanian or early
in Dzhulfian time may have resulted from
oceanographic changes that related to these
climatic changes. Terrestrial plants and
animals of the Permian also show geograph
ical distributions that have been interpreted
as reflecting latitudinal or temperature dif-
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ferences. The inferences are that latitudinal
differences in temperature and floral and
faunal distributions were broadly similar
to those of the recent (Ross, 1974). Particu
lar interest has centered on Gondwanan
distributional questions (ROMER, 1968; In
ternational Union of Geological Sciences,
1969; KEAST & GLASS, 1972; USTRITSKIY,
1974) and on floral provinces (TSCHUDY &
SCOTT, 1969; PLUMSTEAD, 1973; HART,
1974).

The highest Permian (Dzhulfian) is the
least well known part of the system and its
upper boundary is the subject of much bio
stratigraphic study (GRUNT & DMITRIEV,
1973; ISHII, FISCHER, & BANDO, 1971; ISHII,

OKIMURA, & NAKAZAWA, 1975; KAHLER,
1974a, 1974b; MENNER et al., 1970; MEYEN,
1970; ABICH, 1878; GRANT, 1970; KUMMEL
& TEICHERT, 1970, 1973; TozER, 1969, 1971;
NAKAZAWA, 1974; RUZHENTSEV & SARY
CHEVA, 1965; STEPANOV, GOLSHANI, & STOCK
LIN, 1969). At present, distinctive faunas
characterize the Dzhulfian Stage only in
the Eurasian part of the Tethys. To suggest
that deposition ceased everywhere else dur
ing this time interval seems implausible.
Therefore, considerably more data are
needed in order to document the faunal
changes and extinctions that characterize
the latest part of the Permian Period and
the end of the Paleozoic Era.
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INTRODUCTION

The term Trias, later modified in English
to Triassic, was proposed in 1834 by F. VON
ALBERTI for a sequence of strata in central
Germany lying above Permian (Zechstein)
and below Jurassic (Lias) rocks of marine
origin. The name refers to a threefold di
vision of the strata into a lower unit of
nonmarine red beds (Buntsandstein or
Bunter), a middle unit of marine limestone,
sandstone, and shale (Muschelkalk), and an
upper unit of nonmarine rocks (Keuper)
that are similar to the lower division. The
original definition of the Trias by VON
ALBERTI reads as follows (translation from
WILMARTH, 1925, p. 64): "Whoever ex
amines more closely the foregoing analysis
and tabulates all the fossils of the three
hitherto separate formations; whoever ex
amines, further, the transition of the differ
ent forms one into the other, and, indeed,
considers the entire structure of the moun
tains and the decidedly different character
of the fossils of the Zechstein (Permian)
from those of the Lias (Lower Jurassic),
will realize that the Bunter sandstone, Mus-

chelkalk and Keuper are the result of one
period, their fossils, to use E. de Beaumont's
words, being the thermometer of a geologi
cal period; that their separation into three
formations is not appropriate, and that it
is more in accord with the concept of a
'formation' to unite them into a single
formation, which I shall provisionally name
Trias."

This type of strata described by VON
ALBERTI is typical of Triassic strata of
northern Europe, France, Spain, and north
Africa; it is commonly known as the Ger
manic facies. In contrast to the predomi
nantly continental Germanic facies, there
is in the Alps a complete fossiliferous se
quence covering all of Triassic time that is
commonly called the Alpine facies and that,
with the addition of units in the lower beds
from southern Asia, forms the primary
standard sequence of stages and zones.

This contribution is concerned solely
with marine facies and invertebrates of the
Triassic. A recent review of Triassic tetra
pods was given by Cox (1973).

STAGES AND ZONES OF THE TRIASSIC

The first comprehensive proposal for sub
division of the Triassic into series, stages,
and zones was by VON MOJSISOVICS,
WAAGEN, and DIENER (1895). The sequence
for what is now the Middle and Upper
Triassic was based on Alpine faunas and
formations, that for the Lower Triassic on
Salt Range and Himalayan data. This pro
posal was not free of serious errors due
largely to what is now recognized as mis
interpretation of structural relations and
nonrecognition of some condensed faunas;
however, since 1895 there have been con
tinuing efforts to clarify the stage and
zonal scheme. In recent years thick deposits
of fossiliferous Triassic strata which are un
complicated by difficult structural relations
have been recognized in British Columbia
and Nevada. These areas have yielded
equivalents of most of the faunas first dis
covered in India and Siberia. These se
quences have been summarized by TOZER
(1967) and SILBERLING and TOZER (1968)

and it is now well established that for
Triassic studies, the western American
sequences are equal in importance to the
Alpine-Mediterranean sequence. The Al
pine and western American zonal sequences
and stages are shown in Figure 1.

Most stages of the Triassic have been
fairly well stabilized for the past several
decades. There are, of course, constant re
finements as gaps in sequences are recog
nized and correlations more firmly estab
lished. The best review of the general status
of Triassic stages and zones has been pre
sented by TOZER (1974).

The Middle and Upper Triassic stage
names have been universally accepted; this
is not so for the Lower Triassic. Until a
couple of decades ago, Scythian was used
by many as the Lower Triassic stage name.
The term was originally used by VON
MOJSISOVICS, WAAGEN, and DIENER (1895)
as a series. The first attempt to divide the
Lower Triassic into more than one stage
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was by KIPARISOVA and POPOV (1956) who
suggested two stages (Induan and Ole
nekian) for this "series." This idea was
elaborated on in contributions published by
the same authors (KIPARISOVA & Popov,
1961, 1964a,b). TOZER (1965), on the basis
of fine fossiliferous sequences in arctic
Canada, proposed a four-stage nomenclature
for the Lower Triassic (Griesbachian, Die
nerian, Smithian and Spathian). VAVILOV
and LOZOVSKIY (1970) maintained the two
fold division of KIPARISOVA and Popov but
in addition divided the Olenekian into two

substages. Recently ZAKHAROV (1973, 1974)
has proposed a three-fold division (Induan,
Ussurian, Russian).

It is not possible in the scope of this
paper to discuss in detail the respective
merits of these various schemes of classifica
tion; however, I believe the four-fold divi
sion proposed by TOZER to have the most
merit, and for this paper and in the revisions
of the Triassic ammonites for the Treatise
I have chosen to consider Griesbachian,
Dienerian, Smithian, and Spathian as sub
stages of the Scythian stage.

STRATIGRAPHY AND PALEOGEOGRAPHY

"The distribution of the continents and
seas in Eotriassic times, as Diener has
shown, was probably not unlike that of the
present day, except for the extended Thetis"
(SPATH, 1930, p. 87). The Diener paper
referred to by SPATH was his well-known
work ilDie marinen Reiche der Triasperi
ode" (DIENER, 1915). The statement is
essentially correct though written long be
fore the advent of plate tectonics. One
needs to keep in mind that in the circum
Atlantic area marine Triassic is known
only from Svalbard, east coast of Greenland
(in a northward opening embayment), and
near the tip of the Antarctic Peninsula.
In all the intervening region none has been
recorded. At the same time it is intriguing
to keep in mind the presence of presumed
Middle Triassic conodonts in Upper Cre
taceous rock from the Cameroons of western
Africa. The distribution of land, sea, and
volcanic area for the Upper Triassic is
shown in Figure 2, plotted on a modern
day map. A number of paleogeographic
maps for the Triassic based on plate tec
tonics and paleomagnetism have been pub
lished. The most recent and probably the
best of these is by BRIDEN, DREWRY, and
SMITH (1974).

The paleogeography of the Triassic, disre
garding the state of the Atlantic region, is
basically a boreal sea impinging on North
America, with an embayment along the
east coast of Greenland, on Svalbard and
on the northeastern Soviet Union from the
Taymyr Peninsula to the sea of Okhotsk.

Geosynclinal conditions prevailed along
much of the western part of North and
South America. Similar conditions were to
be found along the eastern Pacific margin in
Japan, New Guinea, New Caledonia, and
New Zealand. Australia had very restricted
marginal marine encroachments during the
Early Triassic. Marine Triassic has now
been reported from the Antarctic Peninsula
and has been known for some time in north
ern Madagascar. Finally there is the great
Tethys. From eastern Spain to Indonesia
there are now known many dozens of well
documented areas of marine Triassic strata,
many containing rich and diverse faunas.
The northern boundary of Tethys lay north
of the Alps, through the southern part of
the USSR eastward to southern China. The
southern boundary lay across northern
Africa and the northern portion of the
Indian shield. Much of northwestern Eu
rope was occupied by marine seas in Middle
Triassic time. A comprehensive review of
the biostratigraphy of the Permian and Tri
assic including 35 charts, one of which is
a world map of deposits of this age, has
been prepared by ANDERSON and ANDERSON
(1970) and ANDERSON (1973).

In the following section each of the main
paleogeographic regions will be discussed
in terms of the thickness and facies repre
sented, with some general comments on the
completeness of the faunal record. Due to
limitations of space I have chosen to discuss
in slightly more detail areas where strati
graphic and paleontologic data have only
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Faunal Zones in the Alpine Region Ammonoid Zones in North America
(after Zapfe, 1974, with supplements) (afterTozer, 1971)
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~
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~
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FIG. 1. Sequence of zones and stages for Alpine area and western America (adapted from Zapfe, 1974).

recently been acquired. This has necessi
tated treating some areas that haw' been
studied for long periods of time and where
facies relations are extremely complex, for
example, the Alpine area and western
United States, in short general summary
statements. The Alpine area is, of course,
the birthplace of marine Triassic stratigra
phy, but I feel justice could not be done in
the space allowed.

NORTHWESTERN EUROPE

Lower and Upper Triassic strata of

northwestern Europe are essentially non
marine, mostly red, and with evaporites.
The Middle Triassic (Muschelkalk) is ma
rine. The facies are limestone and dolomite,
some sandy, and sandstone units and some
evaporite. These deposits were laid down
in an inland sea with some connections to
the Tethys in the south. Recent drilling
programs in the North Sea show the Tri
assic there to be essentially nonmarine detri
tal facies with evaporites (BRENNAND, 1975;
P. A. ZIEGLER, 1975; W. H. ZIEGLER, 1975).

The Muschelkalk fauna, as is usual with
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Faunal Zones in the Alpine Reg.ion
(after Zapfe, 1974, with supplements)

Ammonoid Zones in North America
(after Tozer, 1971)
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FIG. 1. (Continued from facing page.)

inland seas, is characterized by numerous
individuals but few species. The faunas
consist mainly of ammonites (Ceratites),
crinoids, bivalves, and brachiopods.

NORTH MEDITERRANEAN
REGION

Triassic studies of the marine facies be-
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gan in the Alpine region and the area has
continued to be a focal point for such stud
ies. The extremely interesting early phase
of research on the Triassic of this region
was ably summarized by VON ZITTEL (1901).
The most recent updating on Triassic stud
ies in the Alpine-North Mediterranean re
gion was presented in a symposium held in
Vienna, May, 1973, edited by H. ZAPFE
(1974).

The vast variety of facies and the ex
tremely complex tectonic history of the re
gion have made interpretations of sequence
and correlation often very difficult. Even
so, the biostratigraphic framework worked
up from studies of faunal sequences in the
region continues to be of premier impor
tance, although now the sequences of west
ern and arctic North America are becoming
equally important.

Paleogeographic interpretations for the
Triassic of the Alpine-North Mediterranean
region are extremely difficult because of
present structural relations and complexity
of facies. It is not possible in limited space
to do justice to this important region, thus
the following remarks are in the nature of
a brief summary.

The Lower Triassic of the Alpine-North
Mediterranean region is represented by the
Werfen Formation. This unit is highly
variable in lithology, including marly lime
stone, oolitic limestone, evaporite, siltstone,
shale, and sandstone. The lower part of
the Werfen contains the common lower
Scythian bivalve Claraia. The upper part
contains the well-known Tirolites fauna
monographed by KITTL (1903) and revised
by KUMMEL (1969). The Werfen ammo
noid fauna consists of only 11 genera, six
of these being endemic to the Alpine-Medi
terranean region. This fauna is considered
to be of late Scythian age. A very instruc
tive review of the Werfen Formation of the
southern Alps has recently been published
by ASSERETO et at. (1973).

The Anisian, Ladinian, and Carnian were
times of great paleogeographic differentia
tion as reflected in the great diversity of
facies. The dominant facies are carbonates
both limestone and dolomite, with exten:
sive reef development. In addition, there
are detrital formations, clay shale to con
glomerate, evaporite, and volcanics. Many

of these units are very fossiliferous.
The remainder of the Triassic is repre

sented primarily by thick dolomite and
limestone formations, forming reef com
p~exes in many places. Most of these units
are generally sparsely fossiliferous; how
ever, in the Hallstatt facies, consisting of
red mottled marble, cephalopods are quite
abundant.

ISRAEL
Excellent summaries of the Triassic of

Israel have been contributed by DRUCKMAN
(1974) and PICARD and FLEXER (1974). The
Triassic in southern Israel consists of nearly
1,000 m of sedimentary rocks, which are
partly exposed in Makhtesh Ramon, Har
'Arif, "Araif e-Naga, Zarqa Ma'in, Wadi
Hisban, and Nahr e-Zerqa and partly or
entirely penetrated by a number of deep
wells.

The sequence consists of five formations
(from bottom to top) as follows: The Zafir
Formation of Scythian age, consisting of al
ternating shale, fossiliferous limestone and
sandstone; the Ra'af Formation of late
Scythian-early Anisian age, consisting
mainly of fossiliferous limestone; the Ge
vanim Formation of Anisian age, consisting
of sandstone, siltstone and shale with minor
amounts of limestone; the Saharonim For
mation of late Anisian-Carnian age, con
sisting of fossiliferous limestone, dolomite
and sparse gypsum and anhydrite layers;
the Mohilla Formation of Carnian-Norian
age, consisting of anhydrite and dolomite.

This Triassic sequence was deposited in
various environments of deposition includ
ing near-shore and shallow-marine environ
ments, very shallow lagoons, and shoaling
tidal flats.

The source area for the detrital influx
during the deposition of the Zafir and
Gevanim formations was situated in the
southeast and was, probably, part of the
Arabo-Nubian massif. The sea was situ
ated to the northwest, the direction from
which it transgressed during the deposition
of the Ra'af and Saharonim formations.

The Triassic ended with a period of re
gional uplift, subaereal exposure, slight ero
sion, and development of lateritic soils.
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IRAN

Considerable progress has been made in
the past decade or so in the study of the
Triassic of Iran. The data have been very
well summarized by SEYED-EMAMI (1971).
Triassic strata outcrop in north Iran, in the
Julfa region and the Alborz Mountains, in
central Iran, in the Zagros Mountains, the
Nakhlak region of north-central Iran, and
at Agh-Darband in extreme northeast Iran.

The famous Permian-Triassic strata of
the Julfa region and adjoining Azerbaijan
region of the Soviet Union have received
considerable attention in recent years be
cause of the conformable sequence of upper
most Permian and lowest Triassic rocks.
The stratigraphy and paleontology of these
strata cropping out north of the A~as

River (in Azerbaijan) have been dealt wIth
by RUZHENTSEV and SARYCHEVA (1965) and
more recently by ROSTOVTSEV and AZARYAN
(1973). South of the Aras Riv~r at K~h

e-Ali Bashi equally comprehensIve studIes
have been published by STEPANOV, GOL
SHANI, and STOCKLIN (1969), TEICHERT,
KUMMEL, and SWEET (1973), and KUMMEL
and TEICHERT (1973). RUZHENTSEV and
SARYCHEVA (1965) and STEPANOV, GOL
SHANI, and STOCKLIN (1969) came to the
conclusion that the so-called "transitional
beds" with Paratirolites, Shevyrevites,
Dzhulfites, and lranites were Early Triassic
in age. In contrast, TEICHERT, KUMMEL,
and SWEET (1973), KUMMEL (1973), and
ROSTOVTSEV and AZARYAN (1973) presented
convincing arguments for the late Permian
age of these beds.

Above the "transitional beds" at Kuh-e
Ali Bashi are limestone and dolomite units,
the Elikah Formation, which are also well
developed in the Alborz Mountains, and
contain Claraia in the lower part. Recently
ROSTOVTSEV and AZARYAN (1973) reported
finding Ophiceras and Gyronites ammonites
from correlative strata in Soviet Dzhulfa
that clearly establish an Early Triassic
(Scythian) age. The middle and upper parts
of the Elikah Formation in Iran are much
less fossiliferous and the record to date is
ambiguous; however, evidence indicates that
the formation extends into the Norian. The
upper surface of the Elikah Formation is
a widespread disconformity, and SEYED-

EMAMI (1971) concluded that the absence
of Upper Triassic rocks in most parts of
north Iran is due to widespread pre-Liassic
erosion rather than to nondeposition.

A sequence of Permian-Triassic forma
tions very similar to that at Julfa occurs in
the Abadeh region of central Iran northeast
of the main Zagros thrust zone, between
Esfahan and Shiraz. The geology and stra
tigraphy of the Abadeh region have been
thoroughly treated by TARAz (1969, 1971a,
1971b, 1972, 1973, 1974).

In the eastern part of central Iran the
Lower Triassic consists of reddish calcare
ous and argillaceous shales containing t~in

intercalations of limestone and dolomIte.
This unit is known as the Sorkh Shale For
mation and is overlain by well-bedded, light
colored dolomite of the Shotori Formation.
These two formations may reach a thick
ness of 1,000 m and are overlain discon
formably by the Upper Triassic Nayban.d
Formation; they are considered, from th~Ir

stratigraphic position, to be Lower to MId
dle Triassic and to correspond probably to
the Elikah Formation in north Iran. The
Nayband Formation consists of dark ~hale,

sandstone, and fossiliferous limestone rnter
calations, with a total thickness of 2,800 m.
The contact of the upper Nayband Forma
tion with the overlying Shemshak For
mation (Rhaetic?-Liassic) is gradational.
Paleontological analysis of the Na~band

Formation is as yet incomplete, but It ap
pears to include much of the upper Ladinian
to Rhaetian (SEYED-EMAMI, 1975).

In the Zagros Mountains of south and
southwest Iran the Triassic consists of, .
evenly bedded, grayish dolomite havrng a
thickness of up to 400 m, known as .the
Khaneh Kat Formation. PaleontologIcal
data are incomplete, but parts of the Lower,
Middle, and perhaps Upper Triassic are
represented.

One of the newer Triassic discoveries in
Iran is in the Nakhlak region of north
central Iran, which has yielded abundant
ammonoids in contrast to most of the other
regions previously discussed. This Triassic
sequence, named the Nakhlak ~ro~p; at
tains a thickness of 2,500 m and IS dIVIded
into three formations (DAVOUDZADEH &

SEYED-EMAMI, 1972). The lower unit (Alem
Formation) consists of, from bottom to top,
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thin- to well-bedded sandy limestone, red
and violet shales containing ammonoids,
gray-green tuffaceous limestone, gray nodu
lar limestone, and olive shale with big
ceratites. Ammonoid studies by TOZER
(1972) indicated that this unit is late
Scythian-Anisian in age. The overlying
Baqorog Formation consists of sandstone
and coarse-grained conglomerate. Presence
of the conglomerate is interpreted as evi
dence of diastrophic movements in the
Ladinian. This unit has not yielded fossils,
but on the basis of stratigraphic position is
thought to be early and middle Ladinian in
age. The uppermost unit of the Nakhlak
Group (Ashin Formation) consists of dark
sandstone and shale with a few intercala
tions of sandy limestones. Only a few fos
sils have been found to date but these indi
cate a late Ladinian age (TOZER, 1972).

From the northeastern corner of Iran, in
the area qf Agh-Darband (east of Mashad),
another Triassic sequence is known, which
has not been studied in detail, but litho
logically resembles the Nakhlak Group. It
has yielded Anisian and Carnian ammo
noids.

CASPIAN REGION

In the Caspian depression are found as
much as 2,500 m of Triassic strata. The
Lower Triassic consists of red and vari
colored clays, siltstone, sandstone, and con
glomerate with interbedded, thin, fossilifer
ous marine limestone. The Middle Triassic
is essentially the same. The Upper Triassic
(600-800 m) consists of red and gray clay
with interbeds of sandstone, pebble beds,
and coal. All of the Upper Triassic is of
continental origin.

Much of the Permian and Triassic of the
Caspian depression is known only from the
subsurface; however, there are a few areas
of outcrop, and one of these is at Mt. Bogdo
where the first Lower Triassic ammonite,
Ammonites bogdoanus VON BUCH (1831),
was described.

In the Mangyshlak Peninsula, along the
east side of the Caspian, are very thick se
quences of fossiliferous Lower Triassic
strata. Several horizons contain ammonites,
all of late Scythian age (SHEVYREV, 1968).
The lower part of the sequence has unfos-

siliferous red beds, but the beds above are
fossiliferous non-red shale, sandstone, and
limestone. The faunas of the thin marine
intercalations of the Caspian depression are
the same as those of Mangyshlak.

AFGHANISTAN

In recent years a number of stratigraph
ical and paleontological studies of Triassic
strata, all within approximately 100 km of
Kabul, have been published. A useful sum
mary of the Triassic of Afghanistan has
been published by KAEVER (1969).

At Kotal-e-Tera, near the village of
Altimur, 90 km southeast of Kabul, KUM
MEL and ERBEN (1968) and KUMMEL
(1968) described a relatively thin sequence
of ammonitiferous limestone. The lower
most of these faunas represents the middle
Scythian (Smithian), above this is another
horizon of ammonoids representing the late
Scythian (Spathian). The uppermost part
of the sequence at Kotal-e-Tera has yielded
only a few specimens of ammonoids, but
these are clearly of Anisian age. From the
Azras Valley, Paktia Province, just east of
Kotal-e-Tera, COLLIGNON (1973) described
a fine suite of Triassic ammonoids contain
ing middle Scythian faunas as at Kotal
e-Tera, as well as one fauna of Anisian age
and one of Ladinian age.

FISCHER (1971) published a detailed de
scription of the Kohe Safi region, just east
of Kabul, from where HAYDEN (1911) de
scribed the Kingil Series. This unit, essen
tially all carbonates, is 1,420 m thick and
ranges in age from Artinskian through Ox
fordian. The Triassic portion is 487 m
thick. The lower 44 m of the Triassic rocks
contain ammonites of two distinct zones.
The lowest of these faunas is of early Scyth
ian (Dienerian) age, described by ISHII,
FISCHER, and BANDO (1971). Above this
occurs the middle Scythian (Smithian)
fauna as at Kotal-e-Tera. The upper part
of this Triassic sequence is essentially un
fossiliferous except for the upper 28 m,
which contains Megalodon of latest Triassic
age.

Approximately 100 km northwest of
Kabul in the Khenjan region of the western
Hindu Kush are 150 m of detrital strata
containing a rich bivalve fauna of Ladinian
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age, recently described by FARSAN (1972,
1975) .

Along the northern flank of the western
Hindu Kush is a detrital and volcanic se
quence named the Doab Series by HAYDEN
( 1911 ). This unit rests unconformably on
fusulinid limestone of Permian age and is
overlain unconformably by the Jurassic
Saighan Series. The upper part of the Doab
Series consists of assorted volcanic deposits
with a few interbeds of marl and sand
stone. Fossil plants of Rhaetic age are
known from the uppermost part of the
series. The lower Doab Series, however,
consists only of sedimentary units contain
ing Middle Triassic ammonoids (FURON &
ROSSET, 1951).

PAKISTAN

One of the most famous regions of out
cropping Triassic formations is in the Salt
Range of Pakistan. These formations have
played a particularly important role in the
development of our Triassic zonal scheme,
especially for the Scythian stage. In addi
tion, interest in these formations is height
ened because they conformably overlie up
per Permian formations, and because of this
they have attracted the attention of nearly
every student of the causes of abrupt faunal
breaks at the Permian-Triassic boundary.

The early studies of the Triassic of the
Salt Range by WYNNE (1878) and WAAGEN
(1895) concluded that the sequence encom
passed all of the Lower Triassic and even
part of the Middle Triassic. It was not
until much later that it was realized that
the sequence and faunas as known by
W AAGEN (1895) included only the lower
half of the Scythian.

More recently new stratigraphic studies
incorporating new paleontological data have
been reported by K UMMEL (1966b, 1970)
and KUMMEL and TEICHERT (1970b). It is
now clear that WAAGEN'S work was largely
confined to the central part of the Salt
Range where he recognized, from bottom to
top, the following units: the Lower Ceratite
Limestone, the Ceratite Marl, the Ceratite
Sandstone, and the Upper Ceratite Lime
stone. West of the central part of the Salt
Range, that is, west of Nammal Gorge, the
"Lower Ceratite Limestone" is present but

the remainder of the Triassic section is
shale with some sandstone facies. The sec
tion as a whole thickens westward.

A modern nomenclature for some of the
Permian and Triassic formations has been
introduced by KUMMEL and TEICHERT
( 1966). As mentioned above, the Salt
Range Triassic sequence as known to
WAAGEN encompasses only the lower half
of the Scythian. Interestingly enough the
lowest unit of the sequence, a dolomite unit
(the Kathwai Member) was not recognized
by WAAGEN. SCHINDEWOLF (1934) described
Ophiceras conneclens from the lowest part
of the Kathwai. KUMMEL and TEICHERT
(1970a) have published a detailed account
of the stratigraphy and paleontology of the
uppermost Permian and the lowest Triassic
beds (the Kathwai Member).

KUMMEL (1966b) recognized a shale and
sandstone unit (Narmia Member) above the
Upper Ceratite Limestone from which he
described a sma~1 fauna of ammonoids of
late Scythian age; thus, it now appears that
the Salt Range sequence includes essentially
all of the Scythian. Above the Narmia
Member are shale and sandstone units
(Tredian Formation) that unfortunately are
unfossiliferous.

Thick sequences of mainly fine-detrital
rocks are in the Quetta and Hindubagh
region of west central Pakistan. Unfortu
nately, these strata are not very fossiliferous.
According to published reports only six
specimens of ammonoids have been re
corded, few of which were found in place
(DIENER, 1906; KUMMEL, 1966a). In addi
tion to the ammonoids these strata contain
a species of ManOlis, all indicating a Late
Triassic age.

In recent years, Dr. A. N. FATM! of the
Pakistan Geological Survey has collected a
middle Scythian ammonoid fauna from the
Quetta region (personal communication).
This fauna has as yet not been described
and documented.

HIMALAYAS

Triassic formations crop out in a broad
belt extending from Kashmir through Spiti,
Garhwal, and Kumaon, into Nepal and ad
joining regions of Tibet. The best sum
maries of data on these formations are by
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DIENER (1912), PASCOE (1959), and GANS
SER (1964). The facies are marine, dark
shale and limestone with no igneous rocks,
except in Kashmir. The limestone is of
dark or gray color, well bedded, and in s~~e

horizons either concretionary or dolomltlc.
In the majority of sections there is a re
markable contrast between the light-gray
dolomitic limestone units of the upper por
tion of the Triassic section and the dark
colored shale and limestone of the lower
portion. This normal development of the
Triassic in the Himalayas is also charac
terized by the regular distribution of each
single horizon over a comparatively large
area, and by the absence of facies of red
limestone and marble. In the Kiogar area
at the border between Kumaon and Tibet
exotic blocks occur at MalIa Johar where
the Triassic is developed in a facies con
siderably different from that in the main
region of the Himalayas. In this region the
Triassic is much thinner, and most of the
Triassic horizons are developed in a facies
of red limestone and marble showing a
remarkable resemblance to the Hallstatt
limestone of the eastern Alps. This assem
blage is known as the Tibetan facies and
that discussed above, as the Himalayan
facies (VON KRAFFT, 1902).

The two best known sections of the Tri
assic of Himalayan facies are at Spiti and
Painkhanda. A third section at Byans, to
the southeast of Painkhanda and near the
Nepal border, is also important but less
well known.

The Scythian beds of Spiti and Paink
handa are of approximately equal thickness
(12.5 m) and lithology (gray limestone and
shale) . At Byans the Scythian is 47 m thick
and consists of the Chocolate Limestone.
The Anisian of Spiti and Painkhanda is also
of similar facies and thickness (31 m). In
Byans the Anisian is of a purer limestone
facies.

Ladinian strata are thick (93 m) and
richly fossiliferous at Spiti, but at
Painkhanda they are very thin and poorly
fossiliferous. They have not been traced
further east. The same marked decrease
in thickness to the southeast is seen in the
Carnian strata. At Spiti the Carnian is
480 m, at Painkhanda 248 m thick, and in

Byans very thin. In Spiti the Carnian is
quite shaly and very fossiliferous. The shaly
beds are replaced by limestone to the south
east.

The lower and middle Norian is approxi
mately 310 m thick throughout this region
and consists of shale, limestone, and sand
stone, generally quite fossiliferous. In Byans
on the other hand, the lower and middle
Norian consists mainly of black shale. The
upper Norian throughout the region con
sists of massive limestone that contains
Megalodon in the lower parts, passing up
ward into limestone of middle Jurassic age.
The paleontological data on these Triassic
units of the central Himalayas have been
compiled by DIENER (1895, 1897, 1906, 1907,
1908, 1909) and VON KRAFFT and DIENER
(1909).

The Triassic strata of Tibetan facies as
represented at MalIa Johar and the other
regions are quite different from the corre
sponding deposits in the Himalayan region.
The strata are known entirely from exotic
blocks of which there are two distinct types.
One is represented by massive gray, dolo
mitic limestone resembling upper Norian
rocks of the Himalayan facies; however,
the latter is well bedded, not massive. This
rock type is also unfossiliferous. The other
type of exotic blocks is red limestone
and marble resembling the Hallstatt facies
of the Alpine region. The faunas of the
Scythian and Anisian have strong affinities
to corresponding strata of the Himalayan
facies. The Carnian faunas, on the other
hand, have strong affinities to the Triassic
Mediterranean faunas.

To the northwest of this central Hima
layan region, in Kashmir, the Triassic is
also well developed and not too unlike
that discussed above, except for the inter
calations of the Panjal Traps, which range
in age from Permian to Late Triassic. The
Lower Triassic appears to be conformable
with the underlying Permian and consists
of dark-colored shale and limestone. A de
tailed study of the upper Permian and
lower Triassic strata has recently been pub
lished by NAKAzAwA et al. (1975). The
Anisian and Ladinian are characterized by
gray shale, nodular, concretionary and platy
limestone and some sandy limestone. The
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Upper Triassic strata become progressively
more calcareous and the Norian consists of
massive dolomite and limestone, practically
barren of fossils.

Recent extensive studies in Nepal by G.
FUCHS (1964, 1967) have added greatly to
our stratigraphic knowledge of this region.
The Triassic in central Nepal attains a
thickness of 500 to 1,400 m. The Lower
Triassic consists of gray limestone, shale,
and dark nodular limestone. The Middle
Triassic and Carnian are represented by
blue limestone, marl, and dark shale, grad
ing upward into brown to black shale, silt
stone and sandstone with some concretions.
The limited fossil data available indicate a
Norian age. The uppermost part of the
sequence is sandstone that grades upward
into massive limestone. These units are
believed to be latest Triassic in age and
appear to grade into rocks of Jurassic age.

CHINA AND SOUTHEAST ASIA
Marine Triassic strata are largely confined

to the southeastern quarter of China with,
of course, a connection westward to Tethys.
Paleogeographic maps for the three series
of the Triassic have been compiled by LIU
(1959). These maps clearly show a progres
sive decrease in the area of marine seas
from the Early to the Late Triassic. The
Lower Triassic has received a fair amount
of attention by paleontologists and stratigra
phers, but that is not so for the Middle and
Upper Triassic. The Lower Triassic con
sists of carbonate, detrital, and mixed facies
with fairly abundant ammonoid and bivalve
faunas. The most comprehensive mono
graph on Scythian ammonoids is by CHAO
(1959).

The Triassic is as yet incompletely known
in Burma. In the Arakan Yoma are thick
sections of fine-grained detrital rocks, with
some limestone that contains Upper Triassic
fossils, mainly bivalves such as Halobia and
Monotis. SAHNI (1938) reported a lowest
Scythian fauna including Glyptophiceras,
Lytophiceras, Vishnuites, and others from
an argillaceous limestone and shale sequence
within dolomites at Na Kham in the north
ern Shan States. Unfortunately no addi
tional data aside from SAHNI'S abstract are

available. Also known from the northern
Shan States are the Napeng beds consisting
of argillaceous, yellow shale and marl with
some limestone. The fossils from these
strata consist of bivalves, including Avicula
contorta, Myophoria, Gervillia praecursor,
Pecten, Modiolopsis, and others suggesting
a Rhaetic age (HEALEY, 1908).

The Triassic System of Malaysia and
Thailand has been carefully reviewed by
TAMURA et al. (1975). Prior to World War
II, data were very sparse, but since the war
there has been a tremendous intensification
of field stratigraphic and paleontologic stud
ies. The region, however, is structurally
very complex, and the results to date are
mainly the identification and delineation of
stratigraphic units and to some extent de
scription of their faunas. Geosynclinal con
ditions prevailed in these regions during
the Triassic. The rock facies are extremely
varied including fine to coarse detrital sedi
ments, chert, limestone, and volcanics.
TAMURA et al. (1975) included a correla
tion chart of the Triassic for the region
and a detailed bibliography. On the basis
of ammonoid, bivalve, and conodont stud
ies, portions of all stages of the Triassic
have been identified. The descriptive work
on these fossils is most advanced on the
bivalves, followed by the conodonts, but
many of the ammonoids still remain to be
described. The Malayan ammonoids include
upper Scythian, upper Anisian, upper La
dinian, and lower and upper Norian fau
nas. In Thailand, on the contrary, only
upper Anisian and lower Carnian faunas
have been identified to date. Bivalves are
much more profuse and more widely dis
tributed than ammonoids. The Scythian
Claraia, Anisian-Norian myophoriids, La
dinian-Carnian Daonella, and Carnian
Norian Halobia are important forms.
Scythian, lower Anisian, and lower Carnian
conodont faunas have been identified in the
Malay Peninsula. The literature on these
faunas from Malaysia and Thailand is ex
tremely extensive but is all listed in the
bibliography of TAMURA et al. (1975).

The Triassic of North Viet Nam is very
poorly known. A report by KHlJC et al.
(1965) on a fairly large assemblage of fossil
faunas, mainly bivalves, is a valuable con-
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tribution. These authors were able to iden
tify the presence of portions of all stages of
the Triassic.

INDONESIA

Timor is one of the most remarkable
fossiliferous Triassic localities in the world
from which approximately 1,000 species
of marine invertebrates have been de
scribed. The ammonoids have been mono
graphed by WELTER (1914, 1915, 1922),
DIENER (1923), ARTHABER (1927), and PA
KUCKAS (1928). Essentially all of the faunas
described in these and other papers have
come from eastern Timor where they occur
in exotic blocks, mostly in carbonate facies.
In Sumatera (Sumatra), Borneo, Sulawesi
(Celebes), and elsewhere, the Triassic con
sists mainly of detrital facies and is not as
fully represented. Since these early studies,
very little geological or paleontological work
has been done.

Western Timor has received considerable
attention in recent years, noted especially
by the monograph by AUDLEy-CHARLES
(1968) on the geology of western Timor
(formerly Portuguese Timor). Paleonto
logical studies have been produced by NAKA
ZAWA and BANDO ( 1968) on Scythian
Anisian ammonoids and by NOGAMI (1968)
on conodonts. Other studies by these au
thors are in progress (BANDO, personal
communication) .

AUSTRALIA

The basic tectonic pattern for the Paleo
zoic of Australia is the active Tasman
geosyncline along the eastern portion of
the island continent and a series of basins
along and opening on the Indian Ocean on
the western side. By the close of the Per
mian the Tasman geosyncline was in a
terminal orogenic state, although no oro
genic activity affected the western areas.
The interior of the continent had long been
emergent. The Late Permian was a time
of extensive regression and by the close of
the period, the continent was essentially
completely emergent.

Marine incursions during the Triassic
were limited to restricted areas in the east

and west coastal regions of Australia; in
the interior of the continent and especially
in the east, extensive terrestrial strata are
found. In the east, marine Triassic strata
are present in the Maryborough basin,
Queensland. From the Traveston Forma
tion RUNNEGAR (1969) has recorded a mid
dle Scythian (Smithian) ammonoid fauna
containing such genera as Anaflemingites,
Dieneroceras, and Flemingites. Also from
within this basin DENMEAD (1964) and P.
J. G. FLEMING (1966) recorded a Lower
Triassic bivalve fauna from the Brooweena
Formation.

In western Australia Lower Triassic fos
siliferous, marine detrital strata are present
in the Perth and Carnarvon basins and in
brackish water sediments in the Canning
basin. In the Perth basin outcrops of the
Kockatea Shale near Mount Minchin have
yielded an extremely interesting assemblage
of ammonoids generally poorly preserved as
molds. The presence of these fossils was
first recorded by EDGELL (1964), who cor
rectly concluded that they belonged to the
middle Scythian (Smithian), and this has
been further documented by SKWARKO and
KUMMEL (1974). The remaining data on
the marine Triassic of the Perth basin come
from bore holes. The first marine macro
fossils of Triassic age in the Australian
region were recovered from cores of the
Kockatea Shale from the Beagle Ridge
(BMR 10) bore. DICKENS and McTAVISH
(1963) described a small group of ammo
noids, which they interpreted as early Scyth
ian in age. Later McTAVISH and DICKENS
(1974) extended the age of the Kockatea
Shale to include most of the lower half of
the Scythian. Beneath the horizon that
yielded the ammonoids, specimens of Claraia
were obtained. The Dongara No.4 bore is
approximately 65 km north of the Beagle
Ridge (BMR 10) borehole in the Perth
basin. Two cores from the Kockatea Shale
yielded the following ammonoids: Propty
chites sp. indet., ?Koninckites sp. indet.,
?Paranorites sp. indet., and Gyronites ire
quens (SKWARKO & KUMMEL, 1974). These
ammonoids are of early, but not earliest,
Scythian age.

Recently McTAVISH (1973) contributed
valuable data from conodont studies of sub-
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surface samples from the Perth and Carnar
von basins. He concluded that these cono
dont faunas of Triassic age can be correlated
with the Lower Triassic conodont zonation
proposed for the Salt Range by SWEET
( 1970a). They range in age from early to
late Scythian (Dienerian to Spathian).

Early in 1970 the Burmah Oil Australia
Ltd. drilled Sahul Shoal No.1, and the
core has yielded fragments of ammonites
and bivalves. Though the material is poorly
preserved and fragmentary, SKWARKO and
KUMMEL (1974) suggested that one of the
ammonoids belongs to the genus Nico
medites of Anisian age. A macrofauna
of this age was previously unknown in the
Australian region.

NEW GUINEA

In recent years a great amount of new
data has become available on the Triassic
of New Guinea, hitherto almost a complete
blank. The first records of marine faunas
of this age are by SKWARKO (1967) and
since then a series of papers have appeared
(SKWARKO, 1973a, 1973b; SKWARKO & KUM
MEL, 1974). So far Anisian and Upper
Triassic horizons have been identified.

NEW ZEALAND

During the later Paleozoic and early
Mesozoic, New Zealand was the site of
rapid marine sedimentation in a persistent
geosynclinal zone lying between a rising
geanticline of Precambrian-Devonian strata,
metamorphics and igneous rocks to the
west, and the Pacific Ocean to the east
(FLEMING, 1962). The thick sequence of
sediments laid down in the New Zealand
geosyncline range from those now meta
morphosed to form the Haast Schists (un
dated but perhaps mostly Carboniferous)
through the Permian to the Hokonui Sys
tem (Triassic and Jurassic). The western,
marginal portion of the geosyncline, re
ferred to as the Hokonui facies, is charac
terized by very thick moderately fossilifer
ous, detrital sequences, which are abun
dantly tuffaceous. Eastward of the Hokonui
facies range extremely thick sequences of
graywacke and argillite, with some spilitic
pillow lava, lenticular limestone and radio-

larian chert, known as the Torlesse facies.
This portion of the geosyncline is sparsely
fossiliferous. The best review of the Meso
zoic of New Zealand is by FLEMING (1970).

Ammonoid faunas representing all stages
of the Triassic have been reported; however,
only a fraction of the standard zones has
been recognized. The ammonoids are simi
lar to those of Tethyan and circum-Pacific
localities. The brachiopod and bivalve fau
nas, however, contain a fair percentage of
endemic genera and species. Interesting
discussions of New Zealand zoogeography
have been published by MARWICK (1953)
and FLEMING (1967).

JAPAN

The best summary of the Triassic System
of Japan is by BANDO (1964); good resumes
can also be found in TAKAI et al. (1963)
and MINATO, GORAl, and HUNAHASHI
(1965). Marine Triassic formations of Ja
pan crop out in relatively limited areas on
Honshu, Shikoku, and Kyushu islands. The
principal areas are in the southern part of
the Kitakami area of northern Honshu, the
Kwanto area of east-central Honshu, the
Maizuru area of west-central Honshu, the
Yamaguchi area of southern Honshu, and
on Shikoku and Kyushu islands.

In the Kitakami region, fossiliferous
Lower and Middle Triassic formations are
widely distributed. No Carnian has been
recognized and Norian units have very re
stricted distribution. On the other hand, in
the Kwanto area fragmentary parts of the
Lower Triassic and some Upper Triassic
formations have been identified. No Middle
Triassic has been recognized. In the outer
zone of southwest Japan, on Shikoku and
Kyushu islands, the Triassic sequence is
fragmental because of very complicated geo
logic structure. The main units recognized
are the upper part of the Middle Triassic
and Upper Triassic formations. Lower Tri
assic limestone is found as lenticular bodies
at only three outcrops. In the inner zone
of southwest Japan, the Lower and Middle
Triassic are present in the Maizuru area.
In the southern part of Honshu Island in
the Yamaguchi area, the Triassic is mainly
represented by Upper Triassic detrital strata
representing interbedded marine and coal-
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and plant-bearing terrestrial beds. The ma
rine strata contain typical Upper Triassic
bivalves. A very limited extent of Ladinian
strata is also found in the region.

In a very general way the Lower and
Middle Triassic formations consist of fine
detrital facies (black shale, sandy siltstone,
and argillaceous limestone). The Upper
Triassic, in contrast, is more characterized
by coarse-detrital facies. The boundary be
tween the two facies is drawn between the
Ladinian and Carnian, which marks the
Akiyoshi orogeny. Very v'11uable paleo
geographic reconstructions for the Triassic
of Japan can be seen in MINATo, GORAl, and
HUNAHASHI (1965).

The Lower and Middle Triassic forma
tions have yielded many characteristic am
monoids and bivalves. Ammonites from
the Upper Triassic are rare in Japan.

NORTHEASTERN SIBERIA

Marine Triassic formations are exten
sively developed northeast of a line con
necting the Taymyr Peninsula and the
Primorye Territory around Vladivostok.
The facies are almost entirely detrital, con
sisting of dark-colored sandstone, siltstone,
and shale.

Zonal schemes for northeastern Soviet
Union and the southern Primorye Territory
have been summarized by KIPARISOVA, OKU
NEVA, and OLEYNIKOV (1973). Fourteen,
mainly generic zones are recognized with
approximately two dozen, mainly local
zones in northeastern Soviet Union and a
dozen in the southern Primorye Territory.
The Lower and Middle Triassic zones are
based almost entirely on ammonoids
whereas in the Upper Triassic many of the
local zones are based on species of the bi
valves Otapiria, Oxytoma, and Monotis. On
the basis of literature surveys it appears that
in general the formations are moderately to
sparsely fossiliferous. It also appears that
many of the zones have been recognized in
as yet only one or a few places. The lowest
zones of the Scythian (Griesbachian) are
known only from the south Verkhoyansk
synclinorium. In some areas, as in the
southern Primorye Territory, the next
youngest zones of the Scythian (Dienerian)
are the basal beds.

In the region around the lower part of
the Olenek River the lower Scythian is rep
resented by fine to coarse detrital deposits,
with some tuff-containing plant remains.
The upper Scythian consists of argillite
with limestone bands containing ammo
nites. The Middle Triassic formations ap
pear to be entirely marine, but in the Upper
Triassic continental deposits, some coal bear
ing, become quite common. In general there
is a distinct break or disconformity with the
overlying Jurassic strata. A brief treatment
of the stratigraphic sequences and faunal
zones for northeastern Soviet Union can
be found in KIPARISOVA, OKUNEVA, and
OLEYNIKOV (1973).

Excellent lithopaleogeographic maps for
the Soviet Union are available (VERESHCHA
GIN & RONov, 1968, sheets 1-12) and a com
prehensive text on the Triassic System is
in KIPARISOVA, RADcHENKo, and GORSKIY
(1973).

SVALBARD

Triassic deposits are widespread in Sval
bard, cropping out in excellent exposures
on the east and west coasts of central and
southern Vestspitsbergen, at the south end
of Nordavst Land, and underlying the
Edge, Barents, and Wilhelm islands, and on
the east coast of Bear Island (Bjjllrnl2lya).
An excellent summary of the Triassic stra
tigraphy of Svalbard has been published
by BUCHAN et at. (1965). Summaries of the
biostratigraphy have been presented by To
ZER and PARKER (1968) and KORCHINSKAYA
(1973).

The Triassic rocks in Svalbard consist of
a preponderance of marine shale and silt
stone with continental sandstone in the up
per part suggesting a platform of epeiro
genic environment of deposition. The lower
part of the sequence containing a sparse
fauna of bivalves consists of fine-grained
flaggy sandstone probably formed under
shallow marine conditions, and interbedded
shale and siltstone. This is followed by the
main marine shale sequence which con
tinues into the lower part of the uppermost
unit (the Kapp Toscana Formation). The
dominant rock type is thin-bedded gray to
black bituminous shale, whereas harder, yel
low-weathering siltstone is common. The
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upper part is characterized by the oc
currence of red-weathering clay-ironstone
nodules. Fossils are fairly abundant-am
monites, bivalves, and vertebrates being the
most common. The uppermost part of the
Triassic is a nonmarine sequence consisting
of gray-green, Baggy, cross-bedded sand
stone alternating with sandy shale. Thin
coal seams and common plant remains are
present and suggest deposition in lagoonal
or continental conditions.

Ammonoids and bivalves are the pre
dominant marine invertebrates in the Tri
assic formations of Svalbard. Ammonoid
horizons indicate the presence of some zones
from the Lower, Middle, and lower Upper
(Carnian) Triassic. Some bivalve faunas in
dicate the presence of Norian marine hori
zons in the upper part of the Triassic se
quence. The lower part of the Scythian has
yielded Otoeeras boreale, followed by
Claraia d. C. staehei, and Proptyehites d.
P. rosenkrantzi. The middle and upper
Scythian are well represented by ammonoid
faunas. The Anisian and Ladinian have
yielded varied suites of ammonoid faunas,
but as yet relationships and precise correla
tions for many are ambiguous. The lower
Carnian is represented only by a single
ammonoid zone. The upper part of the
highest Triassic formation (Kapp Toscana
Formation) consists of marine and conti
nental facies. From the marine facies KOR
CHINSKAYA (1973) reported Halobia d. H.
plieosa, H. d. H. noriea, and H. fallax.
From another locality she reported Pteroto
eeras(?) svalbardi. The continental facies
contains plant remains.

GREENLAND

During the late Paleozoic and early Meso
zoic northeast Greenland underwent major
faulting leading to the formation of a com
pound system of horst and graben struc
tures. The Triassic basin trended north
northeasterly and its extent was rather
similar to that of the Carboniferous-Per
mian molasse trough. To the west the basin
was bounded by a peneplaned high ground
of Caledonian folded rocks, including Old
Red Sandstone, which contributed abun
dant detritus into the basin. In the Triassic,

sedimentary transport from an eastern high
ground is also clearly indicated.

The lowest Scythian (Griesbachian) for
mation consists of 500 to 800 m of marine
shale, sandstone, and conglomerate. The
formation is fairly fossiliferous, containing
in sequence species of Otoeems, Ophieeras,
and Proptyehites. The unit is referred to
as the Wordie Creek Formation by many
authors, but TEICHERT and KUMMEL (1973)
recommended abandonment of the name
because of ambiguities.

The presence of fossil remains of dis
tinctly late Paleozoic aspect in beds with
such typical Lower Triassic forms as Oto
eeras and "Glyptophieeras" in the lower
part of this Scythian sequence has stimu
lated considerable interest. This association
was first noted by SPATH (1930, 1935) who
considered the Paleozoic elements to have
been derived and of Carboniferous age.
TRUMPY (1960, 1961), on the other hand,
on the basis of his own field work came to
the conclusion that the Paleozoic elements
were not derived. TEICHERT and KUMMEL
(1973, 1976), on the basis of field studies
made in the summer of 1967, concluded
that the Paleozoic elements are all derived.
They considered some of the Paleozoic ele
ments as having been brought into that en
vironment as argillaceous boulders, that
once coming to rest, dissolved, leaving well
preserved fossils that were rapidly buried
in the coarse sediments, and thus in a free
state were transported very little. The ma
jority of fossils, however, were washed out
of soft rocks and were badly broken during
transportation.

The remainder of the Triassic sequence
consists of mudstone and sandstone, with
some gypsum and dolomite beds. At a
few horizons impoverished faunas are com
posed mainly of bivalves. The uppermost
unit consists of sandstone containing Rhae
tic plant remains.

Only one occurrence of Triassic deposits
is known from northern Greenland, and
that is in Peary Land. Here the succession
consists of 630 m of a lower shaly division
of late Scythian age and an upper sandy
division of early Anisian age (KUMMEL,
1953b).
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ARCTIC CANADA

Triassic rocks are present in the Sverdrup
Basin and crop out on Ellesmere, Axel
Heiberg, Cornwall, Table, Exmouth, Cam
eron, Melville, Prince Patrick, Brock, and
Borden islands. An excellent summary of
the stratigraphy of the Canadian Arctic
Archipelago has been published by THOR
STEINSSON and TOZER (1970).

In the axial part of the Sverdrup basin
and in parts of the marginal area Lower
Triassic rocks rest disconformably upon Per
mian strata. In places the youngest Permian
rocks are Guadalupian; elsewhere they are
late Artinskian. Latest Permian strata are
unknown. The oldest Triassic rocks are
earliest Scythian (lower Griesbachian) in
age. It appears that the Permian-Triassic
boundary is paraconformable and that the
gap in the sedimentary record is within the
highest Permian and not in the Lower Tri
assic.

Marine conditions prevailed throughout
the axial part of the Sverdrup basin from
earliest Scythian to the Carnian. Some of
the Lower Triassic beds on the margins
were probably deposited in a nonmarine en
vironment. For this interval the sections
on the margins of the Sverdrup basin differ
from those of the axis both in thickness
and lithology. Most of the rocks on the
south and east margins consist of sandstone
and calcareous siltstone (Bjorne and Shei
Point formations); the axial part is shale
and siltstone (Blind Fiord and Blaa Moun
tain formations). In the northwest margin
of the basin, the sections are of mixed char
acter. The Bjorne Formation disconforma
bly overlies Permian strata and consists
mainly of quartzose, commonly cross
bedded sandstone with conglomeratic inter
beds on the extreme margins of the basin.
Fossils are rare but Otoceras (lower Scyth
ian-Griesbachian) occurs near the base at
one locality and poorly preserved lower
Lower Triassic ammonoids are known from
other localities. Marine fossils are unknown
in the beds on the south margin of Sverdrup
basin. The Bjorne is overlain by Anisian
strata and is thus fairly well dated as Early
Triassic. The contemporary rocks exposed
on the western coast of Ellesmere Island
and on eastern and northern Axel Heiberg

Island are the Blind Fiord Formation, which
consists of green and gray siltstone, fine
grained sandstone and shale. The Blind
Fiord beds are well dated by ammonoid
faunas.

The Shei Point and Blaa Mountain for
mations are essentially contemporaneous
and of Anisian, Ladinian, and Carnian age.
Typical Shei Point rock is gray, brown
weathering, highly calcareous siltstone and
fine-grained sandstone, with bioclastic layers
composed of brachiopod and bivalve shells
in the upper part. Shale is typical Blaa
Mountain lithology.

Throughout central Ellesmere Island, the
top of the Shei Point Formation is marked
by the upper Carnian "Gryphaea Bed"; 31
m of calcareous sandstone with coquinoid
layers of Gryphaea and Plicatula. A similar
and apparently contemporary Gryphaea bed
is found in the Blaa Mountain Formation of
northwestern Axel Heiberg Island. The
upper Carnian Gryphaea beds are thus
widely distributed on the margins of the
Sverdrup basin and their occurrence prob
ably indicates an interval of shoal-water
conditions along the border of the Sverdrup
basin following uplift.

The Blind Fiord and Blaa Mountain for
mations of the axial part of Sverdrup basin
were laid down some considerable distance
from shore. In the Triassic there were two
sources of sediments, one essentially con
tinuous, feeding sediment to the south and
east margins of the basin, and the other,
an intermittent source (or sources), provid
ing sediment to the north and northwest
margins of the basin.

The highest Triassic formation in the
Sverdrup basin is the Heiberg, which con
sists mainly of nonmarine, carbonaceous
sandstone, with marine beds at several
levels in the lower part. The lower marine
beds with Meleagrinella antiqua are prob
ably lower Norian, the higher marine strata
include middle Norian beds and strata with
the cosmopolitan upper Norian Monotis
ochotica. The beds above those with M0

notis are entirely nonmarine, with fossil
plants and thin coal seams. They may be
partly Jurassic, but if so, they are not
younger than Sinemurian.

© 2009 University of Kansas Paleontological Institute



A368 Introduction-Biogeography and Biostratigraphy

WESTERN CANADA

Triassic strata of western Canada are
represented by a complex array of sediments
and volcanics laid down in distinct eugeo
synclinal and miogeosynclinal segments of
the Cordilleran geosyncline. The geology
of western Canada has been well summar
ized by DOUGLAS et al. (1970). Lower Tri
assic rocks are not known in the western
(eugeosynclinal) parts of the Cordilleran
geosyncline in Canada although they are
present a few kilometers south in 'Vash
ington. Middle Triassic ribbon chert, argil
lite, greenstone, possibly coeval ultramafic
rock, and minor limestone occur locally in
the northwestern and central parts, appar
ently lying conformably on the Permian.
In the southernmost parts of the geosyn
cline, Middle Triassic rocks characterized
by sharpstone conglomerate, unconformably
overlie late Paleozoic rocks. The western
sequences represent generally quiescent eu
geosynclinal conditions possibly prevailing
from the Permian. An intermittently emer
gent arch (Quineca geanticline) separated
the eugeosyncline from the miogeosyncline.
In the miogeosyncline are Lower Triassic
siltstone and shale that disconformably over
lie the lower Upper Permian. The entire
western margin of the craton was probably
emergent and stable, these conditions pre
vailing throughout the period.

In the late Middle Triassic, parts of the
Cordilleran geosyncline underwent defor
mation and plutonic activity (Tahlternian
orogeny). Uplift at the end of the orogeny
established the main tectonic elements that
prevailed until Middle Jurassic time. The
lower Upper Triassic, Carnian, is repre
sented on the western edge of the eugeo
syncline mainly by a thick succession of
submarine basaltic flows. Slightly to the
east they are represented by andesitic and
basaltic flows, pyroclastics, and clastics con
taining volcanics and Middle Triassic and
earlier debris. The latter for the most part
derived from islands and volcanoes within
the eugeosyncline. In the miogeosyncline
siltstone and sandstone accumulated, grad
ing eastward, along the margin of the cra
ton, into an evaporitic and red-bed facies
with basal shoreline and offshore sandbars.

In the late Late Triassic, Norian, volcan-

ism persisted in parts of the eugeosyncline,
red beds are present in some areas around
uplifted geosynclines, and clastic rocks.
During latest Norian, carbonate deposition
prevailed throughout much of the geosyn
cline. The sections are remarkably thin
but complete in the northern and eastern
elements, and indicate quiescent conditions
of deposition to the end of the Triassic.

WESTERN UNITED STATES

Marine Triassic formations are present
only in the western Cordilleran geosyn
clinal area. Thick sequences of miogeosyn
clinal facies are present in eastern Nevada,
western Utah, southeastern Idaho, western
Wyoming, and southwest Montana. Eugeo
synclinal facies including volcanics are
found in western Nevada, California, Ore
gon, and Washington. In the eastern half
of the miogeosyncline only the Lower Tri
assic is of marine facies and these in many
places are overlain by Upper Triassic ter
restrial red bed formations. Along the
hinge line between the miogeosyncline ~lfid

the craton the Lower Triassic marine beds
interfinger with red beds. In southeastern
Idaho the marine section contains an ex
cellent sequence of ammonite faunas, espe
cially for the upper half of the Scythian
(KUMMEL, 1954). The base of these ma
rine sequences is at various levels within
the Scythian indicating a complex pattern
of transgression over an irregular terrane.
The eugeosynclinal suite of western Nevada
has yielded a fairly complete succession of
zonal ammonites, however, not as complete
as that known in British Columbia (SILBER
LING & TOZER, 1968). In California only
the Upper Triassic is fossiliferous.

SOUTH AMERICA

Marine Triassic formations in South
America are entirely confined to the An
dean region and then are fairly extensive
only in the Norian. To the west of the
Andes all Triassic formations are of terres
trial detrital deposits and volcanics, mainly
of Late Triassic age.

No marine deposits of Early Triassic
age have yet been identified. Shallow-water
marine deposits containing Middle Triassic
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(Anisian) fossils are present in a coastal
strip of central Chile (ZEIL & ICHIKAWA,
1958; BARTHEL, 1958). The Ladinian-Car
nian is represented only by volcanic de
posits in various parts of Chile. In the
Norian, however, the sea transgressed an
area from central Colombia to southern
Bolivia and along the coastal region of
Chile. Deposition in this seaway was
mainly limestone, and to the north it grades
into continental red-bed facies. The most
conspicuous fossil in these formations is
Monotis subcircularis (WESTERMANN, 1973).
The Utcubamba Formation of northern
Peru has yielded a silicified fauna contain
ing bryozoans, brachiopods, gastropods,
nautiloids, ammonoids, scaphopods, bi
valves, and crinoid ossicles; however, only
the ammonoids are fairly abundant (JA
WORSKI, 1922; KUMMEL & FUCHS, 1953).

The best general discussion of the dis
tribution of South American Triassic de
posits and paleogeography is by HARRING
TON (1962).

ANTARCTICA

Continental Triassic strata have long
been known on Antarctica, yet the first
record of marine Triassic has only recently
been published (THOMSON, 1975). The
Legoupil Formation in the northwestern
part of the Antarctic Peninsula has yielded
a small poorly preserved fauna, from which
THOMSON has identified Bakevelloides aff.
B. hekiensis and Neoschizodus sp. nov. In
addition, other fossils include a possible
fragment of an inarticulate brachiopod, a
serpulid, a gastropod, and some possible
arthropod tracks. Most species of Bakevel
loides are Late Triassic in age. Neoschi
zodus sp. nov. is the commonest element

in the fauna. It is closely related to N.
laevigatus (VON ZIETEN) of Early to Middle
Triassic age, but differs in some features.

SUMMARY

The Triassic was a time of great emer
gence of the continents and little tectonic
activity. Marine deposition in shelf and
geosynclinal environments are confined to
Tethys, the circum-Pacific region, and the
circum-Arctic. With the exception of the
Middle Triassic conodonts in the Cameroons
of western Africa, no marine strata are
known from the Atlantic region between
Svalbard and the northwestern part of the
Antarctic Peninsula. The relationship be
tween sea and land changed little during
the Triassic.

Within Tethys, Triassic strata are repre
sented by a wide range of facies. Carbon
ates are dominant but fine to coarse detrital
facies are also present. In the circum-Arctic
region the sedimentary facies are almost
entirely fine to coarse detrital. Along the
western part of North America there are
well-developed miogeosynclinal and eugeo
synclinal regions. The miogeosynclinal
areas are characterized by carbonate and
fine to coarse detrital facies that thin and
intertongue with red-bed facies on the ad
joining shelf. The eugeosynclinal areas
contain mainly detrital facies. Marine Tri
assic deposits are not well represented along
the western region of South America ex
cept for thick carbonates of Late Triassic
age in Colombia, Ecuador, and Peru.
Along the western margins of the Pacific,
geosync:inal conditions prevailed with de
trital and volcanic facies. Shelf deposits
are very limited.

TRIASSIC FAUNAS

Triassic faunas are strikingly different
from those of the underlying Permian. Ab
sent is the great diversity of brachiopods,
bryozoans, echinoderms, and foraminifers.
The primary elements of Triassic faunas
are brachiopods, gastropods, nautiloids, am
monoids, bivalves, and conodonts. All other
groups are sparsely represented. In this
chapter the focus is on an overview of the
primary fossil groups in Triassic faunas.

The nature and definition of the Permian
Triassic boundary has received much atten
tion in recent years. In this debate much
has been written on so-called "mixed" Per
mian-Triassic faunas at the boundary. This
subject will be covered in the discussion of
the brachiopods, as it is this phylum that
plays an important role in nearly all these
discussions.
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FIG. 3. Total genera and new genera (lined area) of ammonoids of the Triassic Period (Kummel, n).

AMMONOIDS
Ammonoids are the predominant inverte

brate fossils of the Triassic. They are the
most abundant, widely distributed, and di
verse of all the invertebrates for this period.
For these reasons they have historically been
the primary basis for establishing the bio
stratigraphic framework of the Triassic.

The forthcoming revision of the ammo
noid volume of the Treatise (Part L) recog
nizes 13 superfamilies, 76 families (and 6
subfamilies), and 431 genera and subgenera
of which 16 are nonnominate subgenera.

The first comprehensive summary of Tri
assic ammonoid genera was in Fossilium
Catalogus Part 1 by DIENER (1915), who
recognized 247 genera and subgenera. In
an updating of the Fossilium Catalogus on
Triassic ammonoids KUTASSY (1933) recog
nized 277 genera and subgenera. The in
crease in numbers of genera in the last 45
years is due in no small part to noteworthy
discoveries and monographs on sequences
in the southern Soviet Union, southern
China, Primorye, northeastern Siberia, Arc-
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tic Canada, British Columbia, and western
United States.

Total genera and new genera per stage
are shown in graphic form in Figure 3.
The distribution of genera by stage and
within the major paleogeographic regions
is as follows:

Total W. E.
Genera Tethys Pacific Pacific Arctic

Rhaetian ...___ 6 6 4 5 3
Norian --...... 79 78 8 51 10
Carnian .--... 100 81 13 57 23
Ladinian ._-. 62 49 13 34 15
Anisian ...... 100 81 24 45 26
Scythian .h... 138 118 53 55 52

It is clear from this summary that the di
versity of ammonoids throughout the Tri
assic is greatest in Tethys and least in the
circum-Arctic.

Approximately 66 genera of ammonoids
have been found in the Upper Permian
(B. F_ GLENISTER, letter May 17, 1976),
and a dramatic change in the composition
of ammonoid populations occurs at the Per
mian-Triassic boundary. Most Permian gen
era and families became extinct, and the
lower Scythian (Griesbachian) is charac
terized by a completely new radiation cen
tered around the Ophiceratidae. This family
is a direct descendant of the Xenodiscidae
(SPINOSA, FURNISH, & GLENISTER, 1975).

The number of genera per superfamily
for each series of the Triassic is as follows:

Lower Middle Upper

Otocerataceae 0.___ 1 0 0
Noritaceae ._mm__ m .. 90 7 1?
Hedenstroemaceae 0. __ • II 3 1
Dinaritaceae ..h_hm ._ 26 2 0
Ceratitaceae _.mm. __ m.m.. 1 58 3
Clydonitaceae .. m .... _h __ .. 0 17 51
Choristocerataceae 0. __ ... _.. 0 1 6
Tropitaceae ....... mh___ 0 4 58
Lobitaceae m .. m ....... __ • 0 2 5
Arcestaceae ..._.. 0. • __ ... 0 13 II
Megaphyllitaceae ..0._ _.. 2 9 1
Nathorstitaceae .0._ 0.._.. 0 6 1
Pinacocerataceae ... 1 22 19
Phyllocerataceae h __ h_ m __ .. 4 5 5

~he Noritaceae and secondarily the Di
nantaceae are the predominant groups in
the Lower Triassic radiation. Of the 13

Triassic superfamilies only seven are rep
resented in the Lower Triassic and four of
these have four or less genera. All super
families are represented in Middle Triassic
faunas; the predominant group are the Cera
titaceae. The Pinacocerataceae are also well
represented. Twelve superfamilies are rep
resented in the Upper Triassic but four of
these by three or less genera; the main
groups are the Clydonitaceae and Tropita
ceae. At the close of the Norian there was
again an extensive wave of extinction and
only six genera are present in the Rhaetian
and these became extinct by the close of
the Triassic.

NAUTILOIDS

The evolutionary history of nautiloids
shows no dramatic change in tempo at
the Permian-Triassic boundary (KUMMEL,
1953a). Families that account for peak de
velopment of the Nautilida in the late Pale
ozoic and Triassic are the Tainoceratidae,
Grypoceratidae, and Liroceratidae. Except
for a liroceratid doubtfully recorded from
the Devonian, all these families began in
the Mississippian. Whereas the number of
genera gradually increased with time in
each of these evolutionary lines, rates of
evolution were not such as to produce many
new families. Thus it seems that as early
as the Mississippian the principal evolu
tionary lines of nautiloids had become
firmly established and these maintained
their identity and character until the close
of the Triassic. Only a few minor radia
tions (families) appeared in this interval.
This pattern is also reflected in the number
of genera carried over from one period to
the next. Eleven genera persisted from
Mississippian to Pennsylvanian, and 20 from
Pennsylvanian to Permian. Only four Tri
assic genera are also known from the Per
mian, but this number is deceptive, for in
each of the three evolutionary lineages that
extend from the Permian into the Triassic,
the core Permian genus evolved directly into
the core Triassic genus: Metacoceras (Penn.
Perm.) to Mojsvaroceras (Trias.), Domato
ceras (Penn.-Perm.) to Grypoceras (Trias.),
and Liroceras (Miss.-Perm.) to Paranautilus
(M.Trias.-U.Trias.). Consequently, the large
number of Triassic genera is the result of
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a broad evolutionary radiation in each of
the principal evolutionary lineages during
the Late Triassic. Triassic nautilid evolu
tion, then, represents just the culmination
o.f pat~erns and trends begun in the Mis
SIssippian.

Nautilids nearly became extinct after their
peak development in the Late Triassic; only
Cenoceras survived from the Triassic into
the Early Jurassic. At this time, a new
radiation began, resulting in a modest pro
liferation of new genera in the Late Jurassic.

BIVALVES

Bivalves are the second most important
invertebrate group in the Triassic rock rec
ord. They likewise have the same status in
the dating of Triassic strata. Though rela
tive:y common in the rock record, they have
not received the intensity of study as have
the ammonoids. Thin-shelled bivalves, such
as Claraia, Posidonia, Daonella, Halobia,
and Monotis are particularly striking forms
for their extremely widespread geographic
distribution and their usefulness for corre
lation. A few remarks on some of these

genera are given below.
The most recent summary of Permian

Triassic bivalves is by NAKAZAWA and RUN
NEGAR (1973) and provides the basis for
the following discussion. One of their pri
mary conclusions is that ". . . there is rea
sonable evidence that marine bivalves be
long with the group of invertebrates least
affected by events at the close of the Paleo
zoic Era" (NAKAZAWA & RUNNEGAR, 1973,
p. 609).

The number of bivalve genera and fam
ilies decreased during the Late Permian
reaching a low during the Early Triassic
and then began to increase gradually dur
ing the Middle Triassic (Fig. 4). Only 19
marine bivalve genera (9 new) are known
from the earliest Triassic, in contrast to
about 70 genera known from the middle
part of the Permian and approximately 140
known from the Late Triassic. These au
thors stress that the anomalous low diversity
of Early Triassic forms must be the result
of an unusually poor record of the history
of the class-"an effect which accentuates
the observed change in this group at the
Permian-Triassic boundary." They point
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FIG. 6. Zoogeographic distribution of Monolis by species groups in relation to probable position of Late
Triassic land areas (gray) and oceans (from Westermann in Hallam, 1973, published with permission of
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out that 1) many genera and families are
represented in Permian strata and reappear
in the Middle and Late Triassic (e.g.,
Lopha, Waagenoperna, Lyriomyopho1'ia,
Costatoria, Modiolus, Pinnidae, Pteriidae,
Terquensiidae, Carditidae, Astartidae, Pho
ladomyidae); 2) a few must represent
transitional forms between Paleozoic and
Mesozoic families: Pseudomonotidae-Gry
phaeidae (NEWELL & BOYD, 1970), Mega
desmidae-Ceratomyidae (RUNNEGAR, 1965),
among others. NAKAZAWA and RUNNEGAR
(1973) concluded on this basis that two to
three times as many genera as are observed
must have existed in earliest Triassic time.

The record of diversity of the various or
ders of bivalves is highly variable. The Nu
culoida remained virtually stable throughout
the two periods. Other groups, the Ar
coida, Mytiloida, Unionida, Trigonioida,
and Veneroida, show no essential change
during the Permian-Triassic transition but
did undergo diversification in the Middle
and Late Triassic. The most significant
drop in diversity is within the epifaunal
Pteroida, which include nearly half of all
Permian and Triassic bivalve genera.

In the introductory remarks to this sec
tion, mention was made of thin-shelled bi
valves; the distribution of Claraia and
Monotis will illustrate the importance of
these groups. Claraia is confined to the
lower part of the Scythian and is present
in nearly every area where marine lower
Scythian strata are present (Fig. 5). That
is, it is present throughout Tethys at a
large number of localities, southeast Asia,
western Australia, China, Japan, northeast
Siberia, northeast Greenland, the Arctic Is
lands of Canada, and in a number of lo
calities in the western Cordillera of North
America. The genus is generally found in
fine-grained calcareous facies. Though
many species of Claraia have been described,
it is apparent that some species are cosmo
politan.

The Upper Triassic (Norian) Monotis is
another of the important thin-shelled bi
valves that is instructive for zoogeographic

analysis and in biostratigraphy. WESTER
MANN (1973) has recently published an ex
cellent review of this genus and this forms
the basis for the brief summary remarks
given here. There are approximately 60
named species and subspecies; however,
WESTERMANN'S studies led him to conclude
that only 19 to 20 "good" species and 12
to 14 subspecies (non-nominate) are justi
fied. For purposes of analysis of zoogeo
graphic distribution, he recognized five
groups (those of Monotis typic-a, M. sali
naria, M. ochotic-a, M. subcircularis, and !vI.
zabaikalica). Monotis occurs in a wide
variety of sedimentary facies, ranging from
presumed deep-water to shallow-water fa
cies. They do appear, however, to have
avoided restricted inland seas. Most authors
have interpreted Monotis as being pseudo
planktonic because of its mode of occur
rence and extraordinary lateral extent of
distribution. In his recent summary paper,
WESTERMANN (1973) concluded on mor
phological grounds that it is more likely that
they were prevalently benthic "with perhaps
a few specimens of the population attached
to floating objects, sufficient to permit pseu
doplanktonic distribution of the species."

The earliest species of Monotis are mem
bers of the M. typica group. There is some
dispute as to whether the earliest occur
rences are latest Carnian or early Norian,
but this need not concern us here. These
early forms are circum-Arctic in distribution
extending through the Verkhoyansk Strait
to Japan and down into northeastern British
Columbia. Later, in the middle Norian, var
ious subspecies of M. typica became abun
dant in different areas of the distributional
range (M. scutiformis mainly in eastern Si
beria and Japan, M. pinensis in Alaska to
British Columbia, M. iwaiensis in Japan).
There was, in addition, a further spread
southward along the eastern Pacific margin
to Vancouver Island and possibly also along
the western Pacific margin to Borneo, New
Zealand, and New Caledonia (Fig. 6).

The area of distribution of Monotis ex
panded greatly in the late Norian with each

FIC. 6. (Continued from facing page.)

Elsevier Scientific Publishing Co.).--A. Late Carnian(?) to Middle Norian.--B. Early Late Norian.
--C. Latest Norian Uto Rhaetian). [Explanation: I, India; T, Japan; N.C., New Caledonia; N.z.,

New Zealand.]
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major tectonic region being occupied by a
dominant Monatis group. The achatica
group generally abounds in the area of the
former M. typica group, except for the north
eastern Pacific margin where it is rare, and
is found southward in the western Pacific to
New Caledonia and New Zealand. The M.
subcircularis group is found mainly along
the eastern Pacific margin as far as central
Chile, but occurs disjunctively and probably
rarely also in Indonesia and possibly in the

Mediterranean. The M. salinaria group oc
curs throughout Tethys and disjunctively
also in Alaska, Yukon Territory, and prob
ably in the southwestern Pacific and north
eastern Siberia.

The close of the M anatis radiation in
latest Norian (and ?Rhaetian) is dominated
by almost smooth forms of the M. zabaika
lica group. The group is entirely confined
to the Arctic region and along the western
Pacific with M. zabaikalica dominant in
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eastern Siberia and M. calvata In New
Zealand and New Caledonia.

GASTROPODS

Though an extremely important mollus
can group, gastropods are not very common
in most Triassic strata. As a result, there
have been relatively few monographic stud
ies on Triassic gastropods. Until recently
there had been no general survey of Triassic
gastropods from which one could assess the
overall degree and amount of change in
Triassic gastropod diversity for a meaning
ful comparison with underlying Permian
and overlying Jurassic faunas. These data

have recently been summarized by BATTEN

(1973) in a splendid review article on Per
mian and Triassic forms. The summary
given here is based on BATTEN'S article.

During the late Paleozoic, the gastropods
underwent two episodes of adaptive radia
tion, the earliest occurring during the Tour
naisian and Visean stages of the Lower
Carboniferous. This was followed by a
decrease in diversity in the Late Carbon
iferous. The second radiation and the one
of prime concern here occurred in the
Guadalupian. At this time the most di
verse fauna of the Paleozoic developed, with
about 100 genera and 30 families. These
Permian faunas in overall balance were
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much like those of the preceding two peri
ods but richer. The 10 dominant families
in terms of species frequencies are: Bellero
phontidae, Sinuitidae, Eotomariidae, Euom
pha1idae, Omphalotrochidae, Phymatopleu
ridae, Neritopsidae, Pseudozygopleuridae,
Subulitidae, and Murchisoniidae.

I t is of particular interest that these are
the last diverse faunas of the Paleozoic.
The next normal marine gastropod fauna
occurs in the Ladinian. Between the latest
Guadalupian and the first Dzhulfian occur
rence, some 62 Permian genera and 12
families disappeared (Fig. 7, 8).

Only four Dzhulfian faunas contain more
than three to five genera. Altogether, these
include 26 genera and 14 families. By far
the most common group is the bellerophon
tids; the other important constituents are
the eotomariids, neritopsids, and murchi
soniids. BATTEN made note of the fact of
sparse numbers of genera per family and
apparently large numbers of individuals of
few species. This condition apparently also
prevailrd in the Early Triassic. Of interest
also is that of the total Dzhulfian fauna,
only three genera survived from the preced
ing radiation; the others are relativeiy long
ranging and conservative. Most of these
are found in facies that indicate brackish
to lagoonal conditions.

What is particularly interesting is that
the Dzhulfian and Scythian faunas as now
known lack genera that occur in the Guada
lupian and reappear in the Ladinian! There
are 32 Guadalupian genera and 16 families
in the Triassic, none of which are known
in the Dzhulfian.

Scythian gastropod faunas are rare. When
found they form thin accumulations in lime
stones and invariably one or, at most, sev
eral species are present in great numbers.
Most Scythian assemblages resemble those
of the Dzhulfian in their lack of diversity.
The main difference is that the bellerophon
tids were displaced by other gastropods. No
significant change in faunal diversity oc
curred in the Anisian.

Ladinian faunas are rich and widespread.
They contain 106 genera and 36 families, a
diversity quite comparable in size to that
of the Guadalupian. On further analysis,
32 of the 106 genera are found to belong
to Paleozoic families.

BATTEN emphasized that there is about
as much difference between the Guadalup
ian and Ladinian gastropod faunas as there
is between the Devonian and Lower Car
boniferous faunas. The main Mesozoic fau
nal turnover of the gastropods occurred at
the close of the Triassic.

BRACHIOPODS
There is no satisfactory analysis of Tri

assic brachiopods and their stratigraphic dis
tribution. The great decrease in diversity
of Mesozoic and Cenozoic brachiopods has
long been established; however, details are
lacking. A number of reasons can be cited
for this state of affairs. First, brachiopods
are not really very abundant in Triassic
rocks. Secondly, very few individuals have
devoted any significant period of time to
their study. The most prominent specialist
on Triassic brachiopods was A. BITTNER
who published numerous papers at the turn
of the century. Brachiopods do form part
of many general faunal studies, but these
serve mainly to emphasize the paucity of
this group in comparison to ammonoids and
bivalves. A few years ago I wrote to G. A.
COOPER asking his opinion of the brachio
pods stated to occur in the Lower Triassic
in the recent volume of the Treatise 011

Invertebrate Paleontology (Part H), Bra
chiopoda (A. WILLIAMS et al., 1965). He
answered (letter of June 14, 1971): "So
far as I know, the Lower Triassic is almost
a blank for brachiopods. As a matter of
fact, the whole Triassic is a critical time in
brachiopod history and a kind of never
never land between Permian and the Juras
sic."

Whereas the systematic study of Triassic
brachiopods is, and generally has been, at
a low level, there is one aspect that has
aroused considerable interest in recent years
-this is the occurrence of Permian-type
brachiopods in lowermost Scythian strata.
These occurrences have stimulated intensive
debate as it relates to the Permian-Triassic
boundary.

The first such report was by H. S. BION
(1914) concerning an occurrence in the
Pahlgam area of Kashmir, near Srinagar.
All the data available are from a brief state
ment in the Annual Report for 1913 of the
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Geological Survey of India. BION (1914,
p. 39) wrote as follows: "About 20 feet
above the base of the black shales there is
a layer of calcareous nodules from which
many specimens of Otoceras have been ob
tained associated with almost all the other
members of the fauna of the Otoceras beds
of the Central Himalayas. Good collections
have been obtained from Nagaheran in the
Dachhigam State Rakh and from the Pahl
gam-Am basin. Some thirty feet above the
Otoceras layer there is another fossiliferous
horizon characterized by Ophiceras from
which one specimen of Otoceras was also
procured, but the rest of the black shale
division seems to be barren. A surprising
element in the fauna of the basal Otoceras
layer is furnished by the presence of the
genus Productus, of which three specimens
have been obtained from near Pahlgam.
In spite of this Permian element I consider
that the fauna of the Otoceras bed of Kash
mir has a decided Triassic aspect."

This brief but highly interesting account
went unnoticed for many years. TEICHERT
and KUMMEL made an attempt in June,
1968, to locate BION'S locality but were un
successful. Since BION'S report, seven addi
tional localities or areas have yielded Per
mian-type brachiopods in horizons with
lowest Triassic ammonoids. These are the
Guryul Ravine of Kashmir, Salt Range of
West Pakistan, the Dzhulfa region along
the Aras River in the Soviet Union and
Iran, Shikoku Island of Japan, East Green
land, Ellesmere Island of Arctic Canada,
and the lower Dinwoody Formation of
Montana.

The Permian-Triassic strata of the Guryul
Ravine, near Srinagar, Kashmir, were first
reported on by HAYDEN (1907) and in more
detail by MIDDLEMISS (1910). Recently TEI
CHERT, KUMMEL, and KAPOOR (1970) vis
ited the area and discovered that the "Black
Shales" unit of MIDDLEMISS contained fos
siliferous beds in which Spinomarginifera
and other productid brachiopods, typically
Permian in aspect, are in association with
Claraia, a bivalve typical of the lower half
of the Scythian. Later that year NAKAZAWA
et al. (1970) published a more comprehen
sive report on the sequence and faunas of
these boundary beds at Guryul Ravine.
These authors discovered in the critical

boundary beds, in addition to the productids
and Claraia, species of Otoceras, Ophiceras,
and "Glyptophiceras." NAKAZAWA et al.
(1970) came to the same conclusion as to
the placement of the Permian-Triassic
boundary as TEICHERT, KUMMEL, and
KAPOOR (1970). Also, at about this time,
SWEET (1970b) reported on the conodonts
from the Permian-Triassic boundary beds
from samples submitted by TEICHERT. His
main conclusion was that ·'conodonts from
the upper 57 feet of the Zewan Series and
the lower 124 feet of the overlying Lower
Triassic beds in the section at Guryul Ra
vine, Kashmir, represent four distinct cono
dont faunas that may be correlated with
those of the Anchignathodus typicalis, Neo
gondolella carinata, Neospathodus dieneri,
and Neospathodus crystagalli zones of the
Salt Range and Trans-Indus Ranges of
Pakistan." SWEET (1973) further refined
his discussion of the Kashmir sequence and
integrated his conodont data with those of
NAKAZAWA et al. (1970) on ammonoids
and Claraia. Finally, in collaboration with a
co-author (MIKAN & SWEET, 1974) further
analysis of the Kashmir section renewed
interest in the problem. The abstract is
worth quoting in full: "Graphic correla
tion, using published data on the ranges of
conodonts and key ammonoids, have been
effected between important Permo-Triassic
sections in Kashmir, the Salt Range of Paki
stan, and the Julfa district of northwest
Iran. Although there are unresolved taxo
nomic and distributional problems, a pre
liminary analysis of the results indicates
that the Kashmir and Iranian sections re
cord an essentially unbroken sequence of
latest Permian and earliest Triassic rocks,
and that in the Salt Range, Permian rocks
range higher (Changhsinghian?) and Tri
assic strata lower (lower Griesbachian) as
has been assumed by recent authors."
GRANT and COOPER (1973) have discussed
the Guryul Ravine section on the basis of
data presented by TEICHERT, KUMMEL, and
KAPOOR (1970), SWEET (1970b), and NAKA
ZAWA et al. (1970) from the viewpoint of
their expertise on brachiopods. They took
exception to the conclusions of the above
mentioned workers and placed the bound
ary at the base of bed 52a of NAKAZAWA
et al. (1970).
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In a final report on the Upper Permian
and Lower Triassic of K:lshmir, NAKAZAWA
et al. (1975) placed the Permian-Triassic
boundary at the first appearance of OtOCf:mJ
woodwardi (that is, the base of their bed
52). In their preliminary report (NAKA
ZAWA et al., 1970) the boundary had been
placed at the base of their bed 47, which
coincides with the first appearance of
Claraia. It is in beds 47-49 that the ma
jority of Permian brachiopods are present,
associated with Claraia Jtachei (BITTNER).
In their final report they assigned the
Claraia to a new species C. biol1i. The
"Permian" elements in bed '52 are now
limited to Margil1ifera himalayemiJ, PUJtuia
sp., EJtheripecte11 haydel1i, and Claraia
biol1i.

In the classic area of the Salt Range,
brachiopods discovered in the Permian-Tri
assic boundary beds have been the focal
point of a stimulating and continuing de
bate. KUMMEL and TEICHERT (1966,
1970b) reported Permian-like brachiopods
in the lower part (mainly lowest one foot)
of the dolomite unit of the Kathwai Mem
ber of the Mianwali Formation. The initial
collections were studied by G. A. COOPER,
but as more material was obtained, the
study was taken over and published by R.
E. GRANT (1970). He reported the follow
ing forms from this horizon: El1teleteJ sp.,
Orthothetil1a d. O. arakeljal1i SOKOLSKAYA,
O. sp., Ombol1ia sp., Derbyia? sp., Spino
margimfera sp., LinoproductltJ sp., Lyttonia
sp., Spirigerella sp., CrurithyriJ? extima
GRANT, Martinia sp., W hitJpakia sp., dielas
matids gen. et sp. indet. GRANT (1970) cor
related the fauna from the basal foot of
the dolomite unit with the Dzhulfian of
Armenia. In 1973, GRANT concluded that
since CrurithyriJ? extima occurred above
the fauna of the lowest foot of the dolomite
unit that this upper portion was of Chang
hsingian age (uppermost Permian), a con
clusion quite different from that of KUM
MEL and TEICHERT (1970b, 1973).

An important addition to the problem
was the discovery by GRANT of a fauna of
brachiopods in the white sandstone unit
of the Chhidru Formation, which immedi
ately underlies the dolomite unit of the
Kathwai Member. From this unit GRANT
(1970) identified the following forms: Au-

IOJtegeJ sp., Ca!liJpiril1a sp., Chol1etella sp.,
chonetid indet., Cleiothyridil1a sp. d. C.
capillata (WAAGEN), Derbyia sp. d. D. pli
catella WAAGEN, dielasmatids indet., EI1
teleteJ sp. 1, Hemiptychil1a sp., HUJtediu
sp., Kial1gJiella sp., LinoproductuJ sp., Lyt
tOl1ia sp., M artil1ia? sp., N eOJpirifer sp.,
Orthotichia sp. 2, Richthofenia sp., Spirifer
ella? sp., Spirigerella sp., W aagenoconcha?
sp., W hitJpakia sp. 1. GRANT (1970) con
cluded that this assemblage is typical for
the Chhidru Formation as a whole, which
he believed to be of Guadalupian age.

KUMMEL and TEICHERT (1970b, p. 73)
found this conclusion difficult to accept and
stated some of their points as follows: "It
appears that the direction of comparisons
has been downward stratigr:lphically with
no attention paid to the possibility of longer
ranges of the taxa concerned. None of the
species have been definitely identified and
named, and most of the 19 genera recog
nized in the white sandstone assemblage
have long ranges. Eleven of them origi
nated in the Carboniferous or Devonian;
eight genera range through most or all of
the Permian. Attempting to make refined
correlations on such long-ranging genera is
indeed a difficult task."

The "Permian" brachiopods of the Kath
wai Member, GRANT (1970) considered to
be quite different from those of the under
lying white sandstone unit. It should be
noted, however, that of the 11 genera re
corded from the Kathwai Member seven
are also present in the white sandstone unit
and only one species, a new one, has been
definitely named. As to the age of the bra
chiopod assemblage from the dolomite unit
of the Kathwai Member, GRANT (1970, p.
125) concluded that it "contains some gen
era that point to a latest Guadalupian (La
mar equivalent) age, and others that point
to a Dzhulfian, or even early Triassic age."
The same technique and philosophies ap
plied to the white sandstone assemblage
were used to analyze the Kathwai brachio
pods. Of the 11 genera in the Kathwai fau
na, six, or possibly seven, originated in the
Carboniferous, or earlier, and four appear
to be confined to the Permian. The ex
tended ranges of some of the genera had
already been pointed out by STEPANOV
(1967).
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The Dzhulfa area of Soviet Armenia has
long been a classic area for study of the
Permian-Triassic boundary problem. One
of the intriguing aspects was the reported
association of Permian brachiopods and
corals with "ceratitic" ammonoids. A com
prehensive report on the Permian and Tri
assic faunas of this region, edited by Ruz
HENTSEV and SARYCHEVA (1965), is an
important contribution. They placed the
Permian-Triassic boundary just beneath an
approximately 20-meter thickness of strata
that contain Permian brachiopods and
corals along with ceratitic ammonoids
("Tompophiceras," Dzhuifites, "Bern hard
ites," and Paratirolites). These strata were
included in the Induan Stage (lowest Scyth
ian). These critical strata are now known
to crop out south of the Aras River, in
northwestern Iran. A comprehensive re
port on these occurrences has been published
by STEPANOV et al. (1969). These authors,
in discussing the 20 m of beds with the
so-called mixed fauna, came to the same
conclusion as RUZHENTSEV and SARYCHEVA
(1965), that they are earliest Triassic (In
duan) in age. KUMMEL and TEICHERT had
the opportunity of visiting the same Iranian
locality, known as Kuh-e-Ali Bashi. Their
report (TEICHERT, KUMMEL, & SWEET,
1973) presented a detailed summary of the
stratigraphy and paleontology of the critical
20 m of strata with the so-called mixed
fauna (which they named the Ali Bashi
Formation). One of the most important
finds were ammonoids previously known
only from the Changhsingian fauna of
southern China. Their primary conclusion
was that the Ali Bashi Formation does not
contain any distinctively Triassic compo
nents and is latest Permian in age.

The only report known to me on "Per
mian" brachiopods in Lower Triassic strata
from Japan is a brief statement by NAKA
ZAWA (1971) concerning a relict productoid
(Plicatifer?) and a Paleozoic-type bivalve
("Streblochondria") from the middle Scyth
ian Kurotaki Limestone in Shikoku.

The first mention of a mixed Permian
Triassic fauna from East Greenland in the
boundary zone is by SPATH (1930, p. 69)
and he commented further on this matter
in 1935. At the time of SPATH'S first writ
ing on this subject, the beds underlying the

Triassic were believed to be Early Carbon
iferous in age. It is easy to understand why
redeposition seemed to be the natural an
swer. Shortly after, the age was changed
to Late Carboniferous (FREBOLD, 1931).
FREBOLD (1932) moved part of the "Upper
Carboniferous'" into the Lower Permian
and ALDINGER (1935), revising the fish
f~una of the "Posidonomya shale," placed
these beds in the Artinskian. MILLER and
FURNISH (1940) described the ammonoid
eydolobus from the Martinia beds of Cla
vering ~; in line with the thinking of that
time, this made these beds latest Permian in
age. TRUMPY (1960, 1961) visited the Kap
Stosch area of East Greenland and made
observations on the Permian-Triassic bound
ary problem. His main conclusion was that
mixed faunas did indeed occur and that in
East Greenland faunas of Permian and
Triassic habitus co-existed for a time.

In the summer of 1967 TEICHERT and
KUMMEL visited Kap Stosch specifically to
study the Permian-Triassic boundary beds.
The primary conclusions of their study
(TEICHERT & KUMMEL, 1973, 1976) are as
follows: 1) The Permian fossils occur in
different localities from the very base of
the Triassic System up to a distance of be
tween 80 and 100 m above this base. They
represent remains of bryozoans and bra
chiopods, with minor fragments of ostra
codes, crinoids, and echinoids; 2) between
Rivers 7 and 14 (southwest of Kap Stosch)
all Permian fossils occur in arkosic sand
stone or conglomerate along with ophicera
tids or Otoceras or both; 3) almost all Per
mian fossils are damaged or badly broken
into unidentifiable fragments; 4) the speci
mens that can be identified belong to species
that occur in the typical Productus lime
stone and Martinia shale facies of the Upper
Permian directly below the Triassic; 5) the
Permian-Triassic sections southwest of Kap
Stosch are of homogeneous shale, silty shale,
and siltstone facies; nearly all are markedly
soft. Solifluction has so badly affected all
outcrops that meaningful stratigraphic sec
tions are next to impossible to obtain; 6) the
Permian fossils in the Early Triassic sedi
ments do not represent survivors from the
Permian into the Triassic Dut were rede
posited from some land area to the west in
which Permian outcrops occurred. A most
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FIG. 9. Total new conodont form genera (solid
line) that appeared during Cambrian through Tri
assic compared with total number that became ex
tinct (dashed line) during the same period (from

Clark, 1972).

probable mode of transport of some of the
specimens was in argillaceous boulders.

WATERHOUSE (1972) has described a sin
gle specimen consisting of the ventral valve
of an overtoniid brachiopod (?Krotovia sp.)
from the Blind Fiord Formation (Early
Triassic-Griesbachian age) on Axel Heiberg
Island. No other fossils were found in the
bed that yielded the brachiopod specimen.
The stratigraphy of this area has been
worked out by R. THORSTEINSSON and E. T.
TOZER and the age assignment and corre
lation of the beds seem to be most reason
able. WATERHOUSE (1972, p. 486) concluded
"It is not clear whether the specimen was
derived from Permian rocks or was really
of Griesbachian age. The latter appears
likely from the fact that no similar speci
mens are known from underlying Permian."

Recently Permian brachiopods have been
noted from the Dinwoody Formation of
western Wyoming and Montana. All that
is available in print on this is a short note
by GRANT and COOPER (1973, p. 585) that
is worth quoting as it warrants following
up: "Recently D. W. Boyd (University of
Wyoming) sent Grant a collection of bra
chiopods from the lower part of the Din
woody Formation at Teton Pass, Wyo
ming. Preliminary identification suggested
a Dzhulfian age, with a small productid like

Spinomarginifera, or Echinauris and pos
sibly also AraxathYl'is, although Cooper
would call the latter Composita. Field
work in Montana since the Symposium also
turned up Permian type brachiopods as
high as 8 feet above the base of the basal
Dinwoody at two places in southern Mon
tana and W. L. Stokes (University of Utah)
brought to the Symposium a small collection
of well-preserved brachiopods from the Din
woody Formation that certainly look Per
mian. At least seven genera of brachiopods
of Permian aspect now have been obtained
from the supposedly Triassic Dinwoody
Formation, a situation analogous to that of
the Dolomite unit of the Salt Range."

It should be clear from the above brief
review that there is at the moment no con
sensus as to precisely how the Permian
Triassic boundary should be defined nor as
to the interpretation of "Permian" brachio
pods along with Triassic ammonoids.

CONODONTS

One of the dramatic new elements in the
biostratigraphic analysis of the Triassic has
been the study of its conodonts. Systematic
study of these Triassic fossils began in 1956
(MULLER, 1956; TATGE, 1956). There had
been earlier reports of Triassic conodonts
but these generally were interpreted as re
worked Paleozoic forms. Since 1956 there
has been an increasing number of Triassic
conodont faunal studies, especially of the
Early Triassic faunas.

A brief but excellent overview of cono
dont diversity from the Cambrian through
the Triassic has been presented by CLARK
(1972). He produced a number of graphs
to illustrate conodont diversity through
time, one of which is here produced as
Figure 9. CLARK'S (1972, p. 150) analysis
of this graph is as follows: "Here, the total
new form genera that evolved during each
epoch is plotted against the number of form
genera that became extinct during that
epoch. In this figure, the presence of the
dashed line above the solid line is the signal
of an approaching crisis, i.e., more form
genera were becoming extinct than were
evolving. Significantly, the Middle Ordo
vician peak is followed by a large drop in
the Silurian when approximately as many
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III
Ql Ammonoid Zones".: Stage Substage Conodont Zones
~ (after Tozer, 1971)

RHAETIAN Choristoceras marshi Conodonts present but not diagnostic

UPPER
Rhabdoceras suessi 22 Epigondolella bidentataNORIAN

U MIDDLE Himavatites columbianus
Vi NORIAN

NORIAN Drepanites rutherfordi 21
V1« Juvavites mag nus
c:r:

LOWER Malayites dawsoniI-
20 Epigondolella abneptisc:r: NORIAN Mojsisavicsites kerriUJ

Cl.
Cl. Klamathites macrolobatus::> UPPER

CARNIAN Tropites welleri 19 Paragondolella polygnathiformis

CARNIAN Tropites dilleri

LOWER Si reni tes nanseni
18 Neospathodus newpassensisCARNIAN Trachyceras obesum

UPPER Frankites sutherlandi

LADINIAN Maclearnoceras maclearni 17 Epigondolella mungoensis

U LADINIAN Meginoceras meginae

Vi LOWER Progonoceratites poseidonV1 16 Neogondolella mombergensis« LADINIAN Protrochyceras subasperum
c:r:
I- Gymnotoceras occidental is
UJ UPPER
...J

ANISIAN Gymnotoceras meeki 15 Neogondolella canstricta
Cl
Cl Gymnotoceras rotelliforme

~
ANISIAN

Balatonites shoshonensis
M. ANISIAN Acrochordiceras hyatti 14
L. ANISIAN Lenotropites caurus

Neopopanoceras haugi
13 Neospathodus timorensis

12 Neogondolella jubata
SPATH IAN Subcolumbites beds

11-Z Columbites & Tirolites beds 10 Platyvillosus«
J:

Wasatchites tordus 9 Neogondolella milleriI-
>- 8 Neospathodus conservativusU SMITHIANV1- Euflemingites romunderi 7 Parachirognathus-Furnishius
U

6 Neospathodus pakistanensisV1
V1

Vavilavites sverdrupi 5 Neospathodus cristagalli«
c:r: DIENERIAN 4 Neospathodus dieneriI- Proptychites candidusc:r: 3 Neospathodus kummeliUJ

3 UPPER Proptychites strigatus 2 Neogondolella carinata
0 GRI ESBACH IAN Ophiceras commune...J

GRIESBACHIAN
1 Anchignathodus typicalisLOWER Otoceras borea Ie

GRIESBACH IAN Otoceras concavum

FIG. 10. Triassic ammonoid and conodont zones (after Sweet et al., 1971).

form genera were becoming extinct as were
evolving. The real crisis is first evident
during the Late Ordovician when more
form genera became extinct than appeared.
The consequence is the first conodont crisis,
that of the Silurian. Number of new form
genera exceeds number of extinct taxa by
the Early Devonian and the second evolu
tionary expansion was during the Late De-

voman. Significantly, however, the large
number of extinct form genera during the
Late Devonian and succeeding Early Mis
sissippian more than offset this expansion
and by the Early Mississippian, more genera
were becoming extinct than were evolving.
This pattern was never reversed during the
following years of conodont evolution. The
dip during the Middle Mississippian may
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not be real. Very few students have used
this "epoch" designation (middle) during
the past 30 years and numbers put on the
cards express this bias. Probably a straight
line drop from Late Devonian to Late Mis
sissippian is more accurate. The second
crisis is a result of the gradual reduction in
number of form genera which reached a
low in the Permian when no new form
genera appear but extinction continued.
This is the most profound crisis that cono
donts experienced until the Triassic extinc
tion."

In regard to the ancestry of Triassic
forms, only one or two Paleozoic genera
survived the Permian crisis and relatively
few Permian forms contributed to the later
Triassic bloom. Considering the conodont
assemblages at or near the Permian-Triassic

boundary SWEET (1973, p. 630) summar
ized the data as follows: "All major Per
mian conodont stocks and most of the spe
cies known from latest Permian rocks
passed the notorious Permian-Triassic filter
with seeming indifference, hence there is
no detectable change in conodont faunas at
the level of the Permian-Triassic boundary
in any of the presumably complete sections
from ,~hich conodonts are currently
known.

Conodont biostratigraphical zonation is
developing at a rapid rate. The best gen
eral summary of this aspect of conodont
studies is that by SWEET et at. (1971). In
that study the authors recognized a se
quence of 22 faunal zones (Fig. 10).
Further refinement of this scheme is ac
ti vely being pursued.
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INTRODUCTION2

Zoogeographic differentiation is the result
of ecologic interaction of numerous region-

1 Manuscript received April, 1969, and translated in part
by CURT TEICHERT :md GERTRUD TEiCHERTj revised manu
script received May, 1975.

2 A brief general view on the Jurassic Period (except for
zoogeography) was published by the author in Encyclopaedia
Britannica (1974, p. 354·360).

ally effective causes, such as dynamics of
dispersal, struggle for existence, climate,
topographic links and barriers, salinity,
water depth, currents, and supply of nutri
ents. Yet there is no fundamental limitation
in regard to the many special facies condi
tions that exist in small areas, even down
to the occupation of cracks in the seafloor
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by ammonites, or of sponges by foraminifers.
Benthonic dwellers of shallow seas are

generally strongly differentiated regionally
as well as locally. On the other hand, nek
tonic and planktonic animals, as well as
inhabitants of the deep sea, may be widely
distributed unless restricted by climatic
zones, physical barriers, or ocean currents.
In many faunal descriptions insufficient
checks are being made, however, and new
species are being established which may be
no more than varieties of known species or
genera in distant areas. "Splitters," as well
as "lumpers," render difficult the interpreta
tion of zoogeographically important differ
ences. Also, the literature has not been
sufficiently searched for widely disseminated
zoogeographical data. For these and some
other reasons, regional comparison of Juras
sic invertebrate faunas is still in its infancy.

Most conclusions pertaining to Jurassic
zoogeography are based on ammonites,
which, therefore, take up the major part of
this discussion. SPATH, in the course of his
lifelong work on ammonites, became in
creasingly skeptical as to their suitability as
zoogeographic indices. He defended the
old view of worldwide postmortem drifting
of ammonite shells. Where regional zoo
geographic differences were undeniable, he
attempted to explain them as due to gaps
in the stratigraphic record (SPATH, 1952).

Recent research, however, has confirmed
the conclusions, reached by NEUMAYR
(1883), that certain ammonite communities
are characteristic of certain marine realms.
The crossing of abyssal depths by ammonite
larvae or by floating shells certainly was not
the rule. Distribution patterns and litho
logical data suggest that climatic zones,
depths of the sea, and the nature of migra
tory routes, may be the most important
factors in explaining regional restrictions.
The distribution of coral reefs also indicates
climatic zonation during the Jurassic Period.
The distribution of some benthonic clams
(e.g., Buchia, Inoceramus) supports the
conclusions based on studies of ammonites
and makes it seem probable that the ammo
nites were epibenthonic and are preserved
in their natural habitat to a greater extent
than generally believed.

It may be assumed with confidence that
the Arctic and Pacific oceans existed in the

Jurassic, whereas the Atlantic and Indian
oceans were probably still partly closed,
and they gained their present configuration
and position only through later continental
drift. Deep-ocean and pelagic faunas are
becoming known through studies related to
the Deep Sea Drilling Project. The oldest
sediments discovered to date in the present
North Atlantic are presumably of Oxfordian
age. We know more about rapidly sub
siding geosynclinal areas that reached oce
anic depths only where the influx of sedi
ment or volcanic material was small
(GARRISON & FISCHER, 1969). Jurassic shelf
and littoral sediments preserved on present
continents and islands are best known.

Projected on the present globe, the follow
ing major units of Jurassic marine zoogeog
raphy may be recognized (Fig. 1) following
NEUMAYR (1883), UHLIG (1911), HA'UG
(1927), TERMIER and TERMIER (1952), and
ARKELL (1956):

1) Tethys in the widest sense, subdivided
into:
a) a Mediterranean-South Asiatic cen

ter (area of alpine mountain chains
with several subareas);

b) a probable continuation westward
to Mexico and to the southeast
to the Malayan-New Zealandian
geosyncline whose extension sur
passed that even of the Tethys;

c) epicontinental areas and inland
seas (North Africa without the
Rif Mountains, East Africa, penin
sular India, central Arabia, In
donesia, southern China, southern
Soviet Union, south-central Eu
rope).

2) The Arctic-Boreal area (recent coastal
lands of the Arctic Ocean, with strong
influences in northern Europe and cen
tral Russia).

3) The Jurassic areas surrounding the
Pacific Ocean lacking faunistic uni
formity.

Presently known facts do not permit recon
struction of an individual Antarctic Ocean
during Jurassic time (STEVENS, 1967b).

The number of genera and species de
creases from the marginal areas of Tethys
toward the north, thus indicating cooling
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climate in that direction (A. G. FISCHER,
1961; DE LATTIN, 1967; B. ZIEGLER, 1967).
It should be remembered, however, that the
number of taxonomic units is also fewer in
the bathyal areas of Tethys just as is true
for recent faunas in deeper parts of the
oceans.

In the northern hemisphere, and probably
on the entire earth, the climate during
Jurassic time was warmer than now. Vege-

tat ion covered areas that are now near the
poles. SAKS and NALNYAEVA (1966) used
the term "Arctic" for the central Boreal
realm during times of wider distribution
of the Boreal faunas. In the changing pat
tern of the borders between the Boreal and
non-Boreal faunas, perhaps the chemico
physically important 15°-isotherm of the
sea has played a role (AGER, 1956).

PROTOZOA
The first flagellates were the Coccolitho

phorida and the Dinoflagellata (Peridini
ina) in the Early Jurassic. The coccoliths
(calcareous skeletons of coccospheres, flagel
lates) are found in geosynclinal, as well as
epicontinental sediments, for example, in
oil shale of the upper Liassic and in fine
grained limestone of the Upper Jurassic of
southern Germany (FLUGEL & FRANZ,
1967) .

Among the Rhizopoda, the radiolarians
were on the increase. The lime-secreting
foraminifers, after their eclipse following
the Permian, underwent a new strong de
velopment. Among these are the benthonic
Lituolidae (HENSON, 1949), including the

large foraminifer Orbitopsella in the Medi
terranean Lias, and the first appearance of
the pelagic globigerinids (Protoglobigerina)
in the Tethys. These appeared first in the
Bathonian and became rock builders in the
Oxfordian. In the Swabian Jura, Globiger
ina? appears at the Callovian-Oxfordian
b~lUndary (SEIBOLD & SEIBOLD, 1960).

The Ciliata appeared with the calpionel
lids, which have a calcified shell wall
(lorica). In the Alpine-Mediterranean Ti
thonian and in Late Jurassic sediments from
the Atlantic Ocean, they attained strati
graphic importance (LE HEGARAT & RE
MANE, 1968).

PORIFERA
During the Jurassic, sponges were of

greater importance than ever before in the
history of the phylum. Calcareous sponges
occur, as in the Triassic, in coralliferous and
other sediments deposited in very shallow
water. The siliceous sponges, which began
to diversify in the Jurassic, preferred some
what deeper water. In the Lower and Mid
dle Jurassic of the Alps, spiculite rocks are
composed of disassociated needles of dis
integrated Monaxonida. The "gaize" of the
Oxfordian of France is such a spiculite.

Hexactinellida and Lithistida formed
meadows such as the Hexactinellida horizon
in the Middle Liassic of Portugal and in
the Ca\lovian of La Voulte in southeastern
France. With the help of blue-green algae
(stromatolites), and if the supply of cal-

careous sediment was sufficient, they built
hummock-like reefs that were preserved as
massive sponge limestone. Minor occur
rences of this kind are known from the
Middle Jurassic of southern England, north
ern France, Spain, and Chile. During the
Late Jurassic, a large sponge-reef belt,
unique in earth history, bordered the cen
tral European Tethys from the Swiss Jura
eastward through southern Germany as far
as the Upper Vistula (Cracow-Kielce)
(ROLL, 1934). In the south German Jura,
hexactinellids prevailed in the late Ox
fordian, and tetraxon and monaxon lithistids
in the Kimmeridgian (SCHRAMMEN, 1924).
Calcareous sponges and corals generally in
habited the tops of dead siliceous sponge
reefs.

ANTHOZOA
Single corals (ahermatypic, without

zooxanthellae) existed throughout Jurassic
time. Chomatoseris (=Anabacia) IS Im
portant in the marly facies of the Middle
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Jurassic. Reef-building (hermatypic) corals
played only a minor role in the Early Juras
sic. Their most important occurrence is in
the massive limestones of Domerian age in
the Djebel Bou-Dahar in Morocco, in the
epicontinental Jurassic south of the Tethys.
Facies and associated faunas are reminiscent
of those of the Upper Jurassic coral lime
stone of Europe (DUBAR, 1948). "Mead
ows" of colonial corals occur in the Liassic
of Scotland (Hebrides) and southern
Alaska. In the Middle Jurassic, hermatypic
corals are strongly represented in the Tethys,
with appearance of new families and devel
opment of numerous independent faunal
provinces such as in eastern Iran (FLUGEL,
1966, comparing different coral faunas of
the Tethys and East Africa) and Madagas
car (ALLOITEA:U, 1958). COLLIGNON (1959)
has interpreted the coral facies of the Ba
thonian of Madagascar as a barrier reef
with atolls.

In western Europe the coral facies is dis
tributed throughout France and farther
north. In England it shows three main
developments: in the Inferior Oolite (Ba
jocian), in the Great Oolite (Bathonian),
and in the Corallian (Oxfordian). All three
coral faunas differ greatly in the spectrum
of their species; however, in southern areas
where the number of genera and species is
greater, the coral faunas also include many
long-ranging forms with diminished strati
graphic value (GEYER, 1958). In the lower
Kimmeridgian of Great Britain, two species
of redeposited reef corals of possibly Ox
fordian age have been found as far north
as Helmsdale on the northeast coast of
Scotland, which is the northernmost occur
rence (58° N) of Jurassic reef corals in
Europe. Only a few reef corals are known

in the Oxfordian of northern and central
England. Their number increases rapidly
toward the south (south coast of England,
Boulonnais of northern France, northwest
ern Germany). In the Upper Jurassic coral
limestones of southern Germany and Swit
zerland, the number of reef coral species
reaches 100 to 200 (B. ZIEGLER, 1964). This
increase is probably due to climatic condi
tions; however, ARKELL (1935; 1956)
thought that because of the relatively short
distances involved, a topographic barrier
would better explain these differences. In
eastern Africa, Upper Jurassic coral reefs
extend as far as 5° S., which is not quite as
far south as in the Middle Jurassic.

In the Kimmeridgian, coral reefs of cen
tral Europe, with the exception of a few
outposts, again retracted to the northern
edge of the Tethys where they shifted even
farther to the south, as for instance in the
Swiss Jura (M. A. ZIEGLER, 1962); however,
in the Tethys and on the Pacific coast of
southern Honshu, Japan, they are widely
distributed. In South America, major reefs
are lacking in the Jurassic. Individual reef
complexes of the Tethys and adjacent areas
are composed of only a part of the total
Upper Jurassic fauna. As a rule, one-third
of the genera and two-thirds of the species
of adjacent areas are absent. (See compari
son of Stramberg beds and the Upper Juras
sic of southern Germany by GEYER, 1958.)

Excellent examples of reef-front and back
reef facies in the Jura Mountains were de
scribed by M. A. ZIEGLER (1962) and ENAY
(1965). Open colonies of hermatypic corals
existed also in marly facies such as the Ox
fordian of the Swiss Jura (M. A. ZIEGLER,
1962, p. 40).

HYDROZOA

In places, Ellipsactinia is an important
member of Upper Jurassic reef communities
of the Tethys, especially in the Carpathians
and in the Balkans. Hydrozoan faunas of
changing composition have recently been
reported from southern Slovenia (TURNSEK,
1966) and from the eastern calcareous Alns

(FENNINGER & HOTZL, 1965). The latter
fauna shows close faunistic relationships
along the entire Tethys as far east as Japan,
whereas the relationships toward the west
(Switzerland, France, Portugal) are far less
Dronounced.

BRACHIOPODA

After the decline of brachiopods in the
Triassic, a new surge followed. The The-

cideidae and the Terebratellaceae are known
with certainty only since the Early Jurassic.
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Survivors from the Paleozoic are the heli
copegmatoid Spirijerina (until early Bajoc
ian) and Koninckina. The last chonetoid
brachiopod Cadomella (Pliensbachian-To
arcian, epicontinental Europe) acquired a
helicopegmatoid brachiophore independ
ently from the Helicopegmata (COWEN &
RUDWICK, 1966).

The inarticulate brachiopods Lingula,
Discinisca, and Craniscus are of almost
cosmopolitan occurrence. Zoogeographical
comparisons with other areas are rendered
difficult by the fact that until now the study
of Jurassic Articulata has been practically
restricted to Europe, and in other areas
there has been a tendency to establish inde
pendent taxonomic units. Furcirhynchia,
until recently known only from Europe,
has lately been found in Canada (AGER &
WESTERMANN, 1963). In many cases, how
ever, provincialism is a fact. Even in the
English-Scottish Jurassic, several brachiopod
provinces' can be distinguished (AGER,
1956). "Terebratula" joassi DAVIDSON and
the large Rhynchonella sutherlandiae DAVID
SON are endemic in the Kimmeridgian of
northeastern Scotland.

The genera Somalirhynchia, Daghani
rhynchia, Septirhynchia, Bihenithyris, 50
malithyris, Striithyris, and Trigonithyris
are restricted to the general area of East
Africa and southern Asia. Multicostate
Terebratulidae, which are rare in epiconti
nental beds of northwestern Europe, pre
dominate along with multicostate Zeilleri
idae in the reef facies of the Lower Jurassic
of Morocco (DUBAR, 1942). ROUSSELLE
(1968) and ROUSSELLE and BISCH (1967)
have described some Rhynchonellidae and
Orthotomidae that are endemic in the Mo-

roccan Lias. The Early Jurassic brachiopods
of Japan show closer affinities with those
of the west than with those of North Amer
ica (KOBAYASHI, 1961).

AGER (1965) offered the following eco
logical observations and conclusions: ar
ticulate brachiopods are almost exclusively
stenohaline; Kallirhynchia penetrates also
into the estuarine environment of the Eng
lish-Scottish Middle Jurassic, elsewhere
sandy and oolitic littoral environments are
preferred; Rhynchonellidae tend to appear
in pockets, large asymmetric forms like
Septoliphoria astieriana were adapted to
near-reef environments; Terebratula mora
vica with its long beak anchored in muddy
bottom sediments is found in backreef fa
cies, other adaptations are found on hard
grounds, algal mats, and sponges; sulcate
forms may be interpreted as adaptations to
oxygen- and nutrient-deficient depths. Such
conditions existed, for example, at the bot
tom of the Tethys in the Alpine-Carpathian
area, which was by no means everywhere
an open ocean. Here, a specially adapted
form is Pygope, which in many places rep
resents the only benthonic form in the
Mediterranean Tithonian.

VOGEL (1966) interpreted the central per
foration of the shell of Pygope as a means
to remove used water, in the nutrient-poor
bathyal region, as fast as possible from the
interior of the mantle and to prevent its
being mixed with water sucked into the
inhalant canal. The occurrence in East
Greenland of the related Antinomia indi
cates connections to the Arctic during Port
landian and Valanginian times (DONOVAN,
1953; MUIR-WOOD, 1953).

BIVALVIA, GASTROPODA

The epicontinental bivalve faunas of the
Lower and Middle Jurassic comprise many
widely distributed elements. The Ostreina
first appeared in the Late Triassic, but did
not evolve rapidly until the Jurassic. Car
dinia is especially common in lower Liassic
rocks and locally also in somewhat younger
shallow-water strata from Japan to Canada.
Plagiostoma probably has a similar distri
bution. The group of large-sized Oxytoma
scanica and o. cygnipes is known in the

lower and middle Liassic from northern
Europe as far as the Alps, as well as in
the Sinemurian Fernie Group of Canada
(HOLDER, 1953; FREBOLD, 1957). Weyla
alata and related forms are common mem
bers of the western American Liassic faunas
and extend as far as Portugal and southern
Spain in Europe. Presence of the smaller
Weyla ambongoensis in the Toarcian of
East Africa and Madagascar caused DACQUE
(1915) to postulate close relationships of

© 2009 University of Kansas Paleontological Institute



A396 Introduction-Biogeography and Biostratigraphy

this area with South America. Later, how
ever, this species was also reported from
Morocco and India (Cox, 1965). LEANZA
(1942) described several hundred species of
bivalves from the Liassic of Neuquen in
Argentina, two-thirds of which are indige
nous. The rudist-like Plicatostylus, which
forms biostromes, is known exclusively from
the Liassic of Oregon (LUPHER & PACKARD,
1930) and Peru (GEYER, 1973). Cryphaea
retreated from the Arctic areas after the
Liassic (IMLAY, 1965). IMLAY (1964a) de
scribed a bivalve fauna from the Middle
Jurassic of Utah, containing a number of
new, probably endemic, species. From the
Middle Liassic and into the Bajocian, Le
nella and Arctotis (Pteriina) are endemic
in the Arctic marine Jurassic of Siberia
(SAKS, MESEZHNIKOV, & SHULGINA, 1964).
Retroceramus and Arcticeramus join in the
Middle Jurassic. The inoceramids advanced
repeatedly far to the south (IMLAY, 1965),
as did the buchiids in somewhat later times.

As early as the Liassic, restriction of cer
tain bivalves caused regional biofacies. In
the Liassic, reef limestone was restricted to
a few areas of the Tethys, thus creating
faunal associations rather similar to those
that were more widely extended to the
north during later Jurassic times. Exam
ples are the already-mentioned middle Lias
sic reef limestones of the southern High
Atlas of Morocco (DUBAR, 1948), which
contain, in addition to calcareous algae,
abundant corals, brachiopods, gastropods,
echinoderms, and bivalves such as Perna
(length 60 em, width 6 em), Pachyrisma,
Durga, Pachymegalodon, Pachymytilus,
Opisoma, and Lithiotis. Some of these
(Opisoma, Durga, Pachymegalodon, Lithio
tis, and the related Cochlearites) are found
in banks and reefs in the somewhat differ
ent argillaceous facies of the gray limestone
of the southern Alps, which have many
analogues as far east as Timor (WANNER,
1910).

Pseudomonotis tends to occur in shallow
water limestone; similarly, Posidonia occurs
in deposits of clay and calcareous quiet
water rocks of geosynclinal and epiconti
nental areas. Among the posidoniids, Bosi
tra buchi is widely distributed, in places as
the only fossil in shaly and argillaceous
rocks from the Toarcian to the Oxfordian,

generally in geosynclinal facies. A pelagic
nektonic mode of life, which was inherited
from the old Paleozoic root-stocks of the
Limacea and Pectinacea, can be assumed
because of lack of other benthonic life, other
ecologic indicators, as well as from the shell
morphology (JEFFERIES & MINTON, 1965).
On infrageosynclinal rises and plateaus,
coquinas of Bositra shells accumulated, lo
cally associated with remains of the rich
benthonic life of these hard grounds
(STURANl, 1967). Silberlingia is endemic
in California (IMLAY, 1963).

With the help of a number of "faunal
spectra," B. ZIEGLER (1967) illustrated the
depth dependence of bivalves in relation to
other marine fauna.

Yrigonia, known from the Middle Trias
sic onward, is richly represented in the
lower Liassic of the southern Andes and of
Japan. It probably originated in the Pacific
area, and first reached Europe from the
west during middle Liassic time. At the
transition from the Lias to the Dogger,
costate and clavellate trigonias spread rap
idly. Trigonias are mostly found in great
masses in sandy and ferruginous, more
rarely in argillaceous, rocks. Their habitat
is the shallow shelf at depths from 10 to 50
meters. Their abundance in epicontinental
areas is in strong contrast to their absence
in the Tethys. In the Upper Jurassic of
East Asia and the west coast of Japan, Nip
ponitrigonia predominates, whereas Myo
phorella (Haidaia) predominates on the Pa
cific coast of Japan (MAEDA, 1962). Occur
rences of Indotrigonia and Opisthotrigonia,
though represented by different species, cor
relate the Upper Jurassic of peninsular India
with that of East Africa (Cox, 1965).

Buchia, which ranges from the Oxfordian
to the Neocomian, spread repeatedly from
its original Arctic-Boreal habitat far into
the south where the number of its species
increased. This genus is an especially im
portant indicator for marine connections
between Boreal, Pacific, and Tethys areas
(IMLAY, 1959, 1965). By late Oxfordian, a
first advance was made southward along
the American west coast reaching, in the
Kimmeridgian, as far as Mexico where a
Buchia deposit contains numerous species.
Another Buchia invasion occurred during
the Portlandian. From Mexico and possibly
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also from southeastern Asia, the genus
reached the southern Andean geosyncline
of Peru, Chile, and Argentina.

Buchiids, especially the genus Malayo
maorica JELETZKY (1963), are known from
the Spiti Shale of the Himalayan geosyn
cline, from the islands of Roti, Misol, and
Buru of the Indo-Malayan geosyncline, and
also from northwestern Australia. Their
occurrence indicates that a direct connection
to the Arctic via eastern Asia existed.
Buchia mosquensis and B. volgensis are
also found in the N erinea limestones of
Mangyshlak, which they may have reached
by way of a Late Jurassic marine connection
east of the Urals, but possibly also from
the Russian area farther west. Toward the
west, these forms advanced from the central
Russian basin by way of Poland and Pome
rania into England and the Boulonnais of
northern France. In the south German
Jura, Buchia appears in the upper Oxford
ian (BRINKMANN, 1929; MAYNC, 1947).

Times of regression were characterized
by euryhaline and brackish bivalve associa
tions such as Corbula, Eomiodon, Proto
cardia, Pseudotrapezium, and Eligmus.

Rocks containing brackish and fresh-water
molluscan faunas are known from the Es
tuarine Series of the Middle Jurassic of
England and Scotland (HUDSON, 1963a,b),
the East African-Indian area (Eligmus
fauna), from the Purbeckian of Europe
(HUCKRIEDE, 1967), the Morrison Forma
tion of the United States, and the Tetori
Group of Japan (SATO, 1961; MAEDA, 1961).
On the other hand, supersalinity influenced
the marine life. JORDAN (1974) interpreted
the northwest German Upper Jurassic rocks

as sediments of a supersaline and tempo
rarily oil-soiled sea.

The continental Liassic fauna of central
Asia consists solely of some surviving Tri
assic bivalves. Pseudocardinia appears in
the upper Liassic and becomes abundant in
the Middle Jurassic, whereas the fresh-water
gastropod Bithynia appears in the Middle
Jurassic. Arguinella, Limnocyrena, Cor
bicula, numerous Unionidae, and gastropods
of the prosobranchiate families Viviparidae,
Valvatidae, Micromelanidae, Hydrobiidae,
and of the pulmonate families Planorbidae
and Limnaeidae appear in the Upper Juras
sic (MARTINSON, 1964). The pulmonate
forms were presumably the first immigrants
from land into fresh water in the history of
the gastropods.

Among marine gastropods, Discohelix
was one of the last survivors of the Paleo
zoic Euomphalacea. This genus is known
mainly from the Lower and Middle Jurassic
of the Mediterranean area, where its species
serve as guide fossils (WENDT, 1968). In
the oil shales of the European Toarcian, the
small genus Coelodiscus (Euomphalacea?)
is f?und frequently congregated around
saunan carcasses.

Among mesogastropods, the Naticacea,
which had their beginning in the Jurassic,
the Strombacea with Harpagodes of Middle
Jurassic to Late Cretaceous age, and Col
umellaria, a reef inhabitant of the Late Ju
rassic, should be mentioned. Among neogas
tropods the thick-shelled Nerinacea (Neri
nella, Nerinea, Itieria), which were adapted
to shallow-water facies between coral reefs,
play an important, commonly rock-forming,
role. They are restricted to the Jurassic
and Cretaceous.

AMMONOIDEA

According to SCHINDEWOLF (1961-68),
most Jurassic Ammonitina originated from
Psiloceras, whose origin has to be looked
for in the Upper Triassic Lytoceratina.
WIEDMANN ( 1973b) considered Phyllyto
ceras from the Norian to be the ancestor
of Psiloceras. According to KRYSTYN (1974),
however, Phyllytoceras is based on an in
determinable inner whorl of Rhacophyllites.
Therefore, the origin of the Neoammonoi
dea remains uncertain.

THE GEOSYNCLINAL·
EPICONTINENTAL CONTRAST

In general, the Phylloceratacea and Lyto
ceratacea show a conservative evolution.
During the Jurassic they mainly occupied
the Tethys and, to a lesser extent, its periph
eral and radiation areas. This may indicate
a preference for greater ocean depth, and
perhaps may also indicate climatic influ
ences. Thus, these groups are absent from
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the shallower areas of the Tethys (Lemes
beds of the Upper Jurassic of Yugoslavia,
B. ZIEGLER, 1963; the shallow-water Jurassic
of the Georgian block between deeper sedi
mentation basins of Caucasus and Anti
caucasus, ZESASHVILI, 1964). This distribu
tion indicates a more or less benthonic mode
of life and generally an autochthonous mode
of emplacement. Phylloceratacea and Lyto
ceratacea are also absent in the epiconti
nental Callovian and Oxfordian of the west
ern basins of the conterminous United States
(IMLAY, 1967), but they are abundant in
the geosynclinal areas as far as Alaska.
Dwarfed phylloceratids have been found in
deep cracks in eastern Alpine Triassic lime
stone filled with Liassic sediment. At the
same time, other ammonoid genera lived on
the higher sea bottom above the cracks.
Dwarfed ammonites from such submarine
cracks have also been mentioned from the
Jurassic of Sicily (R. FISCHER, 1967; WENDT,
1971).

Some genera of the Psilocerataceae, the
oldest "Ammonitina," are known only from
Europe, whereas others spread more or less
widely through the Tethys and adjacent
area. Psiloceras is known from northeast
ern Asia (SAKS, 1964), New Zealand, and
Laos, northward in western Europe as far
as the island of Mull (western Scotland),
and also from Canada, Peru, and Chile
(CECIONI & WESTERMANN, 1968). Because
Hettangian faunas are unknown in Mexico,
the direction of migration of Psiloceras to
western America is still in doubt. A "Pan
ama-strait" probably existed in Liassic time
at the western end of the Tethys (sensu
lato), and may be assumed to have extended
westward from Europe between the former
land areas of Gondwana and Laurasia
(GEYER, 1973).

FREBOLD (1967) described Psiloceras sp.
ex aff. P. planorbis as the oldest known
Jurassic ammonite in British Columbia.
Above it follows the ribbed P. canadense
FREBOLD (1951) associated with additional
genera of the Psiloceratidae, Phylloceras and
Eolytoceras. Differentiation of P. planorbis
on the subspecific level is evident in Peru
(SCHINDEWOLF, 1957). Curviceras BLIND
(1963) (=Waehneroceras auct.) , and later
Schlotheimia, are known from New Cale
donia, and also from Japan to the east, and

as far as western North America. Schlothei
mia is also known from Alaska and Peru.
In the western part of the Americas, the
Arietitidae extend as far as Alaska to the
north (Arietites, Coroniceras) , and Peru
and Chile to the south (A,·ietites, Vermi
ceras).

In comparison with its epicontinental
equivalents in central Europe, the lower
Liassic of the Alpine-Mediterranean area
contains a greater abundance of forms of
Psiloceratidae, Schlotheimiidae, and Arie
titidae (WAHNER, 1882-98; LANGE, 1952;
BLIND, 1963); however, the lower Liassic
faunas of the Helvetic nappes of eastern
Switzerland have an entirely central Euro
pean aspect. This shallow-water sedimenta
tion area on the southern side of the "Ale
mannic Land," which is the Aar Massif of
today, must have been closely connected
with the Jurassic sea of central Europe. The
strong Mediterranean affinities of the faunas
in the Liassic "Allgau-Schichten" of the
eastern Alps, as in the Lower Jurassic of
the Romanic Prealpes, indicate tectonic
transportation of these units from a sedi
mentation area much farther to the south.

The epicontinental Jurassic of central Eu
rope and elsewhere represents not merely
an area of immigration of faunal elements
from the Tethys, but it was also an inde
pendent center of evolution. Although the
degree of endemism reached by the ceratites
in the Germanic Muschelkalk was not re
peated in the Jurassic, many endemic genera
and species evolved. Saxoceras, with many
species, is almost endemic in the upper
Hettangian of central Europe (LANGE,
1951 ).

Curviceras, Schlotheimia, and the arieti
tids Vermiceras, Arnioceras, and Astero
ceras extend as far as the North African Rif
and Atlas (ARKELL, 1956; DONOVAN, 1967).
This is also true for Oxynoticeras, which
exhibits especially well the striking contrast
between paucity of species in the epiconti
nental facies and the wealth of species in
the Alpine area (PIA, 1914). Echioceras
and Paltechioceras appear in northwestern
Europe, and the latter genus is also found
in the Tethys.

Some species of Gagaticeras found in
the upper Sinemurian of northwestern Ger
many are also present in Lorraine, the
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northern Alps, and in Yorkshire (northeast
England), but are absent in southern Eng
land. A barrier to distribution appears to
have existed, therefore, at least on the west
ern side of the sea surrounding the Ar
dennes-London Island (HOFFMANN, 1941).

According to SCHINDEWOLF'S (1961) in
vestigation of the early stages of ammonoid
sutures, the Eoderocerataceae evolved from
Psilocerataceae, not directly from the Lyto
ceratina, as indicated in Treatise on Inverte
brate Paleontology, Part L, figure 150
(1957). In the lower Pliensbachian, their
area of distribution is practically the same
as that of their ancestors. Among Eodero
cerataceae the differences between epiconti
nental and geosynclinal faunas are small
and are indirectly noticeable only in the pre
eminence of the phylloceratids and Iytocera
tids. An example is the fauna of the Ak
Dag of northern Turkey (PIA, 1913).

From the lower Liassic to the Middle
Jurassic the northern Balkans and the Cau
casus belonged to the epicontinental facies
belt, and the southern Balkans belonged to
the Mediterranean belt (KOVACS, 1942;
DONOVAN, 1967). SAPUNOV (1973) distin
guished between the European Caucasian
and the Mediterranean provinces by com
paring the ammonite genera and species,
common or uncommon, to both these prov
inces in the Pliensbachian and the Toarcian.
The Toarcian and Bajocian beds near Ker
man in Iran have mainly northwestern Eu
ropean faunal elements, and the Aalenian
additionally has some central European ele
ments (SEYED-EMAMI, 1967). Epideroceras
is restricted to the northern margin of the
European Tethys, and extends eastward as
far as Turkey (SAPUNOV & STEPHANOV,
1964).

BEGINNING OF THE
TETHYAN-BOREAL CONTRAST

Marine rocks of early Liassic age contain
ing Arietitinae, as well as Oxynoticeras and
Echioceras, are known from northern
Alaska (IMLAY, 1955) and Arctic Canada
(FREBOLD, 1960). Nowhere else does it ap
pear that the Early Jurassic Arctic Sea ex
tended over present land areas. In East
Greenland the oldest Jurassic ammonites
are Beaniceras and Uptonia (Eoderocera-

taceae). A maltheus is the earliest genus
having a range from northern Canada to
northeastern Asia and northern Siberia, and
is the only ammonite genus of the upper
Pliensbachian in this area (DAGIS & ZAKHA
ROV, 1974, map p. 23). Amaltheus also pre
dominates in Great Britain, where Ho
WARTH (1958) found restriction of certain
species, and in Germany it indicates an
open connection between the Arctic Sea and
central Europe.

Farther south the situation is different.
Although A maltheus does occur as far as
the Caucasus and in the Middle (not High)
Atlas of North Africa (COLO, 1961), it is
far outnumbered by the great host of the
Hildocerataceae, Arieticeras, Canavaria,
Fontannelliceras, Fuciniceras, and Proto
grammoceras. In Spain a sharp faunal di
vision existed in the late Pliensbachian
between the north (Cantabrian and Iberian
ranges) where A maltheus occurs, and the
south (from the southern Keltibericum in
the Province Teruel onward) where Amal
theus is absent (BEHMEL & GEYER, 1966).
In the Alps and southern France typical
mixed faunas occur. Amaltheus and Cana
varia occur together also in Japan (SATO,
1960). Thus, I suggest a climatically deter
mined reduction in the diversity of ammo
nite faunas from south to north similar to
faunal conditions of the present day. HAL
LAM (1969) suggested, however, that climate
during the Jurassic was too uniform to cause
zoogeographic differentiation, and he there
fore assumed that nearshore shallow seas
with strong terrigenuous sedimentation and
reduced salinity existed in boreal regions to
which the boreal fauna was adapted.

The Dactylioceratidae, probably deriving
from Microderoceras and commencing with
Coeloceras and Coeloderoceras in the late
Sinemurian, expanded during several ad
vances from their Mediterranean center of
evolution: Prodactylioceras in the Pliens
bachian, and Dactylioceras since the Domer
ian (SCHMIDT-EFFiNG, 1972). Dactylioceras
dominated the Arctic-Boreal region during
the early Toarcian nearly as exclusively as
did its predecessor A maltheus in the Pliens
bachian. In addition, Harpoceras and some
other Hildoceratidae occurred, but were rare
(FREBOLD, 1958, 1960; DAGIS & ZAKHAROV,
1974). In northern Siberia, Zugodactylites
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with endemic species appeared in the mid
dle Toarcian. Outside the Arctic Daetylio
eeraJ is widely distributed in association
with abundant HarpoeeraJ and HildoeeraJ.
During the late Toarcian and early Bajoc
ian, the Arctic was somewhat more abun
dantly populated by species of PJeudolio
eeraJ, GrammoeeraJ, EryeiteJ, and Lud
wigia. At the same time, a far greater
abundance of forms occurred to the south
in the Tethys and its peripheral regions as
far as Japan, where Dumortieria, Pleydellia,
LeioeeraJ, GraphoeeraJ, and HyperlioeeraJ
occurred together with the above-mentioned
genera. More research in the Arctic could
possibly lead to a lessening of these differ
ences, however. For instance, Leiocera,'
opalilll/m has recently been found on Prince
Patrick Island in Arctic Canada (FREBOLD,
1958). MereatieeraJ and the small Boulei
ceratinae Freehiella, ParolliceraJ, and Leu
kadiella form a group that is restricted
to the Mediterranean. Haploplel/roeeraJ
ranges from Italy to England.

In addition, the Hammatoceratidae are
widely spread throughout the Tethys and
its peripheral regions as far as Japan, but
are not entirely absent from the boreal re
gion.

ARABIAN-MADAGASCAN
EPICONTINENTAL SEA

The sea in the south of the Iran-Afghani
stan part of the Tethys area transgressed in
a westerly direction during the Toarcian
toward the Nubian shield, where it formed
the shallow Central Arabian Embayment,
sediments of which are now exposed in the
terraced sides (escarpment) of the Jebel
Tuwaiq. The fauna consists of BouleieeraJ,
Nejdia, HildaiteJ, and ProtogrammoeeraJ
(ARKELL, 1952), and shows affinity to that
of the western Tethys (Baluchistan to Portu
gal; GEYER, 1965), but is very impoverished
and contains endemic species. It also shows
affinities with the faunas along parts of the
East African coast and Madagascar. Thus,
a shallow arm of the sea must have ex
tended in the direction of the present Strait
of Mozambique, which was bordered on
the west by the African continent, and on
the east, according to present ideas, by the
Madagascan-Indian ("Lemurian") continent

(DAcQuE, 1910). During Bajocian, Ermo
eeras and T hamboeeraJ predominated in
the Central Arabian Embayment, although
they also occur in the Sinai Peninsula. In
the Bathonian, when a new transgression
occurred, these genera were joined by addi
tional members of the Thamboceratidae
and Clydoniceratidae (ARKELL, 1952). The
distribution of Clydoniceratidae reached as
far as Madagascar and Europe.

In the Bajocian, the above-mentioned
strait that separated East Africa from Mada
gascar extended farther over the continent
and harbored a considerably richer ammo
nite fauna than that found in the obviously
rather restricted central Arabian Embay
ment. This fauna consists of Tethyan
genera, including lytoceratids and phyllo
ceratids, but also of European elements, in
dicating the existence of connections across
the Tethys. Conditions in the Callovian
were similar, and during this time the East
African-Madagascan sea spread northeast
ward to peninsular India (Kutch).

From the Callovian to the early Tithon
ian, Ethiopia was covered by a peripheral
shallow sea. Besides endemic and some In
dian elements, its ammonite fauna has
numerous forms known from southern Ger
many. Conditions essential for life prob
ably were equally favorable to the north
and south for emigrants from the Tethys
(CARIOU, 1965; ZEISS, 1971). The northern
fauna (highland of Harar) in the Ethiopian
Jurassic consisted mainly of perisphinctids
and aspidoceratids. It was replaced to the
southeast by a fauna containing additional
oppeliids and hybonoceratids, and finally
also phylloceratids and lytoceratids. Ac
cording to B. ZIEGLER (1967), this indicates
an increase in water depth.

ISOLATION OF ARCTIC
JURASSIC SEA AND THE

"ARCTIC TRANSGRESSION"

During the Bajocian the Arctic-Boreal
region developed its own faunistic charac
teristics to a far greater extent than during
the middle Liassic. Increasing isolation
through regression or rise of shoals has
been suggested by ARKELL (1956) as a
cause for this phenomenon. These events
took place at the time of the greatest evolu-
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tionary development of the Jurassic ammo
nites. The oldest element in this Arctic
endemic fauna is the stephanoceratid Arkel
loceras FREBOLD (1957) in the middle Ba
jocian of Arctic Canada (FREBOLD, 1967).
This was followed by the Cadoceratinae
Cranocephalites, Arctocephalites, and Arc
ticoceras in the late Bathonian, and in the
Callovian by Kepplerites and Cadoceras,
forming the root of the Kosmoceratidae,
and by the Cardioceratidae (CALLOMON,
1963), the earliest representative of which
is Quenstedtoceras.

The Kosmoceratidae and Cardioceratidae
penetrated in varying degrees toward the
Tethys. TERMIER and TERMIER (1952) have
described this penetration, which is not re
stricted to the ammonites, as the "Arctic
transgression" that follows the above-men
tioned regression of the sea. Among the
Kosmoceratidae, Seymourites reached Ja
pan, Kosmoceras Portugal, and some genera
the Caucasus. The center of distribution of
the Kosmoceratidae is found in the Russian
boreal area and in the central and western
European regions, rather than in the Arctic
(BRINKMANN, 1929). TINTANT (1963) has
published distribution maps of Kepplerites
(Kepplerites) , K. (Gowericeras) , and of
Zugokosmoceras in Europe, concluding that
geographical isolation was responsible for
evolution of some of the species. Cardio
ceras advanced to the northern edge of the
Tethys and mingled there with Mediter
ranean forms, as near Cetechowitz (outer
Carpathian cliff zone), in the Helvetian
and Savoyan Alps, the.French Prealpes, and
the Prealpes Maritimes; it did not, however,
reach the inner Carpathian cliff zone nor
the Prealpes Romandes (NEUMANN, 1907).

FAUNAL MOSAIC OF THE
PACIFIC OCEAN

The Pacific Ocean, in contrast to the pre
sumably younger Atlantic, is surrounded
by a continuous belt of Jurassic sediments.
The sedimentation areas in this belt were
partly geosynclines, partly epicontinental
shelves and inland seas; however, no uni
form Pacific faunal realm exists because
this sedimentation area crossed many cli
matic zones. Connections with the Tethys
to the east and west, and with the Arctic

Sea to the north, led to the same faunal
contrasts that characterize the Tethys-Boreal
region. Moreover, because of the size of
the area and the differences in relief and
facies prevailing there, special faunas com
posed of endemic forms developed. Only
a few ammonite genera restricted to the
Pacific succeeded in establishing themselves
on both its eastern and western side; how
ever, the scarcity of such forms suggests
that already at that time this great ocean
played an important role as an ecologic
barrier.

Noteworthy and puzzling are the circum
Pacific genera Pseudotoites, Zemistephanus,
Neuqueniceras, and Epicephalites, which
did not penetrate into the Tethys area. It
has been suggested that these genera be
longed to a specialized Pacific fauna, which
is little known only because it moved so
rarely out of the area of the Pacific Ocean.
More abundant are ammonite genera that
occur on both sides of the Pacific as well as
along the Tethys Ocean. To explain this
distribution pattern the assumption of trans
or circum-Pacific connections cannot be ex
cluded, but is not strictly necessary.

The Jurassic faunas of southern Alaska
were separated from those of northern
Alaska, and contained a rich ammonite
fauna, especially in Middle Jurassic time
(IMLAY, 1952). In the early Bajocian
(Aalenian), T metoceras and Erycitoides oc
curred with a number of endemic species
along with other genera (WESTERMANN,
1964). In the late Bajocian, representatives
of widely spread Stephanocerataceae prob
ably migrated into the area from the south
along the Cordilleran geosyncline. In the
Callovian, Arctic-Boreal forms (Cadoceras,
Kosmoceras, and others) predominated, as
may be expected, considering the general
advance of the boreal fauna at that time,
but Phylloceras was also present. Arctico
ceras was absent.

Another macrocephalitid, Lilloetia, be
longs to the northeast Pacific faunal prov
ince, some members of which also lived in
the shallow sea of interior Canada and the
United States ("Logan Sea"). In this epi
continental sea, southern and Arctic ele
ments mingled with endemic species, which
show only slight morphological specializa
tion (FREBOLD, 1951; 1957; 1959; IMLAY,
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1948; 1952). Endemic forms of the late
Bajocian (IMLAY, 1967) are Sohlites (Steph
anoceratidae?) and Eocephalites (Cadocera
tinae), which occur with the more wide
spread Spiroceras. In the Bathonian, War
renoceras replaced Arctocephalites as the
endemic form (FREBoLD, 1963). In the
Callovian, Kepplerites and Arcticoceras, the
latter not found in southern Alaska, were
joined by the endemic genus Imlayocer~s

(Macrocephalitidae). The genera Chotfatta,
Parareineckeia, and Pseudocadoceras, known
from southern Alaska (Pseudocadoceras
from southwestern British Columbia also),
seem to be missing. The occurrence of Arc
ticoceras seems to suggest a direct connec
tion with the Arctic Sea via the Yukon
area, though corresponding sedimentary
rocks have not been found (FREBoLD, 1957).
That suggestion was supported by SAKS and
NALNYAEVA (1966) on the basis of the oc
currence of belemnites of boreal affinities
in the Logan Sea.

The generic composition of the Mexican
Middle and, especially, Late Jurassic fauna
is much like that of the Tethyan of south
ern Europe. Predominating are Perisphinc
tidae (Idoceras, Nebrodites, Sutneria) , As
pidoceratidae, and Oppeliidae (Ochetoceras,
Taramelliceras, Streblites, Glochiceras) , as
well as a few lytoceratids and phylloceratids,
indicating a partly geosynclinal facies; how
ever, there are endemic genera such as
Mazapilites (Oppeliidae) and, of course,
numerous endemic species. Endemic gen
era are also found in Cuba: Vinalesphinctes
(Oxfordian) and Dickersonia (Himalayiti
nae Tithonian). On the basis of so much
end~mism,ARKELL (1956) thought it hardly
probable that the Central American-Mexi
can sedimentation area was situated any
closer to the Jurassic sedimentation areas of
Europe than it is today.

The resemblance of the lower Liassic
Mexican ammonite fauna with that of Eu
rope has already been mentioned above.

HILLEBRANDT (1970) has given a precise
introduction to the biostratigraphy of am
monites of the South American Andes.
Up to the Sinemurian, the ammonite suc
cession resembles that of epicontinental Eu
rope. From the Pliensbachian upward it
also contains numerous Mediterranean ele
ments. Amaltheids are absent, as surpris-

ingly are also the later graphoceratids, park
insoniids and taramelliceratids. In the pre
dominantly shallow Jurassic seas of South
America, phylloceratids and lytoceratids
were rare. Boreal ammonites advanced far
to the south in the western part of North
America, but are rarely seen in South
America.

Connections between Europe and South
America certainly existed, but did not allow
for all genera to pass through.

A few genera, whose occurrences are re
stricted to areas near the Pacific Ocean,
are of special interest. Apart from some
circum-Pacific genera, Xenocephalites (Cal
lovian) is, except for Greenland, restricted
to the east coast of the Pacific, where it has
a surprisingly extensive latitudinal distribu
tion from South America through Mexico
to southern Alaska. During the Bajocian,
Megastephanoceras and Eocephalites also
appear to be restricted to the western part
of North and South America.

The characteristic Tethyan influence on
Late Jurassic faunas of Mexico is also no
ticeable in the northern part of the South
American Andean geosyncline as well as
farther north in California and Oregon,
where boreal elements were met along a
borderline that shifted from time to time
(IMLAY 1952; 1963; 1964b; B. ZIEGLER,
1971 ). 'In the southern (Argentinian) An
dean geosyncline, many endemic genera o~

cur within the Berriasellidae (e.g., Hemt
spiticeras and A ndiceras).

The Ellsworth Mountains of the Antarc
tic (QUILTY, 1970) have a noteworthy ¥id
die to Upper Jurassic (Bajocian-OxfordIan)
ammonite fauna with Stephanocerataceae
of European character, which, in contrast to
that of the Arctic, seems not to represent an
independent zoogeographical region.

The Jurassic of Japan has some boreal
genera such as Amaltheus, Kepplerites, and
Seymourites, but more generall~ shows the
influence of Tethyan and marglllally Teth
yan faunas (SATO, 1960; 1962): In addition,
a number of important endemIC ge?era a?d
species are present. The connection with
the New Zealand-Sumatra geosyncline and
with the Tethys may have been across Tai
wan where the occurrence of Jurassic was
first described by LIN (1961), and across
the epicontinental shallow seas which ex-
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tended from the south coast of China to
wards Indonesia, though documented thus
far only for the Liassic.

JURASSIC TETHYAN
AMMONITE FAUNAS

Having discussed the extra-Tethyan re
gions, we now return to the Tethys. The
families Parkinsoniidae and Morphocerati
dae, are mainly restricted to the Eurasian
region. Garantiana reached Transbaikalia
via Japan. In the Callovian, the Reineckei
idae were found almost throughout the
Tethyan area and its peripheral regions;
Reineckeia itself extended outside Tethys
into Madagascar, South America, and north
ern Alaska (IMLAY, 1955), but not to north
western Germany. The Macrocephalitidae
and Pachyceratidae occurred in Tethys and
its connected regions of South America,
East Africa, southeastern Asia, and as far
as New Guinea. Pleurocephalites reached
Greenland. The Perisphinctidae first ap
peared during the Bajocian and, together
with the Aspidoceratidae, Haploceratidae,
and Oppeliidae, constitute the bulk of the
Upper Jurassic Ammonitina. Of these fam
ilies, only the Perisphinctidae invaded the
boreal region. Groups originally inhabiting
the Tethys penetrated far into its peripheral
seas both to the north and south. According
to B. ZIEGLER (1963, 1967), in central and
southern Europe the perisphinctids pre
ferred shallow water, and, therefore, with
increasing depth, were replaced in succes
sion by the Aspidoceratidae, the Oppeliidae,
and finally the lytoceratids and phyllocera
tids. This sequential replacement may ex
plain the often-discussed substitution of
Gl'egoryceras and Epipeltoceras (Aspido
ceratidae, Peltoceratinae) in the middle and
upper Oxfordian of southern Europe by
Perisphinctidae as time-equivalent index
fossils in northwestern Europe (GYGl, 1966).

The Asiatic and Mediterranean mountain
ranges disclose cross sections of the Tethys
in structural, though tectonically disturbed,
connection. Thus, in the Pamir, Early Ju
rassic epicontinental sediments of the north
ern margin of Asiatic Tethys are known
(ANDREEVA & DRONOV, 1964). North of the
Pamir the marine facies changes into terres
trial sediments of the Jurassic basins of the

immense Siberian region. In the Himalayas
there are indications of a fauna rather simi
lar to that of the Alpine geosyncline of the
Tethys. This occurs in blocks of allochtho
nous wildflysch containing phylloceratids
and lytoceratids of Liassic age and in the
tectonic klippen of the Kiogars, which con
sist of Calpionella limestone of Tithonian
age. The greater part of the Himalayan
Tethys, however, was probably occupied by
shallow seas, as indicated by the wide dis
tribution, from the western Himalayas to
southern Tibet, of the Spiti Shale and of
sandy and marly shales in northwestern
Pakistan, which contain a rich ammonite
fauna of Late Jurassic age (UHLIG, 1903
1910; 1910; FATMI, 1972). The Tithonian
fauna is especially rich:

Upper Tithonian--eontains Carongoceras,
Micracanthoceras, Aulacosphinctes,
Protacanthodiscus, Blanfordiceras, Koss
matia, Himalayites, and in addition
H aplophylloceras stl'igile (BLANFORD)
and Paraboliceras occur as far as the
Malayomaorican geosyncline.

Lower Tithonian--eontains Virgato-
sphinctes and Aulacosphinctoides, in
addition to Hildoglochiceras (Oppeli
idae).

Tithonian faunas, in spite of similarities
exhibited throughout the Tethys and as far
as Japan and South America, do show a
certain amount of regional differentiation,
being due in part to ecologic factors, and in
part by incompleteness of the stratigraphic
record.

In a western direction, toward the Medi
terranean, the Tithonian of the Tethys can
be subdivided in greater detail than in the
Himalayas (BARTHEL et al., 1966). Here,
middle Tithonian is discernible with Pseu
dolissoceras, Semiformiceras (Streblitinae),
Simoceras volanense, and the unrolled Prot
ancyloceras. From Kurdistan SPATH (1950)
described a middle Tithonian fauna with
some endemic Virgatosphinctinae, the en
demic Oxylenticeras (Streblitinae, with
closed umbilicus) and an unrolled small
Cochlocl'ioceras, to date also known only
from this locality. WIEDMANN (1973a) re
ported on the Tithonian heteromorph am
monites Protancyloceras, Cochlocrioceras,
Vinalesites, and Bochianites, and their dis-

© 2009 University of Kansas Paleontological Institute
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FIG. 2. (Continued from facing page.)

shallow-water sediments of Callovian to
Tithonian age contain an unusually rich
fauna of ammonites (SPATH, 1927-33) and
bivalves (Cox, 1940). This fauna probably
originated at the southern margin of the
Tethys. As may be expected, the Tithonian

faunas exhibit strong relationships with
faunas of the Spiti Shale, although in Kutch,
the phylloceratids, strangely, are somewhat
more abundant, with the exception of Hap
lophylloceras, which is not represented.
Furthermore, close relationships exist be-
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tween the early Late Jurassic ammonite fau
nas of Kutch and those of southern Europe,
including southern Germany. These can
be demonstrated from the Callovian up to
and including the Hybonotieeras Zone of
the Kimmeridgian, the lowest zones of
which are missing. Phlyetieeras, Paraspido
eeras, and Hemihaploeeras are among gen
era that as yet are known only from Europe
eastward as far as Kutch. The Kutch sec
tion shares many other genera with Europe
and with wide areas of the Tethys. SPATH
(1927-33), however, pointed out that more
than two-thirds of the approximately 550
described ammonite species of the Kutch
area are known only from there. It is pos
sible that extravagant taxonomic splitting
may be partly responsible for this picture.

The Jurassic of Kutch belonged to the
East African-Madagascan-peninsular Indian
epicontinental sea (Ethiopian biogeograph
ical province), which had evolved since
Callovian time from the Arabian-Madagas
can seaway, and presumably was bordered
on the southeast by the then still-existing
Lemurian portion of Gondwanaland.

In the upper Oxfordian, the Mayaitidae,
which were homeomorphic with, and even
indistinguishable from, the older and more
widely distributed Macrocephalitidae, are
confined strictly to the East African-Indo
nesian region. In the Kimmeridgian, Katro
liceras, occurring also from Europe to Japan,
and Torquatisphinetes are especially abun
dant in Madagascar. Other very important
European genera include Taramellieeras,
Streblites, Gloehieeras, Aspidoeeras, Physo
doeeras, and Hybonotieeras. We even find
identical stratigraphic index species such
as Aspidoceras aeanthieum and Hybonoti
eeras hybonotum.

The Tithonian of Madagascar, having a
fauna composed almost exclusively of ceph
alopods, can be subdivided as follows:

Upper Tithonian-Aulaeosphinetes hol
landi, Berriasella privasensis, Mieraean
thoeeras mieraeanthus, Blanfordieeras
sp., Lytohoplites sp., and others.

Lower Tithonian-Hildogloehieeras ko
belli, Haploeeras elimatum, Physodo
eeras atJelianum, and others.

This sequence has very close faunal rela
tionships with Kutch, the Himalayas, Eu-

rope (Berriasella, Hybonotieeras), North
Africa (Djurdjurieeras, Corongoeeras, Lyto
hoplites), and also with Central and South
America (Corongoeeras, Lytohoplites). The
following genera found in Madagascar have
a distribution from eastern Asia westward
to South America: Himalayites, Mieraean
thoeeras, Aulaeosphinetes, Pronieeras (COL
LIGNON, 1964b). On the other hand, Hildo
gloehieeras is only distributed eastward to
Central and South America, and suggests
a migration route into the peripheral area
of the Pacific Ocean. For some genera even
a southern migration route may be con
sidered, which possibly could have connected
the Jurassic seas of South America, south
eastern Africa, and New Zealand (STEVENS,
1967a). Such a route, however, could have
exerted little faunal influence compared to
that of the Arctic-Boreal region. A biostrati
graphical table for comparison of all Tithon
ian areas was given by VERMA and WESTER
MANN (1973).

LATE JURASSIC FAUNAS
NORTH OF THE TETHYS
AND OF THE EUROPEAN

INTERMEDIATE ZONE

The relatively monotonous Late Jurassic
Arctic-Boreal ammonite faunas, composed
of a smaller number of genera, represent a
contrast to the rich contemporaneous faunas
of the Tethys. Cardioceratidae are found
in the Oxfordian and lower Kimmeridgian,
and boreal Perisphinctidae such as Peetina
tites, Pavlovia, Dorsoplanites, Glaueolithites,
and CraJ-pedites are found in the Kim
meridgian and Portlandian. In Europe,
Tethyan, Boreal and endemic faunal ele
ments met and intermingled in a large
intermediate region between the Tethyan
and Boreal seas. For example, the Boreal
Cardioceratidae, just as the earlier Kosmo
ceratidae, diminished and finally disap
peared toward the south in this area.

This intermediate region can be divided
into a subboreal province (ENAY, 1966;
ZEISS, 1968) comprising northern, western,
and central Europe, and a submediterranean
province (GEYER, 1961) comprising Portu
gal, southern Catalonia, southeastern France,
southern Germany, and southern Poland.

© 2009 University of Kansas Paleontological Institute
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Some of the faunal differences have already
been noted in recording the absence of
Gregoryceras and Epipeltoceras in the sub
boreal north. The submediterranean prov
ince is distinguished by the great variety
of the Oppeliidae (Taramelliceratinae,
Streblitinae, Ochetoceratinae) ; Idoceras,
Ataxioceras, Glochiceras, and Sutneria are
also important. This faunal pattern is remi
niscent of the one found in Mexico. The
strange Cymaceras (Ochetoceratinae, lower
Kimmeridgian) is thus far known only
from southern Germany, Switzerland, and
southeastern France (GEYER, 1959). The
perisphinctids Pomerania (upper Oxford
ian) and Pictonia (lower Kimmeridgian)
are abundant in the subboreal province,
but are rare in the Jurassic of southern
Germany where they occur together with
the Tethyan Nebrodites, which here makes
its most northerly appearance (GEYER,
1961 ).

To explain the faunal differences between
the subboreal and submediterranean prov
inces the following causes may be in
voked: minor climatic differences; some
what greater depth of the sea in the
submediterranean province as indicated by
greater abundance of the Oppeliidae; divid
ing barriers such as the French Central
Plateau, the Rhenish-Ardenne Island, and
the Bohemian Massif; and perhaps also spe
cial ecological conditions in the vicinity of
the submediterranean sponge-reef facies.

In the above-described intermediate area,
especially in its submediterranean part, we
also find Rasenia and its successor, Aulaco
stephanus. Both range far into the Boreal
region and Aulacostephanus also as far as
Mexico and Kurdistan. In northern France
and southern England other species take
the place of Aulacostephanus pseudomuta
bilis, which is characteristic of the southern
German area. Migrations, such as along
the northern edge of Scandinavia into Rus
sia and Poland, were responsible for chrono
logical differences in the appearance of some
species (B. ZIEGLER, 1961, 1962). In the
subboreal part of the intermediate region
A ulacostephanus is represented by the index
species A. autissiodorensis, which continued
to exist here at a time when the genus had
already disappeared in the submediterra
nean part. Here a fauna developed, which

is especially well known from the south
German Jurassic, containing Hybonoticeras
beckeri, Sutneria subeumela, Virgataxioceras
setatum, and Oxyoppelia (BERCKHEMER &
HOLDER, 1959; HOLDER & ZIEGLER, 1959).
Representatives of this fauna are also
known from southeastern France, Bakony
in western Hungary, Rumania, the Pien
ninic Klippen zone, and the Jurassic basin
of Poland. Sutneria subeumela is also found
on the middle Volga (GEYER, 1969), and
Virgataxioceras is found in northern Si
beria.

In the middle Kimmeridgian (=lower
Tithonian) Gravesia, an Upper Jurassic
homeomorph of Stephanoceras, is abundant
in the subboreal province. Its occurrences
are increasingly rare toward the south and
east (Spain, Alpine margin, and central
Russia), but where present, it allows corre
lation of the lower Tithonian with the
Hybonoticeras hybonotum Zone and its
northern equivalents. In Russia, Subplanites
predominates instead of Gravesia.

Gravesia is followed higher in the section
by perisphinctids of the subfamily Pseudo
virgatitinae (ZEISS, 1968). Further regional
differentiation took place in England (Pec
tinatites) and central Russia (Ilowaiskya).
In the southern German Jura Mountains,
on the other hand, different forms of Medi
terranean Pseudovirgatitinae represented by
Usseliceras and Franconites occur, accom
panied by Neochetoceras and Aspidoceras.
Pavlovia predominates in the uppermost
Kimmeridgian (=middle Tithonian, lower
middle Volgian) of the northern part of
the European intermediate region, whereas
in the Tethyan peripheral area the typical
Tethyan Pseudolissoceras fauna occurs. In
the Portlandian sensu stricto (=upper Ti
thonian, middle Volgian) in southern Eng
land new faunas evolved from Glaucolith
ites, which ranged as far as Greenland. In
Russia forms with true virgatotome ribs
evolved from Virgatites. In the beginning
of this stage, Zaraiskites occurred in Rus
sia, Poland (WILCZYNSKI, 1962; DABROWSKA,
1967), and the submediterranean Francon
ian Jura, as well as southern England.
ZEISS (1968) has compiled a map showing
migration routes of these and other genera.
Zaraiskites (Virgatitinae) seems to have
originated from the submediterranean Pseu-
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dovirgatitinae (ZEISS, 1968; KUTEK & ZEISS,
1974).

The faunal differences between the sub
mediterranean and the subboreal provinces,
as well as within the latter, support subdi
vision into three subprovinces: 1) northern
French-southern English province, 2) Rus
sian, and 3) Polish (ZEISS, 1968). The sub
boreal province of ZEISS and others corre
sponds approximately to the Boreal-Atlantic
region of SAKS and NALNYAEVA (1966), in
cluding an eastern European province. The
Polish subprovince shows Russian, as well
as submediterranean influences (KUTEK,
1962a,b,c; KUTEK & ZEISS, 1974). Garnieri-

ceras is endemic in the upper Volgian of
Russia, and is a precursor of Platylenticeras.
The previously mentioned Craspedites
spreads far beyond the Arctic-Boreal zone.
MEZESHNIKOV and ZAKHAROV (in DAGIS &
ZAKHAROV, 1974) illustrated the differences
between the Volgian ammonite faunas of
the boreal-European, boreal-Russian, and
arctic (north Siberian) regions. Surpris
ingly, a fauna of late Volgian age from
Khatanga Bay in northern Siberia contains
Berriasella (Lamencia) d. B. richteri and
highly specialized Virgatosphinctinae in as
sociation with Craspedites (SHULGINA,
1967).

NAUTILOIDEA
Only one genus of Nautiloidea (Ceno

ceras) crosses the boundary between the
Triassic and Jurassic systems, reaching
worldwide distribution in the early Liassic
(KUMMEL, 1956). Several new types
evolved in the Middle and Late Jurassic:
Eutrephoceras, Pseudonautilus, Paraceno
ceras, Cymatoceras, Aulaconautilus, and
others. The pointed sutural lobes of Pseu-

donautilus make this genus a homeomorph
of Permoceras of the Lower Permian of
Timor, and the two genera are hardly dis
tinguishable.

Simultaneous crises of the ammonoids
and nautiloids at the end of the Triassic
indicate the presence of external influences,
which affected the ectocochlian cephalopods
more than other groups.

COLEOIDEA
Atractites is abundant in Lower Jurassic

rocks of the geosynclinal regions of the
Tethys and North America, but occurs also
in smaller numbers in epicontinental areas.

Jurassic belemnites, represented by
strongly dwarfed forms of the Belemnitidae
(=Passaloteuthidae), first appeared during
the Hettangian in epicontinental seas of
Europe (SCHWEGLER, 1962). Complemented
by the Hastitidae, they experienced their
first great evolutionary phase during the
Early Middle Jurassic. As early as the
middle Liassic they spread to northern Si
beria, Iran, northern Africa, and South
America. The ability of the coleoids to
disperse worldwide, however, was less than
that of the ammonites. STEVENS (1967a),
therefore, assumed their greater dependence
on neritic shelves as migration routes. Thus,
belemnites of the Liassic would have been
prevented by deep-sea areas from reaching
the eastern Tethys and New Zealand (Fig.
3), whereas ammonites of European type
were able to migrate there. Only in the
Toarcian-Aalenian did Brachybelus reach

New Zealand, making it the oldest belem
nite genus known in that country. At the
same time the endemism of the New
Zealand faunas became less pronounced.

During the Toarcian, Siberia became an
important evolutionary center of belemnites
(SAKS & NALNYAEVA, 1970), which before
were absent there. Half of the species are
identical with those of Europe, where an
especially rich Toarcian fauna from the
Franconian Jura Mountains has been de
scribed by KOLB (1942). Parahastites (Has
titidae) is endemic in Siberia. In the Middle
Jurassic, belemnites, like ammonites, devel
oped a special boreal fauna, which accord
ing to SAKS and NALNYAEVA (1966), began
in arctic North America with Cylindroteu
this and Pachyteuthis. From the Callovian
onward additional genera, such as Acroteu
this and Lagonibelus, as well as many sub
genera and species evolved. These groups,
like the boreal ammonite fauna, penetrated
far southward, retaining a much higher
variability in the Arctic-Boreal region
proper than in its peripheral areas. In the
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Callovian, Cylindroteuthis and Pachyteuthis
reached Spain, California, and the southern
Logan Sea. Cylindroteuthis even invaded
Argentina, and perhaps, along a southern
latitudinal route, also reached New Zealand
(STEVENS, 1963; 1965).

In the Aalenian, Belemnopsidae with
guards having a characteristic ventral
groove evolved from the European Hastiti
dae quite independently of the boreal fauna.
Hibolithes, Duvalia, and Conobelus spread
across the Mediterranean region; Belemnop
sis, Conodicoelites, Dicoelites, and in the
Tithonian Hibolithes, also spread across the
Indo-Pacific Province. Here, differentiation
into a Belemnopsis orientalis-gerardi fauna
took place in the East African-Madagascan
peninsular Indian epicontinental sea, and a

Belemnopsis uhligi fauna in the Himalayan
Indomalaysian area. The latter probably
also reached Argentina along a southern
Pacific route (see Cylindroteuthis men
tioned above).

Like the ammonite fauna, the belemnite
fauna of Madagascar shows strong affinities
with Europe, especially from the Bathonian
to the late Oxfordian. In the Tithonian,
Hibolithes is important in the entire area
from Madagascar to the Indomalaysian geo
syncline, and was joined in the late Tithon
ian by Duvalia.

The paucity of belemnites in the Upper
Jurassic of southern Germany is in striking
contrast to the wealth of ammonites in
these rocks. Hibolithes is almost the only
belemnite found there.

RHYNCHOLITES

Cephalopod mandibles (rhyncholites) are
common in some Jurassic clays and lime
stone beds of the Mediterranean Tethys,
where they are known today as far east as
the Crimea and the Caucasus with the ex
ception of sporadic occurrences in the Euro
pean epicontinental seas. The more im
portant Jurassic genera are Rhynchoteuthis,

Palaeoteuthis, H adrocheilus, Leptocheilus,
Akidocheilus, and Gonatocheilus. "The
known facts are best accommodated by the
interpretation that rhyncholites were formed
by unknown cephalopods, some of which
probably belong to the Nautilida" (TEI
CHERT, MOORE, & ZELLER, 1964, p. K476).

CRUSTACEA

The Ostracoda are important as index
fossils and occasionally render possible finer
stratigraphic zonation than the ammonites
(PLUMHOFF, 1963). They are especially
helpful in correlation of the Purbeckian and
Wealden of northwestern and central Eu
rope, as well as for determination of the
Jurassic-Cretaceous boundary (BARTENSTEIN,
1959; WOLBURG, 1959). Along with some
widely distributed species, many strictly
localized ones occur.

Isopoda, known since the Triassic, have
been described from the middle Liassic of
Wi.irttemberg, from the reef and lagoonal
limestones of the Tithonian, and in abun
dance from the Purbeckian.

During Jurassic time the Decapoda
evolved more rapidly than ever before.

Among the macruran Trichelida, swimmers
of worldwide distribution are found, for ex
ample, Eryma (FORSTER, 1966). The degree
of dependence on a benthonic mode of life
determines distribution. Among the Ano
mura, Gastrodorus, which has an unpro
tected abdomen, represents the first of the
Paguridae (hermit crabs). From the gas
tralids, through Pemphix, were derived 1)
the macruran Palinuridae and 2) the Bra
chyura, which reached their acme in the
Cretaceous. Important Brachyura are the
Dromiaceae Eocarcinus in the Liassic,
Goniodromites since the Liassic, and Pitho
noton, and Prosopon. Close relatives of the
Jurassic Anomura and primitive Dromia
ceae are found in the present deep seas
(BWRLEN, 1931; GLAESSNER, 1933).

OTHER INVERTEBRATES

Zoogeographical data for other Jurassic
invertebrates are poor, though adaptability

of the Crinoidea and Echinozoa was re
markable. Seirocrinus subangularis with
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floating arms became the largest crinoid of
earth history. The stemless, freely mobile
genera Antedon and Saccocoma spread dur
ing the Late Jurassic, the latter especially
in the Tethys, although the late Triassic
Osteocrinus KRISTAN-ToLLMANN (1970) is
the oldest planktonic microcrinoid known
in the Tethyan. Among the Jurassic reef
dwellers are Apiocrinus, Millericrinus, Eu
geniacrinites, and the stemless, bowl-shaped
Cotylederma (Liassic), which has much re
duced and fused calyx plates.

Within the Jurassic echinoids, the Cidar
oidea acquired their final shape with rigid
skeletons. The gnathostome Holectypida
(Pygaster, H olectypus), with tests covered
by densely spaced spines, are the first typical
"Irregularia." Also the atelostome, sedi-

ment-eating Cassidulidae (Hypoclypeus,
Galeropygus, Echinobrissus, Clypeus, Py
gurus) and the Holasteridae ( Collyrites
since the Liassic, Dysaster with dissected
upper region) appeared. Today the Holas
teridae are almost entirely restricted to deep
seas.

Conodonts hitherto seemed to be absent
in the Jurassic, but recently Gladigondolella
and Hindeodella, known from the Upper
Triassic, were found in the Upper Jurassic
of Japan (NOHDA & SETOGUCHI, 1967); how
ever, MULLER and MOSHER (1971) opposed
the interpretation of these fossils and
pointed to the possibility of reworking and
to the uncertainty of the stratigraphic po
sition.

REFERENCES

Ager, D. V., 1956, The geographical distribution
of braclziopods in the British Middle Lias: Geol.
Soc. London, Quart. Jour., v. 112, p. 157-188,
text-fig. 1,2.--1965, The adaption of Mesozoic
braclziopods to different environments: Paleo
geography, Paleoclimatology, Paleoecology, v. 1,
p. 142-172.

---, & Westermann, G. E. G., 1963, New
Mesozoic braelliopods from Canada: Jour. Pale
ontology, v. 37, p. 595-610, text-fig. 1-5, pI.
71-73.

Alloiteau, James, 1958, Monographie des madre
poraires fossiles de Madagascar: Serv. Mines
Madagascar (Tananarive), Ann. Geol., v. 25, p.
9-218, text-fig. 1-37, pI. 1·38.

Andreeva, T. F., & Dronov, V. J., 1964, Stl"atigra
phie des depots ;lIrassiques du Pamir Central et
du Slid-Est: Inst. Grand-Ducal Luxembourg,
Comptes Rendus et Mem., Coli. Jurassique
(1962), Sec. sci. nat., p. 893-881.

Arkell, W. J., 1935, The nature, origin and climatic
_<ignificance of the coral reefs near Oxford: Geol.
Soc. London, Quart. Jour., v. 91, p. 77-101.-
1952, JIlI"a.<sic ammonites from Jebel Tuwaiq,
central Arabia: Royal Soc. London, Philos.
Trans., set. B, v. 236, p. 241-313, pI. 15-31.
--1956, Jura.<sic geology of the world: 806
p., 102 text·fig., 46 pl., 28 tab., Oliver & Boyd
(Edinburgh & London).

Bartenstein, Helmut, 1959, Die Jura·Kreide-Grenze
in Europa. Ein fjberblick des derzeitigen
Forschungsstandes: Eclogae Geol. Helvetiae, v.
52, p. 15-18.

Barthel, K. W., Cediel, Fabio, Geyer, O. F., &
Remane, Jiirgen, 1966, Del' subbetische JIlI"a von
Cehcgin (Provinz Mllrcia, Spanien): Bayer.
Staatssamml. Palaontologie, Hist. Geologie, Mit-

teil., v. 6, p. 167-211, text.fig. 1-4.
Behmel, Hermann, & Geyer, O. F., 1966, Beitriige

zllr Stratigraphie und Paliiontologie des Juras von
Ostspanien Ill. Stratigraphie und Fossilfuhrung
im Unter;ura von Albarracin (Provinz Teruel):
Neues Jahrb. Geologie, Palaontologie, Abhandl., v.
124, p. I-52, text-fig. 1-4, pI. 1-6.

Berckhemer, Fritz, & Holder, Helmut, 1959', Am
moniten aus dem Oberen Weissen Jura Sud
deutschlands: Geol. Jahrb., Beihefte, no. 25, p.
1·135, pI. 1-27.

Beurlen, Karl, 1931, Die Besiedlung del' Tiefsee:
Natur u. Museum, v. 61, no. 6, p. 278-282,
text-fig. 1-11.

Blind, Wolfram, 1963, Die Ammoniten des Lias
Alplza aus Schwaben, vom Fons;och und Breiten
berg (Alpen) lind ihre Entwicklung: Palaeon
tographica, v. 121, Abt. A, p. 39-131, text-fig.
1-46, pI. 1-5.

Brinkmann, Roland, 1929, Monographie del' Gat
tung Kosmoceras: Gesell. Wiss. G6ttingen, math.
phys. KI., n. ser., v. 13, p. 1-124, 1 pI.

Callomon, J. G., 1963, The Jurassic ammonite
faunas of East Greenland: Experientia, v. 19,
p. 1-6, text-fig. 1-5.

Cariou, Elie, 1965, Essai de correlations stratigraph
iques entre rOuest de l'Ellrope et la province
indo-malgaelle, all Callovien: Soc. Geol. France,
Bull., v. 7, p. 537-540, text-fig. 1.

Cecioni, Giovanni, & Westermann, G. E. G., 1968,
The TriaHic/ Jtll'a.<sic marine transition of coastal
central Chile: Pacific Geology, v. 1, p. 41·75,
text-fig. 1-4, 7 pI.

Collignon, Maurice, 1959, Calcaires a polypiers,
recif,- et atolls au Slid du Madagascar: Soc. Gcol.
France, BulL, ser. 7, v. 1, p. 403·408, text-fig.
1,2--1964a, Le Bathonien marin aMadagascar.

© 2009 University of Kansas Paleontological Institute



A412 Introduction-Biogeography and Biostratigraphy

Limite sllperieure-rapports et correlations: Inst.
Grand-Ducal Luxembourg, Comptes Rendus et
Mem., Coli. Jurassique (1962), p. 913-919.-
1964b, Edlelle chronostratigraphique pour les
dOllwines Indo-Africano-Malgache (Bathonie1l
moyen aTithoniqlle): Inst. Grand-Ducal Luxem
bourg, Comptes Rendus, ColI. Jurassique (1962),
p. 927-931.

Colo, Gabriel, 1961, Contriblltion a['etude du lttras
Jiqlle de Moyen Atlas Septentrional: Servo Geol.
Maroc (Rabat), Notes et Mem., no. 139, p. 1
226, text-fig. 1-28, 1 geol. map.

Cowen, Richard, & Rudwick, M. S. A., 1966, A
Jpiral brachidillm in the luras.<ic c1lOnetoid bra·
chiopod Cadomella: Geol. Mag., v. 103, p. 403
406, 1 pI.

Cox, L. R., 1940, The lllrassie lamellibranch fauna
of Kaddl (ClItdl): Gcol. Survey India, Mem.,
Palaeont. Indica, ser. 9, v. 3, 157 p., 12 pl.-
1965, luras.<ic Bivalvia and Gastropoda from
Tanganyika and Kenya: British Museum (Nat.
History), Bull., suppl. I, v. 40, p. 3-213, text
fig. 1,2,30 pI.

Dabrowska, Zofia, 1967, Paleogeografia Gornej lury
w Po!'<ce na tIe Ellropy: Przeglad Geol., v. 5, p.
208-215, text-fig. 1-5. [Paleogeography of the
Upper lllras.<ic in Poland in relation to Europe.]

Dacque, Edgar, 1910, Der lura in der Umgebung
des lemllriJChen Kontinents: Geol. Rundschau,
v. 1, p. 148-168.--1915, Nelle Beitriige zur
Kenntnis des lllra in Abessynien: Beitr. Palaon
tologie Geologie bsterreich-Ungarns u. Orients, v.
27 (1914), p. 1-17, pI. 1-3.

Dagis, A. S., & Zakharov, V. A., 1974, Paleobio
geografiya severa eurazii v Mezozoe: 196 p.,
text-fig., "Nauka" Publ., Siberian Branch (Novo
sibirsk). [i\,fesozoic paleobiogeography of north
Eurasia.]

Donovan, D. T., 1953, The lw·as.<ic and Cretaceous
stratigraphy and palaeontology of Traill 9, East
Greenland: Meddel. Gr¢nland, V. 11, no. 4, p.
5-150, text-fig. 1-14, 25 pl.--1967, Tile geo
graphical distribution of Lower luras.<ic ammo
nites in Europe and adjacent areas: Syst. Assoc.
Publ., no. 7, p. 11-134, text-fig. 1-5.

Dubar, G. G., 1942, Etudes pa!Contologiques sur Ie
Lias du Maroc, brachiopodes ter/bratules et zeil
!Cries multiplis.<Ces: Servo Geol. Maroc, Notes et
Mem., no. 57, 103 p., text-fig. 1-51, 10 pl.-
1948, La faune domerienne du lebel Bou-Dahar
pres de Beni-Tadjite: Servo Geol. Maroc, Notes
et Mem., no. 68, 250 p.

Enay, Raymond, 1965, Les formations coralliennes
de Saint-Germain-de-loux ( Ain): Soc. Geol.
France, Bull., ser. 7, V. 7, p. 23-31, text-fig. 1-3.
--1966, Le genre Gravesia (Ammonitina juras
Jiques) dans Ie lura fran,ais et les chaines subal
pines: Ann. Paleontologie, Invertebres, V. 52, p.
95-105, text-fig. 1, pI. A, B.--1973, Upper
luras.<ic (Tithonian) ammonites: in Atlas of
Palaeogeography, Anthony Hallam (ed.), p. 297-

307, text-fig. 1-3, 1 tab., Elsevier Sci. Publ., Co.
(Amsterdam-London-New York).

Fatmi, A. N., 1972, Stratigraphy of the lurassie
and Lower Cretaceous "ocks and luras.<ie ammo
nites from northern areas of West Pakistan:
British Museum (Nat. History), Bull., v. 20,
p. 297-380, text-fig. 1-6,2 pI.

Fenninger, Alois, & Hotzl, Heinz, 1965, Die Hy
drozoa und Tablllozoa der Tressenstein- und
Plassenkall(e (Ober-lura): Museum Bergbau, Ge
ologie, Technik, Landesmuseum "Joanneum,"
Mitteil., no. 27, p. 1-61, text-fig. 1-4, pI. 1-8.

Fischer, A. G., 1961, Latitudinal variations in or
ganic dit'erJity: Am. Scientist, V. 49, no. 1, p.
50-74, text-fig. 1-19.

Fischer, Rudolf, 1967, Zur Okologie zweier Am·
monitenfallnen alls dem Aalenium des Schneib
Jteins (Berclltesgadener Alpen): Geologica et
Palaeontologica (Marburg), v. 1, p. 175-177,
text-fig. 1.

Fliigel, Erik, 1966, Mitteljurassische Korallen vom
Ostrand der Gros.<en Salzwiiste (Shotori-Kette,
Iran): Neues Jahrb. Geologie, Palaontologie,
Abhandl., V. 126, no. 1, p. 46-91, text-fig. 1-3,
pI. 15-19.

---, & Franz, H. E., 1967, Elektronenmikros
kopischcr Nachweis von Coccolithen im Soln
hofener Plattenkalk (Ober-lura): Neues Jahrb.
Geologie, Palaontologie, Abhandl., v. 127, p.
245-263, text-fig. 1,3 pI.

Forster, Reinhard, 1966, Ober die Erymiden, eine
alte, konservative Familie der mesozoischen
Dekapoden: Palaeontographica, Abt. A, v. 125,
p. 61-175, text-fig. 1-37, pI. 13-20.

Frebold, Hans, 1951, Contributions to the palaeon
tology and stratigraphy of the lurassic System in
Canada: Geol. Survey Canada, Bull. 18, p. 1-54,
text-fig. 1,2, pI. 1-17.--1957, The lurassic
Fernie graup in the Canadian RockY Mountains
and foothill.,: Geol. Survey Canada, Mem. 287,
1-197 p., 54 pl.--1958, Fauna, age and corre
lation of the lW'assic rocks of Prince Patrick
Island (Northwest Territories): Geol. Survey
Canada, Bull. 52, p. 1-69, illus.--1959, Marine
lW'assic rocks in Nelson and Salmo areas, south
ern British Columbia: Geol. Survey Canada,
Bull. 49, p. 1-31, pI. 1-5.--1960, The lurassic
faunas of the Canadian Arctic-Lower lurassic
and lowermost Middle ltll'assic ammonites: Geol.
Survey Canada, Bull. 59', p. 1-33, text-fig. 1-8,
pI. 1-15.--1963, Ammonite fatlnas of the Up
per Middle lurassic bedJ of tile Fernie group in
western Canada: Geol. Survey Canada, Bull. 93,
p. 1-33, text-fig. 1, pI. 1-14.--1967, Hettangian
ammonite faunas of the Taseko Lakes area
British Columbia: Geol. Survey Canada, Bull.
158, p. 1-35, text-fig. 1-6, pI. 1-9.

Garrison, R. E., & Fischer, A. G., 1969, Deep
water limestones and radiolarites of the alpine
lurassic: in G. M. Friedmann (ed.), Deposi
tional environments in carbonate rocks, a sym-

© 2009 University of Kansas Paleontological Institute



Jurassic A413

posium, Soc. Econ. Paleontologists & Mineralo
gists, Publ. no. 14, p. 20-56, text-fig. 1-22.

Geyer, O. F., 1958, Die Korallenfauna des euro
piiischen Maim und ihr stratigraphischer Wert:
Internatl. Geol. Congress, 20th Sess. (1956), p.
61-74, text-fig. 1,2 (Mexico City).--1959,
(;ber Oxydiscites Dacque, ein Beitrag zur Kennt
nis der Ochetoceratinae (Cephal. Jurass.): Neues
Jahrb. Geologie, Palaontologie, Monatsh., 1960,
p. 417-425, text-fig. 1-9.--1961, Monographie
der Perisphinctidae des unteren Unterkimmerid
gium (Weisser Jura 'Y, Badenerschichten) im
siiddeutschen Jura: Palaeontographica, v. 117,
Abt. A, p. 1-157, text-fig. 1-156, pI. 1-22.-
1965, Einige Funde der arabo-madagasischen
Ammoniten-Gattung Bouleiceras im Unterjura
der Iberischen Halbinsel: Palaont. Zeitschr., v.
39, p. 26-32, text-fig. 1,2, pI. 5.--1969, The
ammonite genus Sutneria in the Upper Jurassic
of Europe: Lethaia, v. 2, no. 1, p. 63-72, text
fig. 1-4, tab. 1,2.--1973, Das priikretazische
Mesozoikum von Kolumbien: Geol. Jahrb., v.
B 5, p. 1-156, text-fig. 1-40, 5 pI., tab. 1-11.

Glaessner, M. F., 1933, Die Krabben der Jurafor
mation: Centralbl. Mineralogie, Geologie, Pala
ontologie (1933), Abt. B, p. 178-191, text-fig.
1-4.

Gygi, Reinhart, 1966, (;ber das zeitliche Verhiiltnis
zwischen der transversarium-Zone in der Schweiz
und der plicatilis-Zone in England (Unt. MaIm,
Jura): Eclogae Geol. Helvetiae, v. 59, no. 1,
p. 935-942, text-fig. 1,4 pI.

Hallam, Anthony, 1969, Faunal realms and facies
in the Jurassic: Palaeontology, v. 12, p. 1-18,
text-fig. 1-4.

Haug, Emile, 1927, Traite de Geologie. ll. Les
periodes geologiques. Periode Jurassique: p. 929
1152, pI. 100-112, Librairie Armand Colin
(Paris) .

Hegarat, Gerard Ie, & Remane, Jiirgen, 1968,
Tithonique superiem' et Berriasien de l'Ardeche
et de l'Herault. Correlation des Ammonites et
des Calpionelles: Geobios, Fac. Sci. Lyon, no. 1,
p. 7-70, pI. 1-10.

Henson, F. R. S., 1949, Larger imperforate Fora
minife"a of south-western Asia: British Museum
(Nat. History), Bull. 11 (1948), p. 1-127, text
fig. 1-16, pI. 1-16.

Hillebrandt, Axel von, 1970, Zur Biostratigraphie
und Ammoniten-Fauna des siidamerikanischen
Jura (insbes. Chile): Neues Jahrb. Geologie,
Palaontologie, Abhandl., v. 136, p. 166-211, text
fig. 1-3,2 pI.

Holder, Helmut, 1953, Oxytoma scanica (Lund
g"en) in der sclzwiibischen Planorbis-Zone:
Neues Jahrb. Geologie, Palaontologie, Monatsh.
1953, p. 358-364, text-fig. 1-6.

---, & Ziegler, Bernhard, 1959, Stratigraphisc1le
und fatll1istiscl'e Beziehungen im Weis.<cn Jura
(Kimmeridgien) zwischen Siiddeutschland und

Ardeche: Neues Jahrb. Geologie, Palaontologie,
Abhandl., v. 108, p. 150-214, pI. 17-22.

Hoffmann, Karl, 1941, Eine neue A mmonitenfauna
aus dem unteren Lias Nordwestdeutschlands:
Reichsamt Bodenforsch., Jahrb. 1941, v. 62, p.
288-337, text-fig. 1-24, pI. 16-19.

Howarth, M. K., 1958, The ammonites of the Lias
sic family Amaltheidae in Britain. I., ll.: Palae
ontograph. Soc., Mon., p. 1-53, text-fig. 1-18,
pI. 1-10.

Huckriede, Reinhold, 1967, Molluskenfaunen mit
limnischen und brackischen Elementen aus lura,
Serpulit tl1ld Wealden NW-Deutschlands und
ihre paliiogeographische Bedeutung: Geol. Jahrb.,
Beihefte, v. 67, 263 p., 32 text-fig., 25 pI.

Hudson, J. D., 1963a, The recognition of salinity
controlled mollusc assemblages in the Great
Estuarine Series (Middle Jurassic) of the Inner
Hebrids: Palaeontology, v. 6, p. 318-326, text
fig. 1.--1963b, The ecology and stratigraphical
distribution of the invertebrate fauna of the
Great Estuarine Series: Palaeontology, v. 6, p.
327-348, text-fig. 1-3, pI. 53.

Imlay, R. W., 1948, Characteristic marine Jurassic
fossils from the western interior of the United
States: U.S. Geol. Survey, Prof. Paper 214B,
p. 13-33, pI. 4-9.--1952, Correlation of the
Jurassic formations of North America, exclusive
of Canada: Geol. Soc. America, Bull., v. 63, p.
953-992, text-fig. 1-4.--1955, Characteristic
Jurassic molluscs from northern Alaska: U.S.
Geol. Survey, Prof. Paper 274-D, p. 69-96, text
fig. 1, pI. 8-13, tab. 1-4, 1 correlation chart.-
1959, Succession and speciation of the pelecypod
Aucella: U.S. Geol. Survey, Prof. Paper 314-G,
p. 155-169, text-fig. 36, pI. 16-19.--1963,
Jurassic fossils from southern Califomia: Jour.
Paleontology, v. 37, no. 1, p. 97-107, pI. 14.
--1964a, Marine Jurassic pelecypods from cen
tral and southern Utah: U.S. Geol. Survey, Prof.
Paper 483-C, p. 1-42, text-fig. 1, pI. 1-4.-
1964b, Middle and Upper Jurassic fossils from
southern California: Jour. Paleontology, v. 38,
p. 505-509, pI. 78.--1965, Jurassic marine
faunal differentiation in North America: Jour.
Paleontology, v. 39, 1023-1038, text-fig. 1-6.
--1967, Twin Creek Limestone (Jurassic) in
the western interior of the United States: U.S.
Geol. Survey, Prof. Paper 540, 105 p., 18 text
fig., 16 pI.

Jefferies, R. P. S., & Minton, P., 1965, The mode
of life of two Jurassic species of "Posidonia"
(Bivalvia): Palaeontology, v. 8, p. 156-185,
text-fig. 1-12, pI. 19.

Jeletzky, J. A., 1963, Malayomaorica gen. nov.
(family Aviculopectinidae) from the Indo-Pacific
Upper Jura.<.<ic; with comments on related forms:
Palaeontology, v. 6, p. 148-160, pI. 21.

Jordan, Reiner, 1974, Salz- und Erdol/Erdgas-
Allstritt als Fazies-bestimmende Faktoren

© 2009 University of Kansas Paleontological Institute



A414 Introduction-Biogeography and Biostratigraphy

im Mesozoikum Nordwest-Deutschlands: Geol.
Jahrb., ser. A, v. 13, p. 1-64, text-fig. 1,2, 1 pI.

Kobayashi, Teiichi, 19'61, The luraHic of Japan and
its bcaring on the correlation of the Pacific area:
9th Pacific Sci. Congr., Proc., 12, p. 262-266.
[Not seen by author.]

Kolb, Heinrich, 1942, Die Belemniten des jiingeren
Lias Zeta in Nordbayern: Deutsche Geol. Gesell.,
Zeitschr., v. 94, p. 145-168, pI. 5-8.

Kovacs, Ludwig, 1942, Monographie der liassiscllen
Ammoniten des nordlichen Bal(ony: Geologica
Hungarica, scr. palaeont., v. 17,220 p., 109 text
fig., 5 pI., 2 tab.

---, & Zeiss, Arnold, 1974, Tithonian- Volgian
ammonites from Brzostowl(a near Tomaszow
Mazowiec1(i, Central Poland: Acta Geol. Polonica,
v. 24, no. 3, p. 505-542, pI. 1-32 (Pol. summ.).

Kristan-Tollmann, Edith, 1970, Die Osteocrinlls
fazies, ein Leithorizont tJon Scllwebcrinoiden im
Oberladin-Unterl(arn der Tethys: Erdal und
Kohle, Jahrb. 23, p. 781-789, text-fig. 1-13, 1 tab.

Krystyn, L., 1974, Probleme der biostratigraphischen
Gliedemng der alpin-mediterranen Obertrias:
Schriftenreihe erdwiss. Kommission Osterr. Akad.
Wiss, v. 2, p. 137-144, 1 text-fig.

Kummel, Bernhard, 1956, Post-Triassic nalltiloid
genera: Harvard CoIl., Museum Compo Zoology,
Bull., v. 114, p. 321-494, text-fig. 1-35, pI. 1-28.

Kutek, Jan, 1962a, Palaeogeographic .,ignificance of
ammonitic fallna of the Middle and Upper Maim
in Central Poland: Acad. Polon. Sci., Bull., V.

10, no. 2, p. 79-84.--1962b, Gorny kimeryd i
dolny wolg pn.-zac!lOdniego obrzeienia mezo
zoicznego Gor swirtokrysl(ich: Acta Geol. Po
lonica, V. 12, no. 4, p. 445-527. (Russ. and Fr.
summ.) [The upper Kimmeridgian and tI,e
lower Volgian of the Mesozoic bOllndary north
west of the Holy CrOH Mountains.]--1962c,
Problematyka stratygraficzna kime,-ydu i najwyzs
iego oksfordu Polsl(i: Acta Geol. Polonica, v.
12, no. 4, p. 529-540 (Russ. and Eng. summ.).
[Stratigraphic problems of the Kimmeridgian
and uppermost Oxfordian in Poland.]

Lange, Werner, 1951, Die Sclzlotheimiinae aus dem
Lias Alpha Norddeutschlands: Palaeontographica,
v. 100, Abt. A, p. 1-128, text-fig. 1-109, pI. 1-20.
--1952, Der untere Lias am Fonsjoch (ost
liclles Karwendelgebirge) und seine Ammoniten
fauna: Palaeontographica, v. 102, Abt. A, p. 49
159, text-fig. 1-65, pI. 8-18.

Lattin, Gustav de, 1967, Grundriss der Zoogeogra
phie: 601 p., 170 text-fig., Gustav Fischer
(Stuttgart) .

Leanza, A. F., 1942, Los Pelecipodos del Lias de
Piedra Pintad.. en el Neuquen: Rev. Museo La
Plata, n. ser. 2, sec. paleont., p. 143-206, text
fig. 1-3, 19 pI.

Lin, C. C., 1961, On the occurrence of JlIrassic
ammonite newly found in Taiwan, China: Acta
Geol. Taiwanica, no. 9, p. 79-81, text-fig. 1,
1 pI.

Lupher, R. L., & Packard, E. L., 1930, TI,e Jurassic
and Cretaceous 1'IIdiJtids of Oregon: Univ. Ore
gon, Publ., v. 1, p. 203-212.

Maeda, Shiro, 1961, On the geological lli.,tory of
the MeJozoic Tetori group in lapan: Japan. Jour.
Geology & Geography, v. 32, p. 375-396.-
1962, On some Nipponitrigonia in lapan. On
some species of IUl'aJ-'ic trigoniids from the Tetori
Group in Central lapan: Chiba Univ., Jour.
Coli. Arts Sci., nat. sci. ser., v. 3, p. 503-514,
pI. 1-9; p. 515-518, pI. 1.

Martinson, G. G., 1964, Significance of fresh water
molltHca for the stratigraplly of JuraHic conti
'lental dcpoJitJ in AJia: Inst. Grand-Ducal Lux
embourg, Comptes Rendus, ColI. Jurassique,
1962, p. 459-463.

Mayne, Wolf, 1947, Stratigraphie der lurabildunge'l
OJtgronlandJ zwi.<chcn HOc!Htetterbugten (75°N)
und dem Kejser Franz 10Jeph Fjord (73° N):
Meddcl. Gr¢nland, v. 132, 223 p., text-fig. 1-38,
pI. 1-7.

Miiller, K. J., & Mosher, L. C., 1971, Post-Triassic
conodontJ: Geol. Soc. America, Mem. 127
(1970), p. 467-470.

Muir-Wood, H. M., 1953, On .<ome Jurassic and
CretaceOtH brachiopods from Traill !/J, East
Greenland: Meddel. Gr¢nland, v. 111, p. 1-15,
pI. 1.

Neumann, J., 1907, Die Oxfordfallna von Cetecho
witz: Beitr. Palaontologie Geologie Osterreich
Ungarns u. Orients, v. 20, p. 1-67, text-fig. 1-2,
8 pI.

Neumayr, Melchior, 1883, Dba klimatisclle ZOllen
tva!lrend del' lura- und Kreidezeit: K. Akad.
Wiss. Wien, Denkschr., math.-naturw. KI., v.
47, p. 277-310.

Nohda, Susumu, & Setoguchi, Takeshi, 19'67, An
ocmrrence of JuraHic conodonts from Japan:
Univ. Kyoto, Mem. Coli. Sci., ser. B, v. 23, no.
4, p. 228-238, text-fig. 1-6, pI. 2.

Pia, Julius von, 1913, 0ber eine mittelliasisclle
Cephalopoden fauna aus dem nordostlicllen
Kleinasien: K. K. Naturhist. Hofmuseum Wien,
Ann., v. 27, p. 335-388, text-fig. 1-7, 2 pl.-
1914, Untersuchungen tiber die Gattung Oxyno
ticeras und einige damit zusammenllangende
allgemeine Fragen: K. K. Geol. Reichsanst.,
Abhandl., v. 23, 173 p., text-fig. 1-5, 73 pI.

Plumhoff, Friedrich, 1963, Die Ostracoden des
Oberaalenium und tieferen Unterbajocillm (JlIra)
des GifllOrner Troges, Nordwestdelltschland:
Senckenberg. Naturf. Gesell., Abhandl., no. 503,
98 p., 12 pI.

Quilty, P. G., 1970, JuraHic ammonites from Ells
worth Land, Antarctica: Jour. Paleontology, v.
44, p. 110-116, text-fig. 1-4, pI. 25.

Roll, Artur, 1934, Form, Bau und Entstehllng der
ScI,wammstotzen im stiddeutschen Maim: Pala
onto Zeitschr., v. 16, p. 197-246, text-fig. 1-18.

Rousselle, Lucienne, 1968, Stolomorllynchia bab
tisrenJis nov. sp. (Brachiopode, Rhynochonellacea)

© 2009 University of Kansas Paleontological Institute



Jurassic A415

du Toarcien de la regIOn de Sidi-Kacem (Prerif
occidental, Maroc): Servo Geol. Maroc, Notes,
v. 28, no. 211, p. 29-36, text-fig. 1-4.

---, & Bisch, J.-Ph., 1967, Deux nouvelles
especes de Tetrarhync!Jiinae (Rhynchonelles)
dans Ie Lias moyen du Causse moyen-atlasique
(Maroc): Soc. Geol. France, Bull., ser. 7, v. 9,
p. 777-783, text-fig. 1-5, 1 pI.

Saks [Sachs], V. N., 1964, Ober die Anwendungs
moglichkeit der allgemeinen Jura-Gliederung
auf Juraablagerungen Sibiriens: Inst. Grand
Ducal Luxembourg, Comptes Rendus, ColI. Juras
sique Luxembourg (1962), p. 763-781.

---, Mesezhnikov, M. S., & Shulgina, N. I.,
1964, 0 svyazyach yurskikh i melovykh morskikh
basseinov na severe i yuge Evrazii: Internatl.
Geol. Congress, 22nd Sess., Doklady Sovetskikh
Geologov, p. 163-174 (New Delhi). [On the
connections of the Jurassic and Cretaceous marine
basins in northern and southern Eurasia.]

---, & Nalnyaeva, T. I., 1966, Verkhneyurskie
i nizhnemelovye belemnity Severa SSSR: Akad.
Nauk SSSR, Sibir. Otdel., Inst. Geol. Geofiz.,
Rody Pachyteuthis i A croteuthis, 260 p., 65 text
fig., 40 pl.; Rody Cylindroteuthis i Lagonibelus,
165 p., 41 text-fig., 28 pI. [Upper Jurassic and
Lower Cretaceous belemnites of the northern
USSR: Genera Pac1lyteuthis and Acroteuthis:
Genera Cylindroteuthis and Lagonibelus.]-
1970, Ranne- i sredneyurskie belemnity severa
SSSR; Nannobelinae, Passaloteuthinae i Hastiti
dae: Akad. Nauk SSSR, Sib. Otdel., Inst. Geol.
Geofiz., Trudy, no. 110, 228 p., 62 text-fig.,
22 pI. [Early and Middle Jurassic belemnites
of northern USSR; Nannobelinae, Passaloteuthi
nae, and Hastitidae.]

Sapunov I. G., 1973, Notes on the geographical
differentiation of the Lower Jurassic ammonite
faunas: in Colloque de Jurassique a Luxem
bourg 1967; Fr., Bur. Rech. Geol. Minieres,
Mem., no. 75 (1971), p. 263-270, text-fig. 1,2.

---, & Stephanov, J., 1964, The stages, sub
stages, ammonite zones and subzones of the
Lower and Middle Jurassic in the Western and
Central Balkan Range (Bulgaria) in 1962: Inst.
Grand-Ducal Luxembourg, Coli. Jurassique Lux
embourg 1962, Comptes Rendus et Mem., sec.
sci. nat. phys. math., p. 705-718.

Sato, Tadashi, 1960, Apropos des courants oce
aniques froids prouvh par l'existence des am
monites d'origine arctique dans Ie Jurassique
Japonais: Internatl. Geol. Congr. Norden, 21st
Sess., pt. 12, p. 165-169, text-fig. 1,2 (Copen
hagen).--1961, La limite jurassico-crhacee
dans la stratigraphie japonaise. Faune berriasienne
et tithonique mperiel/r nouvellement decouverte
au Japon: Japan. Jour. Geology & Geography,
v. 32, p. 533-551, 2 pl.--1962, Etudes bio
stratigraphiques des Ammonites du Jurassique
du Japon: Soc. Geol. France, Mem. 94, v. 41,
122 p., 16 text-fig., 10 pI.

Schindewolf, O. R., 1957, Ober den Lias von Peru:
Geol. Jahrb., v. 74, p. 151-160.--1961-68,
Studien zur Stammesgeschichte der Ammoniten
loll!, Vll: Akad. Wiss. Lit. Mainz, Abhandl.,
math.-naturw. KI.; Lief. I [Lytoceratina, Phyllo
ceratina), Jahrg. 1960, no. 10, p. 639-743, text
fig. 1-58, pI. 1,2; Lief. II [Psilocerataceae, Eodero
cerataceae), Jahrg. 1962, no. 8, p. 429-571, text
fig. 1-91, pI. 3; Lief. ll! [Hildocerataceae, Haplo
cerataceae), Jahrg. 1963, no. 6, p. 289-432,
text-fig. 1-94; Lief. Vll, Jahrg. 1968, no. 3, p.
43-209, text-fig. 1-39.

Schmidt-Effing, Reinhard, 1972, Die Dactyliocerati
dae, eine Ammoniten-Familie des unteren Jura.
(Systematik, Stratigraphie, Zoogeographie, Phy
logenie mit besonderer Beriicksichtigung spa
nischen Materials): Miinster. Forsch. Geologie
Palaontologie, v. 25/26, 255 p., 31 text-fig.,
19 pI.

Schrammen, Anton, 1924, Zur Revision der Jura
Spongien von Siiddeutschland: Oberrhein. Geol.
Verein, Jahresber. & Mitteil., n.ser., v. 13, p.
125-154.

Schwegler, Erich, 1962, Revision der Belemniten
des Schwabischen Jura ll: Palaeontographica, v.
118, Abt. A, p. 1-23, text-fig. 1-12.

Seibold, Eugen, & Seibold, Dse, 1960, Ober Funde
von Globigerinen an der Dogger-Malm-Grenze
Siiddeutschlands: Internatl. Geol. Congress, 21st
Sess., Norden, v. 6, p. 58-64, text-fig. 1 (Copen
hagen).

Seyed-Emami, Kazem, 1967, Zur Ammoniten
Fauna und Stratigraphie der Badamu-Kalke bei
Kerman, Iran (Jura, Oberes Untertoarcium bis
Mittleres Bajocium): Univ. Miinchen, Diss., 180
p., 9 text-fig., 15 pI. (Miinchen).

Shulgina [Schulgina], N. I., 1967, Titonskie am
monity severnoy Sibiri: in Mesozoyskiye morskiye
fauny severa i dalnego vostoka SSSR i ikh
stratigraficheskoye znacheniye, V. N. Saks (G.
Ja. Krymgolts, ed.): Akad. Nauk SSSR, Sibir.
Otdel., p. 131-177, text-fig. 1, 18 pI. [Tithonian
ammonites of northern Siberia: in Mesozoic ma
rine faunas of the northern and far East USSR
and their stratigraphic importance.]

Spath, L. F., 1927-33, Revision of the Jurassic
cephalopod faunas of Kachh (Cutch): Geol.
Survey India, Mem., Palaeont. Indica, n. ser., v.
9, memo 2, pt. 1-6, 945 p., 130 pl.--1950, A
new Tit/Ionian ammonoid fauna from Kurdistan,
northern Iraq: British Museum (Nat. History),
Bull., Geology, v. 1, p. 96-137, pI. 6-10.-
1952, Additional observations on the inverte
brates (c1liefiy ammonites) of the Jurassic and
Cretaceotls of East Greenland ll. Some Infra
Valanginian ammonites from Lindemans Fjord,
Wollaston Forland; with a note on the base of
the CretaceotlJ: Meddel. Gri25nland, v. 133, p.
5-40, text-fig. 1, 4 pI.

© 2009 University of Kansas Paleontological Institute



A416 Introduction-Biogeography and Biostratigraphy

Stevens, G. R., 1963, Faunal realms in Jurassic
and Crctaceous belemnites: Geol. Mag., v. 100,
p. 481-497, text-fig. 1-8. [See also discussion
by R. Bowen: Geol. Mag., v. 101, p. 374-376
and by G. R. Stevens, v. 102, p. 175-178.J-
1965, The JlIrasJic and CrctaccotIJ belemnites of
New Zealand and a rel'iew of thc JuraJSic and
Crctaccoll" belemnitc.. of the Indo-Pacific rcgion:
New Zealand Geol. Survey, Paleont. Bull., v. 36,
283 p., 43 text-fig., 25 pl.--1967a, Biogeo
grapllic change.,· in the Uppcr Jura.<.<ic of tile
South Pacific: New Zealand Geol. Survey, v. 36,
p. 1-31, text-fig. 1,2.--1 967b, Upper Jura.<.<ic
fOJ.,·il.. from Ell..worth Land, WeJt Antarctica,
and notc.. on Upper JlIraJJic biogeography of tile
SOllth Pacific rcgion: New Zealand Jour. Geol
ogy, Geophysics, v. 10, no. 2, p. 346-393, text
fig. 1-45.--1973, JlIraHic belemnites: in Atlas
of paleobiogeography, Anthony Hallam (ed.), p.
269-274, text-fig. 1-4, I pI., Elsevier Scientific
Publ. Co. (Amsterdam-London-New York).

Sturani, S. C., 1967, Reflexion.. stir lcs facies
lumachellique.. du Dogger mesogeen "Lumachelle
Ii Po..idonia alpina" auctt.): Soc. Geol. Italiana,
Boll., v. 86, p. 445-467, text-fig. 1-6.

Teichert, Curt, Moore, R. C., & Zeller, D. E. N.,
1964, RhyndlOliteJ: in Treatise on invertebrate
paleontology, Part K, R. C. Moore (ed.), p.
K467-K484, text-fig. 338-347, Geol. Soc. Amer
ica, Univ. Kansas Press (New York; Lawrence,
Kans.).

Termier, Henri, & Termier, Genevieve, 1952, His
toire geologique de la bio..pherc: 719 p., 35
paleogeogr. maps, 117 text-fig., 8 pI., Masson
(Paris).

Tintant, Henri, 1963, Kosmoceratides du Callovien
Injerieur et Moyen d'Europe Occidentale: Univ.
Dijon, Publ., v. 29, p. 5-500, text-fig. 1-92, 58 pI.

Turnsek, Dragica, 1966, Upper Jurassic hydrozoan
fauna from Joutllcrn Slovenia: Acad. Sci. et Art.
Slovenia, CI. 4, diss. IX/8, p. 337-428, 19 pI.

Uhlig, Victor, 1903-10, The fauna of the Spiti
..hales: Geol. Survey India, Mem., Palaeont. In
dica, ser. 15, v. 4, no. 1-3, 511 p., 94 pl.-
1910, Die Faunen der Spiti-Schiefer des Hima
laya, ihr geologi.<che.. Alter und ihrc Weltstel
lung: Akad. Wiss. Wien, Denkschr., math.
naturw. KI., v. 85, p. 1-79 (p. 531-609).-
1911, Die marinen Reiche de.. Jura und det'
Unterkreide: Geol. Gesell. Wien, Mitteil., v. 4,
no. 3, p. 329-448, I map.

Verma, H. M., & Westermann, G. E. G., 1973,
The Tithonian (Jura.<.<ic) ammonite fauna and
Jtratigraphy of Sierra Catorce, San Lui.. Potosi,
Mexico: Bull. Am. Paleontology, v. 63, p. 107
278, text-fig. 1-32, pI. 22-56.

Vogel, Klaus, 1966, Eine flmktionsmorphologi.<che
Studie an der Bracl1iopodengattung Pygope
(MaIm bis Unterkreide): Neues Jahrb. Geologie,
Palaontologie, Abhandl., v. 125, p. 423-442,
text-fig. 1-8, pI. 38,39.

Wahner, F., 1882-98, Beitriige zur Kenntnis der
tiefcren Zonen des untcren Lias in den nordost
lichen Alpen: Beitr. Palaontologie, Geologie
bsterreich-Ungarns u. Orients, v. 2-11, 291 p.,
66 pI.

Wanner, Johannes, 1910, Neucs iibcr Permo, Trias
und Juraformation de." indoaustralischen Archi
pels: Centralbl. Mineralogie, Geologie, Palaon
tologic, 1910, p. 736-741.

Wendt, Jobst, 1968, DiJeohclix (Archacogastropoda,
Euomplwlacea) a.,' all indcx fo.<.<iI in the Tethyal1
JuraHic: Palaeontology, v. II, p. 554-575, text
fig. 1-9, pI. 107-110.--1971, Gcne..e und
Fauna mbmarincr sedimentiirer Spaltellfiillungen
im mediterrancn Jura: Palaeontographica, Abt.
A, v. 136, p. 121-192, text-fig. 1-20, pI. 15-18,
7 tab.

Westermann, G. E. G., 1964, The ammonite fauna
of thc Kialagl'il( formation at Wide Bay, Alaska
Peninmla, 1. Lower Bajocian (Aalenian): Bull.
Am. Paleontology, v. 47, p. 329-503, text-fig.
1-37, pI. 44-76.

Wiedmann, Jost, I 973a, Ancyloceratina (Ammo
noidca) at the JuraHic/Cretaceolis boundary: in
Atlas of palaeobiogeography, A. Hallam (ed.),
p. 309-316, text-fig. 1,2, Elsevier Scientific Pub\.
Co. (Amsterdam-London-New York).--1973b,
El'olution or revolution of ammonoids at Meso
zoic JyJtem boundm'ieJ: BioI. Review, v. 48, p.
159-194, text-fig. I-II.

Wilczynski, Andrzej, 1962, Stratygrafia g6rnej jury
w Czarnoglowach i Swirto..zewie: Acta Geo\.
Polonica, v. 12, p. 3-110, text-fig. 1-27, pI. 1-9
(Russ., Fr. summ.). [Tile ..tratigraphy of the
Upper Jura.<.<ic at Czarnoglowacz and Swieto..ze
wie.J

Wolburg, Johannes, 1959, Die Cyprideen de.< NW·
deut.<chen Wealden: Senckenbergiana Letbaea,
v. 40, p. 223-315, text-fig. 1-27, pI. 1-5.

Zeiss, Arnold, 1968, Untermchungen zur Pallion
tologie der Cephalopoden des Unter-Tithon der
Jiidlichen Frankenalb: Bayer. Akad. Wiss., Ab
handl., math.-naturw. KI., n.ser., no. 132, 190
p., 17 text-fig., 27 pl.--1971, Vergleiche
zwischen den cpikontinentalen Ammonitenfau
nen Athiopiens lind Siiddeutschlands: in Col
loque du jurassique mediterraneen, Hung. Magy.
Allmi Foldt. Intez., Evk., v. 54 (1969), no. 2,
p. 535-545, text-fig. I-II.

Zesashvili, V. I., 1964, Les zones du Jurassique
moyen dans la Georgie et les regions adjacentes
du Caucase: Inst. Grand-Ducal Luxembourg,
Comptes Rendus, Coli. Jurassique (1962), p.
851-860.

Ziegler, Bernhard, 1961, Stratigraphische und zoo
geographische Beobachtungen an Aulacostephanus
( A mmonoidea-Oberjllra): Palaont. Zeitschr., v.
35, no. 1/2, p. 79-89, text-fig. 1-8.--1962,
Die Ammoniten-Gattung Aulacostephanus im
Oberjura (Taxionomie, Stratigraphie, Biologie):
Palaeontographica, v. 119, Abt. A, p. 1-72, text-

© 2009 University of Kansas Paleontological Institute



Jurassic A417

fig. 1-85, pI. 1-22.--1963, Die Fauna der
Lemel-Schichten (Dalmatien) und ihre Bedeu
tung fur den mediterranen Oberjura: Neues
Jahrb. Geologie, PaHiontologie, Monatsh. 1963,
p. 405-521, text-fig. 1-4.--1964, Boreale Ein
f/usse im Oberjura Westeuropas?: Geol. Rund
schau, v. 54, p. 250-261, text-fig. 1-8.--1967,
Ammoniten-Okologie am Beispiel des Oberjura:

Geol. Rundschau, v. 56, p. 439-464, text-fig. 1-20.
--1971, Biogeographie der Tethys: Jahresh.
Gesell. Naturk. Wiirttemberg, 126 Jahrg., p.
229-243, text-fig. 1-10.

Ziegler, M. A., 1962, Beitrage zur Kenntnis des
unteren Maim im zentralen Schweizer Jura: p.
7-55, text-fig. 1,2, 11 fig. on 2 tables, privately
publ., Buchdruckerei Winterthur A. G. (Ziirich).

© 2009 University of Kansas Paleontological Institute



A418 Introduction-Biogeography and Biostratigraphy

CRETACEOUS!

By ERLE G. KAUFFMAN

[u.s. Nation,l Museum]

CONTENTS

PAGE

INTRODUCTION •. __ __ __ __ __ _ _ __ A418

SURVEY OF CRETACEOUS MARINE ENVIRONMENTS .--- ----- ---- ---.-- __ A424
Temperature -- -- - A424
Water Chemistry __ _ __ .---- __ . .__ A426
Eustatic Changes -- -- --- __ A430
Benthonic Environments -- A432
Nature of Invertebrate Faunas . __ __ . h. __ __ • A436

TEMPORAL AND BIOSTRATIGRAPHIC DEFINITIONS -----.--. . ... ...... __ . ... __A439
Definition of the Cretaceous . .. __ .__ . .__ . . .. __ A439
Cretaceous Boundary Zones . .. . .. __ __ __ .__ ... __ .__ . . . .._ A440

BIOSTRATIGRAPHY ..__ . ._ __ .. __ .. _ _ _ _ __ .. __ .. __ .. __ __ __A443
Lower Cretaceous Biostratigraphy __ .. .__ .. .. __ .. __ .. .. __ ....... ..__..__.. A449
Biostratigraphically Important Lower Cretaceous Groups . .. __ .. .A453
Upper Cretaceous Biostratigraphy . .__. . . .._.....A458
Biostratigraphically Important Upper Cretaceous Groups ..__A459

BIOGEOGRAPHY __ __ __ __ u __ __ __ __ A461

North Temperate Realm __ __ A465
Tethyan Realm __ __ A469
South Temperate Realm __ __ __ ..A473

SUMMARY AND SOME OBSERVATIONS ON EVOLUTION . __• .. .. ...A477

REFERENCES __ __ __ __ . . __ .. __ __ __A481

INTRODUCTION

The Cretaceous marks one of the most
varied and active periods in the evolution
of marine organisms and their ecological
interactions. From Late Triassic and Juras
sic rootstocks, the ancestry of most modern
biotas is to be found in a series of spec
tacular Cretaceous radiations in which
many of the higher taxonomic groups and

1 Manuscript received April, 1977, revised manuscript re·
ceived July, 1977.

adaptive strategies that characterize living
marine invertebrate assemblages were de
veloped and refined. Of particular im
portance in this respect was evolutionary
diversification among foraminifers, radio
larians, scleractinian corals, cheilostome bry
ozoans, neogastropods, infaunal and epifau
nal bivalves, and irregular echinoids. At
the same time, the Cretaceous invertebrate
faunas developed a unique character
through the broad radiation of several im-
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portant groups that became extinct, or
nearly so, at the end of the period. Among
the Foraminiferida, these include the Ro
taliporidae, Globotruncanidae, Schackoini
dae, and many genera of larger tropical
benthonic foraminifers; among the Bi
valvia are the Inoceramidae, Trigoniidae,
and "reef"-forming rudistids. In addition,
several families each of scleractinian corals,
cheilostome bryozoans, gastropods, ammo
nites, and irregular echinoids characterized
the Cretaceous (see HARLAND et al., 1967;
appropriate volumes of this Treatise).

Taxonomic diversification among Creta
ceous invertebrates was accompanied by an
equal increase in complexity of ecological
interactions within the Cretaceous biota,
and by major evolutionary advances in the
structure and diversity of ecological units
at all levels-from symbioses to paleobio
geographic units. Many types of ecological
interactions that characterize modern fau
nas are first expressed without question in
the Cretaceous fossil record. Benthonic
marine paleocommunities, which are tax
onomically and structurally comparable to
modern communities in the same environ
ments, developed widely for the first time
in the Cretaceous.

Marine paleobiogeographic units similarly
show marked increase in numbers and com
plexity during the Cretaceous Period, more
than doubling in number those described
from the Triassic and Jurassic (compare
papers in HALLAM, 1973). Each biogeo
graphic unit further had its own complex
Cretaceous evolutionary history that reflects
climatic, oceanographic, and paleogeo
graphic changes linked to plate tectonism
(KAUFFMAN, 1973a,b). By the end of the
Cretaceous, paleobiogeographic differentia
tion similar to that of modern seas had been
achieved and marine climatic zones (exclu
sive of cold-water zones) had become well
established as climates generally became
cooler.

The Cretaceous-Tertiary boundary repre
sents one of the major extinction episodes
in the history of life, with the disappearance
of such characteristic Mesozoic groups as
dinosaurs, most gymnosperms, ammonites,
and numerous families of scleractinian cor
als, bivalves, gastropods, and echinoids. For
some Cretaceous groups, especially those of

the warm-water plankton (foraminifers and
coccoliths) and tropical to subtropical ben
thos (for example, rudist bivalves), this
event was near-catastrophic and character
ized by massive extinctions within a short
period of time, occurring at or near the
apex of their evolutionary diversification.

Against this backdrop, the Cretaceous
has become one of the key periods from
which concepts in evolution, paleoecology,
paleobiogeography, and biostratigraphy
have been developed from the fossil record.
Cretaceous faunas and associated paleoen
vironments have been well studied in many
parts of the world. The mass of data avail
able from these studies has in turn encour
aged detailed interpretation of the interre
lationships between organisms and their
environments and has led many scholars to
utilize the Cretaceous fossil record as a
testing ground for biological, ecological, and
stratigraphic theories.

In part, the spectacular evolution of Cre
taceous invertebrates can be attributed to
achievement of a certain structural, be
havioral, or ecological grade as a result of
a long pre-Cretaceous history, which al
lowed rapid and widespread radiation into
new ecological niches. For example, Meso
zoic development of siphons among bivalves
allowed extensive Cretaceous exploitation of
benthonic infaunal habitats. Similarly, an
apparent relationship exists between exten
sive diversification of Cretaceous inverte
brate groups and commensurate diversifica
tion and increasing structural complexity
in Cretaceous ecological units. Whereas the
number and kind of marine habitats prob
ably did not change appreciably between
the Late Triassic and Cretaceous, the di
versity of organisms and adaptive strategies
changed dramatically during Cretaceous ra
diations. Niche partitioning within already
occupied marine habitats and exploitation
of new habitats resulted.

In part, the evolution of Cretaceous or
ganisms was also strongly affected by large
scale, geographically widespread, and often
rapid changes in global environment, and
thus in diverse natural selective forces act
ing on invertebrate evolution in the marine
realm. The Cretaceous was one of the pe
riods of most active plate movements, sea
floor spreading, and continental drift. The
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Atlantic opened as a new major ocean basin
during the Cretaceous with final separation
of Africa and South America, attaining ap
proximately 75 percent of its present size
by the end of the period. Large new areas
of deep ocean floor were formed, and col
onization and initial ecological structuring
of this vast marine basin was largely a
Cretaceous event. As a result of Atlantic
spreading, new oceanic current systems (in
cluding the proto-Gulf Stream) were
formed and played a major role in the re
distribution of fauna and the evolution of
Cretaceous biogeographic units. Opening
of the South Atlantic, large scale breakup
of Gondwanaland, and the development of
ma jor deep marine connections between the
North Atlantic and the "circumboreal" sea
way allowed cool temperate-zone waters to
enter the Atlantic and South Pacific basins
on a large scale for the first time. This re
sulted in changes of lateral and vertical
oceanic temperature gradients leading to a
cooling trend during the Late Cretaceous,
with expansion of temperate climatic zones,
and a great constriction of the tropical
Tethyan seaway. This in turn caused a
major restructuring of Cretaceous biogeo
graphic units, the evolution of new faunas
in the broadening cool- to mid-temperate
marine zones, and increased competition
and niche partitioning within the Eurasian
arm of Tethys.

Late Jurassic and Cretaceous plate tec
tonics also resulted in the first major open
ing of the tropical Caribbean Sea with
broad Pacific and Atlantic connections, link
ing tropical faunas of the eastern Pacific and
Eurasian Tethys for the first time. The
Caribbean became a new tropical sea in
which shallow-water invertebrate organisms
were introduced, largely through westward
drift of their planktonic stages, and radiated
rapidly. It is here that the rudists reached
their greatest development and levels of
endemism (KAUFFMAN & SOHL, 1973;
KAUFFMAN, 1974).

Cretaceous plate tectonics had an even
more direct effect on the evolutionary his
tory of diverse marine organisms (KAUFF

MAN, 1973a). Physical barriers to migra
tion and gene flow were constructed (as in
the closing of the Mediterranean Tethys)
and broken down (as in opening of the

Caribbean) on a large scale. Periods of
rapid sea-floor spreading widened the At
lantic in sufficiently short periods of geo
logic time to create a major isolating mech
anism for many shallow-water marine
invertebrates as the transatlantic distance
exceeded the drift potential of their plank
tonic larvae. Such genetic isolation per
mitted independent radiation of shallow
water biotas on both sides of the Atlantic
basin during the Cretaceous. Similarly, the
breakup of Pangea and drifting apart of
India, South America, Australia, New Zea
land, and Antarctica effectively isolated
shelf biotas of these areas to varying de
grees, resulting in accelerated rates of faunal
and biogeographic differentiation.

Plate tectonics during the Cretaceous also
brought whole ecosystems, developed origi
nally in isolation from one another, into
contact. This was accomplished by im
pinging their effective zones of larval drift,
as happened with partial "closing" of the
North Pacific, or by direct "collision" of
ecosystems (as in the collision of India with
Eurasia during the Cenozoic). Such events
created major competition between highly
structured marine biotas, resulted in wide
spread extinction, niche partitioning and
specialization among surviving organisms,
and provided a stimulus for new pulses of
radiation during the period when these
competing ecosystems were unstructured.

An additional control by Cretaceous plate
tectonics on the evolutionary history of ma
rine invertebrates and their ecological struc
ture was that of numerous large scale eu
static fluctuations that appear to have re
sulted from the emplacement and subsidence
of major topographic features on the ocean
floors of the world. Eustatic rise of several
hundred feet may have been produced by
uplift of large areas of ocean floor, or conti
nental subsidence, or both, resulting in: 1)
widespread marine transgression onto world
cratons (Fig. 1); 2) interconnection of for
merly isolated water bodies and their biotas;
3) broad faunal mixing; 4) development
of widespread, equable maritime climates,
broadening of thermal gradients, and thus
greater climatic stability for long periods
of time; 5) greater spread of tropical waters
onto continents, in some cases rapidly, and
resultant temperature increase in formerly
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FIG. 1. Generalized world map of Late Cretaceous (Cenomanian-Santonian) maximum transgressions
showing extent of epicontinental seas (white; generalized for all transgressions), land areas (stippled),
continental arrangements (Dietz & Holden, 1970; Smith, Briden, & Drewery, 1973), and data points from
which interpretations of transgressive-regressive history and sedimentation patterns are drawn. Where
almost continuous data exist for an area (e.g., Western Interior of North America, Western Europe),
data points represent regional centers where facies and faunas are distinct from those of adjacent regions

(Kauffman, n).

temperate areas; 6) restnctIOn of deep
oceanic circulation and expansion of anaero
bic conditions in the oxygen-minimum
zone; and 7) considerable increase in the
primary ecospace of marine invertebrates,
the photic shelf and shallow epicontinental
zones, and upper pelagic zone of the open
ocean. Tremendous opportunities for radia
tion were presented by these episodes, yet
physically controlled pressures of natural
selection were low.

On the other hand, eustatic lowering of

sea level greatly constricted many prime
habitats, eliminated others, increased com
petition, increased seasonality, decreased
stability in the marine climate, and gener
ally increased the acuteness of natural selec
tive forces acting on the evolution of Creta
ceous organisms. This was especially true
when such changes were very rapid, as in
the Middle Turonian! regression. This in

1 Substages are used as formal stratigraphic units
(KAUFFMAN, COBBAN, & EICHER, 1977) in this chapter.
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turn provided the format for widespread ex
tinction of some groups, and greatly ac
celerated evolutionary rates for others.

Of particular importance to understand
ing the evolutionary history of Cretaceous
organisms is the fact that environmental
"stability" over long periods of time did
not generally exist, nor were there many
gradual long-term changes. Plate tectonic
events and their resultant climatic, oceano
graphic, and geographic effects were of
considerable magnitude and were irregu
larly fluctuating between "active" and
"quiet" intervals. As many as ten distinct
global transgressions and regressions are
recorded, which represent eustatic fluctua
tions during the Cretaceous (Fig. 2). It is
important to consider the chain of paleoen
vironmental events that resulted from each
of these plate tectonic pulses-geographic
changes in continents, shallow seas, and
ocean basins, and thus rearrangement of
water masses, their current systems, chem
istry, temperature gradients, and the bio
geographic units that characterized them;
major eustatic changes in sea level and re
sultant global climatic changes; changes in
available habitats and ecospace, and in stress
factors of natural selection; and as a result
of all of this, constantly altering patterns of
gene flow.

Superimposed on these factors is the un
usual character of the Cretaceous marine
environment in both the open ocean and in
epicontinental seas when compared to mod
ern counterparts. Tropical to cool-temper
ate waters predominated over virtually the
entire globe; without cold polar waters the
vertical temperature differential over large

ocean basins was small. Bottom waters
were considerably warmer than at present,
and the oceanic thermocline, to the extent
that it existed, was probably of small mag
nitude and broadly graded during much of
Cretaceous history. There is evidence that
deep to midwater oceanic circulation may
have, as a result, been periodically much
more sluggish, producing less oxygenation,
than at present. Tremendous areas and
thicknesses of well-laminated, dark organic
rich shale and pelagic carbonate, and of
glauconitic sand characterize Cretaceous
marine rocks. Many intervals contain, at
most, a sparse benthonic epifauna and vir
tually no infauna, suggesting periodically
broad areas of chemically inhospitable sub
strate and oxygen depletion both in the
sediment and the overlying water column
(FISCHER & ARTHUR, 1977). These condi
tions strongly affected biotic diversity and
ecological structure in benthonic and pelagic
habitats of the world's oceans. High plank
tonic diversity and productivity, and maxi
mum complexity in pelagic ecological struc
ture coincided with more uniform oceanic
temperatures, eustatic rise, widespread
anaerobism in deep marine basins, heavy
carbon isotopic values in marine organisms,
and formation of organic-rich sediment.
Low pelagic diversity was associated with
lowering of global sea level, regression, cool
ing of temperatures, intensification of tem
perature gradients and current systems,
oxygenation of the deep ocean and light
carbon isotopic values (FISCHER & ARTHUR,
1977).

Carbonate compensation depth may have
fluctuated widely during the Cretaceous

FIG. 2. Summary of Cretaceous radiometric time scales (MYBP), magnetostratigraphy (M.S.; Van Hinte,
1976), transgressive-regressive history (T-R Cycles), and paleotemperatures. Geochronology (MYBP)
columns represent (left, single asterisk) K-Ar dating of sanidine and biotite from bentonite and ash beds
in the Western Interior of North America (Obradovich & Cobban, 1975; Gill & Cobban, 1966; Kauffman,
1978, and references in each) compared to the global standard of Van Hinte (1976; double asterisk).
Transgressive (T, peak right) and regressive (R, peak left) pulses of Cretaceous marine cycles are in
terpreted from global patterns of sedimentation (Kauffman, 1973a,b; modified) represented by solid line
and T,-T,o, R,-R,O designations; compared with generalized eustatic curve (dashed line) of Schlanger &
Jenkyns (1976) for Cretaceous. Oxygen isotopic temperature curves (at right) plotted against C scale
(at base) for typical Cretaceous organisms. Generalized composite temperature curve shown by heavy
line in mid-graph (FA, from Frerichs & Adams, 1973). Other curves, from left to right are: BF-benthonic
foraminifers (Saito & Van Donk, 1974), BE-belemnites (Lowenstam & Epstein, 1954), DS-whole rock
analysis of pelagic sediments (Lower Maastrichtian and older) and planktonic foraminifers (Middle,
Upper Maastrichtian) in central North Pacific (Douglas & Savin, 1973), BR-brachiopods (Lowenstam &
Epstein, 1954), and PF-planktonic foraminifers, DSDP site 171, central North Pacific (Douglas & Savin,
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with a predictable effect on the planktonic
biota. Low-diversity invertebrate faunas
from many epicontinental seas further sug
gest large areas of slightly brackish surface
waters (KAUFFMAN, 1975) and possibly en
tire brackish seaways. As evidenced by
carbon and oxygen isotopic analyses and
the succession of marine biotas, these con
ditions fluctuated broadly and irregularly
during the Cretaceous, and may have been
related to plate tectonic events.

Interpretation of the intricate relation
ships that must have existed between the

evolutionary history of Cretaceous organ
isms, their ecological structure, and the
many varying factors of the global environ
ment during the period is a challenge of
the highest magnitude to the paleobiologist.
This review will, at best, allow broad in
sights into these problems. It is the pur
pose of this general introduction to show
that the Cretaceous was a dynamic time of
considerable physical, chemical, and bio
logical activity on earth, and it was a pivotal
time in the evolution of the modern biota.

SURVEY OF CRETACEOUS MARINE ENVIRONMENTS

The evolutionary and ecological history
of Cretaceous invertebrates is intricately re
lated to many changing factors of the Meso
zoic marine environment, such as large-scale
natural selective forces linked to plate tec
tonic activity, eustatic changes in sea level,
major changes in aquatic chemistry, tem
perature and circulation patterns, and
broader variations in the global climate.
These interrelationships were highly com
plex and reflect forces and evolutionary
response of a magnitude several times
greater than was envisioned only two dec
ades ago. For example, KAUFFMAN (1972,
1973a,b, 1976, 1977a) and FISCHER and AR
THUR (1977) have proposed direct rela
tionships between plate tectonic activity,
resultant eustatic fluctuations, epicontinental
transgression or regression, fluctuating sa
linity, marine temperatures and climatic
gradients, marine oxygenation, diversity and
ecological complexity of the marine biota,
distribution and history of biogeographic
units, and evolutionary rates in a variety of
marine mollusks.

TEMPERATURE

The Cretaceous marine system was gen
erally characterized by comparatively warm
bottom and surface temperatures without
cold-temperate to cold polar conditions, and
with broad vertical and horizontal tempera
ture gradients. Bottom temperatures, deter
mined mainly from oxygen and carbon
isotopic analyses of benthonic invertebrates,
ranged from 10°C to l7°C (LOWENSTAM &
EpSTEIN, 1959; BOWEN, 1966). Surface tem-

peratures ranged from 15°C (polar) to
35°C (equatorial). Temperature gradients
were broad, involving low temperature dif
ferential from pole to equator. BOWEN
(1966, p. 169) noted a differential of only
15°C (at 75° latitude) to 24°C (at 25°
latitude) during the Albian temperature
maximum, of 17°C (at 75° latitude) to
24°C (at 45° latitude) at the Santonian
temperature maximum, and only a 13 °C
to 14°C difference between the Santonian
polar and equatorial waters. Major tem
perature minima during the Cretaceous had
only slightly more disparate ranges, for ex
ample, 10°C (at 75° latitude) to 25°C (at
25° latitude) for the Cenomanian, and an
18°C difference between the Cenomanian
poles and equator. Cretaceous isotherms
were 10° to 20° of latitude closer to the
poles than in modern seas. Water tempera
tures gradually cooled during the Creta
ceous, leading to breakup of equable mari
time climates with terminal Cretaceous
regression.

BOWEN (1966) reviewed and summarized
massive paleotemperature data, obtained
through oxygen and carbon isotopic analy
ses of a variety of shelled mollusks, fora
minifers, brachiopods, worms, and whole
biogenic carbonate rock samples. Widely
disparate analyses for the same time interval
or stratigraphic unit were noted among di
verse organisms. This reflects 1) variation
in shell chemistry of diverse organisms, 2)
cooler benthonic and warmer pelagic water
temperatures in the same area, and 3) lati
tudinal paleotemperature gradients. Aver
age temperature curves drawn indiscrimi-
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nately for all organisms gives a general
picture of Cretaceous fluctuations (FRERICHS
& ADAMS, 1973, text-fig. 4) with important
temperature maxima in the Middle Albian
and Santonian, and significant minima in
the Neocomian, Late Cenomanian, and
Maastrichtian. More precise analyses based
on temporally closely spaced points, separa
tion of benthonic and pelagic data, and
consideration of latitudinal gradients (see
especially LOWENSTAM & EpSTEIN, 1959;
BOWEN, 1966; DOUGLAS & SAVIN, 1973; SAITO
& VAN DONK, 1974; and references therein),
however, suggest a more complex Creta
ceous temperature history (Fig. 2), with a
Berriasian peak, a decline from Valanginian
through Barremian time, rising Aptian tem
peratures, culminating in a Middle Albian
high, and dropping abruptly again to a
low from Middle Cenomanian to earliest
Turonian time. This last fluctuation is
puzzling because the Late Cenomanian to
Early Turonian temperature minimum cor
relates with the peak of one of the greatest
Cretaceous transgressions, when isotopic and
faunal evidence indicate poleward migra
tion of tropical Tethyan waters and biotas.
Marine climates warmed again during the
Turonian, peaked in the Coniacian to San
tonian, then declined gradually through the
Campanian with a small rise near the end
of the stage. Early and Late Maastrichtian
temperatures were low, with a slight Mid
dle Maastrichtian rise. Evidence suggests
that shallow epicontinental seaways may
have warmed more quickly, and to some
what higher levels, than did open oceanic
environments.

During principal transgressive maxima,
tropical to warm-temperate marine climatic
zones covered much of the globe and even
cool-temperate zones disappeared in the
polar regions. At peak transgressions (e.g.,
Late Albian, earliest Turonian, Coniacian
to Santonian, early Late Campanian, Mid
dle Maastrichtian) subtropical waters spread
for short periods of time over many cratonic
areas previously occupied by shallow warm
temperate seas, and the warm-temperate
zones shifted poleward. These incursions
produced abrupt temperature rises and
caused massive, rapid extinction of steno
topic warm-temperate marine taxa, and
caused their replacement by mixed Tethyan

and warm-temperate eurytopic faunas in
poorly structured paleocommunities. Warm
temperate biotas replaced tropical to sub
tropical elements in marginal Tethyan areas
during initial phases of regression and re
striction of Tethyan marine climates.

Throughout the Cretaceous, there is no
evidence for a well-defined oceanic thermo
cline or for cold bottom waters. Broad
vertical thermal gradients persisted, becom
ing more accentuated during regression and
general cooling of the oceanic water masses,
and more gradational during transgression,
warming, and amelioration of the marine
climate.

FISCHER and ARTHUR (1977) have linked
broad Cretaceous temperature fluctuations
to changes in deep ocean circulation, water
and sediment chemistry, and diversity in
both benthonic and pelagic biotas. Eustatic
rise and transgression were associated with
warming and amelioration of the surficial
marine climate, warming of polar waters,
and consequently a lower horizontal ther
mal gradient. As a result, polar waters ~id

not sink as rapidly or move as readily
across the deep ocean floor. Stagnation and
expansion of oxygen-deficient zones in
bottom waters and sediments resulted, pro
ducing finely laminated, organic-rich sedi
ments supporting a greatly depleted ben
thonic biota. At the same time photic
pelagic environments were optimal for
high productivity and development of com
plex pelagic communities. Regressive pulses,
representing eustatic lowering, were char
acterized by lower marine surface tempera
tures accentuation of horizontal tempera
ture 'zonation, return of cool- and possible
cold-temperate climatic zones to polar areas,
and thus more rapid sinking and deep ocean
circulation of polar waters. This produced
cooling of bottom waters, accentuation of
the vertical thermal gradient, active bottom
currents, widespread benthonic erosion, oxy
genation of the deep ocean floor, and di
versification of the benthonic biota. Pelagic
biotas were coincidently depleted, and had
lower productivity and simplified commu
nities rich in opportunistic taxa during
cooling pulses.

FISCHER and ARTHUR (1977) noted two
major fluctuations of oceanic temperature,
biotas, and chemistry during the Cretaceous.
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Early Cretaceous temperatures were rela
tively low, reaching a minimum in the
Barremian; pelagic biotas were correspond
ingly depleted (oligotaxic) and character
ized by opportunistic species during Ber
riasian to Hauterivian time (126 MYBP
low point). Increases in temperature and
pelagic diversity (polytaxic) reached a first
peak during the Albian transgressive maxi
mum. Lower temperatures and oligotaxic
pelagic biotas were again characteristic
at 94 MYBP, the Cenomanian-Turonian
boundary according to the time scale of
VAN HINTE (1976), but the Albian-Ceno
manian boundary zone according to OBRA
DOVICH and COBBAN (1975) and KAUFFMAN
(1978). The Albian-Cenomanian boundary
coincided with a regression and best fits the
FISCHER-ARTHUR interpretation. A second
polytaxic interval with warming marine
climates was the Late Santonian and Early
Campanian, and final cooling and onset of
oligotaxic conditions characterized the latest
Cretaceous regressive pulse (Maastrichtian)
and the Cretaceous-Paleocene boundary
zone (FISCHER & ARTHUR, 1977). The
FISCHER-ARTHUR hypothesis generally, but
not precisely, fits independently derived
Cretaceous transgressive-regressive and tem
perature histories.

The net effect of Cretaceous temperature
distributions on the evolution of the biota
was profound. Broad temperature gradients
promoted widespread biogeographic mixing
of faunas at indistinct marine climatic zone
boundaries. The faunal overlap zone be
tween warm-temperate and mid- to cool
temperate biotas of the Western Interior of
North America during the Cretaceous was
as much as 1,600 km (SOHL, 1967; KAUFF
MAN, 1973a, 1975). Similarly, vertical zona
tion of the biota across the shelf-depth and
slope-depth zones of the Cretaceous seas
was very broad and nowhere near that
found today off the Atlantic, Gulf (PARKER,
1960, references therein), and Californian
Mexican coasts (PARKER, 1964). These more
stable regional Cretaceous climates, espe
cially during warming trends and epiconti
nental transgressions, may have engendered
evolution of less temperature-tolerant or
ganisms, which in turn were severely
stressed, producing high levels of extinc
tion in some types and rapid evolution in

others, by unpredictable perturbations In

the global climate.

WATER CHEMISTRY

Cretaceous biotas and geochemistry sug
gest that water chemistry in open marine
systems was similar to that of modern seas,
hut there were periodic variations in sa
linity, oxygen, carbon dioxide and carbonate
content, dissolved nutrients, and carbon iso
topes, especially in epicontinental seaways.
These fluctuations of marine water chemis
try largely reflect plate tectonic activity, re
lated changes in sea level, changes in marine
current systems, oceanic circulation and
temperature distribution, variations in in
troduced organic and inorganic compounds
from continental sources, the effectiveness
of fluvial systems in transporting these ma
terials to marine areas, and consequent
changes in productivity.

The most obvious changes in water chem
istry involved salinity and oxygen. HALLAM
(1975) noted a decrease in invertebrate di
versity northward from the European
Tethys into the "Boreal" (North Temper
ate) Realm in the Jurassic and accounted
for this, in part, by lower salinities in shal
low epicontinental seas to the north, whi.ch
received considerable fresh water from In

ternal drainage of river systems. Similar
paleogeographic situations existed through
out the Cretaceous, associated with Tethyan
to temperate-zone decline in invertebrate
diversity. But poleward decrease in div~r

sity by itself is not good evidence for sahn
ity decrease. SCHOLLE and KAUFFMAN
(1977) have shown from oxygen and carbon
isotopic analyses of associated carbonates
(whole-rock analyses) and Inoceramus
shells that subnormal salinities periodically
characterized the Western Interior basin of
North America throughout its middle Cre
taceous history except for periods near peak
transgression (latest Cenomanian to earliest
Turonian, Coniacian and parts of the S~n

tonian). Equivalent analyses of the Enghsh
chalk (open shelf) sequence for the same
interval, showed consistently near normal
salinities in open marine facies. European
epicontinental basins show faunal depletion
northward, suggesting periodically less than
normal salinity.

© 2009 University of Kansas Paleontological Institute



Cretaceous A427

Paleocommunity analyses of the Western
Interior seaway of North America by SOHL
(1967), SCOTT (1970, 1974), KAUFFMAN
(1967, 1969) and KAUFFMAN, HATTIN, and
POWELL (1977), record a predominance of
low diversity assemblages compared to con
temporaneous open marine communities
and their modern counterparts. The scar
city or exclusion of sponges (other than
Cliona) , bryozoans, corals, articulate bra
chiopods, echinoids, many normal-marine
gastropods and bivalves, and diverse pelagic
microbiotas suggests less than normal salin
ity in part of the water column. Yet the
abundance of ammonites, normal-marine
mollusks, and fishes during Cretaceous time
suggests mixing with normal-marine water
layers. It would appear that this situation
was typical of most widespread Cretaceous
epicontinental seas.

To account for mixing of normal-marine
organisms with depauperate and seemingly
more brackish water benthonic commu
nities in Cretaceous temperate epicontinental
seas, KAUFFMAN (1975, fig. 3) proposed a
model of stratified epicontinental seas, espe
cially those with constricted or silled aper
tures. A surficial layer of slightly to (near
peak regression) moderately brackish water
spread across much of the seaway, generated
by internal river drainage. Near normal
surface salinity was associated only with
periods near peak transgression. A denser,
normal-marine layer occupied deeper por
tions of the basins. Lack of a well-defined
thermocline and broadly graded vertical
temperature zonation, coupled with pos
sibly sluggish currents and low levels of
wave activity, prevented extensive mixing
of brackish surface water and deeper nor
mal-marine water in this model. Seasonal
or longer term overturn would not occur.
In epicontinental seas with restricted aper
tures a Baltic Sea model might be further
invoked, in which tidal exchange would
mainly involve outflow of surficial waters
(brackish) and inflow of deeper, more sa
line waters in a density stratified system.
The net effect of this situation might be
restriction in colonization of epicontinental
seas by stenohaline pelagic organisms and
pelagic larvae of many normal-marine ben
thonic groups; both are mainly dispersed
in the upper photic zone of the water col-

umn, envisioned here as being partially
brackish during much of the Cretaceous.
Thus it is the more euryhaline marine and
brackish water organisms, more normal ma
rine forms with larvae distributed on deeper
water currents, and organisms without ste
nohaline pelagic larval stages or with short
lived ones (including ammonites, marine
fishes, reptiles, many mollusks) that would
be able to colonize temperate epicontinen
tal seas. This model would account for
depauperate pelagic microbiotas and shal
low-water benthonic paleocommuniti<;s that
characterize many Cretaceous epeiric seas,
and yet permit abundant, more normal
marine organisms to be mixed with them.
The recent discovery by SCHOLLE and
KAUFFMAN (1977) that benthonic inocera
mid shells and pelagic carbonates yield simi
lar isotopic values suggests that much of
the epicontinental water column may have
been subsaline, except during peak trans
gression, and introduces the possibility that
some Cretaceous ammonites were eury
haline.

A second major chemical variable that
strongly affected the biota of Cretaceous
seas was dissolved oxygen. Offshore de
crease in benthonic diversity (KAUFFMAN,
1967); the depauperate nature of many
deeper water paleocommunities; large areas
lacking in benthonic microfauna; wide
spread development of evenly and finely
laminated, nonbioturbated, organic-rich clay
and carbonate mud; and thick glauconite
deposits during Cretaceous time have all
been cited as evidence for widespread de
velopment of oxygen-depleted zones in
world oceans and epicontinental seas.
SCHLANGER and JENKYNS (1976) and
FISCHER and ARTHUR (1977) proposed that
the deep ocean basins were largely oxygen
depleted during major periods of Cretaceous
warming, global eustatic rise, and epiconti
nental transgression (Late Aptian, Albian,
parts of the Cenomanian-Turonian, and
Coniacian-Santonian). Deep ocean circula
tion slowed considerably during warming
of surface waters in polar regions, and
lessening of horizontal and vertical tem
perature differentials. Organic-rich, finely
and evenly laminated, generally nonbio
turbated deep ocean sediments developed
widely. Benthonic microfaunas were almost
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wholly absent and macrofaunal associations
were greatly depleted. Little evidence is
known for marine erosion or active bottom
currents. Coincidentally, high pelagic pro
ductivity and diversity greatly increased the
organic rain to the deep oceans, enhancing
development of anaerobic benthonic condi
tions and organic-rich sediments. Oxygena
tion of the deep ocean occurred during
Neocomian, Late Cenomanian to Early
Turonian (according to FISCHER & ARTHUR,
1977, but not SCHLANGER & JENKYNS, 1976),
and Campanian-Maastrichtian times, with
global climatic cooling, eustatic lowering of
sea level, epicontinental regression, cooling
of polar areas, accentuation of both hori
zontal and vertical temperature zonation,
and reestablishment of deep ocean currents.
Similarly, FRUSH and EICHER (1975) pro
posed widespread development of oxygen
minimum zones related to oceanic oxygen
depletion during the Late Cenomanian to

Turonian in the Western Interior and Gulf
Coast seaways of North America. Their
interpretation is based on essential lack of
benthonic microfauna and reduction of ben
thonic macrobiota with near exclusion of
infaunal elements. These proposed times
of oxygen depletion seem to correspond to
periods of late (but not peak) transgression
and early regression (late Middle and Late
Cenomanian, Middle Turonian, and by
analogy of similar sediments, latest Tu
ronian and Santonian times).

Two models are possible for this type of
event in epicontinental seas. The first, as
suggested by FRUSH and EICHER (1975) for
the North American Cretaceous, and by
SEILAcHER and WESTPHAL (1971, figs. 1,4)
and BARTHEL (1970) for the European Ju
rassic, involves periodic development of a
widespread low-oxygen to anaerobic zone
through much of the lower water column
in basinal parts of epicontinental seas, ex
cluding nearly all infaunal and epifaunal
benthonic organisms, and pelagic-nektonic
organisms of the lower part of the water
column, and leaving a biota that is pre
dominantly upper pelagic to nektonic in
aspect. Associated benthonic organisms are
interpreted as having an epiplanktonic habi
tat on floating vegetation, logs, shells, or on
living pelagic organisms. Exceptional pres
ervation of articulated skeletons and soft

parts in these rocks are cited as supporting
evidence for widespread oxygen-minimum
zones, and burial of dead organisms below
the aerobic-anaerobic boundary with low
levels of bacterial decay and scavenging.

KAUFFMAN (1977c) proposed an alterna
tive model for these types of epicontinental
deposits based on detailed study of normally
benthonic invertebrates associated with
them. He found that epiplanktonic asso
ciations of normally benthonic organisms
with floating wood or other objects are rare
in ancient and modern situations (KAUFF
MAN, 1975), and cannot account for the
numbers and diversity found with these
deposits. In situ, low-diversity benthonic
communities actually occur at many levels,
in moderate abundance, with these "anaero
bic" deposits. In the Cretaceous, these ben
thonic communities are commonly built
upon thin-shelled, colonizing Inoceramidae
that may reach three meters in diameter,
or on shells of dead ammonites, or on mol
luscan mass-mortality surfaces. Initial col
onizing benthonic bivalves of many oxygen
poor Mesozoic substrates show adaptations
for expanded oxygen absorption, and appar
ent tolerance for low oxygen levels, but
subsequent members of these epibiont
endobiont communities are typically more
normal marine taxa representing groups
less tolerant of low oxygen levels. Cemented
and byssate epifaunal bivalves, cranioid
brachiopods, boring and gooseneck bar
nacles, algal-grazing gastropods (and thus
algae), bryozoans, boring and cemented
tube-building worms, encrusting foramini
fers, boring and encrusting sponges, and
rarely other taxa comprise the communities
that colonized live and dead inoceramid
shells and the up-facing flanks of dead am
monites and other mollusks in these anaero
bic or oxygen-depleted environments. The
common occurrence of these inoceramid
"island" communities on Jurassic and Cre
taceous sea floors characterized by nonbio
turbated, finely laminated, organic-rich sedi
ment lacking a benthonic microfauna or
infauna does not support the anaerobic-basin
model with a widely spread oxygen-mini
mum zone. Instead, it suggests that chem
ically inhospitable conditions and oxygen
depletion occurred mainly near the sedi
ment-water interface (at or a few centi-
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meters above it) and higher marine waters
were sufficiently oxygenated to support a
more normal marine biota. Most black
shale and carbonate rocks of Phanerozoic
"anaerobic" marine epicontinental basins
may represent this situation instead of ex
tensive oxygen-minimum zones. Wide
spread occurrence of inoceramid shells in
Deep Sea Drilling Project (DSDP) cores
(THEIDE & DINKELMAN, 1977) further sug
gests that careful restudy of Cretaceous
"oceanic anaerobic events" is warranted.

Several authors have suggested variations
in carbonate content in Cretaceous oceans,
broad fluctuations in C02, the lysocline,
and carbonate compensation depth (CCD).
These are thought to be related to major
biotic changes. BERNER (1974) defined
chemical properties, interactions, and dis
tribution patterns for carbonates in modern
open marine systems, and presented detailed
discussion of the lysocline and CCD, and
their relation to carbonate saturation and
dissolution. These principles can be applied
to Cretaceous systems with consideration
for temperature and circulation differences,
variations in nutrient and inorganic-com
pound supply, and marine productivity.
Widespread fluctuations in the Cretaceous
marine environment, including major eu
static changes, should have strongly affected
the CCD level in the world's oceans. Con
siderable disagreement exists as to the mag
nitude of these fluctuations (see papers in
HAY, 1974), their timing, and causes for
the establishment and migration of the
CCD and lysocline.

WORSLEY (1971, 1974) suggested a
marked decrease in CaC03 input from
continental sources with erosional lowering
of Late Cretaceous continents and decrease
in runoff prior to early phases of the Lara
mide orogeny, coupled with temperature
decline and CO2 increase in cool shelf and
basinal waters. Without terrestrial re
plenishment, Late Cretaceous periods of
high productivity among shell-forming cal
careous plankton (foraminifers and cocco
liths) further depleted the supply of avail
able carbonate in sea water; WORSLEY
(1971) believed that much of this carbonate
was "lost" in the deep ocean as dead plank
ton skeletons dissolved below the lysocline
and CCD. These factors combined to cause

the CCD to rIse near to, or reach, the
oceanic surface during latest Cretaceous
time, further causing widespread dissolu
tion of biogenic carbonate, pelagic extinc
tions, and collapse of the global food chain
at the time of terminal Cretaceous extinc
tion (see also TAPPAN, 1968).

RAMSAY (1974, fig. 2) predicted that pe
riods of oceanic surface warming were ac
companied by high pelagic productivity,
increased supply of carbonate skeletons to
the deep ocean, decrease in available car
bonate in surface waters, increase in sub
photic CO2 content brought about by in
creased levels of bacterial decay of the
pelagic rain, greater levels of carbonate dis
solution at shallower depths, and thus rise
of CCD. Conversely, cool periods produced
lower amounts of pelagic carbonate, less free
CO2 in subphotic zones, slower dissolution,
and depressed CCD. RAMSAY (1974, figs.
3, 4) calculated that the CCD fluctuated
between about 5 km during the Late Ceno
manian(?) to Turonian temperature mini
mum, and again during the latest Maas
trichtian decline, to about 4.5 km during
the Late Santonian to Campanian temper
ature decline, and to about 4 km during
the Late Albian and the Late Coniacian to
Santonian temperature maxima.

TAPPAN (1968) developed a stimulating
theory on the relationship between ocean
chemistry, phytoplankton production, and
large-scale extinctions in the marine realm,
which is applicable to the Cretaceous. Large
phytoplankton blooms seem to have oc
curred, especially during Aptian-Albian
time, near the Cenomanian-Turonian
boundary (debated by some), during the
Coniacian and Santonian, and during the
Middle to early Late Maastrichtian. Phyto
plankton blooms are closely related to the
02-C02 balance in the atmosphere (TAP
PAN, 1968). TAPPAN theorized that oceanic
phytoplankton maxima are coincident with:
1) times of continental rejuvenation and in
creased input of continental nutrients and
(or) initial phases of epicontinental trans
gression, 2) marked vertical and horizontal
climatic gradients in the world's oceans,
3) active bottom currents, and 4) wide
spread upwelling and nutrient replenish
ment. High phytoplankton productivity led
to high levels of diversification, decrease in
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atmospheric and dissolved CO2 and coinci
dent increase in O2. Heavy sulfates re
sulted from low levels of bacterial oxidation
of sul6des and decline in sulfate content.
Heavy carbon (CI3 ) isotopes in sea water
resulted from selective depletion of CI2
isotopes by the phytoplankton in photosyn
thetic carbon 6xation. Extensive biogenic
carbonate was deposited, producing marine
limestone and chalk. Presumably, broad
preservation of such deposits in the deep
ocean reflects a depressed CCD.

According to TAPPAN (1968), phyto
plankton minima result from low produc
tivity associated with low continental con
6guration and low input of land-derived
nutrients during maximum epicontinental
transgression and early regression, climatic
warming and amelioration, broadening of
vertical and horizontal temperature gradi
ents resulting in sluggish ocean circulation
and lowering of deep ocean oxygen levels,
and decrease in upwelling. Nutrient-de
pleted waters thus characterize the photic
zone of world oceans; nutrient sinking into
oxygen-depleted layers results in temporary
"loss" of oceanic nutrients, which exceeds
replenishment levels from continental
sources and upwellings. Oxygen produc
tion in the atmosphere and oceans decreases
and relative CO2 increases. Lighter sulfates
in solution result from bacterial oxidation
and breakdown of sul6des during times of
low productivity. Light carbon isotopes pre
dominate as the relative amount of CI2 in
creases because of low levels for carbon
6xation by phytoplankton. These condi
tions lead to widespread extinction among
animal taxa (TAPPAN, 1968), for example,
at the end of the Cretaceous.

Thus, during the Cretaceous, many fac
tors leading to broad and intermittently
severe changes in marine chemistry-salin
ity, O2 and CO2 content, carbonate content
and dissolution levels, nutrient content, and
the isotopic nature of various elements and
compounds-were actively destabilizing the
marine system as we currently view it.
These episodes produced major biologic re
sponse in regard to population density, radi
ation, diversi6cation and extinction.

EUSTATIC CHANGES

Most contemporary workers accept the

hypothesis that major sea-level changes oc
curred during the Cretaceous, but there is
variety of opinion regarding the number
and magnitude of these fluctuations, and
the driving force behind them. Five pos
sible causes for Mesozoic eustatic sea-level
changes have been recently proposed: 1)
active periods of plate movement, especially
rapid seafloor spreading, lead to construc
tion of topographically elevated areas on
the ocean floor, which in turn displace sea
level upward and cause epicontinental trans
gression (HALLAM, 1971; HAYS & PITTMAN,
1973; and KAUFFMAN, 1973a,b); 2) whole
plates, or large portions of plates are up
lifted, especially over crustal hot spots and
mantle convection cells, and subsequently
lowered to produce eustatic rise and fall of
sea level, and transgressive-regressive pulses;
3) whole continents subside and rise, in
harmony, to produce apparent eustatic fluc
tuations and coincident global transgressions
and regressions (BOND, 1976); 4) volumetric
change in ocean basins producing eustatic
displacement results from the breakup and
assembly of supercontinents (VALENTINE &
MOORES, 1972); and 5) transgressive-regres
sive history is related to eustatic changes
produced by epeirogenic movements on the
ocean floor with coincident epicontinental
epeirogenic events (HALLAM, 1963). Cur
rent data suggest that the 6rst and second
causes account for most Cretaceous changes
in sea level.

One (HAYS & PITTMAN, 1973; BOND, 1976;
SCHLANGER & JENKYNS, 1976; Fig. 2, herein)
to three large-scale Cretaceous transgressions
are recognized by most workers; the major
one peaked in the Late Cenomanian or
Early Turonian, a second one in the Late
Albian, and a third one in the Coniacian
to Santonian (for example, FISCHER &
ARTHUR, 1977). These were among the
most extensive transgressions of the Creta
ceous and are obvious from paleogeographic
plots. Each coincided with probable times
of active, relatively rapid seafloor spreading
and construction of topographically elevated
areas on the ocean floor. Global Late Albian
and Middle Turonian regressions separated
these transgressive maxima, which were
only 9 and 3 to 4 million years apart, re
spectively (measured radiometrically; Fig.
2).

Careful examination of global strandline
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fluctuations and vertical stratigraphic-paleo
environmental relationships of marine cy
clothems suggests that at least four major
Cretaceous transgressions reached well onto
at least 60 to 75 percent of widely scattered
cratonic areas (Fig. 1), indicating eustatic
rises of sea level (KAUFFMAN, 1969, 1970,
1972, 1973a,b; HANCOCK, 1975; and others).
These peaks occur in the early to middle
Late Albian, latest Cenomanian to Early
Turonian, Coniacian to Santonian (possibly
two or more separate events), and early
Late Campanian. In addition, KAUFFMAN
(1973a,b) has reported six lesser Cretaceous
transgressive peaks that mainly involve
flooding of marginal continental and more
restricted epicontinental areas in many parts
of the world (40 to 60 percent of world
Cretaceous sections), as follows: Late Va
langinian, latest Hauterivian or earliest Bar
remian, Middle Barremian, latest Aptian,
middle Late Campanian, and Middle to
early Late Maastrichtian. The irregular
temporal spacing of these eustatic changes
(Fig. 2) suggests that they are not cyclic,
and the rapidity with which some take
place (Middle Turonian regression encom
passes less than two million years) strongly
suggests mechanisms for regression other
than simple oceanic ridge collapse through
heat loss (a slow process).

Cretaceous eustatic fluctuations have
strongly influenced the evolutionary history
of diverse organisms and biogeographic
units. Global transgression was associated
with the spread of warm, ameliorating mari
time climates, elimination or great restric
tion of cool-water zones, broadening of ver
tical and horizontal marine temperature
gradients, and great expansion of total eco
space and individual niches, especially in
shallow water habitats. Oceanic productiv
ity and resources increased, resulting in
great expansion in numbers and diversity
of the planktonic microbiota and the in
crease in complexity of food-web relation
ships and pelagic communities. FISCHER
and ARTHUR (1977) proposed that these
were also times of restricted deep marine
circulation, spread of anaerobic conditions
on the deep sea floor, and depletion of deep
marine benthos; however, evolutionary op
portunities for photic pelagic and shallow
water benthonic marine invertebrates were

expanded during transgression, allowing
broad diversification and niche partitioning
at low taxonomic levels (mainly genera and
species), and increase in the complexity of
ecological interactions. Environmental per
turbations probably decreased in numbers
and intensity and therefore selective stress
levels were decreased (biological forces of
predation and competition excepted). With
out high levels of stress, evolutionary rates
and the magnitude of extinctions in marine
invertebrates were relatively low (KAUFF
MAN, 1970, 1972, 1977a).

Periods of maximum Cretaceous trans
gression were characterized by relatively
rapid increases in water temperature and
salinity in shallow temperate-zone epicon
tinental and shelf areas, as determined from
oxygen and carbon isotopic analyses
(SCHOLLE & KAUFFMAN, 1977) and from
faunal changes (KAUFFMAN, 1973a, 1975;
KAUFFMAN & SCHOLLE, 1977). A rise of a
few degrees in water temperature seems to
have constituted the first major environ
mental perturbation of transgressive cycles,
and resulted in widespread extinction
among stenotopic warm-temperate marine
organisms and their replacement by more
eurytopic warm-temperate and marginal
Tethyan elements. The great extinctions
associated with the Cenomanian-Turonian
and Turonian-Coniacian boundaries reflect
this phenomenon.

Global regression reflects eustatic lower
ing of sea level. In shallow Cretaceous
shelf and epicontinental seas this resulted
in decrease in prime ecospace, restriction or
elimination of many photic-zone habitats,
possibly increased shallow-water turbidity
and lower salinity, cooling of the oceans,
increase in vertical and horizontal tempera
ture gradients and contraction of warm
climatic zones, oxygenation and reestablish
ment of currents in the deep sea, and de
crease in maritime climatic effects produc
ing greater seasonality (KAUFFMAN, 1973a,b,
1975; FISCHER & ARTHUR, 1977). Natural
selective forces increased in magnitude, en
vironmental perturbations were probably
more common, more severe, and affected a
relatively greater portion of the shallow
marine biota than during transgression.
Competition for basic resources increased
among the marine fauna (KAUFFMAN, 1972,
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1975). The effect of these deteriorating
marine conditions was increasingly to stress
invertebrate populations, ultimately leading
to widespread extinction among many
groups (especially stenotopic forms), and to
increase evolutionary rates commensurate
with the rate and severity of environmental
decline among others (especially eurytopic
forms; KAUFFMAN, 1970, 1972, 1975, 1977a).
Rapid major regressions, such as that of
the Middle Turonian, seem to have pro
duced the greatest evolutionary effects in
the shortest period of time.

BENTHONIC ENVIRONMENTS

The study of Cretaceous pelagic environ
ments is essentially one of changing chem
istry, nutrient supply, temperature, salinity,
and pelagic productivity. Cretaceous ben
thonic invertebrates were subject to the
same controls, though more subtle in aspect,
in their evolution. In addition, they were
directly subjected to the physico-chemical
nature of Cretaceous marine substrates, to
a fluctuating CCD, and in the shelf zone
to major spatial and temporal fluctuations
of their preferred niches associated with
major eustatic fluctuations.

In the shallowest epicontinental zones
«30 m), some of which were more than
150 km wide (for example, Western In
terior seaway of North America; KAUFF
MAN, 1969), Cretaceous benthonic organ
isms were greatly affected by fluctuations
in salinity. Brackish water probably ex
tended as a surface layer over normally
marine areas during many times of epicon
tinental "freshening" (KAUFFMAN, 1975).
Most deeper benthonic environments may
have been characterized by normal salinity;
however, recent isotopic studies suggest pe
riods when subnormal salinity reached
deeper zones of epicontinental seas (SCHOLLE
& KAUFFMAN, 1977; KAUFFMAN & SCHOLLE,
1977). Brackish water layers in epiconti
nental systems may have selected heavily
against immigration and dispersal of nor
mal marine, stenohaline plankton (food re
sources) and planktonic larvae of varied
benthonic organisms, accounting for the
relatively low diversity of many epiconti
nental benthonic communities that contain
normal-marine taxa.

The principal environmental factor af
fecting Cretaceous benthonic invertebrates
was the oxygen level. Broad fluctuations of
oxygen content in both oceanic depths
(SCHLANGER & JENKYNS, 1976; FISCHER &
ARTHUR, 1977) and deep portions of epi
continental seas (FRUSH & EICHER, 1975)
have been noted, with widespread oxygen
depletion periodically resulting from re
striction of deep water circulation asso
ciated with climatic amelioration, broaden
ing of vertical and horizontal climatic
gradients, and global warming. Coincident
eustatic rise resulting in widespread trans
gression enhanced the effect of oxygen de
pletion in benthonic environments. Col
lectively these factors had a profound
impact, causing restriction of the Cretaceous
benthonic biota. This is evidenced by gen
eral offshore decrease in diversity (KAUFF
MAN, 1967) (as opposed to offshore increase
among macroinvertebrates today), and the
simple structure of many basinal and deep
ocean paleocommunities. These show heavy
representation by low-oxygen tolerant, de
tritus-feeding, carnivorous, and nonselective
filter-feeding groups, plus some opportunis
tic taxa. There were also broad marine
areas devoid of any obvious benthos, espe
cially infauna, during the Cretaceous.
Anaerobic conditions and H2S poisoning
seem to have been the major limiting fac
tors. Periods of oxygen renewal in deep
water benthonic environments allowed re
establishment of benthonic communities
many times during the Cretaceous, but
long-term stability never existed, and di
versification of the deep benthonic biota
was limited.

Whereas wide fluctuation of pelagic mi
croplankton productivity has been noted in
the Cretaceous (TAPPAN, 1968; TAPPAN &
LOEBLICH, 1972; FISCHER & ARTHUR, 1977),
leading one to expect significant fluctuations
in the primary food source of suspension
feeding benthonic invertebrates, there is no
evidence from the Cretaceous fossil record
that benthonic diversity or the ecological
success of any group living in normal ma
rine situations was seriously affected by
these fluctuations, with the possible excep
tion of the Albian-Cenomanian, Cenoman
ian-Turonian, and Maastrichtian-Danian
boundary zones. All of these boundaries
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are characterized by widespread, abrupt,
and nearly coincident extinctions of numer
ous planktonic and benthonic organisms.
TAPPAN (1968), TAPPAN and LOEBLICH
(1972), WORSLEY (1971, 1974), KAUFFMAN
(1977b), and others have proposed a direct
relationship between short-term, widespread
extinctions of the pelagic microbiota (in
cluding the planktotrophic larvae of many
benthonic organisms), collapse of the global
marine food chain, and resultant widespread
extinction or depletion of the midwater and
benthonic biota. But, in general, Cretaceous
benthonic invertebrate biotas were buffered
from lesser planktonic fluctuations by: 1)
seemingly lower density and thus resource
demand in many offshore communities, oc
cupying the bulk of the marine ecospace,
as compared with those of today; and 2) the
comparatively strong representation of non
selective suspension feeders and detritus
feeders in many Cretaceous deeper water
benthonic communities. Both groups today
are able to utilize a broad variety of food,
including organic detritus, and thus have
a relatively more stable resource supply
through time. Shallow shelf and epeiric
benthonic paleocommunities of the Creta
ceous are closely similar in complexity and
trophic specialization to those of today and
seem to have been little affected by the
broad fluctuations in plankton productivity,
suggesting that nutrients were continually
supplied to these areas from continental
sources.

Two additional factors of the benthonic
environment were probably important in
determining the nature of Cretaceous sub
strates and invertebrate biotas, especially in
more offshore, deeper water facies. These
are: 1) substrate chemistry and water satu
ration levels (reflecting "firmness" or matrix
density); and 2) dissolution in carbonate
undersaturated zones, below the lysocline
and CCD. Whereas Cretaceous marine sedi
mentary rocks reflect virtually all major
environments extant in today's oceans and
shelf seas, this was also a period of unique
benthonic environments represented by two
widespread facies, both of which suggest
chemically restrictive conditions. Pelagic
carbonates (especially chalk, micritic lime
stone, and clay-enriched shaly chalk) and
glauconitic sand are exceptionally wide-

spread in Cretaceous open marine and (to
a lesser extent) epeiric systems. Together
with dark shale and mudstone, they com
prise the major portion of the marine ben
thonic facies during the Cretaceous.

The predominance of finely and evenly
laminated, commonly nonbioturbated, or
gallic-rich shale, carbonate enriched shale,
and evenly bedded pelagic carbonate in off
shore epicontinental, shelf, and oceanic de
posits during numerous intervals of Creta
ceous time suggest highly inhospitable
environments for even the most tolerant
benthonic invertebrates. Thick stratigraphic
sequences are characterized by widespread
depletion or exclusion of even polychaete
worms (as evidenced by scarcity of bur
rows)-among the most eurytopic of ben
thonic invertebrates, by the depauperate na
ture of many benthonic mierofaunas, and
by an abundance of disseminated pyrite and
organic carbon. This suggests that these
sediments were almost totally anaerobic at
times. They also probably contained high
levels of H 2S. Many authors have used
these data as evidence to suggest widespread
oxygen-minimum or wholly anaerobic zones
in the overlying water column during the
Cretaceous, especially in the deep oceans.
The geographic spread and stratigraphic
thickness of these facies in the Cretaceous
exceeds that of any other period of geologic
time.

Intercalated within these same sedi
mentary facies, especially in epicontinental
areas, are numerous intervals containing a
rich burrowing ichnofauna, and simple to
moderately complex epibenthonic assem
blages that tend to show greater "normalcy"
in composition and ecological structure
where they were elevated to even a few
centimeters above the sediment-water inter
face (KAUFFMAN, 1977c). It is difficult to
imagine that these more fossiliferous inter
vals reflect frequent large-scale fluctuations
of a broad oxygen-minimum zone. Instead
this suggests a more delicately balanced
system of benthonic oxygenation and HzS
levels for many Cretaceous epicontinental
seas and possibly some deep ocean basins.
The anaerobic-aerobic and H 2S lethal inter
face may have been situated at, or only a
few centimeters above, the sediment-water
interface during times characterized by
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large-scale depletion or exclusion of ben
thonic invertebrates. In some cases, such a
boundary was possibly maintained by low
levels of circulation, or within a thin zone
of suspended sediment, or beneath anaerobic
fungal and blue-green algal mats near the
interface (as today in parts of the Black Sea
and the Santa Barbara basin). This type of
environmental system would exclude vir
tually all infauna and microscopic epifauna
normally living at the depositional surface,
and greatly restrict settlement of larvae of
all but the epibenthonic organisms that were
most tolerant of low oxygen levels (Ino
ceramidae in the Cretaceous, commonly).
Yet, following colonization by such tolerant
organisms, especially those having large or
inflated shells extending well above the
anaerobic boundary, the upper surfaces of
these shells provided substrates for habita
tion by somewhat more normal-marine as
semblages in more oxygenated waters. Such
relationships have been widely observed in
Mesozoic dark shale and carbonate sup
posedly deposited in basins characterized
by a broad oxygen-minimum zone. More
extensive colonization of widespread Cre
taceous carbonate and clay substrates, as
evidenced by marked increase in bioturba
tion and diversity of epibenthonic taxa, re
flects removal or dilution of the anaerobic
or toxic H~S zone situated above the sedi
ment-water interface, or lowering of this
zone into the sediment.

Even without oxygen depletion or H 2S
poisoning, water saturation levels in marine
sediments seem to have imposed another
important control on the nature of Creta
ceous benthonic environments and inverte
brate faunas. High levels of water satura
tion normally correspond to high levels of
turbidity at the sediment-water interface,
that is, development of a well-defined zone
of suspended sediment above the actual
depositional surface, and of a broadly gra
dational contact between them. Such a
zone can be produced biotically through
intense bioturbation, and produced phys
ically as a balance between sedimentation
rate, size of material, chemistry of the depo
sitional surface, and the magnitude and
type of water circulation near the interface.
Whatever the cause, high levels of water
saturation within the sediment and an over-

lying zone of suspended fine-grained ma
terial combined in the Cretaceous, as now,
to greatly alter the benthonic environment,
and the composition and structure of ben
thonic communities (for examples, see
RHOADS, 1970; RHOADS, SPEDEN, & WAAGE,
1972; KAUFFMAN, 1974, fig. 12-4). De
velopment of these substrate conditions first
choked out selective, and later nonselective
suspension-feeding organisms, changing the
trophic structure of the benthonic commu
nity to one dominated by detritus-feeding
organisms. Continuance of turbid ben
thonic conditions for long periods of time
may eventually have led to further exclusion
of selective detritus-feeding organisms, and
finally of all infaunal and epifaunal ele
ments.

Thus, in the Cretaceous, deep water epi
continental, marine shelf, and ocean basin
fine-grained carbonate and clay dominantly
represent restricted benthonic habitats, espe
cially for infaunal organisms, characterized
by low-oxygen to anaerobic conditions and
possibly lethal H~S levels within and some
what above the sediment-water interface.
In deep oceanic environments, anaerobic
conditions apparently spread periodically
through large portions of the water column
as well, in broad oxygen-minimum layers.
Times of oxygen depletion may also com
monly have been times of establishment of
a suspended sediment zone above, and gra
dational with the depositional surface, in
creased water saturation, and increased H 2S
concentrations within, the sediment. Oxy
genation periods in these environments were
frequent, but never long enough for the
development of complex benthonic commu
nities so far as we now can ascertain from
the fossil record. In deeper ocean basins
especially, there was a direct relationship
between development of broad oxygen-de
pleted benthonic environments and restric
tion of deep water circulation associated
with broadening of thermal gradients.

The second unique Cretaceous sedimen
tary environment was associated with the
widespread deposition of glauconite and
glauconitic sand in open marine shelf zones.
This continued on into the Tertiary in many
parts of the world, but is much more re
stricted in scope elsewhere in the Phanero
zoic. The environment of deposition of
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glauconite has been widely discussed
(CLOUD, 1955; PORRENGA, 1967; and others).
Cool waters of shelf depth (especially the
outer shelf), with slow rates of sedimenta
tion or large-scale sediment bypass, high
levels of concentration of organic material,
and a mieroreducing environment at and
below the sediment-water interface are
thought to have characterized many Creta
ceous and Tertiary glauconite-forming en
vironments; however, more widespread re
ducing environments, low oxygen, and other
chemical factors that might have restricted
benthonic community development during
the Cretaceous do not seem to have been
characteristic of glauconite-forming environ
ments. Cretaceous and Tertiary glauconitic
sands characteristically contain a rich ben
thonic invertebrate biota of normal-marine
aspect, with broad representation among
infaunal elements, and diverse trophic
strategies.

The potential for broad fluctuations
of calcium-carbonate compensation depth
(CCO) and the lysocline, below which
dissolution becomes severe, and thus for
the development of broad marine areas with
benthonic environments posing difficult con
ditions for calcium-secreting organisms, has
previously been discussed [see also the views
of RAMSAY (1974) vs. WORSLEY (1971,
1974) for the Cretaceous]. Metastable arag
onite, and ultimately more stable calcite
readily go into solution as one approaches
the CCO, and available carbonate for shell
building in organisms living below the lyso
cline is greatly diminished. Below CCO the
calcite shells of dead invertebrates are al
most wholly dissolved, and living organ
isms are characterized by small, thin shells.
The deeper the environments below CCO,
the sparser the living shelled fauna; above
CCO, modern biotas show offshore increase
in diversity (see data in SANDERS, 1969);
but the reverse seems true in the Cretaceous.
This does not necessarily mean that arago
nite-shelled organisms (most mollusks for
example) cannot live below the CCO; in
deed, most shelled macroinvertebrates in
bathyal and abyssal environments today
have aragonite shell layers that are protected
from dissolution by commonly thick and
(or) dense organic shields (the periostracum
in Mollusca). But calcitic shells are almost

wholly dissolved after death in these en
vironments, resulting in a poor fossil record
(see KENNEDY, 1969, p. 462-465), or even
total elimination of the record of shelled
invertebrates. Thus, both primary and sec
ondary effects of the CCO greatly restrict
the biota found below this level in Creta
ceous as well as recent seas.

Oepletion of invertebrate diversity and
ecological complexity in Cretaceous deep
water deposits below CCO is not simply a
matter of dissolution. In the northern and
western European chalk sequences, for ex
ample, where ample evidence for dissolution
of aragonitic shells exists (KENNEDY, 1969)
and only the calcitic shells are well pre
served, it has been frequently noted that
levels or local zones exist where aragonitic
fossils are preserved in abundance (com
monly attributed to special preservation phe
nomena). In these zones, however, the
diversity and abundance of the calcitic shells,
which are generally preserved throughout
the chalk, also increases. This infers both
an ecological control (substrate environ
ment) and a secondary diagenetic control
(dissolution) on the preservation of organ
isms with carbonate shells in deep Creta
ceous marine environments.

Inherent in the entire preceding discus
sion has been the broad range of variations
in the Cretaceous marine environment:
temperature, salinity, oxygen, hydrogen sul
fide and carbon dioxide content, food and
nutrients, sea level, ecospace, niche diver
sity, CCO, sediment water saturation, rate
of deposition, benthonic circulation (espe
cially in deeper water areas), and other
factors. Long-term environmental stability
apparently did not exist, in respect to these
factors, in even the deepest parts of the
Cretaceous seas. Many habitable environ
ments were formed and wholly eliminated
several times during the Cretaceous (for
example, shallow epicontinental carbonate
environments); others underwent severe en
vironmental fluctuations (for example, oxy
gen content); others were moved wholesale
over broad geographic areas (for example,
marginal marine to shallow sublittoral
quartz-sand facies); others were subject to
great change in size, and the amount and
diversity of potential ecospace for habitation
that they offered. These fluctuations were
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highly related to the evolutionary history
of Cretaceous lineages (KAUFFMAN, 1970,
1972) and entire paleobiogeographic units
(KAUFFMAN, 1973a).

NATURE OF
INVERTEBRATE FAUNAS

The following discussion will be confined
to documentation of Cretaceous inverte
brates that are critical to definition of stages!
and their boundaries, biogeographic units,
and regional biostratigr:::phic zonation. It
can generally be said that the Cretaceous
fauna was characterized by turrilitacean,
scaphitacean, hoplitacean, desmoceratacean,
acanthoceratacean, and most groups of ancy
loceratacean ammonites; by great develop
ment among rudistid, inoceramid, trigonia
cean, and certain ostreacean bivalves; by
marked radiation among Neogastropoda,
and especially tropical Nerineidae and Ac
taeonellidae; by planomalinid, schackoi.ni.d,
rotaliporid, and globotruncanid Forammlf
erida, and by many groups of Tethyan
larger benthonic Foraminiferida~ .by tre
mendous diversity among scleractIman cor
als, especially in the middle Cretaceous
where older groups of Jurassic origin oc
curred with and gave rise to younger Cre
taceous-Cenozoic groups; by great radiation
among cheilostome Bryozoa, with many
groups restricted to the Cretac~ous (Myagro
poridae, Otoporidae, <:tenoponda~,Tho~aco
poridae, Taractopondae, Calp~dopondae,

Disheloporidae, and Nephropondae); and
by equally large-scale radiation among the
echinoids, with the Conulidae, Discoidiidae,
Galeritidae, Archiaciidae, and Clypeolam
padidae restricted to the Cretaceous. An
age-by-age detailed summary of Cretaceous
invertebrate faunas and environmental
events affecting their evolution can be ob
tained by surveying references previously
listed. Some broad generalizations follow.

The Berriasian and Valanginian were

1 The author prefers to use the word "stage" in a bio·
stratigraphic sense as originally defined by D'ORBIGNY in
1842, and as currently followed by many geologi~ts. Never~

the1ess, in compliance with editorial policy, Whl~h adheres
to the Code of Stratigraphic Nomenclature (Amencan Com~

mission on Stratigraphic Nomenclature, 1?70) and the 1.0
ternational Stratigraphic Guide (International SubcommIs
sion on Stratigraphic Classification, 1976), :'stage:' and
"age" are used in this paper as chronostratigraphIc and
geochronologic units, respectively.

times characterized by low-level radiations
among invertebrate groups that predon;i
nantly had their origins in the Late JuraSSIC,
in particular diverse ammonites. No major
extinction events have been recorded from
either age. The Late Valanginian trans
gressive peak marked t~e initial radia~i?n

of several invertebrate hneages or families
among larger foraminifers, ammonites,
rudist bivalves, and irregular echinoids
which became increasingly more important
during the later part of the Cretaceous. The
first major radiation among typical Creta
ceous invertebrates occurred during the
Hauterivian, primarily involving warm
water groups (Tethyan foraminifers, sclera~

tinian corals, ammonites, and irregular echI
noids). This radiation was associated with
climatic warming and widespread marginal
epicontinental transgression. Extinc.ti~ns

during or at the end of the Hautenvlan
were of little consequence.

The Barremian was a time of rapidly
fluctuating marine environments as~ociated

with two major transgressive-regressive (eu
static) cycles (Fig. 2). Evolutionary re
sponse to broadly changing natural selective
forces was marked and produced the largest
radiation of invertebrates in the Neocomian,
especially among tropical and subtropical
groups of smaller and larg~r foraminife~s,

scleractinian corals, ammomtes, and rudist
and glycymerid bivalves. No important ex
tinction events occurred in or at the end of
the Barremian. During Aptian time, plate
tectonic activity and marine transgression
exceeded that of the Neocomian, as did
related evolutionary events. Aptian radia
tion was of greater magnitude, and involved
more groups, than any previous age.in the
Cretaceous; it involved predomInantly
Tethyan, but also temperate grou~s of. cal
careous foraminifers and radlOlanans,
numerous scleractinian coral families, bra
chiopods, belemnoids, ammonites, and ?i
verse families of bivalves. The first major
Cretaceous reefs formed during the Aptian.
A marked extinction event at or near the
end of the age mainly involved older Teth
yan groups that were ecologically ~~plac~d

by better adapted counterparts ansIng. m
the Aptian; scleractinian corals, ammomtes,
belemnites, and ancestral rudist bivalve
groups were primarily affected.
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Albian time was characterized by the
most extensive of the Early Cretaceous
eustatic fluctuations and transgressions (Fig.
2), by active plate tectonism, a major cli
matic warming pulse, and largely restricted
deep ocean circulation. Major radiation
and marine diversification occurred among
planktonic and shallow benthonic inverte
brates, in particular planktonic foraminifers
and ammonites, giving rise to complex, poly
taxic, pelagic marine communities. In addi
tion, Albian radiations involved diverse cal
careous benthonic foraminifers, scleractinian
corals, cheilostome bryozoans, articulate
brachiopods, many neogastropod and echi
noderm families, and numerous tropical bi
valve groups, including rudists. Cretaceous
ammonite diversity reached its peak during
Albian radiation. Deep-water invertebrates,
on the other hand, seem to have been se
verely restricted by widespread oxygen de
pletion. Important extinction events oc
curred throughout the Albian, but especially
at its end. The Late Albian extinction was
the most dramatic of the Early Cretaceous,
and mainly affected taxa in tropical to
warm-temperate seas, probably as a result
of sharp decline in oceanic temperatures
during the latest Albian. This extinction
involved diverse ammonites, and major
groups of larger foraminifers, scleractinian
corals, articulate brachiopods, belemnoids,
bivalves, irregular echinoids, and crinoids.
The Albian thus included the first great
epicontinental transgression, and the first
major extinction event (associated with ter
minal Albian regression and temperature
decline) of the Cretaceous (Fig. 2).

The Cenomanian had an exceptional his
tory. It included the largest marine trans
gression of the Cretaceous (Fig. 2), which
was related to active plate tectonism, rapid
seafloor spreading, and major eustatic rise.
It was also the greatest Cretaceous episode
of invertebrate radiation, reflecting vast new
ecological opportunities that became avail
able during the great Cenomanian transgres
sion. Surprisingly, these events were asso
ciated with a period of low global marine
temperatures, which climbed only slowly
during the age. Between 50 and 60 higher
taxa of invertebrates, most of them tropical
to warm-temperate groups, arose during the
Cenomanian, including numerous genera of

larger foraminifers and diverse lower level
taxa of planktonic foraminifers, 6 sclerac
tinian coral families, phylactolaemate and
diverse cheilostome bryozoans, 5 ammonite
families, the Belemnitellinae, numerous
groups of neogastropods as well as epifaunal
and especially infaunal siphonate bivalves,
3 major arthropod groups, and 5 echinoid
families. The Cenomanian-Turonian bound
ary lies near the peak of the transgression,
and coincides with an abrupt but graded
extinction event associated with major tem
perature and salinity fluctuations near the
transgressive peak. First temperate, and
finally tropical taxa were involved in the
extinction. Diverse planktonic and larger
benthonic foraminifers, scleractinian corals,
ammonites, and irregular echinoids were
principal groups affected by the extinction
event.

Turonian time encompassed a major re
gression, early phases of the second largest
Cretaceous transgression, and rising global
marine temperatures (Fig. 2). The great
Cenomanian transgression climaxed during
the earliest Turonian, and was characterized
by a short-lived invasion of marginal Teth
yan taxa into temperate areas, followed by
their graded extinction (middle to late
Early Turonian) or restriction to Tethys
proper. The Middle Turonian regression
was one of the most rapid on record (less
than two million years), and imposed severe
stress, leading to very rapid faunal turnover
and widespread extinction in epicontinental
(KAUFFMAN, 1970, 1972, 1977a,b), but not
oceanic, environments (FISCHER & ARTHUR,
1977). Turonian radiations were moderate,
and concentrated in the Early Turonian in
connection with maximum transgression
and the spread of warm waters over the
globe. Major evolutionary diversification
took place among calcareous planktonic and
benthonic foraminifers, tropical scleractinian
corals, cheilostome bryozoans, temperate
and tropical ammonites, rudist bivalves, and
irregular echinoids. Many of these same
groups show strong extinctions associated
with Middle Turonian regression. The end
of the Turonian was marked by sharp ex
tinction, which correlates with a major tem
perature and salinity increase to near nor
mal in epicontinental seas near peak Late
Turonian to Coniacian transgression. Both
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Middle and Late Turonian extinctions in
volved primarily warm-water groups-di
verse foraminifers, scleractinian corals, ma
jor groups of rudists, inoceramid bivalves,
and especially tropical ammonites. In epi
continental areas, the terminal extinction
marked the abrupt replacement of temper
ate groups with cosmopolitan and subtrop
ical taxa.

The great Late Turonian transgression
reached its peak in the Coniacian, and re
mained near peak development throughout
that age. Maritime climates and ameliorat
ing marine environments persisted. An
Early to Middle Coniacian temperature in
crease is recorded by exceptionally wide
spread distribution of Tethyan and mar
ginal Tethyan faunal elements, and by
isotopic analyses. Major Early Coniacian
radiations primarily involved warm-water
groups among smaller and larger calcareous
foraminifers, cheilostome bryozoans, neo
gastropods, cephalopods, and echinoids.
Representatives of these and other tropical
taxa became gradually more restricted dur
ing the Coniacian as warm water tempera
tures began to wane, especially during a
sharp Middle Coniacian temperature drop
in oceanic and epicontinental areas (DoUG
LAs & SAVIN, 1973). Warm, semistable
ameliorating marine climates and wide
spread epicontinental seas persisted into the
Santonian; as a result no major extinction
event marks the stage boundary, making it
difficult to define (see discussion under Bio
stratigraphy). Important extinctions during
the Coniacian were limited to three ammo
nite families and the posidoniid bivalves;
genus- and species-level changes among am
monites and bivalves, or among planktonic
microbiota, are currently used to define the
Coniacian-Santonian boundary.

Santonian time was characterized by sev
eral small transgressive pulses superimposed
on early stages of the Campanian regression
(Fig. 2), by warm water temperatures and
generally equable marine climates, and by
continued widespread development of epi
continental seas. A broad Late Santonian
cooling trend gradually increased oceanic
climatic gradients, lowering planktonic di
versity (FRERICHS, 1971), and lowering the

similarity between foraminifers of high and
low latitudes (DOUGLAS, 1972). Low to
moderate levels of radiation among calcare
ous foraminifers, cheilostome bryozoans,
scleractinian corals, rudist bivalves, and echi
noderms indicate a somewhat passive
evolutionary history during this climatically
stable period. Other groups showed little
change. Extinction within or at the end
of the age was minimal, mainly involving
a few Tethyan lineages of cheilostome
bryozoans, scleractinian corals, and ammo
nites. In many areas the Santonian-Cam
panian boundary is thus difficult to define
and is based mainly on range-zone bound
aries of ammonite and inoceramid species.

The equable marine environments of the
Coniacian and Santonian declined sharply
during the Campanian with major marine
regression (eustatic fall), upon which are
superimposed two smaller transgressive
peaks (Fig. 2) in the latest Early to early
Late Campanian, and the middle Late Cam
panian. Oceanic temperatures declined
strongly through the Campanian. Collec
tively, these factors imposed increasing en
vironmental stress levels on evolving marine
invertebrates, and diversity generally de
clined. Nevertheless, the late Early to early
Late Campanian transgression marked a
reversal in these trends, and the last major
period of Cretaceous radiation among
higher taxa, in particular among warm
water foraminifers, scleractinian corals,
cheilostome bryozoans, and tropical and
temperate bivalves. Late Campanian ex
tinctions were surprisingly few in light of
this radiation and subsequent environmental
decline, and involved only some genera of
larger foraminifers, and one family each
of scleractinian corals, ctenostome bryo
zoans, ammonites, crinoids, and asteroids.
The position of the Campanian-Maastrich
tian boundary is thus poorly defined and a
matter of considerable debate. As a re
sult of increasing stress levels during Cam
panian regression, evolutionary rates among
principal Campanian ammonite and bivalve
groups were rapid and form the basis for a
highly refined Campanian biostratigraphy
(GILL & COBBAN, 1966; KAUFFMAN, 1975).
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The global correlation and interpretation
of geological and biological events is
strongly dependent upon widely applicable,
finely divided units of geological time (usu
ally based on biostratigraphic zones), and
sufficient radiometric data to allow "abso
lute" dating of such events and an accurate
measure of their duration (for example,
KAUFFMAN, 1970). Rarely are both systems
coincidently developed to a high level of
refinement in the Phanerozoic, but the Cre
taceous is an exception where biostratigra
phy and geochronology have been refined
to a high degree and extensively integrated
(for example, OBRADOVICH & COBBAN, 1975;
VAN HINTE, 1976; KAUFFMAN, 1978), al
lowing unparalleled precision in regional
correlation and dating of marine strata,
their biotas, and important events in their
historical development. These factors have
widely attracted scholars to the Cretaceous
Period as a testing ground for geological
and biological concepts.

DEFINITION OF
THE CRETACEOUS

The Cretaceous System, or "Terrain
Cretace," was first named by the Belgian
D'OMALIUS D'HALLOY (1822) wholly on the
basis of lithostratigraphic characteristics as
the upper one-third of the "Secondary
Rocks" of ARDUINO. The Cretaceous in
cluded "the chalk formation, such as I have
determined it in a preceding memoir, i.e.
comprising the tuffas, sands, and marls,
which occur beneath the true chalk...."
(D'OMALIUS D'HALLOY, 1822, p. 368, 369;
translation in BERRY, 1968, p. 69). The type
area is in the Paris basin of France and
adjacent parts of Belgium and Holland.
BERRY (1968, p. 69-73) gave a concise his
tory of subsequent development of the con
cept of the Cretaceous System. Initial defi
nition of the typical Cretaceous biota, and
a crude biostratigraphic division, resulted
from MANTELL'S (1822) study of "The
fossils of the South Downs" in which he
recognized a lower terrestrial biota of the
Wealden and a younger marine biota of
the overlying greensand, marl, and chalk.
Although various authors, mainly French

and English, described fossils from the
Cretaceous System during the next two
decades, the first extensive description of
characteristic Cretaceous biotas and their
biostratigraphic subdivision was that of the
French paleontologist, ALCIDE D'ORBIGNY
(1840-44; 1849-50).

D'ORBIGNY'S contribution was outstand
ing. In addition to his extensive systematic
treatment, D"ORBIGNY was the first to clearly
define major changes in the Cretaceous
marine biotas through time, many of them
relatively abrupt, and the fact that these
changes were irregular. D'ORBIGNY recog
nized that large, stratigraphically distinct
segments of the Cretaceous were each in
ternally characterized by a discrete biota
displaying relatively low levels of change
through time. Each biota, however, was
quite different from those of adjacent se
quences. The boundary zones between in
dividual biotas were clearly defined (D'OR
BIGNY, 1849-50, p. 42-49, considered them
to be "catastrophic"), in most cases sharp,
or occupying very narrow stratigraphic in
tervals. These were points of major biotic
turnover that have come to be recognized
as indicative of large-scale evolutionary
events and (or) marine environmental
changes occurring within small segments
of geologic time. D'ORBIGNY (1849-50)
termed these biotically discrete stratigraphic
segments "etages"-or stages-and gave
each a name based on the area in which its
unique biota was best known at the time.
Thus, from their inception, Cretaceous
stages were characterized by their fossil
content, and stage boundaries were defined
at the level or narrow stratigraphic interval
of maximum rate of change, or abruptness
of turnover of the biota from one stage to

the next. Stages were thus originally de
fined as large-scale biostratigraphic units;
this concept has been unfortunately altered
where stages have been included within
systems of chronostratigraphy such as that
used by the American Commission on
Stratigraphic Nomenclature (1970) and
others. The concept of stages in the Creta
ceous has been more extensively discussed
by HANCOCK (1977), KENNEDY and JUIGNET
(1973), RIOULT (1969), WIEDMANN (1970),
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and references therein, most of whom have
advocated return to D'ORBIGNY'S original
concept; I wholly concur.

In defining stages, D'ORBIGNY became the
first to recognize the varied and irregular
evolutionary history of Cretaceous organ
isms. Subsequent research has supported
the contention that major extinction events
followed by important radiations exist at
several points through the Cretaceous, at
or near the stratigraphic levels of faunal dis
cordance that D'ORBIGNY and later authors
relied on to differentiate Cretaceous stages.

CRETACEOUS
BOUNDARY ZONES

Historically, both the upper and lower
boundaries of the Cretaceous System have
been extensively debated, in particular the
Jurassic-Cretaceous boundary zone and the
position of the Volgian Stage and its biota
in the North Temperate Realm, and (to a
lesser degree) the Tithonian Stage and its
biota in tropical Tethyan to warm-temper
ate regions. The problem has been compli
cated by the lack of direct marine connec
tions linking the two biotas in many areas,
difficulty in their biostratigraphic correla
tion, and by the absence of a large-scale
boundary extinction of characteristic Juras
sic taxa. Similarly, the position of the Dan
ian "Stage" and its biota relative to the
Cretaceous-Tertiary boundary zone has been
greatly disputed, especially where diagnostic
ammonites, belemnites, and inoceramid bi
valves are rare or absent.

It is of interest that in both cases the
boundary disputes stemmed primarily from
study of biotas from north-temperate areas,
where the evolutionary distinctions between
marine faunas above and below these major
boundaries appear to be less marked than
across the same boundaries in the tropical
Tethyan Realm. For marine invertebrates
this may be directly related to compara
tively higher representation of the entire
tropical biota in the oceanic plankton (in
cluding the planktotrophic larvae of most
benthonic organisms), where conditions ap
parently leading to major extinctions have
had greater impact than in cooler water,
temperate-realm biotas.

The Jurassic-Cretaceous boundary prob-

lem has been most extensively discussed by
\'arious authors in CASEY and RAWSON
(1973a) and older papers referenced therein,
in particular ARKELL (1956), CASEY (1968),
EGOYAN (1971), GOLBERT and others (1972),
SAKS and others (1968), and papers in SAKS
(1972). The controversy centered mainly
around the position of strata containing
the north-temperate "Subcraspeditan" am
monite fauna, placed originally in the lower
most Cretaceous or "Infravalanginian Stage"
(NEAVERSON, 1955, and papers cited
therein), and has now been largely resolved.
Current placement of the Jurassic-Creta
ceous boundary at the top of the Volgian
Stage (containing the Subcraspeditan fauna)
of the Russian platform, and equivalent
strata, is supported by most workers. The
base of the north temperate Cretaceous, also
defined mainly on molluscan faunas, thus
becomes the base of the lower Ryazanian
Substage (Rullctollia 1'UllctOlli and Hectoro
cera>' kochi zones; CASEY, 1973).

Even so, a major problem still exists in
identifying the Jurassic-Cretaceous bound
ary, which stems from the lack of a clear
cut evolutionary break among higher taxa
in this interval, and a relatively poor fossil
record in many areas. Most higher taxa of
characteristic Jurassic invertebrates became
extinct well before the end of the Jurassic
(for example, numerous ammonite families
in the Bathonian through Oxfordian stages).
The Oxfordian, Kimmeridgian and Vol
gian-Tithonian stages instead represent a
time of major radiation among many groups
of invertebrates that subsequently cross the
Jurassic-Cretaceous boundary without sig
nificant change to comprise the evolution
ary rootstocks of characteristic Neocomian
faunas. This includes many echinoids (espe
cially families of the Irregularia), bivalves,
gastropods, arthropods, and most sclerac
tinian corals. The ammonites underwent a
major radiation at the beginning of the Late
Tithonian to Late Volgian subages, and 9
of 11 latest Jurassic families ranged well into
the Neocomian. The earliest Neocomian
(Berriasian) radiations were in no way
comparable in magnitude to those of the
latest Jurassic. Few important extinction
events occurred in the latest Jurassic, and
most of these occurred near the end of the
Tithonian, especially among ammonites (for
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example, the important families Perisphinc
tidae and Aspidoceratidae); these are the
primary organisms utilized to define and
correlate the Jurassic-Cretaceous on a re
gional basis. Thus, in defining the bound
ary, current workers have chosen to concen
trate on the few significant ammonite
extinction events of the latest Jurassic
rather than the older, but more dramatic
interval that marks the principal radiation
of typical Early Neocomian invertebrates.
Principal evolutionary changes at the Juras
sic-Cretaceous boundary, so defined, are
marked by genus-level turnover rather than
by replacement of higher taxa as elsewhere
at Mesozoic period boundaries. This change
is more exaggerated in the Tethys and its
margins than in the North Temperate
Realm.

By contrast, the top of the Maastrichtian
Stage is marked by one of the most dra
matic extinction events of the Phanerozoic,
with final elimination of numerous orders,
superfamilies, families, and subfamilies
of characteristic Cretaceous invertebrates
within a few million years at most. Major
invertebrate groups that became extinct in
clude the Ammonoidea (superfamilies Phyl
locerataceae, Turrilitaceae, Scaphitaceae, Ly
tocerataceae, Acanthocerataceae, Desmocera
taceae, and Hoplitaceae), many Bivalvia
(for example, the Arcullaeinae, Inocerami
dae, Oxytomidae, Entoliidae, Camptonectes
group, Neithea group, Buchiidae, Terque
miidae, Trigonioididae, Myoconchinae, Opi
nae, Icanotiidae, Tancrediidae, Trapeziidae,
Dicerocardiidae, Corbulamellidae, Exogy
rini, and the rudists Requieniidae, Mono
pleuridae, Caprinidae, Hippuritidae, Radio
litinae, Biradiolitinae, Sauvagesiinae, and
Lapeirousiinae), the Macluritina among
gastropods, the Spinctozoa among sponges,
the Hemiporitidae and Thamnasteriidae
among scleractinian corals, the Dactyle
thrata and Rhacheoporidae among bryozo
ans; numerous Coleoidea (Belemnitidae,
Dimitobdinae, Belemnitellinae, Belemnoteu
thidae), 7 families of mostly irregular echi
noids (Acrosaleniidae, Conulidae, Discoidi
idae. Galeritidae, Clypeolampadidae, Holec
typidae, and Nucleolitidae), stelleroids of
the Uractinina, 17 genera of tropical larger
Foraminifera including most orbitoids and
pseudorbitoids, several major groups of cal-

careous foraminifers (especially the Schac
koinidae, Rotaliporidae, and Globotruncani
dae), and the radiolarian family Amphipyn
dacidae. Many of these groups became
extinct "abruptly" at the peak of their
radiation, or while they were still important
components of the marine biota.

A major radiation, especially among
warm-water bivalve and gastropod molluscs,
irregular echinoids, crustacea and other arth
ropods, cheilostome bryozoans, and both
small and large calcareous Foraminiferida
followed during the Tertiary, so that clearly
distinct biotas bound the major extinction
event that marks the top of the Cretaceous
System. Why then has there been a contro
versy over the position of the Danian Stage
in the north temperate areas of Euramerica?

The Danian controversy evolved in areas
where 1) Cretaceous-style marine deposition
of chalk and marl, or glauconitic sand, con
tinued across the boundary with little
change (as in Denmark, Maryland, and
New Jersey), in many cases with little evi
rlence of a major disconformity, into Paleo
cene time, 2) where Cretaceous microfossils
were extensively reworked into similar Pa
leocene sediments, 3) where strata bearing
Cretaceous organisms were erroneously as
signed to the Danian on other grounds, and
4) in areas where uppermost Cretaceous
strata did not contain abundant ammonites,
inoceramid bivalves, belemnites, or other
diagnostic fossils but rather were composed
mainly of groups of mollusks, echinoids,
and bryozoans that showed little evolution
ary differentiation and only minor genus
and species-level extinction across the Creta
ceous-Tertiary boundary (for example, Den
mark, Greenland, and middle to northern
Atlantic coasts of the United States and
western Europe). These latter groups,
mainly mollusks characteristic of the North
Temperate Realm, were apparently pro
tected from environmental factors contribut
ing to the massive Late Cretaceous extinction
event by nature of their broad ecological
tolerance, habitat characteristics, or the na
ture of their ontogenetic development (espe
cially their larval history). It is now well
documented that the dramatic Cretaceous
Danian extinction events mainly involved
tropical and marginal tropical groups. The
recognition that many invertebrate groups
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FIG. 3A-F. Lower Cretaceous biostratigraphic zonation and principal zonal indices in selected areas where
zonation is most refined. Principal references for data coded to numbers in parentheses are: 1) Van
Hintc, 1976, Tethyan and North Temperate macrofossil and pelagic microfossil zones; 2) Jeletzky, 1970,
Canadian and Arctic parts of the Western Interior seaway; 3) Kauffman, Cobban, & Eicher, 1977, Albian
of the interior United States; 4) Thomel, 1964, and 5) Thieuloy & Thomel, 1964, Neocomian, southern
France; 6) Young, 1967, Texas Gulf Coast; 7) Scott, 1970, Albian, southern Western Interior United
States; 8) Jeletzky, 1964a, 1970, western and Arctic Canada; 9) Imlay, 1960, 10) Jones, 1967, 11) Jones
& Detterman, 1966, and 12) Jones, Murphy, & Packard, 1965, northern and western Alaska, west coast
of United States; 13) Matsumoto, 1963, and 14) Nakano, 1960, Lower Cretaceous, Japan; 15) Casey,
1973, Berriasian, England; 16) Owen, 1973, Middle and Upper Albian, England; 17) Casey, 1961,
Aptian and Lower Albian, England; 18) Kemper, 1973, Hauterivian-Valanginian, north Germany; 19)
Besairie & Collignon, 1972, Madagascar; 20) Pergament, 1969, Russian platform, Siberia, and northeast
Asia; and 21) Jeletzky, 1973, Lower Neocomian, Siberia. For explanation of asterisks, see Figure 2

caption (Kauffman, n).
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FIG.3B. (Explanation on facing page.)

cross the Cretaceous-Tertiary boundary with
little change, and the discovery of sufficient
ammonites, belemnites, inoceramids, and
characteristic Cretaceous microfossils in the
areas under question to define the boundary,
have basically ended the Danian contro-

versy. Today, Danian strata are almost
universally placed in the basal Paleocene.
HANCOCK (1967), and authors cited therein,
have discussed in detail the age of the
Danian and defended its placement in the
Paleocene.

BIOSTRATIGRAPHY

Cretaceous biostratigraphy (Figs. 3, 4)
encompasses some of the most refined and

regionally applicable zonations developed
anywhere in the Phanerozoic, and consti-
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tutes an important model of biostratigraphic
methodology. Several factors contribute to
this situation. First, the Cretaceous was a
period of evolutionary overlap among some
of the most useful biological groups ever
applied to zonation and correlation. The
first major series of radiations among the
planktonic microbiota, especially foramini
fers and coccolithophorids, occurred during
the Cretaceous at a time when ammonites
and ubiquitous bivalves of the families Ino-

ceramidae, Ostreidae, and Buchiidae were
still important components of the marine
biota, belemnites were in their final radia
t~on, and echinoids (especially irregular
groups) were undergoing one of their ma
jor periods of diversification. These groups
constitute the principal invertebrate com
ponents of Cretaceous biostratigraphy.
Other taxonomic groups are useful in cer
tain facies and regions, and may be the
bases for local systems of zonation, but they
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do not compare with these primary groups
in regional correlation potential or in the
historical development of Cretaceous bio
stratigraphic systems.

Second, Cretaceous biostratigraphy his
torically arose by the independent develop
ment of systems based on such groups as
planktonic foraminifers, ammonites, belem
nites, inoceramid bivalves, and echinoids.
In more recent times, however, there has
been a conscious effort to develop more inte
grated biostratigraphic systems (for exam
ple, KAUFFMAN, 1970). This has been un
dertaken first through the collation of data
from these primary groups into simple as
semblage- and concurrent range-zones (VAN
HINTE, 1976; SMITH, 1975; KAUFFMAN,
HATTAN, & POWELL, 1977, and others). Sub
sequently, using these as a plotting base for
testing the biostratigraphic utility of diverse
invertebrates, modern Cretaceous biostrati
graphic systems are becoming increasingly
concerned with the formation of complex
multitaxic assemblage-zones incorporating
all elements of the biota with biostrati
graphic potential as defined by their bio
logical, biogeographic, evolutionary, and eco
logical characteristics (KAUFFMAN, 1970).
Complex multitaxic assemblage zonation
and biostratigraphic schemes being devel
oped through graphic correlation methods
(MILLER, 1977, and references therein)
promise to yield the most refined levels of
biostratigraphic zonation, with the broadest
environmental and biogeographic applica
tion. Zonations as refined as 0.1 my/zone
with intercontinental correlation potential
have already resulted in the Cretaceous uti
lizing "composite assemblage zonation"
techniques (KAUFFMAN, 1970). Composite
assemblage-zones may incorporate organ
isms from all facies throughout the study
area (for example, a Cretaceous epiconti
nental seaway), including marginal marine
and even nonmarine facies, and even from
distinct basins, allowing broad regional cor
relations to be made.

Third, the Cretaceous displays an ex
tensive, well-preserved biological and strati
graphic record, widely dispersed in epicon
tinental areas of the world (Fig. 1) and
nearly continuous across vast areas of inter
vening ocean basins as evidenced in DSDP
core materials. Bed-by-bed collecting of
populations representing diverse taxa is pos-

sible in many epicontinental areas, leading
to evolutionary studies using population
analysis, to taxonomic refinement, and thus
to more refined biostratigraphic division of
the Cretaceous sequence (for example,
KAUFFMAN, 1970, text-fig. 4, and discussion).

Fourth, radiometric data for the Creta
ceous exceed those for all but late Cenozoic
parts of the geological column because of
the abundance of volcanic ash, bentonite
beds, and glauconite in global Cretaceous
marine sections. These data are spread
throughout most of the Cretaceous se
quence, being more abundant for Albian
and younger rocks. To a large extent, but
especially in the Western Interior of the
United States and Canada, these dates have
been closely integrated with the biostrati
graphic system (GILL & COBBAN, 1966;
OBRADOVICH & COBBAN, 1975; VAN HINTE,
1976; KAUFFMAN, 1978). This allows "abso
lute" dating of the time and duration of
biostratigraphic zones, and provides data
for the measurement of evolutionary rates
in various lineages.

Fifth, historically, the Cretaceous period
has been intensely studied in regard to its
fossil content and biostratigraphic zonation.
Early biostratigraphic work was especially
focused on ammonites and echinoids, and
biostratigraphic concepts and methods have
had a relatively long period of testing. As
a result, Cretaceous systems of zonation and
correlation have evolved rapidly to levels
beyond those for many other periods of
geological time.

Sixth, many Cretaceous organisms showed
exceptionally rapid biogeographic dispersal
(and thus regional biostratigraphic utility).
Three environmental factors contributed to
this: a) long periods of climatic ameliora
tion with warm, maritime climates spread
over most of the globe, low temperature
gradients, and few barriers to dispersal
of temperate to tropical invertebrates, which
dominate Cretaceous marine biostrati
graphic systems; b) broad and continuous
areas of shallow marine shelf environments
within single climatic zones, especially dur
ing each of the Cretaceous epicontinental
transgressions (Fig. 2), reducing barriers
to rapid, widespread dispersal of shelf or
ganisms; and c) short enough distances
across the opening Atlantic as not to exceed,
for much of the Cretaceous, the swimming
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FIG.3D. (Explanation on page A442.)

ranges of many mobile invertebrates such
as ammonites, nor the drift potential of
planktonic organisms and long-lived plank
totrophic larvae of many warm-water ben
thonic taxa (KAUFFMAN, 1975). Thus both
benthonic and planktonic taxa dispersed
readily to both sides of the Atlantic on

Cretaceous ocean currents, and from there
throughout the epicontinental seas of the
Eurasian-African and the North American
South American continental systems. Oce
anic separations of Africa and Eurasia,
North and South America, and elements of
Gondwanaland were even less than that
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FIG.3E. (Explanation on page A442.)

across the Atlantic. Therefore, precise bio
stratigraphic correlation over broad Creta
ceous marine areas is to be expected.

Seventh, Cretaceous invertebrate taxa are
related to living forms closely enough that
the biostratigraphic utility of many fossil
groups can be predicted from knowledge of

their modern biogeographic, ecologic, and
genetic characteristics. This leads to in
creased efficiency in the construction of com
plex biostratigraphic systems (KAUFFMAN,

1970, 1977a).
Eighth, evolutionary rates among Creta

ceous invertebrates, especially ammonoid
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FIG. 3F. (Explanation on page A442.)

and bivalve mollusks (KAUFFMAN, 1970,
1972, 1977a), are among the fastest yet re
corded for marine Metazoa, attaining levels
as high as one new species per .08 my
within single lineages, with species dura
tions as low as 0.12 my. This leads to zonal
refinement and high resolution in correla-

tion. These rates, measured radiometrically,
were attained mainly during periods when
the ecosystem was stressed either by rapid
temperature and salinity changes, or by
widespread regression of epicontinental seas.
For many groups such as ammonites and
inoceramid bivalves, rates of evolution were
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high even during times of climatic ameliora
tion (transgressions) with radiation into
newly developing habitats. The tremendous
fluctuations in environmental and biological
stress levels in the marine realm that are
inherent in the environmental cycles of the
Cretaceous, thus enhanced evolutionary
turnover among many biostratigraphically
important groups of organisms.

Despite present efforts to construct re
fined composite assemblage zonations for
the Cretaceous throughout the world, most
zonal systems in operation at this time are
either based on single groups or on simple
composite range-zone systems. Thus, open
oceanic Cretaceous biostratigraphic systems
are primarily based on planktonic foramini
fers, coccolithophorids, and in cooler waters
on radiolarians. Temperate-zone epiconti
nental systems rely heavily on ammonites,
inoceramid and buchiid bivalves, belem
nites, echinoids and oysters. Tethyan and
marginal Tethyan systems also rely heavily
on ammonites (generally distinct groups
from those found in temperate zones),
planktonic foraminifers, coccoliths, echi
noids, and locally belemnites, rudistid, ino
ceramid, pectinid, trigoniid, and ostreid
bivalves, and nerineid and actaeonellid gas
tropods.

It is commonly difficult to relate Tethyan
and temperate biostratigraphic schemes in
detail because they shared few organisms
during much of the Cretaceous. Between
the Caribbean Tethys and the North Amer
ican temperate seas, for example, there was
periodically less than 10 percent species simi
larity; however, three factors make correla
tion of these systems possible. First, among
taxa shared between Tethyan and temperate
ecosystems, especially near their juncture,
are some of the most important invertebrates
used in regional correlation: inoceramid
and ostreid bivalves, certain echinoids, ele
ments of the planktonic microbiota, and
rarely ammonites. Both Tethyan and tem
p~rate-zone faunas show abrupt decrease in
numbers and diversity where they infringe
on adjacent realms. Second, basins that lie
near or on the Tethyan-temperate boundary
zone, for example, the Vascogotic trough
of Spain (WIEDMANN & KAUFFMAN, 1977),
commonly have laterally and vertically
mixed cooler temperate and warmer Te-

thyan aquatic biotas. In these situations,
especially where there is vertical stratifica
tion, the biotas are intricately mixed at
many stratigraphic levels and interregional
correlations can be precisely made. Third,
eustatic pulses of sea level, which produced
alternating transgressive and regressive
events at least 10 times during the Creta
ceous (Fig. 2; KAUFFMAN, 1973a,b), also
resulted in north-south migration of
the temperate-Tethyan marine boundary
(COATES, KAUFFMAN, & SOHL, 1977), so that
in marginal areas Tethyan and temperate
biotas may retain their uniqueness but be
extensively interbedded with each other,
changing at points of climatic boundary
migrations. These areas of interfingering
of Tethyan and temperate faunas are criti
cal to global correlation of the Cretaceous.
Figures 3 and 4 show principal biostrati
graphic indices for the world Cretaceous as
they are currently known.

LOWER CRETACEOUS
BIOSTRATIGRAPHY

In temperate and Tethyan realms, ammo
nites constitute the principal basis for Lower
Cretaceous biostratigraphy (Fig. 3), and
they are more preeminent during Early
than Late Cretaceous time, when other in
vertebrate groups such as planktonic fora
minifers, inoceramid bivalves, and belem
nites had evolved to levels that allowed
them to share equally in biostratigraphic
zonation and regional correlation. Belem
nites, which are a mainstay of temperate
to cool-temperate Upper Cretaceous biostra
tigraphy, are of lesser importance for re
gional correlation of the Lower Cretaceous.
They were just beginning a second major
radiation from local centers of endemism
(CASEY & RAWSON, 1973b, p. 420, 421), and
were subjected to shifting biogeographic
patterns (STEVENS, 1973). They evolved
very rapidly during the Early Cretaceous,
however, and certain groups such as Neo
hibolites (SPAETH, 1971) and Aulacoteuthis
(RAWSON, 1972) allow local zonation com
parable to that of the ammonites.

Bivalves have a secondary role in Lower
Cretaceous biostratigraphy, except for cer
tain groups. The Buchiidae are of primary
importance in regional and intercontinental
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FIG. 4B. (Explanation continued from facing page.)
scaphitids; 11) Gill & Cobban, 1966, Red Bird zonal sequence, Wyoming; 12) Kauffman, 1975, Western
Interior bivalve zones; 13) Kauffman, Cobban, & Eicher, 1977, Cenomanian-Coniacian zonation; 14) Scott
& Cobban, 1964, Coniacian-Lower Campanian zonation, central Colorado; 15) Jdetzky, 1970, Western
Interior of Canada; 16) Young, 1963, Coniacian-Campanian ammonite zones, Gulf Coast; 17) Soh!, 1960,
personal com., 1977, Exogyra zones and regional correlations; 18) E. G. Kauffman, unpub. research,
Inoceramidae; 19) J. D. Powell, unpub. research, Eagle Ford Formation (Cenomanian-Turonian), Gulf
Coast; 20) Stephenson, 1952, Cenomanian mollusks, Woodbine Formation, Texas; 21) Stephenson, 1941,
Campanian-Maastrichtian mollusks, Navarro Group, Texas; 22-26) Seitz, 1959, 1961, 1965, 1967,
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FIG.4C. (Explanation continued from page A451.)
1970, Coniacian-Maastrichtian Inoceramidae, north Germany; 27) Trager, 1967, Cenomanian-Coniacian
Inoceramidae, north Germany; 28) Cox, 1967, classical British-French chalk zonation; 29) Kennedy,
1969, Late Albian-Cenomanian ammonite zonation; 30) Kauffman, 1977d, British Albian-Coniacian
inoceramid zonation; 31) Kennedy & Juignet, 1973, Cenomanian-Turonian boundary-zone sequence,
France; 32) Besairie & Collignon, 1972, Madagascar; 33) Matsumoto, 1959a, b; 34) Matsumoto, 1963,
and 35) Noda & Matsumoto, 1976, ammonite-inoceramid bivalve zones, Japan; and 36) Nakano, 1960,
trigoniid bivalves, Japan. For explanation of single and double asterisks, see Figure 2 caption. Triple
asterisks designate the major area of disagreement concerning definition of the Turonian-Coniacian bound-
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correlations in temperate realms, especially
where ammonites are rare or absent. Buchia
is particularly useful in the Lower Neo
comian of the north-temperate Euramerican
region (for example, IMLAY, 1959; JONES,
1969; JELETZKY, 1964a,b, 1965; and papers
cited in CASEY & RAWSON, 1973a). Because
of slower evolutionary rates, they do not
lead to zonation as refined as that based
on ammonites; usually only 2 to 3 Buchia
zones are recognized within each Lower
Cretaceous stage in which they occur
abundantly. JELETZKY (1965) discussed the
limitations of Buchia in biostratigraphy.
The Inoceramidae, biostratigraphically the
most important Upper Cretaceous family
of bivalves, has much more restricted ap
plication in the Lower Cretaceous. Never
theless, whereas Buchiidae become less im
portant above the Middle Neocomian, the
Inoceramidae increase in abundance, di
versity, and biogeographic spread, and be
come accessory biostratigraphic indices to
ammonites in the Hauterivian and Barrem
ian stages. The Inoceramidae playa major
role in Albian biostratigraphy, with increas
ing rates of evolution and biogeographic
spread almost equal to that of the ammo
nites (KAUFFMAN, 1977d). The Albian
Birostrina coptensis-B. salomoni lineage, B.
cOllcentrica-B. sulcata lineage, Inoceramus
anglicus lineage, and the unusual endemic
groups of North American inoceramids, the
"Inoceramus" (n. gen.) nahwisi and "I."
(n. gen.) dUllveganensis lineages are espe
cially important (JELETZKY, 1964a). Lower
Cretaceous Trigoniidae (for example, Japan;
NAKANO, 1960), Pectinidae and Ostreidae
(for example, Gulf Coast of the United
States; STANTON, 1947) are bivalve groups
that are locally important in Lower Creta
ceous biostratigraphy.

Among the microbiota, Lower Cretaceous
biostratigraphy is highly dependent upon
planktonic foraminifers and calcareous nan
nofossils. Calpionellidae are important in
Lower Neocomian zonation. Radiolarians
and benthonic foraminifers play a minor
accessory role. VAN HINTE (1976) sum-

marized the global oceanic zonation based
on microfossils (Fig. 3), a zonation that
has largely arisen in the last decade through
the Deep Sea Drilling Program. Lower
Cretaceous microfossil zones tend to be
longer in duration by 25 to 50 percent than
their Upper Cretaceous counterparts, with
the exception of those based on Aptian
Albian planktonic foraminifers. From Ber
riasian to Middle Aptian time, biostrati
graphic zonation based on the microbiota
is 2 to 8 times broader than that based on
ammonites for the same period; beyond that
point they have similar zonal durations.
Calcareous nannofossil zonation is up to 4
times coarser, and radiolarian zonation up
to 12 times coarser than that based on plank
tonic foraminifers. Biostratigraphic zona
tion of the Lower Cretaceous based on
macrofossils is compared to that based on
microfossils in Figure 3.

BIOSTRATIGRAPHICALLY
IMPORTANT LOWER

CRETACEOUS GROUPS
Berriasian biostratigraphy is primarily

based on ammonites of the genus Berriasella
in the marine Tethyan and temperate
realms. Ammonites of the genera Surites,
Peregrinoceras, Hectoroceras, Runctonia,
Chetaites, Spiticeras, and Raisanites are im
portant in the Eurasian region of the North
Temperate Realm (Fig. 3). WIEDMANN
(1973) noted the importance of hetero
morph ammonites (Leptoceras, Protancylo
ceras, Bochianites) in Berriasian Tethyan
faunas. Species of the bivalve Buchia are
biostratigraphically important in North
America (J ELETZKY, 1970) and to a lesser
extent in northern Europe. In the pelagic
realm, species of Calpionella, the radiolarian
assemblage of the Sphaerostylus lanceola
Zone, and the nannofossil Nannoconus char
acterize the Berriasian. Fresh water ostra
codes, in particular Cytherelloidea and Cy
theridea, are mainly used in nonmarine
"\Vealden" facies (CASEY & RAWSON,
1973b). STEVENS (1973) noted that the

FIG. 4A-F. (Continued from facing page.)

ary; Europeans using Inoccramidae place the boundary above lnoceramw deformis, whereas ammonite
specialists and American biostratigraphers place the boundary one-third of a stage lower, at the base of

the I. rotundatus-Mytiloides fiegei Zone (Kauffman, n).
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FIG. 4D. (Explanation on page A450.)

Berriasian and Valanginian may be zoned
by the Cylindroteuthididae in the North
Temperate Realm, and by the Duvaliidae
and HibolitheJ-CurtohiboliteJ plexus for Te
thys and the Austral-South Pacific area.
BelemnopJiJ may be biostratigraphically use
ful in the South Temperate Realm.

In temperate realms Valanginian biostra
tigraphy is largely based on ammonites of
the families Berriasellidae, Craspeditidae,
and Olcostephanidae, and on different gen
era of the same families in the Tethyan
Realm (Fig. 3). WIEDMANN (1973) noted
restriction of the heteromorphic ammonite
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FIG. 4E. (Explanation on page A450.)

genera Eocrioceratites and Parapedioceras
to the Tethyan Lower Valanginian, and
Juddiceras to the Upper Valanginian (all
Ancyloceratina). Hibolithes, Duvalia, and
Belemnopsis are important belemnite gen
era in Tethys and its southern margin.
Valanginian species of the bivalve Buchia

are the main bases for zonation and corre
lation in temperate North America, ammo
nites (mainly Olcostephanidae and Cras
peditidae) being less common (J ELETZKY,

1970). Pelagic zonation and correlation of
the Valanginian is mainly based on species
of the calpionellid genera Calpionellites and
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FIG. 4F. (Explanation on page A450.)

Calpionellopsis associated with the radio
larian fauna of the Staurosphaera septem
porata Zone and the nannofossils Creta
rhabdus crenulatus and Calcicalathina ob
longata (Lower and Upper Valanginian,
respectively; Fig. 3).

Hauterivian biostratigraphy draws its

greatest refinement from ammonites (Fig.
3). In Tethys, the families Berriaselli
dae, Ancyloceratidae, Desmoceratidae, and
Hemihoplitidae are of primary importance.
In the temperate realms the Olcostephanidae
and different genera of Ancyloceratidae are
most important; species of Simberskites and
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Endomoceras are principal zonal indices.
Among belemnites, Acroteuthis is biostrati
graphically important in temperate North
America, the Cylindroteuthididae and the
Oxyteuthididae throughout the North Tem
perate Realm, and Hibolithes, Curtohibo
lites, Mesohibolites, and the Duvaliidae in
the Tethys and Austral regions. The Ino
ceramidae first became important as acces
sory index species, especially in the North
Pacific Region. Among pelagic microbiota,
ancestral species of "Hedbergella," the last
occurrence of the Staurosphaera septem
porata radiolarian assemblage, the nanno
fossil assemblage of Calcicalathina ob
longata (Lower Hauterivian), and the first
occurrence of the Lithraphidites bollii as
semblage (Upper Hauterivian) biostrati
graphically characterize this stage.

Barremian biostratigraphy is as refined
as that of the Valanginian and younger Cre
taceous stages owing to rapid radiation
among the ammonites. In Tethys, the am
monite families Pulchelliidae, Ancylocerati
dae, and Silestidae are of primary impor
tance along with the belemnites of the
Duvaliidae, and the genera Mesohibolites,
Hibolithes, and Curtohibolites. In the tem
perate realms, the Ancyloceratidae are also
of principal biostratigraphic utility, based
on many different genera and species from
those found in Tethys. The Heterocerati
dae and Lytoceratidae are of secondary
utility (excepting in North America) along
with belemnites of the Cylindroteuthididae
and Oxyteuthididae, and the bivalves "Ino
ceramus," s. I., and Aucellina (Buchiidae).
In the pelagic realm, Barremian micro
biotas are characterized by species of the
planktonic foraminifer Hedbergella, by the
early range of the Stichocapsa tenuis radio
larian assemblage, and by nannofossil as
semblages of the Lithraph idites bollii
(Lower Barremian) and Micrantholithus
hoschulzi (Upper Barremian) zones.

The Aptian Stage is most finely zoned
by ammonites, but represents the first stage
where pelagic microbiotic zonation is nearly
as detailed. In the Tethyan Realm, the am
monite families Douvilleiceratidae, Opeli
idae, Deshayesitidae, and to a lesser extent,
the Ancyloceratidae and Hoplitidae form
the major bases for zonation and regional
correlation. The belemnite groups Duvali-

idae, Mesohibolites, and Parahibolites are
of secondary importance. In the temperate
realms, ammonite biostratigraphy is more
refined than that of Tethys and is also cen
tered around the Douvilleiceratidae, Deshay
esitidae, and Ancyloceratidae, though based
largely on different genera and species than
those found in Tethys (Fig. 3; VAN HINTE,
1976; CASEY & RAWSON, 1973b). The bi
valves Aucellina and "Inoceramus" are ac
cessory biostratigraphic indices in the
Aptian. In the pelagic realm, a refined
biostratigraphy based on the microbiota is
centered around planktonic foraminifers be
longing to the genera Globigerinelloides,
Schackoina, Ticinella, and Hedbergella.
Nannofossils are of lesser importance, with
the Chiastozygus litterarius and Parhabdo
lithus angustus assemblages marking the
Lower and Upper Aptian, respectively.

The Albian Stage comprises the most
finely divided biostratigraphic system of
the Lower Cretaceous, especially in western
Europe and England (Fig. 3) where 23
ammonite subzones are recognized. This
was also a time of widespread cosmopolitan
ism associated with the most extensive Early
Cretaceous transgression; many of the same
ammonites and inoceramid bivalves used in
refined zonation characterize biostrati
graphic zonation of the Tethyan and tem
perate realms. Among ammonites, Lower
Albian biostratigraphy is based primarily
on species of the Leymeriellidae, Douvillei
ceratidae, Brancoceratidae, Hoplitidae, Lyel
liceratidae, and certain Deshayesitidae. Up
per Albian zonation utilizes mainly the
Acanthoceratidae and Schloenbachiidae;
Pachydiscidae, Engonoceratidae, and Bran
coceratidae are principal zonal ammonite
groups of the American Gulf Coast. Belem
nites become increasingly important in Al
bian biostratigraphy within Tethys (Neo
hibolites, Parahibolites). In temperate North
America and Europe, the Desmoceratidae
and the endemic American Gastroplitinae
(Gastroplites and Neogastroplites) are im
portant ammonites in refined biostrati
graphic zonation of the Albian. Among
Bivalvia, cosmopolitan Inoceramidae of the
genus Birostrina and the "Inoceramus"
anglicus species group are important in re
gional correlation; the "I." dunveganensis
and "I." nahtVisi groups are important in
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North America. Aucellina (Buchiidae) is
locally useful in temperate biostratigraphy
of the Albian; Neithea (Pectinidae), Ostre
idae (Texigryphaea, Lophinae, Exogyri
nae), various Trigoniidae, and rudistid bi
valves are locally applied in Tethyan
biostratigraphy, along with several groups
of echinoids (Epiaster, Salenia, Holectypus,
H eteraster) and gastropods (nerineids, ac
taeonellids). Global Albian pelagic zonation
is mainly based on planktonic foraminifers
of the genera Ticinella , Globogerinelloides,
Rotalipora, and Praeglobotruncana, with
less refined division possible from nanno
fossils (Fig. 3).

UPPER CRETACEOUS
BIOSTRATIGRAPHY

Upper Cretaceous biostratigraphy may be
the most refined and regionally applicable
within the Phanerozoic. Ammonites pre
dominate in macrofossil zonations and
planktonic foraminifers and calcareous nan
nofossils share equal roles among the mi
crobiota (Fig. 4). In addition, bivalves of
the Inoceramidae, Trigoniidae, Ostreidae,
and Hippuritacea; belemnites of the genera
Neohibolites, Parahibolites, Actinocamax,
Gonioteuthis, Belemnitella, and Belemnella
(STEVENS, 1973); irregular echinoids such
as Holaster, Mieraster, Offaster, Galeola,
Echinocorys (ERNST & SEIBERTZ, 1977); cer
tain terebratulid and rhynchonellid brachio
pods; and gastropods of the families Tur
ritellidae, Aporrhaidae, Volutidae, Nerine
idae, and Actaeonellidae (SOHL, 1977) all
have been used successfully for refined
zonation. This has led to widespread de
velopment of integrated biostratigraphic sys
tems employing assemblage- and composite
assemblage-zones (KAUFFMAN, 1970; VAN
HINTE, 1976).

Throughout the temperate realms, ammo
nites and Inoceramidae share an equal role
in the construction of biostratigraphic zona
tion of 0.25 my/zone duration or less, which
is broadly applicable for precise correlation
(KAUFFMAN, 1975). These two groups
evolved at nearly equal rates during the
Late Cretaceous, and have similarly broad
biogeographic spread; Inoceramidae are con
sistently more cosmopolitan than ammonites
at the species level. In parts of the Upper

Cretaceous sequence (Turonian, Campan
ian-Maastrichtian), Ostreidae approach
these two groups in biostratigraphic utility.
Through the Cenomanian and Turonian,
diverse ammonites and Inoceramidae are
commonly associated and comprise simple
assemblage-zones that form the north tem
perate standard (for example, COBBAN &

REEsIDE, 1952; COBBAN & SCOTT, 1972;
KAUFFMAN, 1975; KAUFFMAN, COBBAN, &

EICHER, 1977, for North America). In the
Coniacian and Santonian, ammonites are
much less common, especially in carbonate
facies, and rapidly evolving inoceramids,
irregular echinoids, and belemnites are the
principal zonal indices. Where ammonites
are abundant in clastic facies they occur
with cosmopolitan inoceramids, allowing
precise correlations to be made between
these and ammonite-poor facies. In the
Campanian and Maastrichtian, except for
the chalk facies, ammonites again dominate
biostratigraphic systems, and evolved more
rapidly than inoceramids (KAUFFMAN, 1975,
fig. 4). In the latest Cretaceous chalk facies,
inoceramids and belemnites are the principal
macrofossils used in biostratigraphy, with
ostreid bivalves, ammonites, irregular echi
noids, and floating crinoids playing an im
portant secondary role. Planktonic foramini
fers and coccolithophorids are important
biostratigraphically in carbonates of the
North Temperate Realm, but are commonly
facies controlled in temporal and areal dis
tribution, and have longer range zones than
ammonites, bivalves, and belemnites. Their
main value is in providing correlations with
the Tethyan Realm and the oceanic pelagic
standard.

In the Tethyan Realm, ammonites and
planktonic microbiota (foraminifers, cocco
lithophorids) comprise the main bases for
the Upper Cretaceous biostratigraphic sys
tem. Belemnites are rare, and inoceramids
are much less common and less diverse in
Tethys. Sufficient inoceramid bivalves are
known from Tethys, however, to allow
rather precise correlation with the temperate
biostratigraphic standard (KAUFFMAN, 1968;
WIEDMANN & KAUFFMAN, 1977). Irregular
echinoids, nerineid, actaeonellid, and tur
ritellid gastropods, and rudistid bivalves are
important local supplements to Tethyan
zonation. Increasing diversification and

© 2009 University of Kansas Paleontological Institute



Cretaceous A459

rates of evolution among planktonic fora
minifers and coccolithophorids during the
Late Cretaceous enhanced their biostrati
graphic utility.

Detailed global correlation of the Upper
Cretaceous is possible because of major
epicontinental transgressions and ameliorat
ing marine environments that characterized
most of this time period and that removed
barriers to broad, rapid, species-level migra
tion of taxa with mobile adult stages (am
monites, belemnites), or with long-lived
planktonic larval stages (bivalves, echinoids,
and many gastropods; see KAUFFMAN, 1975,
and references therein). In addition, ex
ceptional environmental tolerance among
some of the most widespread benthonic
groups (for example, Inoceramidae) con
tributed strongly to their rapid, wide dis
persal. Figure 4 outlines the major zonal
schemes applied to the Upper Cretaceous
for key areas of the world where refined
biostratigraphic systems have been devel
oped.

BIOSTRATIGRAPHICALLY
IMPORTANT UPPER

CRETACEOUS GROUPS

Cenomanian biostratigraphy places equal
importance on ammonites and inoceramid
bivalves throughout both temperate realms,
and on similar ammonites and planktonic
microbiota (especially foraminifers) in the
Tethyan Realm. Belemnites (Actinocamax,
N eohibolites, Parahibolites) are widely used
in zonation of the Eurasian north temperate
region. Biostratigraphically important Ce
nomanian ammonites belong to the
Acanthoceratidae, Desmoceratidae (Pacific
mainly), and Baculitidae (especially Pacific
Sciponoceras). Biostratigraphically impor
tant temperate-zone inoceramids are the
Inoceramus pictus, "I." crippsi, I. tenuis-I.
tenuiumbonatus, I. heinzi-I. ginterensis,
and I. etheridgei-I. tenuistriatus lineages.
Trigoniidae (Acanthotrigonia) are useful
in zoning the North Pacific Cenomanian,
and species of Rotalipora dominate the
planktonic foraminiferal zonation. Certain
additional taxa are critical to zonation of
Cenomanian substages. In the Lower Ceno
manian, ammonites of the Mantelliceratinae,
Turrilitidae, Hoplitidae and surviving Lyel-

liceratidae are used in Tethys; ammonites
of the Schloenbachiidae, Graysonites (North
Pacific; North America), belemnites of the
Neohibolites group, and inoceramid bivalves
of the "Inoceramus" crippsi, "I." anglicus
and "I." dunveganensis (North American)
lineages are used in temperate realms; and
the coccolith assemblage of EifJelithus tur
riseifJeli is used in the upper half of the
substage. Middle Cenomanian zonation re
lies also on ammonite species belonging to
the Turrilitidae, Acanthoceras and Dun
veganoceras among Acanthoceratinae, late
descendants of the "Inoceramus" dunvega
nensis-"I." anglicus, I. rutherfordi and I.
crippsi lineages, and the I. "concentricus"
nipponicus plexus (North Pacific). The
Middle and lower Upper Cenomanian is
characterized by coccoliths of the Lithra
phidites alatus-Staurolithites orbiculofenes
trus Zone, and echinoids of the H olaster
subglobosus lineage (Europe). Upper Ce
nomanian biostratigraphy specifically uti
lizes ammonites of the Metoicoceratinae,
certain Acanthoceratinae (Calycoceras, Eu
calycoceras) , the temperate-zone belemnite
Actinocamax, and the North Pacific Ino
ceramus pennatulus and I. "concentricus"
costatus plexes. The nannofossil assemblage
of Chiastozygus irregularis marks the up
permost Cenomanian in the lower part of
its range-zone (Fig. 4).

In Tethyan and temperate zones, Tu
ronian biostratigraphy utilizes similar am
monite groups-Acanthoceratinae, Scaphiti
dae, Baculitidae (Sciponoceras, Baculites) ,
and Muniericeratidae (North Pacific). Spe
cies of the bivalve Sagipia, and the belem
nite Actinocamax, and the radiolarian as
semblage of the Dictyomitra veneta Zone
are distributed throughout the Turonian.
In addition, Lower Turonian biostratigra
phy employs ammonites of the Mammitinae,
Acanthoceratinae (Kanabiceras) , Vasco
ceratidae, late Metoicoceratinae, the brachio
pod plexus of Orbirhynchia cuvieri, inoce
ramids of the Mylitoides mytiloides-M.
labiatus lineage, planktonic foraminifers of
the genera Hedbergella and Praeglobotrun
cana, and nannofossil assemblages of the
Chiastozygus irregularis Zone (upper part;
basal Turonian) and Corollithium exiguum
Zone (Lower Turonian; SMITH. 1975).
Middle Turonian biostratigraphy specifically
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utilizes certain acan~hoceratid and collig
noniceratid ammOnItes (Collignoniceras,
Romaniceras. Prionotropi>') , inoceramid bi
valves of the Inoceramus lamarcki-I. cu
vieri, I. costellatus, I. hobetsensis, and My
tiloides hercynicus-·M. "latu/' lineages,
brachiopods of the Terebratulina lata
plexus, and the oyster Lopha. Upper Tu
ronian biostratigraphic systems selectively
employ different Collignoniceratinae (Reesi
dites, Prionocydu» and Pachydiscidae
( Lewe,\'iceras) among ammonites, inoce
ramid bivalves of the Inoceramus dimidius,
I. perplexus, I. teshioensis, I. kleini, Myti
loides fiegei-M. incertus, M. striatocon
centricus, and M. lusatiae lineages, the
ostreid Lopha, and echinoids of the Holaster
planus plexus. Globotruncana-based zona
tion dominates planktonic biostratigraphy
of the Middle and Upper Turonian.

Inoceramid bivalves are preeminent in
Coniacian biostratigraphy of the temperate
realms whereas ammonites and planktonic
foraminifers remain important in Tethys.
Of greatest stratigraphic value throughout
the Coniacian are ammonites of the Col
lignoniceratidae, Kossmaticeratidae (North
Pacific), Scaphitidae, Baculitidae, and Des
moceratinae, the Inoceramus yubariensis
(North Pacific) and Didymotis bivalve line
ages, echinoids of the Micraster cortestudi
narium plexus (Europe), planktonic fora
minifers of the genus Globotruncana, and
radiolarians of the Artostrobium urna Zone
(Fig. 4). In addition, the Lower Coniacian
is zoned on ammonites of the Barroisicerati
nae, and Peroniceratinae, inoceramid bi
valves of the Inoceramus rotundatus-I. de
formis, I. ernsti, I. waltersdorfensis, "I."
madagasca1'ensis, and, in the upper part of
their range, the Mytiloides fiegei, M? lu
satiae, and M. dresdensis lineages. The
nannoplankton assemblage of the Micula
decussata and Tetralithus pyramidus Zone
characterizes both the Upper Turonian and
Lower Coniacian. Middle Coniacian zona
tion specifically utilizes ammonites of the
Texanitinae and Peroniceratinae (Collig
noniceratidae) and bivalves of the Volvi
ceramus involutus-V. exogyroides, Crem
noceramus inconstans, C? koeneni-C?
wandereri, Platyceramus mantelli-P. circu
laris, and Inoceramus kleini lineages, espe
cially in the temperate realms. Upper

Coniacian biostratigraphy relies also on ad
ditional Texanitinae and inoceramids of the
A1agadiceramus stlbquadratus, Inoceramus
mihoeluis, I. yokoyamai (North Pacific),
I. fasciculattls, and younger parts of the
P. mantelli and V. involutus lineages. The
nannofossil assemblage-zone of Martha
sterite>' furcatus spans the Middle and Up
per Coniacian in the lower half of its
range (Fig. 4).

Santonian biostratigraphy similarly de
pends mainly on Inoceramidae (Bivalvia),
except in Tethyan areas where ammonites
and planktonic microbiota predominate.
Important taxa include ammonites of the
Baculitidae, Texanitinae, Pachydiscidae,
Scaphitidae, and Muniericeratidae; inoce
ramid bivalves of the "Inoceramus" simp
soni lineage, Sphenoceramus lobatus-S.
steenstrupi-S. pachti lineage, Cladoceramus
undulatoplicatus plexus, and the Platycer
amus cydoides, P. platinus, and I. nau
manni lineages; belemnites of the genus
Gonioteuthi>'; planktonic foraminifers of the
genus Globotruncana, and radiolarians of
the upper part of the Arctostrobium uma
Zone. Lower Santonian zonation is based
further on the first occurrence of Cladocer
amus undulatoplicatus, species of the My
tiloides? stantoni, Cordiceramus cordiformis
and "Inoceramus" amakusensis lineages, the
echinoids Conulus and Micraster of the M.
coranguinum plexus, and the Marthasterites
furcatus nannofossil assemblage. Middle
Santonian zonation is characterized by the
floating crinoid Uintacrinus, inoceramids of
the Cladoceramus cordiformis lineage, the
first common occurrences of the cosmo
politan Endocostea balticus lineage, and the
north temperate Cladoceramus japonicus
and "I." (Sphenoceramus?) naumanni line
ages. The nannofossil assemblage of the
Gartnerago obliquum Zone spans the Mid
dle and Upper Santonian. Ammonites of
the Placenticeratidae and Lenticeratinae
first become important in Cretaceous bio
stratigraphy in the Upper Santonian, asso
ciated with the floating crinoid Marsupites
and, in the North Pacific, with early mem
bers of the "Inoceramus" (Sphenoceramus?)
orientalis lineage.

Campanian biostratigraphic systems uti
lize ammonites, inoceramid bivalves, and
belemnites equally in temperate realms
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whereas ammonites dominate Tethyan zo
nation. Groups that are important through
out the Campanian include ammonites of
the Nostoceratidae, Baculitidae, Placenti
ceratidae, Scaphitinae, and Pachydiscidae;
bivalves of the Endocostea baltica and Apio
trigonia lineages; planktonic foraminifers of
the genus Globotruncana, and radiolarians
of the Amphipyndax enesseffi Zone. In ad
dition, Lower Campanian zonation relies
heavily on Kosmaticeratidae, Texanitinae,
and Lenticeratinae in Tethys and its mar
gins, and on other Texanitinae (Submor
toniceras), Scaphitidae of the Scaphites leei
S. hippocrepis lineage, species of the belem
nite Gonioteuthis, inoceramids of the "Inoce
ramus" quadrans, "I." (Sphenoceramus?)
orientalis, and Sphenoceramus lingua-So 10
batus lineages, echinoids of the OtJaster
pilula plexus, and the nannofossil assem
blage of the EitJelithus eximius Zone. Mid
dle and Upper Campanian zonation draws
heavily from inoceramid species, especially
within the "I." (Sphenoceramus?) schmidti,
I. azerbaidjanensis-I. adgjakendensis, Platy
ceramus sagensis-P. nebrascensis, I. con
vexus, I. tenuilineatus, I. subcompressus, I.
barabini, I. oblongus, I. pertenuis, Platycer
amus regularis, and Endocostea typica plex
uses in North America (KAUFFMAN, 1975,
fig. 4) and their Eurasian counterparts. The
genus Belemnitella is important for zona
tion of the north temperate Middle and
Upper Campanian. "Middle" Campanian
pelagic zonation is further characterized by
coccoliths of the Broinsonia parca Assem
blage-zone, and the Upper Campanian by
those of the lower Tetralithus trifidus As
semblage-zone. KAUFFMAN (1967) has suc-

cessfully applied the bivalve Thyasira to
zonation of the temperate North American
Middle Campanian.

Maastrichtian biostratigraphic zonation
is less refined than that of preceding stages
due to the evolutionary decline of many
principal invertebrate groups; including the
ammonites, inoceramids, and belemnites.
Among ammonites, species of the Baculiti
dae, Pachydiscidae, Sphenodiscidae, Seaphi
tidae, and (Lower Maastrichtian only) the
Desmoceratidae and Nostoceratidae are the
main basis for zonation. Pachydiscids domi
nate in Tethys; the others are mainly tem
perate and marginal Tethyan groups.
Among north temperate belemnites, Belem
nella and Belemnitella are key groups. The
Tenuipteria fibrosus-T. tegulatus lineage is
the main inoceramid group used in Maas
~richtian biostratigraphy; the Inoceramus
shikotaensis (North Pacific) plexus, the
Trochoceramus helveticus and Platyceramus
salisburgensis lineages (north Europe), and
the P. proximus-P. subcircularis groups
(Euramerica) are secondary indices for the
Lower Maastrichtian. The I. hetonaianus
I.? awajiensis groups are used in the Middle
to Upper Maastrichtian zonation of Japan
along with species of Microtrigonia (Tri
goniidae). The pelagic realm is zoned
primarily on the basis of species of Globo
truncana and Globotruncanella (Upper
Maastrichtian only), radiolarians of the
T heocapsoma comys assemblage, and nan
nofossils of the Tetralithus trifidus, Lith
raphidites quadratus, and Micula mura as
semblage-zones in the Lower, Middle, and
Upper Maastrichtian, respectively.

BIOGEOGRAPHY

Biogeographic units are large-scale eco
logical units that respond to varying en
vironmental (niche) parameters. They are
dynamic in space and time-showing major
fluctuations in composition, degree of in
ternal endemism, paleogeographic spread,
and the nature of their boundaries with
other units (SYLVESTER-BRADLEY, 1971; VAL
ENTINE, 1973; KAUFFMAN, 1973a). This can
be clearly demonstrated in the Cretaceous,
where the development and evolution of
biogeographic units was closely tied to sea-

floor spreading, plate collision, and the em
placement or destruction of orogenic belts
acting as paleobiogeographic barriers. These
processes resulted in large-scale isolation of
segments of formerly associated biotas on
the one hand, and massive competition be
tween formerly isolated biotas on the other
(KAUFFMAN, 1973a). In addition, the ef
fect of large-scale Cretaceous eustatic flue.
tuations (Fig. 2) on the spatial extent of
marine climatic zones, the severity of en
vironmental gradients across their bound-
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aries, and on the development of migra
tory pathways across epicontinental areas,
strongly contributed to dynamic changes in
paleobiogeographic units.

Specifically, some of the major events
that most strongly influenced the evolution
of paleobiogeographic units during the
Cretaceous were as follows (KAUFFMAN,
1973a): 1) opening of the Atlantic to dis
tances that exceeded normal invertebrate
larval drift or adult mobility, and which
genetically isolated the warm-temperate and
tropical invertebrate faunas of Eurasia from
those of the Americas by Late Cretaceous
time; 2) opening of the Caribbean by sepa
ration of North and South America and
establishment of a tropical (Tethyan) sea
way through this area which, for the first
time during the Cretaceous, linked eastern
Pacific with Euramerican tropical biotas;
this tropical seaway effectively separated
north and south temperate biotas of the
Americas with a major temperature barrier;
3) closing of the North Pacific to the extent
that marine biotas established separately in
eastern and western Pacific shelf zones were
brought into large-scale competition through
overlapping larval drift ranges; 4) partial
closing or restriction of the Mediterranean
Tethys by Barremian time, subsequently re
sulting in increased isolation of Tethyan
biotas of the eastern and western Mediter
ranean (KAUFFMAN, 1973a, p. 360-366, fig.
3); 5) establishment of north-south marine
connections between the temperate to cool
temperate Circumboreal ("Boreal") Seaway
(biotas) and the warm-temperate waters
(biotas) of the proto-Atlantic and Tethyan
margin through initial opening of the
North Atlantic and establishment of shallow
epicontinental seas across Eurasia and North
America during major Cretaceous trans
gressions; 6) opening of the South Atlantic
during the Cretaceous, thus providing a
pathway for mixing of south temperate
"Gondwanan" marine faunas with those of
the Euramerican Tethyan and North Tem
perate realms; Late Cretaceous separation
progressively isolated segments of character
istic South Atlantic temperate faunas; 7) es
tablishment of marine epicontinental con
nections between the Mediterranean Tethys
and the South Atlantic seaways and biotas
across north-central and northwestern Africa

during major Cretaceous transgressions; 8)
final breakup of Gondwanaland with isola
tion of Australia, New Zealand, India, Ant
arctica, and South America to the extent
that major endemic centers became estab
lished in East Africa and Australia by the
Neocomian, and in New Zealand by the
Cenomanian (KAUFFMAN, 1973a); 9) estab
lishment of oceanic ridges and island sys
tems as biogeographic stepping stones for
migration of marine invertebrates, largely
through larval drift, along the Mid-Atlantic
Ridge, the island arc systems of the Carib
bean, and the largely volcanic islands of the
western Pacific and Indian oceans; and 10)
as a result of plate tectonic activity, 9 to 10
major transgressions of epicontinental sea
ways onto the world's cratons, reflecting
eustatic rise of sea level of up to several
hundred feet; ameliorating and warming
marine climates resulted, prime ecospace
for marine invertebrates greatly expanded
and diversified, major marine connections
were established between formerly isolated
areas (biotas), and climatic gradients be
cawe less severe. This resulted in break
tlo\\:'n of major temperature barriers to wide
spread dispersal of marine invertebrates.
Interspersed regressions produced climatic
decline, increased temperature gradients and
environmental stress, and removal of many
epeiric marine connections. This in turn
resulted in isolation of biotas, and decrease
in size but increase in number of latitudi
nally expressed marine climatic zones. The
net stress effect of these alternating trans
gressive and regressive Cretaceous environ
ments on the marine ecosystem was one of
the principal dynamic forces leading to
changes in Cretaceous paleobiogeographic
units (KAUFFMAN, 1973a).

Cretaceous biogeography has been viewed
by different authors largely from the stand
point of distribution patterns among indi
vidual groups of organisms. Examples are
ammonites (JELETZKY, 1971; CASEY, 1971;
MATSUMOTO, 1973; OWEN, 1973; WIEDMANN,
1973; KENNEDY & COBBAN, 1976), bivalves
(KAUFFMAN, 1973a), brachiopods (AGER,
1971, 1973), foraminifers (DILLEY, 1971,
1973), belemnites (STEVENS, 1973), corals
(COATES, 1973), gastropods (SOHL, 1971),
and sponges (REID, 1967). Consequently,
interpretations of the composition and dis-
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tribution of biogeographic units, and their
Cretaceous histories, are diverse and incon
sistent. KAUFFMAN (1973a) has pointed out
that this monotaxic technique is in contrast
with the more holistic approach of the ma
rine ecologist and biogeographer. A holistic
approach to biogeography has the advan
tages of 1) presenting a consistent set of
biogeographic unit concepts for each stage,
which is comparable to recent data, and 2)
allowing definition of ecological structure
within biogeographic units.

Not only are the bases for defining Cre
taceous paleobiogeographic units widely dis
crepant (that is, different groups may have
distinct ecological response to the same gen
eral sets of changing environmental param
eters and thus yield different distribution
patterns in time), but so are the methods
used in their construction; for example,
compare papers cited in ADAMS and AGER
(1967), MIDDLEMISS and RAWSON (1971),
HALLAM (1973), CASEY and RAWSON
(1973a), and HUGHES (1973), the principal
modern compilations containing Creta
ceous paleobiogeographic data. VALENTINE
(1973), and KAUFFMAN (1973a), among
others (see references cited in each), have
reviewed this problem and discussed the
means and importance of equating modern
and ancient biogeographic unit concepts.

Neontologists apply two principal meth
ods in defining biogeographic units: 1)
delineation of unit boundaries by biotic
discordance, that is, zones where there are
numerous teil-province terminations (VAL
ENTINE, 1961); and 2) by percentage en
demism within biogeographic units (EK
MAN, 1967; KAUFFMAN, 1973a). Both allow
definition of biogeographic units in objective
terms and their ranking within the biogeo
graphic heirarchy. Because of the incom
plete preservation of the stratigraphic rec
ord, teil-province boundaries are commonly
difficult to ascertain for fossil taxa and the
endemic percentage method is best applied
to the definition of paleobiogeographic units.
KAUFFMAN (1973a) discussed criteria for
determining percent endemism, and applied
a quantitative standard to the definition of
Cretaceous paleobiogeographic units based
on genera of Bivalvia: realm = 75 to 100
percent endemism, region =50 to 75 per
cent endemism, province =25 to 50 percent

endemism, subprovince = 10 to 25 percent
endemism, and endemic center =5 to 10
percent endemism, in each case among non
cosmopolitan organisms. Most past attempts
at Cretaceous paleobiogeography have used
a nonquantitative and inconsistent approach
to the definition of units. Thus, one finds
the Tethyan biota variously described as
comprising a realm, a region, or a province
during the Cretaceous.

The nonquantitative approach to Creta
ecous paleobiogeography has had three un
fortunate consequences: 1) inconsistency in
classification of paleobiogeographic units;
2) lack of a consistent equation between
Cretaceous and well-studied modern bio
geographic units-a key to interpretation
of ancient biogeography, and 3) in most
studies, only a gross biogeographic division
of the Cretaceous at the realm and region
level has resulted, as compared to modern
systems that utilize the province and sub
province as working units, and that recog
nize many more divisions of the global
marine biota. Some Cretaceous workers
have made finer biogeographic divisions to

the province-subprovince level on nonquan
titative treatment of diverse taxa (for ex
ample, JELETZKY, 1971; SOHL, 1971). Others
have done the same by utilizing only well
studied taxa such as ammonites (MATSU
MOTO, 1973; KENNEDY & COBBAN, 1976) and
belemnites (STEVENS, 1973). Though they
are more refined than most published bio
geographic divisions of the Cretaceous, these
still do not equate with modern provincial
subprovincial marine systems (for example,
HALL, 1964) nor with those established for
the Cretaceous utilizing the quantitative
approach to definition of paleobiogeo
graphic units (for example, KAUFFMAN,
1973a, for Bivalvia). In these nonquantita
tive analyses based on few taxa, the illusion
is created that Cretaceous biogeographic
systems were much simpler and less highly
evolved than those of today, even taking
into account the more severe climatic gradi
ents of modern oceans and the predictable
increase in the numbers of modern biogeo
graphic divisions. KAUFFMAN'S (1973a)
analytic treatment of Cretaceous bivalve
genera, utilizing percent endemism to de
fine and classify paleobiogeographic units,
provides an alternative method that depicts
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KEY

_n_ SUBPROVINCE BOUNDARIES
- - - PROVINCE-REGION BOUNDARIES
- REALM BOUNDARIES

1 NORTH PACIFIC PROVINCE
2 NORTHEAST PACIFIC SUBPROVINCE
3 NORTH AMERICAN INTERIOR SUBPROV.} NORTH AMERICAN PROVINCE}
4 GULF- ATLANTIC COAST SUBPROVINCE EURAMERICAN REGION
5 NORTH EUROPEAN PROVINCE
6 JAPANESE-EAST ASIAN SUBPROVINCE
7 WEST-CENTRAL AMERICAN SUBPROVINCE1CARIBBEAN PROVINCE
8 ANTILLEAN SUBPROVINCE
9 WESTERN MEDITERRANEAN SUBPROVINCE MEDITERREANEAN PROVINCE} INDO-MEDITERRANEAN

10 EASTERN MEDITERRANEAN SUBPROVINCE REGION
11 NORTH INDIAN OCEAN SUBPROVINCE
12 SOUTH ATLANTIC SUBPROVINCE
13 ANDEAN SUBPROVINCE }
14 EAST AFRICAN PROVINCE
15 AUSTRAL PROVINCE INDO-PACIFIC REGION
16 AUSTRALIAN SUBPROVINCE
17 NEW ZEALAND SUBPROVINCE

FIG. 5. Generalized distribution of Cretaceous paleobiogeographic units of subprovince and higher rank
(after Kauffman, 1973a, fig. 2), based primarily on molluscan distribution patterns, and plotted against
slightly modified version of Dietz and Holden's (1970) reconstruction of the Cretaceous globe. Land
areas not inundated during Cretaceous transgressions are stippled. Units 1 to 6 comprise the North
Temperate Realm ("Boreal Realm" of authors), units 7 to 11 the Tethyan Realm, and units 12 to 17
the South Temperate Realm. [Used with permission of Elsevier Scientific Publishing Co., Amsterdam.]

the Cretaceous as being only slightly less
diverse in terms of biogeographic division
than modern seas (Fig. 5), and within the
range predictable from the different climatic
gradients that mark these two times in geo
logical history. In the following analysis,
KAUFFMAN'S units are therefore applied to
biogeographic division of the Cretaceous,
and the principal taxa that form the basis
for biogeographic units of other specialists
are fitted to this system with little difficulty.

Most biogeographic reconstructions that
predate the widespread acceptance of plate
tectonic theory dealt with static or near
static units for each period without con-

sideration of spatial and temporal change.
Modern reconstructions recognize the dy
namic nature of biogeographic units-their
constantly changing composition and spatial
distribution through time. CASEY and RAW
SON (1973b, p. 418) argued the need for
stage by stage evaluation of Cretaceous
paleobiogeography as a mechanism for
studying the dynamics of the units; KAUFF
MAN (1973a) successfully applied this
method to Cretaceous bivalve biogeography.
To the extent that it is possible here, the
evolution of Cretaceous paleobiogeographic
units is documented by stages and the ob
served changes in structure and distribu-

© 2009 University of Kansas Paleontological Institute



Cretaceous A465

tion of the units are interpreted in light of
plate tectonics and oceanic history.

NORTH TEMPERATE REALM

This realm incorporates biotas between
t~e northern margin of tropical Tethyan
bIOtas and the Cretaceous north pole (Fig.
5)..The term "Boreal" has been widely
apphed to the same biotas (MATSUMOTO,
1973; STEVENS, 1973; and others) but as
expl~ined by KAUFFMAN (1973a, ~. 367),
this IS an unfortunate misnomer as used by
paleobiogeographers and should be aban
doned. The North Temperate Realm was
well established by the beginning of the
Cretaceous and persisted to the end becom
~ng evolutionarily less unique with'decreas
I~g. ?vera!l endemism but increasing sub
dlv.lSlon .Illto smaller paleobiogeographic
UllitS (Fig.. 6). At no time during the
~reta~eous IS there unquestioned evidence
III this realm for marine climates colder
than the cool-temperate zones of modern
oceans (sub-Boreal of modern zonation).
The southern (Tethyan) boundary of the
realm was very sharply defined early in the
Cretaceous, as it was in the Jurassic, but
bec~me some:-vhat more diffuse through the
pen~d all~wlllg greater precision in bio
stratigraphic correlation of the North Tem
perate and Tethyan realms.

. S.e~eral schemes for paleobiogeographic
diVISIOn of the North Temperate Realm
have been proposed (papers cited in CASEY
& RAWSON, 1973a; JELETZKY, 1971; SOHL,
1971; KAUFFMAN, 1973a; MATSUMOTO, 1973;
STEVENS, 1973; and others); these have been
based on different organisms and result in
~om~what conflicting systems. The follow
Illg IS a compromise, utilizing the most de
tai~ed system (KAUFFMAN, 1973a) as a base
(Figs. 5, 6). The two principal divisions
of the realm, recognized by most workers,
are the North Pacific Province 0 ELETZKY,
1971; KAUFF~AN, 1973a; OWEN, 1973), and
the Euramencan Region (Fig. 5; KAUFF
MAN, 1973a; "Boreal" realm or province of
many authors, in part or whole).

.~~e North. Pacific Province is clearly
divISIble on bivalve endemism into North
east Pacific and Japanese-East Asian sub
provinces (KAUFFMAN, 1973a), reflecting the
great breadth of the Cretaceous Pacific

Ocean acting as a major water barrier to
larval exchange between these areas. The
Nort? Pacific Province is characterized by:
1) bivalves such as Apiotrigonia (Hetero
trigonia), Steinmanella (Yeharella), Meekia,
and the middle Cretaceous Inoceramus pen
natulus and I. hobetsensis lineages (KAUFF
MAN, 1973a); 2) Tethyan-style ammonites
(phylloceratids, lytoceratids, tetragonids,
desmoceratids, and kossmoceratids) during
the Albian (OWEN, 1973); 3) Upper Cre
taceous ammonite groups that are most
common in, but not restricted to the Indo
Pacific (Cenomanian and younger Desmo
cera~id~e, Tetragonitidae, Phylloceratidae;
COlliaCian and younger Kossmaticeratidae
and Pachydiscidae; JELETZKY, 1971; MATSU
MOTO, 1973); 4) weak Lower Neocomian
endemism among belemnites (STEVENS,
1973); 5) an endemic assemblage of small
benthonic foraminifers, especially aggluti
na~ed forms (DI.LLEY, 1971); and 6) a
ulllq~e No~th Pacific gastropod assemblage,
espeCially III the Northeast Pacific Sub
province (SOHL, 1971). Compared to other
major provinces in the Cretaceous, the
North Pacific Province shows relatively
weak endemism, as it did throughout the
Jurassic.

Although the Northeast Pacific and Japa
nese-East Asian subprovinces (Fig. 5) are
defined wholly on Bivalvia at this time
(KAUFFMAN, 1973a, p. 371, provided taxo
nomic lists), literature on other mollusks
especially gastropods, indicates that the;
show similar provincialism. KAUFFMAN re
ported 21, mainly Lower Cretaceous, genera
and subgenera of bivalves endemic to the
Japanese-East Asian Subprovince, and 8 en
demic genera in the northeast Pacific sub
province.

The evolutionary history of the North
Pacific Province (Fig. 6) was detailed by
KAUFFMAN (1973a) using bivalves; other
groups such as belemnites (STEVENS, 1973)
seem to support these observations. Figure
6 suggests that there was a marked decrease
in endemism throughout the province and
within individual subprovinces from Ber
riasian through Maastrichtian time, with
the most abrupt change having come in the
Cenomanian-a period of major plate move
ment. KAUFFMAN (1973a) has attributed
this decline to: 1) partial closing of the
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FIG. 6. Evolution of Cretaceous paleobiogeographic units in the North Temperate Realm, based mainly
on bivalve Mollusca (after Kauffman, 1973a, fig. 4). Graphs show percent endemism of bivalve genera
and subgenera within each unit, exclusive of cosmopolitan taxa. Scales for percent endemism of Euramer
ican Region and North Pacific Province are shown on left and right of graph, respectively. Patterned
areas within outline for major regions or provinces represent distinct biogeographic subdivisions (provinces,
subprovinces), as labeled. Different subdivisions have different patterns. The cumulative width of any
patterned area at any time represents the percent endemism within it, as measured from scale at base of
figure. Lack of pattern within any province or subprovince indicates reduction of endemism to less than
10 percent for that time. Unpatterned areas between patterned provincial or subprovincial graphs col
lectively depict that percent of endemism within the major biogeographic divisions represented by taxa
shared between all subdivisions of the major unit. [Used with permission of Elsevier Scientific Publishing

Co., Amsterdam.]

North Pacific, especially as a result of large
scale Cenomanian plate movements, to the
point that the distinct eastern and western
Pacific bivalve assemblages developed mas
sive levels of competition for the same
shallow-water niches as they came within
larval drift range of each other, which re-

suited in a large-scale extinction and lower
ing of endemic diversity; 2) major epicon
tinental transgressions during the Late
Cretaceous that opened marine pathways
to migration of invertebrates in and out of
the North Pacific, resulting in wider bio
geographic spread of taxa and decreased
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local endemism as indicated by ammonites
and gastropods (MATSUMOTO, 1973; SOHL,
1971) as well as inoceramid bivalves
(KAUFFMAN, 1977e); and 3) climatic de
terioration of the North Pacific marine en
vironment through the Cretaceous with
progressive cooling and increasing environ
mental gradients, resulting in lowering of
North Pacific invertebrate diversity and
endemism.

Biogeographic division of the Cretaceous
Euramerican Region has been more incon
sistent. Most authors have recognized a
twofold, latitudinally (temperature) con
trolled division of this region, which extends
from Siberia to Western Interior North
America (Fig. 5), and which draws its fau
nal similarity from the many avenues of
migration open to Eurasian and North
American invertebrates through the "Cir
cumboreal" Seaway and across the still
narrow northern proto-Atlantic during
much of the Cretaceous. The two proposed
divisions consist of a northern cool-temper
ate zone and a southern warm-temperate to
subtropical zone fronting on Tethys. The
biogeographic treatment of the faunas char
acterizing these climatic zones has been
diverse. Many authors have recognized two
latitudinal divisions of the entire Euramer
ican Region. These are the northern "Boreal
Province" and southern "Intermediate Lati
tude" zone of MATSUMOTO (1973; on am
monites), the Lower Cretaceous "Arctic"
and (to the south) "Boreal Atlantic" prov
inces and the Upper Cretaceous "Northern"
and "Southern" provinces of STEVENS (1973;
based on belemnites).

KAUFFMAN'S quantitative analysis of Cre
taceous bivalve endemism revealed similar
north-south division of the Euramerican Re
gion independently in Eurasia and North
America, but greater endemic differentia
tion across the proto-Atlantic in an east
west direction. He therefore recognized
provincial boundaries approximately parallel
to longitude, and subprovincial boundaries
in both areas parallel to latitude in order
to reflect the temperature-controlled faunal
differentiation. This system is applied here
(Figs. 5, 6), resulting in recognition of a
North European Province and a North
American Province, each with north-south
differentiation into subprovinces or endemic
centers.

The North European Province (Fig. 5)
is very well defined at the base of the
Cretaceous but shows decreasing endemism
throughout the system for bivalves (Fig. 6)
and other groups, especially after the Ceno
manian. KAUFFMAN (1973a) attributed this
to: 1) extensive epeiric flooding of the
North American craton after the Middle
Albian allowing, for the first time, wide
spread sharing of invertebrate taxa between
Europe and America (and thus decreasing
endemism in western and central Europe);
the oceanic distances between Europe and
North America were still within the range
of larval drift for many invertebrate groups;
and 2) east to west exchange of taxa that
was probably greater than west to east ex
change because the main surface currents
of the middle proto-Atlantic gyre, repre
senting the pelagic zone in which most
planktonic invertebrates and larvae of ma
rine benthos are carried, flowed to the west
(KAUFFMAN, 1975, fig. 2); deeper counter
currents flowed east, but probably carried
fewer organisms, as today. Resultant shar
ing of taxa would consequently have been
greater from east to west, decreasing Euro
pean endemism faster than American en
demism in the process.

The North European Province is charac
terized by a strongly endemic Albian am
monite assemblage based on Hoplitidae
(OWEN, 1973) and many other taxa. Late
Cretaceous ammonite faunas were geograph
ically more widespread than those of the
Early Cretaceous, with broad Euramerican
distribution of Acanthoceratidae, Collig
noniceratidae, Placenticeratidae, Scaphiti
dae, Baculitidae, and Nostoceratidae being
more notable than endemism within the
provinces. Nevertheless, MATSUMOTO (1973)
noted an endemic grouping of warm-tem
perate ammonite lineages common to south
ern Europe, East Africa, Madagascar, and
the Coastal Plain of the United States, and
a second group of endemics in the North
American interior. Belemnites (STEVENS,
1973) show significant endemism in the
North European Province (including Green
land) throughout the Lower Cretaceous
(for example, the Acroteuthis and Boreio
teuthis lineages of STEVENS' "Boreal At
lantic Province") and to a lesser extent in
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his Upper Cretaceous "Northern Province"
(Belemnella fauna). KAUFFMAN (1973a, p.
369) reported more than 40 genera and
subgenera of Cretaceous bivalves to be en
demic to North Europe, and a weak en
demic differentiation between eastern and
western portions of the province. This is
also shown by belemnites in STEVENS'
(1973) "Boreal Northern" and "Southern"
provinces of central and western Europe, and
his eastern Crimean-Caucasian Province.
AGER (1971) noted that the brachiopod
group Uralella is restricted to the North
European Province, and DILLEY (1971) re
corded an endemic benthonic (especially
agglutinated) foraminiferal assemblage in
his temperate "Old World" Province.

North-south division of the Cretaceous
North European Province into warm- and
cool-temperate zones is difficult because of
the diffuse climatic and biogeographic
boundary between them. Bivalves and be
lemnites allow differentiation of a more
southerly (warm temperate) "Western Eu
ropean Endemic Center" (KAUFFMAN,
1973a) or "Southern Province" (STEVENS,
1973; on Belemnitella) and a North Euro
pean (KAUFFMAN, 1973a) or a "Northern
Province" characterized by Late Cretaceous
Belemnella and several bivalve genera. Bra
chiopods such as Rhynchonella and Pere
grinella occur in warm-temperate to sub
tropical Euramerican zones but not to the
north. MATSUMOTO (1973) reported major
lowering of Upper Cretaceous ammonite
diversity to the north; CASEY (1973) and
MATSUMOTO (1973) documented differences
between northern and southern European
ammonite successions in the Lower and
Upper Cretaceous, respectively; character
istic north European taxa are Schloenbachia,
certain scaphitid groups, and certain species
of Letvesiceras. Thus, collectively there
seems to be sufficient evidence for division
of the North European province into north
ern and southern subprovinces. Using mod
ified terminology of others, these divisions
are here named the Eastern Boreal (ss.)
and Southern subprovinces.

The North American Province was
poorly defined (subprovincial rank) at the
beginning of the Cretaceous, and showed a
major increase in endemism after the Ceno
manian, when it developed distinct north-

ern and southern subprovinces (Figs. 5, 6).
The Cenomanian increase in endemism re
flects primarily initial establishment of the
Western Interior seaway during the Late
Albian, its early population by widespread
Euramerican stocks introduced from Europe
by westward larval drift across the then
narrow proto-Atlantic, and from latest Al
bian to Cenomanian onward, partial isola
tion of the middle part of the seaway,
leading to high levels of endemism among
mollusks of all types. Rapid Cenomanian
spreading of the middle Atlantic, magnified
by later Cretaceous movements, enhanced
the potential for endemism within the in
terior seaway. Widespread genetic isolation
resulted from separation of European and
interior North American populations as
Atlantic spreading exceeded the limits of
larval drift and adult mobility, and as the
widening Caribbean arm of Tethys became
more effective as a temperate barrier to im
migration of temperate organisms at the
south end of the Western Interior seaway.

Despite a broad zone of faunal mixing
between southern warm-temperate and
northern cool-temperate organisms in the
North American Province (KAUFFMAN,
1970; SOHL, 1971), a clearly defined Gulf
Atlantic Coast Subprovince and North
American Interior Subprovince developed
by Cenomanian time and remained well
defined until the end of the Maastrichtian.
The diffuse biogeographic boundary re
flected a broad temperature gradient within
the seaway. Molluscs that characterize the
North American Interior Subprovince in
clude Albian Gastroplitidae (especially N eo
gastroplites) , Turonian species groups of
Prionocyclus, Turonian-Maastrichtian en
demic ammonite lineages of the Scaphitidae
(Scaphites, Clioscaphites, Desmoscaphites) ,
and Irenicoceras, bivalves of the "Inocer
amus" dunveganensis and "I." nahwisi line
ages (KAUFFMAN, 1973a), certain corbicu
lids, Cras.mtellina, and lineages of Lower
Cretaceous Buchiidae (JELETZKY, 1970).
SOHL (1971) listed numerous gastropod
genera and species groups restricted to his
"California and Northern Western Interior
Region," a term emphasizing biogeographic
relationships between Upper Cretaceous
gastropods of the two areas and suggesting
brief marine connections across the Cordi!-
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leran geanticline. Gastropod genera with
endemic species groups in this subprovince
include Closteriscus, Pseudobuccinum, Ser
rifusus, Vanikoropsis, Trachytriton, and se
lected lineages of Drepanochilus and
Graphidula. The North American Interior
Subprovince is further characterized by a
discrete assemblage of benthonic, especially
agglutinated, foraminifers, and among
planktonic species, by a distinct Heterohe
lix-Hedbergella assemblage (DILLEY, 1971).

The warm-temperate to subtropical Gulf
Atlantic Coast Subprovince (Fig. 5) extends
from Massachusetts south to Texas and
northern Mexico and shares many inverte
brate taxa with interior North America.
The subprovince has few endemic ammo
nites, except in the Aptian-Albian of the
s~?tropical Gulf Coast among the Deshaye
sltidae (Dufreynoyia) , Douvilleiceratidae
(HYfacanthoplites), Mojsisovicziinae (Oxy
tropldoceras, Manuaniceras, Venezoliceras) ,
Drakeoceras, and the Cenomanian Budai
cer~s ~mong Lyelliceratidae (YOUNG, 1972).
ThIs IS thought to be related to genetic
isolation behind major barrier-reef systems
during several Aptian-Cenomanian inter
vals. Otherwise, the Gulf-Atlantic Coast
Subprovince is primarily differentiated on
the basis of gastropods, bivalves, and cer
tain echinoids. SOHL (1971) selected such
genera as Carota, Cassiope, Turritella
(whitei group), Lispodesthes, Eunaticina,
and the Fusus veneratus groups as typical
of Cenomanian-Turonian faunas, and gen
era such as Sargana, Tuba, Belliscala, COII
fusiscala, Anchura, Stantonella, Liopeplum,
Anomalofusus, Creonella, Morea, and Cal
liomphalus as being characteristic of
younger Cretaceous biotas in the Gulf
Atlantic Coast Subprovince. KAUFFMAN
(1973a) added 36 endemic bivalve genera
and subgenera (for example, Paranomia,
Periplomya, Postligata, Sexta, Brachymeris,
Uddenia, Scambula, Aenona, Nelttia, Te
nea, Fulpia and Pharodina), and suggested
possible division into a mid-temperate At
lantic coastal endemic center and warm
temperate to subtropical Gulf coastal en
demic center. The bivalves Anadara, Costel
lacesta, Tellinimera, Larma, and Cyclorisma
are endemic to the Atlantic and eastern
Gulf Coast, and Linter, Lycettia, Etea, Pol-

lex, Sinonia, and Terebrimya to the western
Gulf Coast (KAUFFMAN, 1973a, p. 369).

TETHYAN REALM

The Tethyan Realm includes all tropical
to subtropical waters and biotas of the Cre
taceous equatorial zone and South Pacific
(Fig. 5). It is the most diverse and mature
of Cretaceous paleobiogeographic units, and
seems to reflect time-stability evolution in a
relatively uniform environment (see discus
sion in KAUFFMAN, 1973a). The Tethys
Sea, restricted to Mediterranean Europe and
the Indo-Pacific Ocean prior to the Creta
ceous, spread westward across the tropical
proto-Atlantic to the Americas with open
ing of the Caribbean Seaway (Late Jurassic,
Early Cretaceous) and linked up with the
tropical East Pacific at the present site of
Central America to form a circumglobal
tropical marine belt. This encouraged
broad distribution of tropical invertebrates.
These then became progressively isolated
with Late Cretaceous tectonic constriction
of both the Mediterranean and Caribbean
arms of Tethys, and spreading of the At
lantic Ocean to widths that exceeded the
extent of larval and mobile adult species
dispersal from Eurasia and North Africa
to America. High levels of Late Cretaceous
endemism resulted, and biogeographic dif
ferentiation was great (Fig. 7). Diversity
among many groups, especially bivalves
(KAUFFMAN, 1973a, fig. 7), gastropods, cor
~ls (COATES, 1973), and pelagic microbiota,
mcreased throughout the Cretaceous in
pulses that were tied to eustatic rise, trans
gressive peaks, and expansion of Tethyan
influence north and south over epiconti
nental areas formerly occupied by warm
temperate seas (COATES, KAUFFMAN, &
SOHL, 1977).

In the Early Neocomian (Fig. 7), only
the Indo-Mediterranean Region of Tethys
was clearly defined by endemism; the poor
faunas of the early Caribbean Sea were
largely of Mediterranean affinities. Valan
ginian through Barremian time was char
acterized by high levels of faunal differen
tiation within the region, with formation
of a North Indian Ocean Subprovince in
the Valanginian, and Eastern and Western
Mediterranean subprovinces in the Bar
remian (Fig. 7), which persisted to the end
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of the Cretaceous. These periods of differ
entiation apparently correlate with eustatic
rises of sea level that produced moder
ate transgressions at continental margins.
KAUFFMAN (1973a) called on two mechan
isms to produce these Indo-Mediterranean
subprovinces: I) partial constriction of the
Mediterranean Tethys during plate activity
associated with closing of Tethys in Eurasia,
producing barriers to east-west migration
of marine organisms (sills?) and genetic
isolation; and 2) "diversity pump" enrich
ment of local faunas (VALENTINE, 1967)

resulting from isolation and differentiation
of marginal Tethyan biotas in tropical epi
continental extensions of the sea during
transgression, subsequent equatorial migra
tion of these local biotas into specific regions
of Tethys during regression, and their ac
commodation through niche partitioning
among resident Tethyan faunas.

High levels of provincialism in the Carib
bean first developed during the Middle
Aptian (Fig. 7), associated with a moderate
transgressive pulse reflecting global eustatic
rise. The Caribbean Subprovince was
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formed and expanded to provincial rank
by the Santonian. KAUFFMAN (1973a) sug
gested that this sudden jump in endemism
might mark the point at which the middle
tropical proto-Atlantic opened sufficiently
to prohibit many pelagic larvae of ben
thonic taxa and mobile adults from regu
larly crossing this ocean barrier, resulting
in widespread genetic isolation of similar
stocks on both sides. High levels of niche
specialization and radiation, especially
within the rudist "reef" environment, also
enhanced endemism in the Caribbean. Sub
sequently, partial isolation of Antillean and
West-Central American Caribbean faunas
occurred between Cenomanian and Conia
cian times (Fig. 7), producing discrete sub
provinces, and probably reflecting either
early emplacement of marine barriers to
migration in the present site of Central
America or shifting current systems. The
mid-Pacific Tethyan biotas are still poorly
studied from dredge samples and cores
drilled on atolls and other islands. The
known biotas are generally Tethyan in as
pect, containing rudist bivalves, but are of
low diversity, and are most closely related
to those of the West-Central American
Subprovince (especially of Baja California).
However, a distinct biogeographic unit may
lie in the Cretaceous mid-Pacific.

Typical of the entire Tethyan Realm are
rudist bivalves (Hippuritacea) (KAUFFMAN,
1973a; COATES, 1973), hermatypic corals
(COATES, 1973), most larger benthonic fora
minifers (DILLEY, 1971, 1973), highly di
verse pelagic microbiotas, selected families
of gastropods (SOHL, 1971), brachiopods
(ACER, 1973), Lower Cretaceous belemnites
(STEVENS, 1973), sponges (REID, 1967),
echinoids, and numerous diagnostic am
monites.

Among the ammonites, WIEDMANN
(1973) documented widespread hetero
morphs (Ancycloceratina) in Tethys dur
ing the Early Neocomian (especially Bo
chianites, Protancyloceras, Leptoceras, and
Karsteniceras); OWEN (1973) described his
Albian "Tethyan-Gondwana Ammonite
Province" as characterized by widespread
lyelliceratid, brancoceratinid, mojsisovicsi
inid, and mortoniceratinid ammonites.
KENNEDY and COBBAN (1976) and CASEY
(1971) noted that pseudoceratites such as

Parengonoceras and Lower Cretaceous Ber
riasellidae are widespread in Tethys. In the
Upper Cretaceous, according to MATSUMOTO
(1973), Tethys is characterized by Neo
lobites ammonite faunas in the Cenomanian
of Europe; by Desmoceratidae, Tetragoniti
dae, and Phylloceratidae in the Cenomanian
Turonian of the Indo-Pacific; by Turonian,
Vascoceratidae and Tissotiidae with distinct
southern and northern Tethyan assemblages
of genera in the Mediterranean area; by
Coniacian-Santonian, genera of Tissotiidae
and Coilopoceratidae, with emphasis in
warm water areas of the Indo-Pacific on
genera such as Kossmaticeras, Anapachy
discus, Damesites, Tetragonites, Gaudry
ceras, Hyphantoceras, and Scalarites; and
by local endemic groups of Campanian
Maastrichtian ammonites. STEVENS (1973)
noted the spread of belemnites belonging
to the genera Hibolithes, Duvalia, and
Conobelus through much of the Tethys
until the Barremian, when provincialism
began (as in Bivalvia).

Among brachiopods, ACER (1973) noted
wide Tethyan distribution, mainly within
the Indo-Mediterranean Region, for Pygo
piidae (Pygope) and Septirhynchia. COATES
(1973) statistically documented strong simi
larities in hermatypic corals throughout the
Lower Cretaceous Tethys, but development
of strong post-Albian endemism between
the Mediterranean and Caribbean provinces.
Actaeonellid and nerineid gastropods char
acterize the Cretaceous Tethys virtually
everywhere (SOHL, 1971), as do benthonic
larger foraminifers, especially Lituolacea
(including Orbitolina and associated genera
such as Dictyoconus, Choffatella, Cuneolina,
and Pseudocyclammina) and the "orbi
toidal" foraminifers in the Upper Creta
ceous (DILLEY, 1971, 1973). Many pelagic
Globigerinacea were confined to circum
global Tethyan and warm-temperate waters.

The Indo-Mediterranean Region has a
marked endemic fauna, including Early
Cretaceous ammonites of the Ancyclocera
tina such as Hamulinites and Juddiceras
(WIEDMANN, 1973), genera of the Berriasel
lidae, and Late Cretaceous genera of the
Vascoceratidae (for example, Nigericeras,
Paravascoceras, Fagesia) (MATSUMOTO,
1973). Among Bivalvia, KAUFFMAN (1973a)
listed nine genera that are endemic to the
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region, including Trichites, Callucina (Cal
lucinopsis), Pterolucina, Psilotrigonia, Arc
tomytilus, and the rudist Lapeirousia. A
similarly unique gastropod assemblage oc
curs, centered around genera and species
groups of Nerineidae and Actaeonellidae.
STEVENS (1973) noted Indo-Mediterranean
restriction of several Lower Cretaceous
belemnite groups belonging to the genera
Hibolithes, Duvalia, Neohibolites, Meso
hibolites, and Parahibolites; species groups
of some of these genera show provincialism
within the region. The Neohibolites-Para
hibolites assemblage continued to charac
terize the region into the Cenomanian. DIL
LEY (1971) described a distinct larger
foraminiferal assemblage from the Indo
Mediterranean region (his "Old World"
Tethyan Province) centered around the
Alveolinidae.

Subprovincial division of the Indo-Medi
terranean Region is presently based on bi
valves, Lower Cretaceous belemnites, and
larger foraminifers. From the Valanginian
onward the North Indian Ocean Subprov
ince (Fig. 5) became weakly to moderately
well defined (Fig. 7) on the basis of en
demic rudistid, cardiid, trigoniid, and
eligmid bivalves such as Dechaseauxia,
H ardaghia, Stefaniniella, Collignonicardia,
Libyaconchus, Praecardiomya, Bouleigmus,
and Malagasitrigonia, and larger foramini
fers of the genus Loftusia. Early Creta
ceous Ancyloceratina such as Eocrioceratites,
Men uthiocrioceras, and Parapedioceras in
Madagascar and Upper Cretaceous taxa de
tailed in the work of COLLIGNON (in BESAIRE
& COLLIGNON, 1972) were endemic to the
province up to the point that Madagascar be
came part of the temperate East African
Province. STEVENS (1973) recorded an early
Cretaceous split in Tethyan belemnite faunas
into endemic groups, one of which (Belem
nopsis) ranged through the Indo-Pacific
during the Berriasian, with endemic species
plexuses in the North Indian Ocean Sub
province.

The Tethyan Mediterranean Province
(Fig. 5) was well established at the be
ginning of the Cretaceous and by Barrem
ian time split into eastern and western sub
provinces, each with strong endemic centers
(Fig. 7). A suite of rudist, cardiid, and
eligmid bivalves ranges throughout, but not

beyond the province (KAUFFMAN, 1973a);
this includes Pseudoheligmus, Gonilia, Poly
conites, Sabinia, Integricardium, Filosina,
and Schiosia. Endemic belemnites (STE
VENS, 1973) appeared after earliest Creta
ceous time and are mainly members of the
Duvaliidae, and species plexuses of Hibo
lithes, COllobelus, Mesohibolites, and Neo
hibolites. COATES (1973) reported high levels
of Late Cretaceous coral endemism in the
Mediterranean. Certain groups of vascocera
tid ammonites are likewise restricted to the
province (MATSUMOTO, 1973). Among Fora
minifera, DILLEY (1971, table 2) listed
numerous endemic taxa in his "Old World
Tethyan Province" among Late Cretaceous
Lituolacea and Alveolinidae (especially most
Alveolininae) .

Eastern and Western Mediterranean sub
provinces (Fig. 5) were exceptionally well
defined after the Barremian on the basis of
bivalves, belemnites, and larger foramini
fers. The Western Mediterranean Subprov
ince, extending across southern Europe to
the Balkans, and across North Africa to
Egypt, is mainly characterized by a diverse
suite of endemic rudistid bivalves such as
Bayleia, Matheronia, Valletia, Caprotina,
Sphaerulites, Praelapeirousia, Orthoptychus,
Roussleia, Medeela, Radiolitella, and Syno
donites, by belemnites of the Duvaliidae,
and by certain larger foraminifers of the
Alveolinidae (for example, latest Cretaceous
Murciella; DILLEY, 1973, fig. 9).

The Eastern Mediterranean Subprovince
(Fig. 5) is even more clearly defined by
endemism in the same groups. Among
larger foraminifers, species of Loftusia
(Lituolacea) are largely restricted to the
subprovince as are species of the alveolinid
Sellialveolina (DILLEY, 1973, fig. 8), belem
nite species of Conobelus and Pseudobelus
(pre-Barremian), Mesohibolites and Curto
hibolites (Barremian), Parahibolites (Ceno
manian), and at the warm-temperate to
subtropical margin, the Campanian Belem
nitella praecursor group (STEVENS, 1973),
and a small group of endemic bivalve gen
era, including Agapella, Asiatotrigonia, Cor
biculopsis, Vautrinia and Turkmenia
(KAUFFMAN, 1973a).

In both the Eastern and Western Medi
terranean subprovinces, local endemic cen
ters based on bivalve genera (mainly
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rudists) are defined by KAUFFMAN'S (1973a)
quantitative biogeographic method. In the
west these include a strong southern French
center (including the rudists Retha, OfJ
neria, Fossulites, Robertella, Arnaudia), an
Italian center (rudists include Paronella,
Apulites, Colveraia, loufia, Pileoehama) ,
and a Yugoslavian center (including the
rudists N eoeaprina, Yvaniella, Gorjanovieia,
Kuehnia, Neoradiolites, Pseudopolyeonites,
Milanovieia). In the Eastern Mediterranean
Subprovince these include a well-defined
Syrian-Lebanese Endemic Center with Ar
eullaea, Xenoeardia, Syrotrigonia, Megalo
cardia, Nemetia, and Paraeaprinula, and a
weakly defined Iranian Endemic Center
with Rostroperna, Dietyoptyehus, and Os
euligera. Causes for local genetic isolation
and resultant endemism of these bivalve as
semblages are thought to center around
collapse of the Mediterranean carbonate
platform during Cretaceous closing of Te
thys, and formation of numerous isolated
"microcontinents" or large islands in the
northern Mediterranean Tethys.

The Caribbean Province (Fig. 5) first
developed during the Aptian and differen
tiated into West-Central American and An
tillean subprovinces by the Coniacian (Fig.
7). Rudistid bivalves primarily serve to
differentiate this province and the two sub
provinces, but strong endemism among
gastropods and larger foraminifers is also
known, and ongoing studies of the herma
typic corals also indicate numerous endemic
groups (COATES, 1973). Characteristic ru
dists of the Caribbean Province include
Amphitriseoelus, Caprinuloidea, Coaleo
mana, Planoeaprina, Titanosareolites, Bar
rettia, Praebarrettia, Chiapasella, Tampsia,
and Tepeyaeia; the infaunal Glyeymeris
(Glyeymeris) is similarly restricted. En
demic middle Cretaceous ammonites of the
genera Dufreynoyia, Hypaeanthoplites,
Drakeoeeras, Budaieeras, and numerous
Mojsisovicziinae evolved in isolated basins
behind barrier-reef tracts in the northern
subtropical margin of the Caribbean Prov
ince (YOUNG, 1972). Two major groups of
larger foraminifers, the pseudorbitoids and
the Chubbininae, were endemic to the Ca
ribbean Province (DILLEY, 1973). SOHL
(1971) listed typical Caribbean Province
gastropods, including many nerineid and

actaeonellid groups, and endemic genera
and species groups of fissurellids, trochids,
neritids, cerithiacians, cypraeids, and strom
bids.

Division of the Caribbean Province into
subprovinces has been made exclusively on
analysis of Bivalvia, mainly rudistids and
cardiids (KAUFFMAN, 1973a). The Antil
lean Subprovince (Fig. 5) is characterized
by endemic genera such as Bayleoidea,
Pseudobarrettia, Anodontopleura, Baryeo
nites and Immanitas with a weak, Mexican
End~mic Center established around species
of Palus, a strong Greater Antilles Endemic
Center based on endemic Parastroma, Tor
reites, Antilloeaprina, and Parabournonia,
and endemic species of Kipia restricted to
Trinidad. The West-Central American
Subprovince (Fig. 5) is mainly defined on
Corallioehama, Ineaeardium, Veprieardium
(Perueardia) , Tortueardia, Peruarea, and
Pettersia.

SOUTH TEMPERATE REALM

All temperate-zone biotas south of Tethys
are grouped within this realm (Fig. 5),
which is one of the least studied and most
poorly defined of Cretaceous paleobiogeo
graphic units. Factors that account for rela
tively low levels of temperate diversity and
endemism in the South Temperate Realm
include: 1) much of the South Pacific was
under the influence of tropical to subtropical
waters in the Jurassic and Early Cretaceous;
2) the Tethyan-South Temperate boundary
shifted slowly northward through the Cre
taceous and for the first time allowed an
expanded temperate zone in the South Pa
cific; and 3) both the opening of the South
Atlantic and widespread separation of the
Gondwanaland continents were mainly Late
Cretaceous events. In all cases, South Tem
perate marine faunas were in an early stage
of differentiation during the Cretaceous,
with predictably low diversity and low
levels of endemism. The biogeographic evo
lution of the realm (Fig. 8) was correspond
ingly simple. Following initial separation
of Africa and South America by, first, shal
low epicontinental seas and later narrow
oceanic troughs, faunas of both the Eur
american temperate region (mainly) and
the Caribbean-Mediterranean part of Tethys
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Figure 6 caption. [Used with permission of Elsevier Scientific Publishing Co., Amsterdam.]

immigrated into the South Atlantic. Sepa
ration of the South Temperate elements
from more highly evolved North Temperate
biotas by the tropical Tethyan seaway led
to low levels of endemism in the South
Atlantic, which did not reach subprovincial
grade until the Albian (Fig. 8). This cor
responded with the first large-scale epicon
tinental transgression onto Cretaceous con
tinents, including those bordering the South
Atlantic. South Atlantic endemism did not
exceed subprovincial rank throughout the
Cretaceous, and due to the short distances
for larval and mobile adult migration across

the proto-South Atlantic, invertebrate fau
nas of eastern South America and West
Africa remained closely related. Bivalve
genera such as Euptera, Agelasina, Anofia,
Naulia, Sergipia, Pseudopleurophorus, and
Gilbertharrisella characterize the subprov
ince (KAUFFMAN, 1973a).

The biogeographic evolution of the south
ern Indo-Pacific Region during the Creta
ceous was much more complex and involved
both tectonic and climatic controls. Tec
tonically, the Cretaceous continuation of the
breakup and dispersal of parts of Gond
wanaland caused further isolation of their
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marginal marine shelf biotas. The east
west separation of East Africa and Aus
tralia continued, as did the early northward
migration of the Indian subcontinent. Aus
tralia may have partially separated from
Antarctica during the Cretaceous, moving
slightly northward, and there is faunal evi
dence for accelerated post-Neocomian sepa
ration of New Zealand from Australia to
the point where genetic isolation occurred,
producing significant molluscan endemism
on New Zealand. Thus, Cretaceous plate
movements in some cases led to genetic iso
lation and endemism among South Pacific
invertebrates. But based on distances be
tween major marine shelf areas suggested
by plate reconstructions such as those of
DIETZ and HOLDEN (1970) and SMITH,
BRIDEN, and DREWRY (1973), the degree
of continental separation was not sufficient
to account for the high levels of endemism
observed here in the Cretaceous invertebrate
faunas. KAUFFMAN (1973a) proposed an
additional isolating mechanism; that is, cli
matic deterioration of the South Pacific
resulted from a major Late Cretaceous cool
ing trend and northward movement of,
first, the Tethyan-temperate climatic bound
ary (Jurassic-Early Cretaceous) followed by
the warm temperate-mid temperate bound
ary (Lower Cretaceous) and late in the
period, the cool-temperate boundary across
Gondwana. Decline of tropical faunal in
fluence from the Jurassic onward supports
this (STEVENS, 1965; KAUFFMAN, 1973a).
The combination of moderate tectonic sepa
ration and the differentiation and north
ward migration of temperate climatic zones
across dispersed parts of Gondwanaland is
called upon to produce isolating mechan
isms and to explain observed Cretaceous
endemism.

The temperate Indo-Pacific Region is char
acterized by widespread endemics among
the bivalves (for example, Iotrigonia, Mega
trigonia, Pacitrigonia, Maccoyella) as well
as by bivalves common to the region but
with limited outside distribution (for ex
ample, Acharax, Fimbria, Freiastarte, Para
pholas, Monothyra, Stein manella, and Neo
crassina) (KAUFFMAN, 1973a). MATSUMOTO
(1973) cited numerous genera of ammonites
that have species groups typical of the Indo
Pacific Region such as Cenomanian-Maas-

trichtian Desmoceratidae (Desmoceras, Pu
zosia, Mesopuzosia, and Pachydesmoceras),
Tetragonitidae (Gaudryceras, Anagaudry
ceras) , Phylloceratidae (Hypophylloceras,
Neophylloceras), and the Kossmaticeratidae
(Marshallites, Kossmaticeras, Maorites, Gros
souvrites, and Jacobites species plexuses).
Many of these were more characteristic of
tropical zones but ranged into warm-tem
perate areas as well. Important Lower Cre
taceous Indo-Pacific ammonite groups are
the Albian Lyelliceratidae, Brancoceratidae,
Mojsisovicziinae, and Brancoceratinae, many
of which were shared with Tethys proper.
STEVENS (1973) clearly documented evolu
tion of an endemic temperate Indo-Pacific
belemnite assemblage beginning with the
Belemnopsis madagascarensis-B. patagon
iensis lineage in the Valanginian and Hau
terivian, and including the Late Neocomian
through Cenomanian Dimetobelidae (re
stricted to the Austral Province after the
Cenomanian) .

Two major divisions of the temperate
Indo-Pacific Region were established at the
beginning of the Cretaceous, an East Afri
can Province extending from South Africa
to (in Late Cretaceous time) Madagascar,
and an Austral Province (Figs. 5, 8). Both
show marked decline in endemism in the
Upper Cretaceous (Fig. 8), and this is cor
relative with and directly related to marine
dimatic decline with global cooling and
northward shift of more temperate zones
across the southernmost Pacific (STEVENS,
1965; KAUFFMAN, 1973a). Faunal differ
entiation between these two regions is
thought to reflect eastward drift of Aus
tralia to distances that exceeded large-scale
faunal exchange through larval drift.

The Austral Province contains two sub
provinces that are basically time successive
(Fig. 8), a strong Early Cretaceous Aus
tralian Subprovince that declined to a weak
endemic center during the Late Cretaceous;
here it was replaced by a well-defined New
Zealand Subprovince that has no Early
Cretaceous expression. Few taxa are en
demic to the entire province, Maccoyella
being the principal bivalve, the Dimetobeli
dae among belemnites, and the hoplitid
ammonite Chimbuites (Cenomanian). Most
of the Austral ammonite and bivalve fauna
is comprised of widely spread Pacific and
Tethyan forms.
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The Australian Subprovince is most
clearly defined, as presently known, by its
endemic bivalves; other groups have not
been similarly analyzed. Important en
demic genera are Pseudavicula, Austrotri
gonia, Nototrigonia (Callitrigonia) , N.
(Nototrigonia), Cyrenopsis, Barcoona, and
Tatella in the Lower Cretaceous, and Cli
macotrigonia, Actinotrigonia, Entolium
(Cteniopleurium), and Fissiluna in the
weakly defined Upper Cretaceous Austral
ian Endemic Center (Fig. 8). The sharp
decline in endemism within the Australian
Subprovince has yet to be satisfactorily ex
plained.

The New Zealand Subprovince (Fig. 5)
became sharply defined in the Cenomanian
and continued as a distinct biogeographic
unit through the Maastrichtian (Fig. 8).
The abrupt development of New Zealand
endemism is readily explained in terms of
marine history. The oldest marine invasions
were of Aptian age, and these were mar
ginal transgressions characterized by low
diversity faunas drawn from generalized
Austral and more widely ranging Pacific
stocks. Major epicontinental flooding of
New Zealand first occurred in the Ceno
manian and continued through the Creta
ceous, producing environments for diversi
fication and local isolation of invertebrate
taxa-conditions leading to the development
of endemism. KAUFFMAN (1973a) has sug
gested that the abrupt development of high
levels of Cenomanian endemism in New
Zealand might also reflect its plate tectonic
separation from Australia and Antarctica
to the point where faunal exchange was re
stricted, as well as development of climatic
barriers to migration. Endemism in the
New Zealand Subprovince has been defined
mainly on Bivalvia, and the subprovince is
characterized by genera such as Chlamys
(Mixtopecten) , Electroma, Megaxinus
(Pteromyrtea), Myrtea, Lahillia, Marwickia,
Dosinobia, and Cyclorismina, some of
which have limited outside distribution.

The East African Province was well de
fined at the beginning of the Cretaceous

(Fig. 8) but gradually declined in endem
ism to subprovincial rank by Albian time,
and endemic center rank in the Coniacian.
This decline is directly related to environ
mental deterioration with cooling of the
South Pacific and northward migration of
temperate climatic belts throughout the
Cretaceous (KAUFFMAN, 1973a), eventually
bringing areas as far north as Madagascar
within range of temperate waters. Numer
ous bivalve genera are endemic to this
province (for example, Pleurotrigonia,
Sphenotrigonia, Herzogina, lsotancredia,
Megacucullaea, and Madagascar lineages of
Malagasitrigonia). COLLIGNON (in BESAIRE
& COLLIGNON, 1972) has documented im
mense numbers of ammonites that seem to
be restricted to this subprovince, and in
many cases to Madagascar. The belemnite
Belemnopsis is most abundant in this sub
province, although it ranges less commonly
elsewhere.

The Andean Subprovince (Fig. 5), ex
tending from Patagonia to southern Peru,
is weakly defined; it was initiated with the
first major epicontinental flooding of the
west coast of South America during the
Cenomanian (Fig. 8). The subprovince
was isolated from western and most south
ern Pacific biotas by the vast water barrier
of the southeast Pacific, and from north
temperate faunas by the tropical Caribbean
arm of Tethys. Some taxa that populated
this warm-temperate subprovince were ob
viously drawn from the Caribbean Prov
ince, but most stocks probably came from
the south through Patagonia. Population
of this marine shelf area was slow after
Cenomanian flooding, reflecting restriction
of source areas, and endemism is conse
quently low. KAUFFMAN (1973a) has noted
a few endemic bivalves; for example, Ano
pisthodon and Aulacopleurum from the
Lower Cretaceous, and the same genera, in
addition to Mulinoides and Tellipiura, in
the Upper Cretaceous. Among other taxa,
phylogenic relationships are clearly strongest
southward, through Patagonia to the Aus
tral and East African provinces.
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SUMMARY AND SOME OBSERVATIONS ON EVOLUTION

A recurrent theme throughout this resume
of Cretaceous marine history and inverte
brate faunas has been the dynamic rela
tionship between major tectonic, oceano
graphic, and climatic changes during the
period-the large scale forces of natural
selection-and evolution at all levels. Thus,
evolutionary rates and patterns within line
ages, ecological units, and paleobiogeo
graphic units vary tremendously in response
to the rate and intensity of Cretaceous en
vironmental changes, especially those trig
gered by periods of active plate tectonism.
There is no long-term environmental sta
bility or evolutionary stasis in the Creta
ceous, and this demands that interpretation
of invertebrate history be based on sampling
intervals and analytical techniques that are
designed to consistently test the dynamics
of the system.

In regard to Cretaceous paleobiogeo
graphic units, a stage-by-stage quantitative
analysis of endemism yields the most de
tailed and consistent divisions, and allows
comparison of units from relatively narrow
time intervals with modern counterparts.
Using this method, it becomes obvious that
Cretaceous biogeographic units were nearly
as complex as those of today, and showed
dynamic changes-appearance and disap
pearance, variations in magnitude (as
measured by endemism), and changes in
spatial influence-throughout the period
(Figs. 6-8). These variations were very
closely linked to global plate-tectonic
changes and climatic trends. Genetic iso
lation leading to significant endemism re
sulted from many processes: 1) sea floor
spreading and progressive separation of ma
rine shelf areas; 2) dispersal of microcon
tinents or pieces of supercontinents through
plate tectonic events; 3) isolation of biotas
through point collision of plates, as in the
Mediterranean, or by tectonic emplacement
of biogeographic barriers; and 4) isolation
of biotas in epicontinental seaways during
transgressive-regressive pulses (reflecting
eustatic fluctuations) that themselves were
generated by plate tectonism. Rates of fau
nal differentiation, leading to development
and modification of paleobiogeographic
units, are directly correlative with rates and

intensity of the isolating mechanisms.
The decline of Cretaceous paleobiogeo

graphic units was similarly related to 1)
mass competition among distinct biotas
brought into contact through plate move
ments or the flooding of epicontinental seas
during eustatic rise, and 2) environmental
decline resulting from lowering global tem
peratures and equatorward migration of
progressively cooler temperate climatic
zones. With the possible exception of the
Late Cretaceous decline in Australian en
demism, all evolutionary changes in Creta
ceous paleobiogeographic units can be di
rectly related to these tectonic, climatic, and
biological factors. Figures 6-8 summarize
the dynamic evolutionary trends within Cre
taceous paleobiogeographic units.

Similarly, marine diversity during the
Cretaceous increased in an irregular man
ner for most prominent groups between
Berriasian and Campanian time (Fig. 9),
with diversity fluctuations closely tied to
major eustatic fluctuations (SOHL, 1967;
TAPPAN, 1968, 1971; TAPPAN & LOEBLICH,
1971, 1972; KAUFFMAN, 1973a; FISCHER &
ARTHUR, 1977; among others). Some Cre
taceous groups continued their evolutionary
diversification through the Maastrichtian
and into the Paleogene, whereas others
show marked decline and even total extinc
tion at the Cretaceous-Tertiary boundary.
Thus, TAPPAN and LOEBLICH (1972, p. 205)
noted that "most protistan groups had co
incident evolutionary bursts and declines,
with similar fluctuations in their evolution
ary rates" and were ".... intimately re
lated to the selective pressures of the chang
ing global environment. Advancing and
retreating epicontinental and shelf seas and
changes in continental position and height
affected atmosphere and oceanic circulation
and the climatic regime, causing variations
in nutrient supply and fluctuations in pro
ductivity and food resources." They noted
greatly increased diversity among protists
of various types in the Upper Cretaceous
associated with environmental stability and
climatic amelioration produced by major
periods of transgression, and great decline
in latest Cretaceous protistan diversity as
sociated with climatic deterioration and the
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FIG. 9. Selected diversity curves for the Cretaceous. Curve 5 is plotted to scale A (bottom of chart),
curves 1-3 and 6-8 to scale B, and 4 and 9 to scale C. Numbers and information for each curve are:
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time of the major Maastrichtian regression
(Fig. 9). Of particular interest is the close
correlation of high dinoflagellate diversity
with several Cretaceous transgressive max
ima (Fig. 9) and low diversity with regres
sion (TAPPAN & LOEBLICH, 1971, fig. 6).
FISCHER and ARTHUR (1977) broadly ana
lyzed pelagic Cretaceous diversity and con
cluded that protistans, ammonites, and ma
rine reptiles, as well as pelagic ecological
structure, increased significantly in conjunc
tion with Albian and Coniacian-Santonian
eustatic rise, epicontinental transgression,
temperature rise, and climatic amelioration.
SOHL (1967) has shown high diversification
among gastropods of the North American
Interior Subprovince to be associated both
with transgressive maxima (Turonian, Co
niacian, Late Campanian) and with regres
sive pulses near their stress maxima (Lower
and Middle Campanian, Maastrichtian).
Selected diversity curves from these sources
are shown in Figure 9.

Some of the most detailed analyses of di
versity and its relationship to Cretaceous
environmental fluctuations have been made
on Bivalvia (KAUFFMAN, 1973a, figs. 6-10;
summarized here in Fig. 9). Diversity of
bivalve genera and subgenera increased
throughout the Cretaceous, with a small
decline at the Maastrichtian regression and
Cretaceous-Tertiary boundary. The rate of
increase was irregular; diversity increased
in pulses that are correlative with several
of the eight transgressive maxima, reflecting
eustatic rise generated through plate tec
tonism. Specifically, diversity increases were
associated with Valanginian (Fig. 2; T I),
Aptian (T4), latest Cenomanian (T6),

Coniacian-Santonian (T7), and Middle

Campanian (Ts) transgressive peaks. The
most dramatic increase in diversity was dur
ing the great Cenomanian transgression, an
extremely active period of sea floor spread
ing, genetic isolation, and probably the
greatest epicontinental flooding during the
Cretaceous. Most of the diversity increase
occurs in Tethys; increase in temperate bi
valves is low but more steady, and cosmo
politan bivalves retained a constant diversity
level during the Cretaceous. In the overall
trend toward increasing diversity of bi
valves, reversals in the trend were also as
sociated with eustatic fluctuations and
peaked at times of maximum regression for
the most part (Fig. 2; Hauterivian =R1 ;

Late Albian = R5 ; Middle Turonian =R6 ;

and Late Maastrichtian =Rs of KAUFF
MAN'S, 1973a, transgressive-regressive se
quence).

Thus, many groups of Cretaceous inverte
brates show diversity patterns that are pri
marily tied to transgressive-regressive ma
rine epicontinental cycles, representing
tectonically generated eustatic fluctuations.
High marine shelf and pelagic diversity
peaks were closely tied to major transgres
sive episodes characterized by increasing
ecological space and niche opportunities,
decreasing environmental stress, temperature
increase and climatic amelioration. Lower
diversity was associated with environmental
decline, lowering of marine temperatures,
decrease in ecospace and niche diversity,
and epicontinental regression. Figure 9 rec
ords data for several invertebrate groups
that document these relationships at various
levels of refinement.

Similarly, the variable evolutionary his
tory of lineages and higher taxonomic cate-

FIG. 9. (Continued from facing page.)

I-Pacific Province planktonic foraminiferal species, excluding Guembelitriinae (Douglas, 1972); 2-Tethyan
planktonic foraminiferal species, excluding Guembelitriinae, North America (Douglas, 1972); 3-gastropod
species, Western Interior North America (Sohl, 1967); 4-planktonic globigerinid species, worldwide
(Fischer & Arthur, 1977); 5-dinoflagellate species, worldwide (Tappan & Loeblich, 1971); 6-Tethyan
bivalve genera, worldwide (Kauffman, 1973a); 7-ammonite genera, worldwide (Fischer & Arthur, 1977);
8-total phytoplankton species/l0 (Fischer & Arthur, 1977); 9-total bivalve genera (Kauffman, 1973a).
Detail of transgressive-regressive history and generalized temperature curve (dashed line) shown in right
hand column (for sources see Fig. 2). Note relationship between large-scale transgression, warming of
oceanic climates, and diversity increase among varied organisms in the Albian and Coniacian-Santonian
stages. Also, diversity peaks among certain groups correlative with transgressive maxima in the Middle to
Late Valanginian, Middle Barremian, Middle Aptian, Cenomanian to Early Turonian, Middle Campanian,
and late Middle to Late Maastrichtian (from Kauffman, 1977f; used with permission of Rocky Mountain

Assoc. Geo!., Denver).
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FIG. 10. Generalized model of evolutionary response by Cretaceous mollusks to eustatic changes of sea
level (from studies of North American lineages; Kauffman, 1972). Graph implies increasing rates of
evolution with expanding ecological opportunities during transgression, but highest evolutionary rates
during regression and onset of stress conditions associated with decreasing ecospace, restriction of habitats,
and increased competition. Times of maximum evolution differ for different lineages and adaptive

strategies depending on degree of ecological specialization and habitat.

gories during the Cretaceous seems to show
strong correlation with tectonic, oceano
graphic, and climatic changes. For example,
evolutionary rates and patterns within sin
gle lineages, or classes, or ecological strate
gies of Cretaceous marine invertebrates are
complex, and appear to vary primarily in
response to eustatic changes in sea level,
transgressive-regressive pulses, and correla
tive changes in physical environments, tem
perature, and climatic equitability (Figs.
9, 10). In other words, evolution rates vary
with the intensity and rate of change of
environmental stress factors (KAUFFMAN,
1970, 1972, 1977a). Global transgressions
represent ameliorating marine environments
and low physical stress periods, with ex
panding ecospace, niche opportunities, re
sources, and decreasing biological competi
tion. Maritime climates predominate, re
ducing seasonality and increasing annual
temperatures. Rates of evolution for most
invertebrates are relatively low during trans
gression and are mainly controlled by the
amount of new ecospace and niche oppor
tunities into which "preadapted" groups

can radiate rapidly. The most rapid evolu
tionary rates during transgression seem to
be among two distinct groups: 1) early
colonizing taxa that are subjected during
later transgression to severe biological stress
through widespread competition by the
stenotopic specialists that replace them; and
2) taxa with new or modified adaptive
strategies that give them a major competitive
advantage within their potential niches and
enhance their rapid radiation, as in rudist
bivalves (KAUFFMAN, 1977a). Thus, al
though Cretaceous transgressions were times
of marked increase in invertebrate diversity,
they were not necessarily correlative with
rapid evolutionary rates for most organisms
until peak transgression.

KAUFFMAN (1970, 1972, 1977a) found
high rates of molluscan evolution associated
with peak transgression and the regression
immediately following it. TAPPAN and
LOEBLICH (1971, 1972) suggested the same
for planktonic organisms, and SOHL (1967)
in part for North American gastropods.
Groups that underwent rapid evolution at
or near peak transgressions were largely
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pelagic and offshore benthonic stenotopes
responding to two types of increased stress
situations: 1) relatively abrupt increase in
surface water temperature and epiconti
nental salinity in temperate Cretaceous
seas associated with major transgressive
peaks (as determined isotopically, SCHOLLE

& KAUFFMAN, 1977; and faunally KAUFFMAN

& SCHOLLE, 1977), and 2) the initial shock
of epicontinental regression associated with
a concomitant lowering of temperate epi
continental water temperatures and salin
ities following peak transgression. Environ
mentally sensitive stenotopic organisms and
microplankton were the groups most af
fected by these shifting environments.
Among the benthos, gastropods especially
were stressed by these changes and show
strong increases in rates of evolution and
extinction associated with peak transgres
sion and earliest regression (SOHL, 1967;
KAUFFMAN, 1972, for North America).

The most rapid rates of evolution docu
mented for Cretaceous invertebrates (North
American interior mollusks) were associated
with later phases of marine regressions, in
creasing physical stress and biological com
petition, and diminishing ecospace, niches,
and resources (KAUFFMAN, 1970, 1972,
1977a). Extinction was also high during
these periods so that total diversity de
creased. Among diverse North American
Cretaceous molluscan species, representing
most adaptive strategies and levels of en
vironmental tolerance, a graded series of
speciation peaks occurred during regres
sion, with offshore stenotopes and many

pelagic taxa peaking during early regres
sion, moderately stenotopic shallow-water
taxa peaking during mid-regression, and
more eurytopic organisms as well as some
nearshore stenotopes peaking near terminal
regression and maximum environmental
stress levels. Varied levels of extinction
characterized peak regression. These studies
clearly indicate an intimate relationship be
tween evolutionary rates and patterns, en
vironmental tolerance (stenotopy vs. eury
topy), and stress factors associated with
eustatic global fluctuations and transgres
sive-regressive pulses in epicontinental seas.
KAUFFMAN (1977a) has further shown a
close correlation between evolutionary rates
and ecological strategies among American
Cretaceous mollusks. In a preliminary test
it was found that under the same general
sets of environmental changes: 1) feeding
specialists evolved faster than feeding gen
eralists; 2) epifaunal and some pelagic or
ganisms evolved faster than semi-infaunal
taxa, and these in turn faster than shallow
and deep infaunal taxa; and 3) shallow
shelf taxa (especially epifaunal forms)
evolved faster than either deep-water taxa
on the one hand, or very shallow sublittoral,
intertidal, brackish water, and freshwater
taxa on the other. In each case, rapid evolu
tionary rates were related to ecological
strategies that subjected the organism to
high chance of unpredictable environmental
perturbations through geological time. No
relationship was found between morpho
logical complexity and evolutionary rate
among the Cretaceous organisms tested.
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GENERAL TRENDS

The Tertiary Period is well known as
the Age of Mammals and Angiosperms.
Because many richly fossiliferous sediments
are still soft and little-altered diagenetically,
it is possible to analyze all inorganic and
biologic events recorded by them in much
more detail than for older periods. The
duration of the Tertiary is approximately
70 million years (PAPP, 1959).

During Tertiary time, conditions devel
oped that determined the nature of present
continents, together with the make-up of
their faunas and floras. Whereas Early
Tertiary paleogeography differed considera-

1 Manuscript received January, 1969j revised manuscript
received January, 1975. This contribution was translated
from the original German by CURT TEICHERT.

bly from that of the present, Late Tertiary
conditions gradually approached those that
exist now. The hypothesis of continental
drift postulates that it was only during
Tertiary time that the earth's continents
reached their present positions.

During the Tertiary, the worldwide orog
enies of the Alpidic Era occurred. They
include numerous orogenic phases that had
their origins in the Mesozoic. In connec
tion with these crustal movements, wide
spread intense vulcanism, to which many
presently active volcanoes owe their origin,
took place. Pacific granite intrusions, vast
basalt extrusions, and plateau deposits of
volcanic rocks are witnesses of Tertiary
volcanism. Examples are found in the vol
canic belt stretching from Greenland across
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FIG. 1. Distribution of nummulitids and flora in the Early Tertiary (after Brinkmann, 1966).
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Iceland to Scotland, the basalt flows of the
Columbia and Colorado plateaus of North
America, and the Deccan traps of peninsular
India, which cover 100,000 sq km in con
siderable thickness.

The climate, assessable through numerous
indications, was influenced by poleward
shift of tropical and temperate zones during
the Early Tertiary (Fig. 1). During the
middle Eocene temperatures reached their
optimum. The flora of the Paris basin, for
example, has a tropical character. From the
Eocene onward a continuous deterioration
of the climate is noticeable, leading through
a subtropical and warm temperate to a
temperate climate, presaging the coming
Ice Age. The belt of carbonate sediments
became narrower. Measurements of 016.018

indicate that during the Miocene the tem
perature at the bottom of the deep sea
dropped from 10° C to 7° C, and later to
the present 15° C. At the same time the
northern limit of coral reefs receded toward
the equator. During the Miocene northern
Pacific mollusks reached the North Atlantic

and the North Sea basin by way of the
Arctic region.

On the Eurasian continent and in North
America the development of savannas and
bush steppes can be noted. Gradually, the
distribution pattern of faunas and floras of
the holarctic region developed into its Holo
cene picture. The disappearance of Tethys
caused a division of this faunal region into
three separate units: the Indo-Pacific, the
Mediterranean, and the Caribbean faunal
provinces. With the beginning of glacia
tion in the polar regions, especially the
Antarctic, the scene was set for beginning
of the Pleistocene and Quaternary.

The basis of paleogeography is recent
geography, and all that can be done is to
map the present distribution of Tertiary
sediments. Tectonic processes in separate
mountain ranges, and even in their indi
vidual parts, are often very complicated.
Because of limitations of allotted space
here, only their most important features
can be outlined.

Undoubtedly, climate influences the evolu-
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FIG. 2. Distribution of Eocene sediments in Europe (after Papp, 1959).

tion of organisms. Biostratigraphy in the
Tertiary also is based on the evolution of

organisms and has to be given special
prominence in the present contribution.

DISTRIBUTION OF TERTIARY SEDIMENTS

EUROPE

The Paleogene of western Europe is de
veloped in marine-epicontinental facies in
terbedded with brachyhaline and limnic
fluviatile sediments. The thicknesses of
these sediments are relatively small. The
facies changes caused by repeated marine
transgressive and freshwater cycles facilitate
stratigraphic subdivisions. All type sections
of the stages of the Paleogene and most of
the c!assical localities belong to this area
(PAPP, 1959).

Epicontinental facies in western Europe
are developed in the following areas: the
Paris basin, with rich and typical faunas;
Belgium; Great Britain (in the London
and Hampshire basins); connecting with
these toward the east, the northwest Ger
man, and Danish Paleogene (Fig. 2).

The Paleogene of the Aquitaine basin
in the area of the Pyrenees is seen already
to have developed characteristics of the
nearby geosynclinal facies. The mountain
ranges of the Alpidic area in southern

Europe (southern Spain, Italy, Greece), and
likewise the area of the Alps, Carpathians,
Balkans, Crimea, and Caucasus, exhibit the
Paleogene in geosynclinal facies. Its charac
teristic sediment, the Flysch, shows a re
peated interbedding of sandstone (tur
bidites) and marl.

The primary area of flysch-type sedimen
tation has been destroyed by orogenic proc
esses, nappe structures, and by narrowing
of the geosynclinal space, especially in the
Alps and Carpathians. A paleogeographic
reconstruction of the Paleogene is therefore
extremely difficult.

The Molasse zone of the outer edge of
the Alps and Carpathians was introduced
in the Oligocene (Fig. 2).

The distribution of the Neogene in Eu
rope is far less than that of the Paleogene.
In the north, the Neogene sequences of
sediments of the northwestern European re
gion can be delineated, with their charac
teristic Nordic faunal elements, which are
different from those of the Atlantic-Medi
terranean region. This could be explained
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FIG. 3. Extent of the middle Miocene sea in Europe (after Papp, 1959).

by the assumption of a land barrier extend
ing from Great Britain to Iceland.

In central Europe, continental sediments
with noteworthy brown-coal occurrences
were laid down. Marine sequences of the
Atlantic region are developed in Brittany
and Aquitaine. In southern Spain, a con
nection of the Atlantic with the Mediter
ranean existed for some time (Fig. 3).

The Mediterranean province, especially
in the area of the plain of the River Po,
shows classical highly fossiliferous se
quences; the Pliocene began with a trans
gressional fauna. Connections existed be
tween the eastern Mediterranean and the
South Pacific area.

The Molasse zone along the outer edge
of the Alps belongs to the Neogene. Neo
gene sediments cover the space from the
eastern edge of the Alps to the Euxinic
Caspian area, and, farther east, to Lake
Aral. The sedimentary series of the upper
Miocene and of the Pliocene between the
eastern Alpine edge and Lake Aral show
an evolution of endemic families unique in
their abundance. In the course of the Plio
cene, the configuration of shore lines ap
proached more and more that of the pres
ent. During the Quaternary the Black Sea

became connected with the Mediterranean,
whereas the Caspian was isolated.

ASIA

From east of the Ural Mountains, Paleo
gene epicontinental facies extend north
ward, separating Siberia from Europe. In
the south they are well developed in the
Tarim basin. Limnic and terrestrial Neo
gene strata cover wide areas of Siberia and
Mongolia (Fig. 4).

Paleogene and especially Eocene de
posits follow the strike of young mountain
chains in Anatolia and Iran. They are
widespread in Baluchistan and the Punjab
and extend into the Himalayas where in
places they form the lower plates of Alpine
type nappes. In the Near East, Syria, Iraq,
and on the Arabian Peninsula, Paleogene
and more so Eocene deposits are widely
distributed as carbonate facies. Neogene
sediments are confined to coastal areas.

Tertiary formations are widely distributed
in Assam and Burma, as well as in Indo
nesia (Sumatra, Java, Borneo), the Philip
pin~s, Formosa, and Japan (Honshu, west
ern Hokkaido) . West of Kamchatka an
arm of the Pacific p::netrated deeply into
eastern Siberia.
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FIG. 4. Distribution of Tertiary sediments in north and central Asia (after Papp, 1959).

AUSTRALIA, NEW GUINEA,
AND SOUTH PACIFIC ISLANDS

Along the west coast of Australia, Terti
ary is developed in relatively narrow strips
(Perth and Carnarvon basins). In the south
it is found along the Australian Bight, in
the Murray basin, southwestern Victoria,
and Gippsland. In New Zealand, marine
Tertiary is widely distributed, occurring in
several basins around the centers of Meso
zoic mountain ranges.

In western and central New Guinea the
Tertiary begins with Eocene foraminiferal
limestone facies, in the east in geosynclinal
facies. The Neogene is developed in elon
gated basins and in great thickness.

In the South Pacific area GLAESSNER (in
PAPP, 1959) distinguished between an inner
and an outer Melanesian zone. The outer
one comprises the Solomon Islands, New
Hebrides, Fiji, and Tonga, with pelagic
Tertiary. The inner zone corresponds to
southeast New Guinea and New Caledonia.

NORTH AMERICA

In North America, marine Tertiary sedi
ments are mostly restricted to the periphery
of the continent and are found in the follow
ing areas:

1) Pacific Coast: western Washington,
western Oregon, California, the northeast
coast of Queen Charlotte Island, on the
southern tip of Vancouver, and elsewhere.
Farther north, nearshore occurrences mainly
of Paleogene are known: Mackenzie Bay,
Banks Island (northeast of Victoria Island),
and on Baffin Island.

2) Atlantic Coast: from New Jersey in
the north through Maryland, Virginia, the
Carolinas, and Georgia to Florida.

3) Gulf Coast: Tertiary sediments in
North America are found most extensively
in the Gulf province, extending from Flor
ida across Alabama, Mississippi, Arkansas,
Louisiana, to south Texas, and along the
east coast of Mexico to Yucatan. In the
Mississippi embayment they penetrate far
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FIG. 5. Distribution of Tertiary sediments in North America (after Papp, 1959).
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northward into the continent (Fig. 5).
The Tertiary fauna of the Pacific Coast

has a special significance and is therefore
designated as the Californian Faunal Prov
ince. It has few relationships with the
Tertiary of the east coast, which may be
called the West Atlantic Faunal Province.
Deposits of the Gulf Coast have close rela
~ionships with the Caribbean Faunal Prov
Ince.

The Tertiary nonmarine sediments of
western North America with their mam
malian faunas are of paramount biostrati
graphic importance. They show that mid
dle North America was a center of
mammalian evolution during the whole of
Tertiary time. From this area of origin,
several waves of immigration reached Eu
rasia by way of the Bering Strait. Such
mammalian invasions play an important
part in stratigraphy of the nonmarine Ter
tiary sediments.

In North America nonmarine Tertiary
deposits can be grouped in the following
way (from west to east): 1) Pacific Coast
Province, 2) Great Basin and Range Prov
ince, 3) Rocky Mountains Province, and
4) Great Plains Province.

CENTRAL AND
SOUTH AMERICA

At the turn of the Mesozoic to the Ceno
zoic Era, Central America played an im
portant role as a land bridge in the migra
tion of mammals between the two American
continents. During Tertiary time the con
tinents were separated, and only a few
faunal elements (e.g., marsupials, rodents,
and notoungulates during the Oligocene)
drifted into South America. Only at the
end of the Tertiary, near the middle of
the Pliocene, a land passage for mammals
emerged.
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FIG. 6. Distribution of Tertiary sediments in South America (after Papp, 1959).

Sea connections crossing today's Central
America facilitated faunal exchange be
tween the Atlantic and Pacific oceans. Eo
cene sediments have been found at several
localities in Central America, especially on
the Isthmus of Tehuantepec and in Panama.
Throughout Oligocene time a land con
nection continued to exist between the Cen
tral American region and the Greater An
tilles, where outcrops of Neogene sediments
also occur. In the West Indies the Tertiary
naturally shows only incomplete develop-

ment, with most complete sections described
from Cuba, Haiti, the Dominican Republic,
Puerto Rico, Jamaica, and Barbados.

In South America, marine Neogene sedi
ments are restricted to marginal areas, but
because of size of the continent, they are
very extensive all the same. In the north
(Trinidad, Venezuela, Colombia), close re
lationships to the Caribbean Faunal Prov
ince can be observed. Farther south, mar
ine Tertiary, separated by great land masses,
is found only in the La Plata basin, in
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FIG. 7. Tertiary sediments in Africa (after Tollmann in Papp, 1959).

Patagonia, and in Tierra del Fuego. In
central South America only terrestrial-lim
nic and brackish-brachyhaline sediments
have been found (Fig. 6).

During the Paleogene, as well as Neo
gene, a zone with brachyhaline sediments
extended in a syncline from northern South
America southward along the east side of
the Andes. Along the west coast, outcrops
of Tertiary deposits worthy of mention are
found in Ecuador, northwestern Peru, and

central Chile.
In southern Patagonia and in the La

Plata basin, marine transgressions took place
at the boundaries of the Cretaceous and Ter
tiary, Oligocene and Miocene, and Miocene
and Pliocene, facilitating a natural subdi
vision of the terrestrial sediments.

AFRICA
At the time of optimal transgression in
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the latest Cretaceous (Maastrichtian), the
Mediterranean was connected with the Gulf
of Guinea across the Sahara. Only during
the early Eocene and, increasingly, during
the middle Eocene were seas again trans
gressive. During the middle Eocene orog
enic movements occurred in the Atlas re
gion, late Eocene records being incom
pletely developed in the east and marked
by a flysch facies in the west. Nearing the
Neogene, we find evidence for fault move
ments and vulcanism. In the Early Neo
gene, marine transgression at the margins
of the continent attained its maximum
(Fig. 7).

Individual developments of the several
areas show the following characteristics:

1) In the eastern Mediterranean, gradual
regression of the sea during the whole of
the Tertiary.

2) In the Atlas area, continued existence
of old deep trenches (South Riff trench and
South Tell trench).

3) In the Sudan and Upper Guinea,
emergence at the end of middle Eocene
time.

4) In the East African coastal belt, Indo
Pacific characteristics.

5) In South Africa, continental series of
the Kalahari Formation are prevalent.

Of more general interest are the well
known Eocene outcrops with nummulitids
in Egypt, which already were mentioned in
classic times.

OUTLINE OF INVERTEBRATE EVOLUTION
DURING TERTIARY TIME

By far the greatest number of fossils of
Tertiary age are derived from marine sedi
ments. The boundary between the Cre
taceous and Tertiary systems in the mar
ginal facies of wide areas is marked by a
characteristic phase of regression. Although
the climate of the Eocene does not seem to
have differed much from that of the Late
Cretaceous, as indicated by the rather simi
lar distribution of Cretaceous hippuritids
and Tertiary nummulitids, Neogene tem
peratures steadily dropped, with consequent
influence on the organisms. During the
early Quaternary (i.e., Pleistocene), the
temperature sank to its minimum. These
climatic changes influenced the fauna and
flora in wide areas in Eurasia and North
America and furnish the basis for deter
mining the boundary between Tertiary and
Quaternary (PAPP, 1959).

The Mesozoic-Tertiary bo,:nd~ry is
marked by a reduction, or extlllctlOn, of
numerous groups of Mesozoic (i.e., Late
Cretaceous) organisms. Extinction of the
great dinosaurs, plesiosaurs, mosasaurs, and
flying saurians, which dominated the Meso
zoic, is the most obvious change.

Among the mollusks, important faunal
groups of the Mesozoic also became extinct:
the ammonites and true belemnites, as well
as typical groups of the Late Cretaceous,
including hippuritids, acteonellids, and
nerineids. Noteworthy is the decline of

brachiopods during the Tertiary.
Evolution of the Foraminiferida offers

the most useful definition of the Mesozoic
Tertiary boundary. Especially the plank
tonic foraminifers, collectively known as
globotruncanas, which constituted an im
portant faunal element of the Late Cre
taceous, became extinct at the end of the
Maastrichtian, as did characteristic forms
of large Foraminiferida such as Orbitoides
and Lepidorbitoides. The extinction of Cre
taceous planktonic Foraminiferida can be
traced in continuous stratigraphic sections
distributed throughout the world and is
thus a stratigraphic criterion of the first
order. Directly above the boundary is a
narrow zone with small, uncomplicated
globigerinids from which typical forms of
the Paleogene evolved. The Globigerina as
semblage is generally correlated with the
Danian. In classical paleontology, this was
considered the uppermost stage of the Meso
zoic and grouped with the Cretaceous. In
creasingly important micropaleontological
investigations now have led to transfer of
equivalents of this stage into the Paleocene,
that is, the Tertiary.

The Tertiary-Quaternary boundary is
recognizable by bio:ogical criteria of climatic
origin. The Cretaceous-Tertiary boundary
may have like causes, but these cannot be
defined by means of glaciations or similar
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phenomena. It is remarkable that especially
such groups that had already passed their

optimal development or were biologically
overspecialized became extinct.

NATURE OF TERTIARY ORGANIC GROUPS

Following is a generalized discussion of
the evolution of important groups of or
ganisms that determine the specific faunal
makeup of the Tertiary.

FORAMINIFERIDA

Numerous genera and species of Meso
zoic Foraminiferida pass into the Tertiary.
The many benthonic species showed an in
creasing tendency to deve:op new forms in
the Paleocene, when large tests of compli
cated structure appeared. This evolution
reached an optimum in the middle Eocene
(Lutetian). These are the most prominent
fossils of the shallow-water limestone for
mations and their evolutionary rates have
parallels in the Tertiary only among the
vertebrates.

The early Paleocene pillar-bearing rotali
ids are widely distributed. The Discocyc
linidae mav have evolved from Cretaceous
forms like Hellenocyclina. These cyclic fora
minifers reached their optimal development
in the Eocene and became extinct at the
end of this epoch.

The nummulitids, sensu lato, include spi
rally coiled, multichambered foraminifers
with a canal system in the spiral cord. The
late Eocene Heterostegina and Spiroclypeus
were derived from Operculina, and likewise
the Oligocene Cycloclypeus. This latter ge
nus developed during the Neogene in trop
ical seas into giant forms that died out in
the Quaternary.

Small radiate forms of nummulitids ap
peared in the late Paleocene (Ilerdian, ac
cording to SCHAUB in KAPELLOS & SCHAUB,
1973). In the lower Eocene we find genera
with definite pillar structure; in the middle
Eocene very big forms with complicated
suture lines. Nummulitids belong to the
most abundant and, because of their size,
most conspicuous Foraminiferida of the
Paleogene. In the upper Eocene a pro
nounced decrease in size is observed, and
small radiate forms predominate. In Europe
they died out in the late Oligocene.

The evolution of Assilina is very clear,

beginning with small forms in the late
Paleocene, medium-sized ones in the early
Eocene, and big ones in the middle Eocene,
when this group became extinct. Ranikotalia
of the Paleocene may be considered as the
root form of the Nummulitidae. (In my
.opinion, genera of the Nummulitidae should
be retained.)

Alveolinids were represented by small
globular forms during the early Paleocene.
They developed through several evolution
ary sequences in the late Paleocene and early
Eocene into the big, narrow alveolinids of
the middle Eocene. Borelis and Alveolinella
extend from the Oligocene and middle Mio
cene, respectively, into the Holocene.

In the Caribbean Province Amphistegina
developed during the middle Eocene into
Eulinderina and from this into Lepidocyc
/ina. This cyclic foraminifer of complicated
structure showed a clearly nepionic evolu
tion in the Oligocene and Miocene, also
leading to giant forms. Miogypsina, which
was derived during the Oligocene from
rotaliid foraminifers, underwent a pro
nounced nepionic evolution as far as the
Miocene. This group can be considered as
well known taxonomically and otters im
portant indications for regional correlation
of sediments of the marginal facies of the
Oligocene and lower Miocene. In addition
to the mentioned groups, quite a number
of other benthonic Foraminiferida evolved
noticeably during the Tertiary.

Investigations on planktonic foramini
fers during recent years have become of
greatest importance for stratigraphy. The
era of the globigerinas in the oldest Paleo
cene (Danian) was followed by evolution
of Paleogene plankton, which otters the
foundation for biostratigraphic zonation of
the Paleocene and Eocene. During the
Oligocene a worldwide reduction in the
abundance of forms occurred; in general,
only simple forms of globigerinas persisted.
During the Miocene the characteristic genus
Globigerinoides developed, and during the
middle Miocene Praeorbulilla and Orbulina.
The Miocene-Pliocene boundary is defined
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with the help of species of Globorotalia.
Because of the deterioration of climate

and its influence on the composition of the
several faunal provinces, common factors
have to be employed for correlation of sedi
mentary series, especially in the Neogene.
Planktonic Foraminifera provide useful in
dices for regional and intercontinental stra
tigraphy and offer the best foundation for
zonation of the Neogene.

COELENTERATA AND
MOLLUSCA

The number of coral genera changed
little during the Tertiary, but their distri
bution varied greatly. The occurrence of
reef-forming corals, because of the climatic
gradient, became more and more restricted
to warm seas.

Mollusks are the classical organisms of
Tertiary time, though the importance of
cephalopods diminished in comparison with
the Mesozoic. The Nautiloidea persisted
and are worthy of more detailed investiga
tion. The gastropods and bivalves were the
most varied molluscan groups during the
Tertiary. Among marine gastropods, most
families were already developed in Creta
ceous time. During the Tertiary, the evolu
tion of numerous genera and species fol
lowed. Typical is the development of the
Caenogastropoda, among which siphono
stome forms evolved rapidly.

Also typical for the Tertiary is the devel
opment of terrestrial gastropods. We know
only relatively few and mostly small forms
from the Cretaceous. Within the Tertiary
we observe their differentiation into genera
and families, especially among Papillaceae,
Clausiliaceae, and Helicacea.

The bivalves, like the gastropods, showed
a considerable increase of genera and species.
Similar to a tendency among marine gastro
pods, the increase in burrowing forms is
noteworthy. The development of sinuate
forms commonly was paralleled by a reduc
tion of the hinge. As already mentioned,
the relative immobility of bivalves and gas
tropods led to differentiation of faunal prov
inces, especially in the Neogene. In the
north, a boreal province developed, bor
dered by the North Atlantic Faunal Prov
ince on the south. Next to the latter fol-

lowed the Northwest European Faunal
Province. The Mediterranean area, between
Atlantic and Indian oceans (Red Sea), is
called the Mediterranean Province.

Along North America is the Caribbean
and, along the West Coast, the Californian
Faunal Province. Separated from these by
the equatorial regions is the Patagonian
Faunal Province along South America. The
similarities of these provincial faunas with
that of New Zealand are greater than with
the Caribbean. Therefore, this region is
called the South Pacific-Antarctic Faunal
Province. The Indo-Pacific region, in spite
of its great extent, has a relatively uniform
faunal association that forms the Indo-Pa
cific Province.

In the Neogene, the northern part of dis
integrating Tethys, extending from central
and southeastern Europe to central Asia,
became separated from the oceans through
rising young mountain chains. Into these
areas, collectively known as Paratethys, fau
nas related to those of the Indo-Pacific Fau
nal Province migrated during the Early
Neogene, and marine faunas from the Medi
terranean Province during the middle Mio
cene. Especially characteristic are the Sar
matian (Late Miocene) molluscan faunas
found between the eastern edge of the Alps
and Lake Aral. This molluscan fauna shows
traits of an impoverished marine fauna with
clear tendencies of endemic evolution. Also,
the younger faunas are of endemic charac
ter, though in the Maeotian and Akchagy
lian, marine influences are noticeable. The
diversity of endemic groups among the
Limnocardiidae, Congeria and related
forms, Melanopsidae, Limneidae (Valen
cien nesia), and others reached an optimum,
offering excellent examples of extreme forms
resulting from endemic evolution.

Mollusks used to be regarded as main
index fossils for division of the Tertiary
into epochs and stages. Recognition that
differentiation into faunal provinces strongly
influenced the composition of molluscan
faunas, especially in the Neogene, has re
duced their adjudged importance. Special
studies of the evolution of marine genera
or groups of genera are few. Nevertheless,
mollusks still offer a valuable basis for local
subdivisions of sedimentary series within a
faunal province or a more narrowly defined
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sedimentary area. The evolution of endemic
molluscan faunas, especially in Paratethys,
offers unsurpassed biostratigraphic indi
cators for local stratigraphic subdivisions.

ARTHROPODA
Considering the abundance of recent arth

ropods, one might expect Tertiary forms to
be varied and rich. Terrestrial groups may
be fossilized only under most favorable con
ditions, however, as when they are pre
served in amber. For example, the best
known material shows that among insects
many younger Paleocene genera are iden
tical with recent ones. The ostracodes have
a special place among arthropods, and show
a strong evolutionary tendency toward dif
ferentiation.

BRYOZOA, BRACHIOPODA,
AND ECHINODERMATA

Bryozoan faunas of the Tertiary are
richly differentiated and many Bryozoa are
rock-formers. Cheilostomes dominated in
the Tertiary.

Number of genera and distribution of
brachiopods decreased considerably during

Tertiary time as compared with the Creta
ceous. The brachiopod faunas of the mar
ginal facies usually contain only a few
genera; locally abundant are beds with
T erebratula. Representatives of other groups
are restricted to basinal facies. In Tertiary
seas brachiopods played only a subordinate
role.

Remnants of echinoderms demonstrate
that these invertebrates were relatively
abundant in the Tertiary, though most of
the dominant groups of the Paleozoic and
Mesozoic were on the decline. Crinoids,
for instance, were mainly represented by
planktonic forms, such as Discometra (An
tedon). Echinoids on the other hand, were
plentiful. Like the bivalves and gastropods,
echinoids showed a tendency for their
progressive evolution in the Late Cretaceous
to continue into the Tertiary, resulting in
the appearance of many new genera. Espe
cially characteristic was the flourishing of
irregular echinoids and the prevalence of
burrowing forms (Spatangidae). Faunas of
the Miocene and Eocene differed greatly.
Representatives of the Conoclypeidae are
especially characteristic of the lower and
middle Eocene; Scutellidae and Clypaeastri
dae of the younger Tertiary.

BIOSTRATIGRAPHIC DIVISIONS
Subdivision of the Tertiary has been at

tempted according to different principles,
that is, by utilizing different groups of
organisms as guides. LYELL (1832) divided
the Tertiary into three divisions or epochs
according to the percentage of their con
tained Holocene molluscan taxa:

I) Eocene, 35 percent; 2) Miocene, about
20 percent; 3) Pliocene, 35-50 percent.
Later, the Oligocene (BEYRICH, 1853-56)
and Paleocene (SCHIMPER, 1874; KOENEN,
1885) were separated from LYELL'S Eocene.
HOERNES (1856, 1870) combined the two
faunistically similar younger epochs, Mio
cene and Pliocene, as Neogene, whereas the
older epochs Paleocene, Eocene and Oligo
cene, were grouped together as Paleogene.

These divisions are based mostly on fossil
contents, especially molluscan faunas of
western, southern, and central Europe, in
cluding the Oligocene Northwest European
Faunal Province.

When division of the Tertiary into epochs
was proposed, a division into stages was
also made. First suggestions in this respect
were made by MAYER-EYMAR (1857-58).
The system of stages later was improved
frequently and adapted to requirements of
the times. Originally, molluscan faunas
were used to differentiate individual stages.
Undoubtedly, in Europe it was possible to
define Tertiary stages paleontologically
with the help of mollusks, but such attempts
must have caused difficulties even then.
For delineation of the relatively short period
of a stage, mollusks proved mostly insuf
ficient.

For areas outside of Europe, Tertiary
molluscan faunas could not be used for cor
relation with European stages, because the
evolutionary tendencies of individual faunal
provinces differ from the European ones.

Since the first attempts at subdivision of
the Tertiary, evolution of mammals has
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been used for this purpose. Their rapid
evolutionary differentiation, with its wealth
of morphological detail, offers decisive bio
stratigraphic keys. But the fact that most
vertebrate remains occur in sediments of
terrestrial origin commonly makes their cor
relation with marine sediments extremely
difficult. For this reason, biostratigraphic
units based on evolution of the vertebrates
have been defined mainly in North America.

The appearance of creodonts and Condy
larthra in the Paleocene is significant. In
the late Paleocene the appearance of the
perissodactyls, which in the Eocene and
earliest Oligocene split into several evolu
tionary lines, is of significance. In the
Oligocene, introduction of rhinoceratids in
Europe and of anthracotheriids in North
America is important.

In the early Miocene, Mastodon and other
faunal elements migrated from Africa to
Europe. Later, Hipparion and its accom
panying fauna reached Eurasia from North
America. This very marked immigration
is often considered as a stratigraphic cri
terion of first order and used to define the
boundary between Miocene and Pliocene.
But according to contemporary opinion, the
Miocene-Pliocene boundary should be
drawn higher and the arrival in Eurasia of
Hipparion would therefore have taken place
in the late Miocene. In Europe the bound
ary between Tertiary and Quaternary is
usually determined by the appearance of
Equus, Archidiscodon, and other genera.
The evolution of rodents allows a refined
subdivision of zones, especially in the Neo
gene, though their correlation with marine
zones is difficult. Therefore, it is better to
divide the terrestrial-limnic deposits of Eur
asia into units based on paleontological
criteria indicated by mammalian evolution.

The origins of the Tertiary flora are found
in development of the angiosperms in the
Late Cretaceous. In the Paleocene, Creta
ceous floral elements persisted and woody
plants predominated. In the Eocene, the
distribution of tropical floras reached an
optimum. In the Oligocene a retreat of the
tropical floras was paralleled by an increase
in herbaceous plants. In the temperate zone
older Tertiary relicts became extinct during
the early Quaternary. Tertiary floras of the
temperate zones are useful for evaluation of

stratigraphic sequences, but have to be used
with caution because of their lack of true
evolutionary lines. Also, as in the case of
mammals, correlation with marine deposits
encounters difficulties.

Finally, tectonic phases should be men
tioned as important criteria because they
show special intensity during certain inter
vals of the Tertiary. The evaluation of
such processes must be based on their ef
fects, as the processes themselves cannot be
observed. But refined stratigraphic methods
have shown that the idea of worldwide,
short tectonic phases cannot be upheld in
its original concept. Nevertheless, tectonic
processes, at least in young mountain chains,
fall into definite time periods:

1) At the Cretaceous-Tertiary boundary:
Laramide phase.

2) In upper Eocene-lower Oligocene: Py
renaic phase.

3) Around the Oligocene-Miocene bound
ary: Savic phase.

4) From middle to upper Miocene: old
and young Steiric phase.

5) the Pliocene: Rhodanic phase.
6) Around the Pliocene-Pleistocene

boundary: Wallachian phase.

As already mentioned the Tertiary Sys
tem has been divided into series which are
subdivided into stages. The following Euro
pean divisions are presently in use:

Pliocene: Astian-Piacenzian
Tabanian-Zanklian

Miocene: Messinian
Tortonian
Serravallian
Langhian
Burdigalian
Aquitanian

Oligocene: Chattian
Rupelian
Lattorfian

Eocene: Wemmelian
Lutetian
Cuisian

Paleocene: Ilerdian
Thanetian + Montian
Danian

In recent years, stage names have been
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FIG. 8. Paleogene zones based on planktonic Foraminiferida and calcareous nannoplankton (Papp, n).

introduced for the Tertiary on a regional
basis such as for the Neogene of the central
and eastern Paratethys. The terminology
of the stages has been treated differently in

the literature of different countries and
faunal provinces. In the Paleogene, the
middle Eocene (i.e., Lutetian), which is
easily recognizable by optimal development
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FIG. 9. Neogene zones based on planktonic Foraminiferida and calcareous nannoplankton (Papp, n).

of the Foraminifera, especially nummulitids
and discocyclines, can be readily traced over
wide areas of Eurasia and the Americas.
But such easily recognized characteristics
are lacking in the early Paleogene and in
the Neogene. This has resulted in different
usage of stage names in different countries
and has led to discrepancies in usage of

such names in the Paleocene, Oligocene,
and Miocene, since the same stage names
have been used for beds of different ages.
Therefore, in recent symposia the avoidance
of customary stage terminology altogether
has been suggested.

New ways must be found to establish
subdivisions that satisfy the requirements
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TABLE 1. Relationship between succession of species of Miogypsina and some European
stratotypes.

M. burdigalensis

M. bantamensis
M. formosensis

M. complanata

M. mediterranea
M. cushmani

M. intermedia
M. globulina

M. tani
M. gunteri

M. septentrionalis

Stratotype Burdigalian

Stratotype Aquitanian

Stratotype Chattian

of biostratigraphy. Groups of organisms
employed for biostratigraphy should be
worldwide in distribution and relative abun
dance. They should also reflect rapid and
clearly recognizable evolution. The plank
ton of the Tertiary fulfills these demands
best. For this reason, division of the Ter
tiary into biozones on the basis of plank
tonic Foraminifera has been advanced dur
ing recent years.

A second group of organisms useful in
stratigraphic correlation within the Tertiary
is the nannoplankton. The biostratigraphic
zonation on the basis of nannoplankton is
more or less equivalent to that worked out
for planktonic Foraminifera. A comparison
of these two schemes is shown in Figure 8
for the Paleogene and Figure 9 for the
Neogene; after BERGGREN (1971), BLOW
(1969), BOLLI (1966), KAPELLOS and
SCHAUB (1973), and MARTINI (1971).

At present, the Danian, with its glo
bigerinid fauna, is regarded as basal Paleo
cene.

The base of the Eocene fluctuates, depend
ing upon which stages are employed. If
the Ypresian Stage is employed as the base,
then the boundary is drawn in the lower
third of the planktonic foraminiferal zone
P6. If the Cuisian Stage is used, then the
boundary is at the base of the stratigraph
ically higher planktonic foraminiferal zone
P8 (Globorotalia aragonensis) or in the
lower third of the nannoplankton zone
NP12 (Marthasterites tribrachiatus). In
this concept, the Cuisian Stage is used.

The lower boundary of the Oligocene is
generally drawn at the base of zones P18

or NP21. The Oligocene encompasses, es
sentially, the "Globigerina region."

The base of the Miocene is, at present,
considered to be at the base of zones N4 or
NNI.

The Pliocene encompasses zones N18 to
N21.

The appearance of Globorotalia trun
catulinoides defines the Pliocene-Pleistocene
boundary and, thus, the boundary between
the Tertiary-Quaternary.

Following the suggestion of the Comite
du Neogene Mediteraneen, at its 1967 meet
ing in Bologna, the Neogene should be di
vided into four "supraetages" on the basis
of planktonic zones and it is proposed that
these should be designated by the numerals
I to IV. Such division is the first attempt
at an exact correlation of equatorial sedi
mentary areas with the Mediterranean and
the South Pacific-Antarctic regions.

Additional stratigraphically important
groups have already been discussed: num
mulitids, discocyclinids, and alveolinids in
the Paleogene; lepidocyclinids and miogyp
sinids in the upper Oligocene-Miocene. The
miogypsinids are of particular importance
for definition of the Oligocene-Miocene, or
Paleogene-Neogene, boundary. DROOGER
(1966) worked out the evolution of Mi
ogypsina in great detail. As the concepts
of Oligocene and Miocene originally were
based on know:edge of the marginal facies,
the degree of specialization of miogypsinids
in stratotypes of the Chattian, Aquitanian,
and Burdigalian gains special importance.
The main line of miogypsinid evolution is
shown in Table 1.
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Following suggestions of the Comite du
Neogene Mediterraneen made in 1964 and
1967, the boundary between Neogene and
Paleogene should be defined by stratotypes
based on occurrences of Miogypsina, to
gether with the appearance of M. gunteri.
The more primitive species, M. septentri
onalis and M. complanata, indicate Chat
tian, and therefore, Oligocene. On the basis
of planktonic zones, the lower boundary of
the Neogene lies at the base of the zone
containing Globigerinoides primordius.

The summary offered here makes no at
tempt to include the commonly used stage

names. As mentioned before, these con
cepts have been used so variably that it is
preferable to use local terms for beds, se
quences, or formations, which are then to
be correlated with the biozones.

Knowledge of the evolution of additional
groups, especially of such foraminifers as
Uvigerina, Heterostegina, and others, is es
sential for more precise correlation of sec
tions within one faunal province. These
wou~d provide a basis for better understand
ing of molluscan faunas, and thus offer a
broader foundation for biostratigraphical
analysis, especially in the Neogene.
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INTRODUCTION: CONCEPT OF THE QUATERNARY

. The Quaternary spans the last 1.5 Ma.!
By any conservative standard of comparison
it has been a time unique in earth history,
even if we refrain from the anthropomor
phic temptation of according hominid evolu
tion undue significance.

Its individual recognition began with
ARDUINO, who in 1759 proposed a Primary
("basement") and Secondary (lithified and
folded) organization of formations in the
crust, based on the geology of the Apen
nines. He also informally noted a third
subdivision, that of "low mountains and
hills of sand and gravel," and a fourth,
final subdivision of "earth and rocky ma
terials and alluvial debris." The third sub
division subsequently became Tertiary (or
tertiaire) as first used in 1810 by BRONGNI
ART to describe strata younger than the
massive Late Cretaceous chalks of the Paris
basin. This was followed by the formaliza
tion of the fourth of ARDUINO'S subdivisions
initially as quatrieme formation d'eau douce
by MARCEL DE SERRES (in CREUZE DE LESSER,
1824, p. 174). DE SERRES later (1830) used
the term Quaternary (quaternaire) for the
same interval and subsequently (1855)
claimed to have invented it, but the honor
goes, somewhat unjustly, to DESNOYERS
(1829).

In his study of the geology of the low
lands of western France DESNOYERS (1829)
suggested that the sea had receded earlier
from the Seine basin than from the regions
of Touraine and Languedoc. He therefore
proposed to call the nearly horizontal, rela
tively unconsolidated younger strata of the
latter region Quaternaire ou Tertiaire re
cent, and divided them as follows:

3. Recent
2. Diluvium
1. Faluns de Touraine, la molasse suisse,

Ie Pliocene marin de Languedoc

1 The abbreviations Ma (Mega-annum) refers to units of
yr X 106 measured from the present (1950 A.D. by interna
tional agreement) pastwaccL It means the same as the
cumbersome "millions of years before present" and is a
fixed chronology analogous to the calendars tied to historical
events. The abbreviation my (million years) is used to ex
press simple duration in units of yr X 106 in any given
past interval.

The first use of the term Quaternary it
self, therefore, refers to strata that span the
interval between lower Miocene and recent!
This was partly because tertiaire in France
was initially applied only to the Lower Ce
nozoic strata in the Paris basin, and perhaps
also because the southern French Miocene
to which DESNOYERS referred was less in
durated or deformed than the time-equiva
lent Italian Miocene which ARDUINO placed
in his third subdivision. However, the ear
lier usage of DE SERRES, which he restated
(1830) in confining quaternaire to "dilu
vium" only, was more in line with that of
ARDUINO, and it established the modern
meaning of the term. It is interesting to
note that the lithological concept of Quater
nary is still a very strong tradition in geol
ogy, and many pre-Quaternary formations
are included in such map units as "Qua
ternary terrace" or "Older Quaternary allu
vium" simply because they are poorly in
durated, and lack determinative fossils.

DE SERRES (1830) also affirmed that early
man had lived contemporaneously with
deposition of Quaternary "diluvium." This
was the basis of very early and persistent
attempts to define the period anthropo
centrically. The first major treatise on the
Terrain quaternaire ou diluvien (REBOUL,
1833) proposed that this time interval be
considered as the Periode anthropienne.
Other writers called it the Ph-iode homo
zoique (VEZIAN, 1865), Terrain humaine
(MERCEY, 1874-77) or Psychozooique (LE
CONTE, 1887, in MEUNIER, 1908). It was
at the International Geological Congress of
1888 in Great Britain that GAUDRY, with
the approval of PRESTWICH and DE LAP
PARENT, made the proposal that mankind
-represented in particular by artifacts
was the characteristic element of the Qua
ternary, which justified its separation from
the Tertiary. As we shall see, this early
concept is also still very much alive, even
though the geological range of artifacts, if
not that of Homo sapiens, has since been
shown to extend back nearly to the base of
the Pliocene.

A third concept, that of the Quaternary
as a paleontological feature, was outlined
by the work of LYELL although he did not
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use the term himself. Instead, he formal
ized the term Pliocene (already in use as a
general descriptive word for beds contain
ing fossils of relatively young age, e.g.,
DESNOYERS, 1829) as the latest part of Ter
tiary time, subdivided into two parts
(LYELL, 1833, p. 61):

New Pliocene-formations contaInIng
mollusk species 90-95 percent surviving
to the present time, and correlative
beds.

Older Pliocene-formations contaInIng
more than 50 percent surviving species,
and correlative beds.

In 1839, LYELL suggested Pleistocene in
place of his Newer Pliocene period; BUTEUX
(1843) likewise proposed Pliostene as a
name for the brief post-Pliocene interval.
The equivalence of Quaternary and Pleisto
cene was simply taken for granted in the
literature of the time, with the former gen
erally referring to unconsolidated conti
nental rocks and the latter to beds with
marine fossils. Today, the Pleistocene is
recognized as an epoch of the Quaternary
Period-with or without the Holocene or
"Recent" subdivision-and its base defines
the base of the Quaternary.

Thus, the basis for recognizing the Qua
ternary System was in various degrees litho
logical, archeological, and paleontological
according to the earliest definitions; that of
the Pleistocene was explicitly paleontological.
Nevertheless, only nine years after AGASSIZ
(1838) had first boldly suggested that the
European continent had recently been in
vaded by great lowland glaciers, FORBES
(1846) concluded that the molluscan faunas
to which LYELL had referred in setting up
the Pleistocene were the representatives of
a colder climate than those of the Pliocene,
and he proposed to redefine the period as
". . . the time distinguished by severe

climatal conditions throughout the great
part of the northern hemisphere" (p. 402).
FORBES' statement is an accurate generaliza
tion, valid today and startlingly correct for
its time. Nevertheless, it is no longer pos
sible to use the "onset of glaciation" or
some similar climatic criterion to distin
guish the Pleistocene from the Pliocene, or
the Quaternary from the Tertiary, because
we can now see a much more complex and
gradational record than that known to
FORBES. In modern studies a limit such as
"the first glaciation" is no more acceptable
than other criteria with equal or better his
torical validity, such as "the earliest hu
man," "the oldest artifact," "the oldest
fauna with 90 percent survivors," or "the
oldest unconsolidated alluvium."
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LOWER LIMIT OF THE QUATERNARY

Because of the wide variety of relatively
unrelated disciplines in Quaternary re
search, each specialism has contended over
the years that the base of the Quaternary
should be marked by some auspicious event
in its own field. By the middle of this
century the various lower defining criteria

in advocacy were perceived as follows:

Paleoanthropologists: first evidence of
man or tools.

Paleoclimatologists: first (major) global
cooling or glacial advance.

Vertebrate paleontologists: first joint oc-
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currence of Equus, Leptobos, and Ele
phas (in Eurasia).

Marine invertebrate paleontologists: first
occurrence of cold-water species in late
Neogene sediments of Mediterranean
basin (e.g., Hyalinea baltica, Arctica
islandica) .

Paleobotanists: first "glacial" floral asso
ciation, or exclusion of certain southern
elements from European floras.

Most of this special pleading was coun
tered, if not silenced, at the 18th Interna
tional Geological Congress. At this Con
gress, the Temporary Committee for the
Study of the Pliocene/Pleistocene Boundary
recommended (Internatl. Ceol. Congr.,
Repts. 18th Sessions, Great Britain 1948,
Pt. 9, 1950, p. 6) that the boundary
"... should be based upon changes in ma
rine fauna, since this is the classical method
of grouping fossiliferous strata." The Com
mittee simply pointed out that the Quater
nary, with the Pleistocene as its lower,
major portion, was nothing more or less
than the youngest period and uppermost
system in the geological record.1

If the Committee had done no more than
this it would have earned its laurels; how
ever, it made a step onto new ground that
can be seen, in retrospect, to have made the
boundary accessible to modern techniques
used in biostratigraphy, magnetostratigra
phy, and geochronology. This was to pro
pose that the boundary be typified in an
appropriate marine section, and to recom
mend for this purpose that "... the Lower
Pleistocene should include as its basal mem
ber in the type-area the Calabrian Forma
tion (marine) together with its terrestrial
(continental) equivalent the Villafran
chian." Aside from the egregious and, as
it turned out, mistaken inclusion of the
Villafranchian, which seems to have been
a sop to the nonmarine specialists on the

1 N~ogene originally denoted relatively modern faunas
those of Miocene. Pliocene, and recent strata sensu LYELL

(1833, 1839, et seq.)-in contrast to the Paleogene faunas of
older Tertiary strata (HOERNES, 1856; DENIZOT. 1957).
Whether or not the modern Neogene includes Quaternary
faunas (fide GIGNOUX. 1950; 1955). it is a paleontological
biochronological concept that has no place in the strati
graphie hierarchy. It is completely incorrect to speak of a
"Neogene-Quaternary" boundary in place of Tertiary-Qua
ternary or Pliocene-Pleistocene boundary.

panel, this proposal cleared the way toward
establishing a single, visible, unambiguous
physical feature as the key element in defin
ing this elusive boundary.

The new definition superseded the vari
ous "model" criteria of the past, including
the one based on climate-induced changes
in the marine invertebrate fauna, although
this fact was not clear to everyone at the
time. In fact, the Committee itself justified
its proposal by pointing to changes in the
marine and continental faunas that were
understood to indicate major climate change
coincident with the proposed physical
boundary in Italy. Nevertheless, their pro
posal established a limiting criterion that
existed in physical space apart from any
theoretical model of past events. In so do
ing, they made the record of climate, fauna,
or flora, irrelevant to the definition of the
boundary, although more significant than
ever (because of the greater precision de
manded by reference to a single geographic
point) in its correlation (Fig. 1).

Numerous, detailed observations of the
Calabrian Pleistocene were stimulated by
the 1948 IGC proposal and the 1965
INQUA amendment (see below), but these
observations together with a flood of data
from other sources have not ended the
controversy between those who still cling
to a definition of the base Pleistocene
founded on a climate model and those who
would correlate from a fixed physical ref
erence point, or "golden spike" (AGER,
1973), in the Calabrian Stage.

The fundamental assumption of the cli
mate-model school of thought is that the
base of the Pleistocene is defined by a
recognizable deterioration in global climate.
In this view the base of the Calabrian
should correspond with this sudden, global
climate change, and, if it does not, then the
boundary must be moved to a more suitable
level. The underlying philosophy of the
second group is that once a fixed, physical
reference point or "golden spike" repre
senting a given boundary is adopted the
boundary immediately takes on a real ex
istence independent of the arguments that
caused it to be placed where it is. In other
words, if the establishing arguments should
prove erroneous (as so often happens in
geology), the definition embodied in the
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TERM CRITERION (Al AGE (Mal RESULT/REMARKS

FIRST ADVANCED
ANTHROPOGENE "HOMINIDS" ~5-6 ELIMINATE PLIOCENE

(AUSTRALOPITHECUS)

FIRST TRUE ELIMINATE MIDDLE
ANTHROPOGENE "HOMINIDS" ~14 AND UPPER MIOCENE

(RAMAPITHECUS) AND PLIOCENE

QUATERNARY
FIRST VILLAFRANCHIAN

MEAN INGLESSLY SHORT
MAMMAL ,....., 3.3

(=PLEISTOCENE)
FAUNA

PLIOCENE (5.0-3.3 Ma)

FIRST HOMO,

QUATERNARY
FIRST CONTINENTAL

EXTREMELY SHORT
GLACIATION IN ..--..... 0.7-05

(=PLEISTOCENE)
EUROPE, FIRST BIHARIAN

PLEISTOCENE «1 Ma)

MAMMAL FAUNA

BANDY FAD G. truncatulinoides .-,...1.8 (bose
w (1972) LAD Discoasters Gilsa=Olduvai) PLIOCENE OF BANDY...... Z>-

Ww~

Zu< (2.8-1.8 Ma) = LOWERwoo BEARD & LAD G. altispiragl-z LAMB (68) FIRST CONTINENTAL
PLEISTOCENE (2.8-1.8 Ma)

-~~ - "" 2.8 of LAMB & BEARD..JwO
a. ~ co LAMB & GLACIATION IN

BEARD (72) NORTH AMERICA

BANDY LAD Prunopyle titan
"......, 2.8-3.0...... w>- (1972) FAD S. dehiscens 5.5. MIOCENE/PLIOCENE

wZ~
Zw< BOUNDARY OF BANDY =wUO BEARD &U OZ PLIOCENE/ PLEISTOCENEO_~ LAMB (68
~~O - FAD G. margaritae "-' 5.0 BOUNDARY OF LAMB &

co LAMB &
BEARD (72)

BEARD AT co. 2.8 Ma

QUATERNARY =
FIRST GLACIATION

,.-.... 40 (ANT- ELIMINATE OLIGOCENE,
PLEISTOCENE ARCTICA) MIOCENE & PLIOCENE

UNCONSOLI DATED
Qal = Qt, etc. (on mops) =

QUATERNARY =
CONTINENTAL VARIABLE

PLEISTOCENE
DILUVIUM

ALLUVIUM
ON LITHOLOGIC
GROUNDS ONLY

FIG. 1. Stratigraphic problems associated with the position of the Pliocene-Pleistocene boundary using
criteria of definition other than the "golden spike." See Figure 6 for generic names that are abbreviated
on this figure (Berggren & Van Couvering, n). [Explanation: FAD, First Appearance Datum; LAD, Last

Appearance Datum.]

physical reference point is not thereby in
validated. Furthermore, the proposal of a
"golden spike" to define (or, if necessary,
redefine) a boundary is treated as a prac
tical matter unconnected with the fulfill
ment of geological ideology.

CALABRIAN DEFINITION

The Calabrian Stage is recognized in
widely separated parts of Italy, so it was
natural to refer the proposed definition of
the base of the Pleistocene (and Quater-
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nary) to the nominative section as described
by GIGNOUX (1913) at Santa Maria di
Catanzaro, Calabria, and which subse
quently received support as the stage strato
type (BAYLISS, 1969; BLOW, 1969; SELLI,
1971). The basal strata are not well exposed
here, however, and at the 7th INQUA
Congress (Denver, 1965) it was proposed
to further fix the base of the Pleistocene
explicitly to the base of the Calabrian Stage
where it was exposed about 40 km distant
from the putative stratotype at Le Castella,
Calabria. This was approved by a vote of
the Congress and was subsequently adopted
by international geological bodies (see
EMILIANI, 1967, p. 410).

At Santa Maria di Catanzaro, a promi
nent, resistant marker (Bed G-G') is
formed by a calcarenite unit at the base of
the Calabrian Stage as described by GIGNOUX
(1913, Fig. 5). This contact was made the
base of the Calabrian stratotype in the defi
nition of SELLI (1971). Inordinate emphasis
has been placed, however, on the first occur
rence of the bivalve Arctica islandica in the
calcarenite unit G-G' (Fig. 2), which arises
because A. islandica is an indicator of cold
climate and is also a principal index fossil
for the Calabrian. For this reason, some
have considered this level to represent the
actual base of the Quaternary (e.g., RUG
GIERI, 1971, 1972; RUGGIERI et al., 1976) de
spite the fact that its isolated appearance in
the stratotype, according to paleobathymetric
interpretations (BANDY & WILCOXON, 1970;
SELLI, 1967, 1977), is evidently due to slump
ing from a shallow-water environment. Hya
linea baltica, the other classic index fossil for
Calabrian, is present throughout the strati
graphic section at Santa Maria di Catanzaro
and ranges to at least 76 m below Bed G-G'
(BAYLISS, 1969). This taxon is part of the
invertebrate assemblage (nordische Giiste)
whose initial appearance in the Mediter
ranean is generally considered by Mediter
ranean geologists to have been climatically
controlled and that can serve as definitive
criteria in the definition of the Pliocene
Pleistocene boundary. Thus, although Bed
G-G' at Santa Maria di Catanzaro (with
A rctica islandica ) has served as the base of
the Calabrian (= base Pleistocene) for
many Mediterranean geologists, the presence
of Hyalinea baltica to the base of the section

at Santa Maria di Catanzaro has led other
geologists (e.g., LAMB & BEARD, 1972; BANDY
& WILCOXON, 1970), to include the lower
part of the section (below Bed G-G') in
the Pleistocene as well.

A description of the Le Castella section
by EMILIANI et al. (1961) showing that the
sequence here was more uniformly fossil
iferous, was the main basis for the 1965
INQUA amendment to the 1948 proposal.
The first appearance of Hyalinea baltica in
the 1961 sample traverse at Le Castella was
said to occur between samples 50 and 51,
where a thin intercalation of sand (called
simply "the marker bed") crops out in the
otherwise clayey sequence. (It has since
been found in samples examined at Woods
Ho~e by BREMER, BRISKIN, & BERGGREN,
1977, that the initial appearance of H.
baltica occurs some 25 m below the marker
bed at Le Castella where it already consti
tutes 17 percent of the total benthonic
population.) On the basis of the earlier ob
servation, however, EMILIANI (1961) con
vincingly proposed to correlate the sandy
"marker bed" to Bed G-G' (= base of the
Calabrian stratotype) at Catanzaro, evell
though 40 km separates the nearest out
crops of the two beds. The action of the
1968 INQUA Congress has the effect of
making the intersection of this bed with
EMILIANI'S traverse line the physical refer
ence point defining the base of the Pleisto
cene. By general agreement, rather than
by further official action, this point is now
the "golden spike" at the origin of correla
tions to the beginning or bottom of the
Quaternary, for those who approve of this
method of definition.

Figure 2 graphically summarizes the out
standing paleontological and lithological
features of the Catanzaro sequence, and
Figure 3 those of the Le Castella sequence.!

SANTA MARIA
DICATANZARO

Gephyrocapsids (Gephyrocapsa aperta, G.

1 Figure 2 and the accompanying discussion of the Santa
Maria di Catanzaro section, which provide graphic clarifica~

tion of several problems relating to the stratotype Calabrian,
were originally communicated in written correspondence (12
and 22 November 1974) by A. R. EDWARDS, New Zealand
Geological Survey. We would like to thank Dr. EDWARDS for
permission to utilize these data.
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caribbeanica, and G. oceanica)-important
in determining the biochronology of the

Pliocene-Pleistocene boundary-are already
present at the base of the Catanzaro section
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(HAQ, BERGGREN, & VAN COUVERING, 1977)
together with Hyalinea baltica, at a level
more than 75 m below the level designated
as the base of the Calabrian by GIGNOUX
(1913).

BANNER and BLOW (1965) claimed to
have recognized the evolution of the plank
tonic foraminiferal species Globorotalia
truncatulinoides and G. tosaensis in the
lower part of the Calabrian at Santa Maria
di Catanzaro. BLOW (1969) also used this
datum to define the base of the planktonic
foraminiferal Zone N.22. Abundant G.
tosaensis or G. truncatulinoides do not oc
cur in this sequence, however, and only
very scattered, in most places single, speci~

mens have been noted in a few of the sam
ples from Catanzaro (BAYLISS, 1969; BANDY
& WILCOXON, 1970; LAMB & BEARD, 1972).
This fact accounts for the various levels
here, as at Le Castella (below), at which
the local first occurrence of G. truncatuli
noides has been reported (see Fig. 2) and
thus the initial evolutionary appearance of
Globorotalia truncatulinoides within the
stratotype Calabrian must be viewed as in
adequately documented.

LE CASTELLA

For the Le Castella section the relation
ship between biostratigraphic data of differ
ent authors is shown in Figure 3. Important
features to note are 1) the extinction of
Globigerinoides obliquus, which in deep sea
cores occurs within the upper part of the
Olduvai normal paleomagnetic event; 2)
the wide variations in reported first appear
ance of Globorotalia truncatulinoides, due
evidently to its extreme rarity in the section
as at Catanzaro; 3) marked quantitative
diminution in abundance of Discoaster
brouweri, the last of the discoasters at about

40 to 45 m below the marker bed (we con
sider this diminution to be a more reliable
guide to the extinction of the group than
the highest stratigraphic occurrence of speci
mens because they are so easily reworked);
4) reported first occurrence of Gephyrocapsa
caribbeanica from levels ranging from 21
m above to 95 m below the marker bed
(it should be noted that the occurrence at
95 m is a rare occurrence and that G. carib
beanica first becomes common at 25 m
below the marker bed); and 5) first appear
ance of Gephyrocapsa protohuxleyi some 10
to 13 m below and G. oceanica apparently
about 15 m above the marker bed.

In comparison with these generally con
flicting reports, an examination of the cal
careous nannoplankton at Le Castella (HAQ,
BERGGREN, & VAN COUVERING, 1977) using
scanning electron microscopy indicated that
Gephyrocapsa caribbeanica and G. oceanica
first appear 30 m and 23 m, respectively,
below the marker bed, the latter occurrence
coinciding with the initial appearance of
Hyalinea baltica (BREMER, BRISKIN, & BERG
GREN, 1977). The variability in stratigraphic
records of the calcareous nannoplankton
cited in the literature is ascribed in part at
least to the use of light microscopy and the
consequent difficulty in correctly identifying
nannoplankton (especially gephyrocapsid)
taxa (HAQ, BERGGREN, & VAN COUVERING,
1977).

On the basis of these data, it would ap
pear that the Pliocene-Pleistocene boundary
is closely linked with the extinction of dis
coasters and the initial appearance of
Gephyrocapsa caribbeanica, G. oceanica, as
well as the extinction of Globigerinoides
obliquus. The first appearance of Globoro
talia truncatulinoides is not an adequate
criterion because it cannot be clearly docu
mented in the Calabrian sequence.

AGE AND CORRELATION OF THE
PLIOCENE-PLEISTOCENE BOUNDARY

The extinction of discoasters and the
evolution of Globorotalia truncatulinoides
are events that have been securely identified
with the long normal paleomagnetic event
situated within the Matuyama Reversal
Epoch approximately midway between the
Gauss and Brunhes normal epochs. The

reported chronologie limits for this event
range from 1.61-1.79 Ma (Cox, 1969) to
1.71-1.86 Ma (OPDYKE, 1972). New radio
metric dates centered around 1.58 ± 0.08
Ma attributed to the Gilsa (WATKINS,
KRISTJANSSON, & McDOUGALL, 1976) and
1.79 ± 0.03 Ma to the type Olduvai (BROCK

© 2009 University of Kansas Paleontological Institute



ASH Introduction-Biogeography and Biostratigraphy

& HAY, 1976) geomagnetic polarity events
have kept alive the issue of whether these
two events are, indeed, identical. They are
considered identical here, with geochrono
logical limits rounded to 1.6 and 1.8 Ma.
As we have seen, the two paleontological
phenomena noted above were assumed by
a succession of investigators to be recorded
in the basal part of the typical Calabrian
Stage. This suggested that the base of the
Pleistocene could be dated to a time within
the Olduvai, probably close to its beginning
(HAYS & BERGGREN, 1971; BERGGREN & VAN
COUVERING, 1974). Attempts to make direct
paleomagnetic measurements on the Cala
brian of Catanzaro or Le Castella, however,
have been fruitless (LAMB & BEARD, 1972;
NAKAGAWA, NIITSUMA, & HAYASAKA, 1969,
1971; NIITSUMA, 1970; WATKINS, KESTER,
& KENNETT, 1974).

The earlier interpretation of Calabrian
micropaleontological correlations has been
weakened by recent deep-sea investigations,
primarily those of the Deep Sea Drilling
Project, which have shown the initial oc
currence of Globorotalia truncatulinoides
near the beginning of the Olduvai event is
prior to the extinction of discoasters. This
strengthens the impression that the observa
tions of extremely rare G. truncatulinoides,
above the apparent level of discoaster extinc
tion in the Calabrian, have been erroneously
emphasized and do not represent the true
datum. Furthermore, recent study (HAQ,
BERGGREN, & VAN COUVERING, 1977) has
shown that the initial occurrence of Gephy
rocapsa caribbeanica just precedes, and that
of Gephyrocapsa oceanica follows shortly
after, the end of the Olduvai Event. Be
cause these relatively reliable nannofossil
events either bracket or wholly predate the
currently adopted physical definition of the
Pleistocene base at Le Castella, the age of
the Pliocene-Pleistocene boundary is, on
this basis, coincident with or just younger
than the end of the Olduvai Event. A rea
sonable estimate of this age would be very
close to 1.6 Ma (see Fig. 4).

Correlations between the Le Castella and
Santa Maria di Catanzaro sections, as well
as estimates of the age of the marker beds,
have been controversial. The "established"
point of view has been that the marker
beds were stratigraphically equivalent (e.g.,

EMILIANI, MAYEDA, & SELLI, 1961; BAYLISS,
1969; SELLI, 1977) and that they have an
age of about 1.8 Ma (HAYS & BERGGREN,
1971; BERGGREN & VAN COUVERING, 1974).
One strongly dissenting opinion (SMITH,
1969; BEARD, 1969; LAMB, 1969, 1971) has
been that the true base of the Calabrian
stratotype should be more than 75 m below
the G-G' marker, at the transition between
clayey Pliocene beds and the so-called
"sandy Calabrian" with Hyalinea baltica,
and that this contact should define the base
of the Pleistocene at an age of about 2.8 Ma.
The Le Castella marker bed, at 1.8 Ma, in
this view is considered to be near the base
of the Emilian Stage. A contrary opinion
(SPROVIERI et al., 1973; RUGGIERI et al.,
1976) is that the lower part of the Cala
brian Stage-equivalent to the Le Castella
section-is missing at Santa Maria di Catan
zaro because the "sandy Calabrian" is un
conformably transgressive on the Pliocene,
and that all of the Catanzaro Calabrian
(s.l.) is therefore younger than the Le
Castella marker bed. Although the exist
ence of an unconformity at Santa Maria di
Catanzaro is questioned-SELLI (1977) de
scribed the contact between clayey and
sandy beds as a fault-Bed G-G' seems to
be clearly younger than the marker bed at
Le Castella. This is because the entire 75 m
of "sandy Calabrian" underlying Bed G-G'
contains Hyalillea baltica together with the
species of Gephyrocapsa noted above, in an
association that first appears at Le Castella
only a short distance below the Pliocene
Pleistocene boundary marker bed (HAQ,
BERGGREN, & VAN COUVERING, 1977).

If this is so, we are faced with an appar
ent paradox: if Bed G-G' at Santa Maria
di Catanzaro (which presently denotes the
base of the stratotype of the Calabrian
Stage) is younger than the marker bed at
Le Castella (which presently denotes the
Pliocene-Pleistocene boundary), then the
section of "sandy Calabrian'" below Bed
G-G' is both Pliocene because it is pre
Calabrian, and lower Pleistocene because it
is (according to multiple reinforcing micro
paleontological criteria) younger than the
Le Castella marker bed. If, however, we
accept that there is only one definition of
the Pliocene-Pleistocene boundary, that of
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Le Castella, this resolves the paradox and
simultaneously demonstrates the value of

the "golden spike" in picking apart such
conundrums.

Recent studies show that the history of
the major continental ice caps in the South
ern Hemisphere can be extended back at
least to the mid-late Miocene (ca. 10 Ma)
(SHACKLETON & KENNETT, 1975a,b) and of

BIOSTRATIGRAPHY, BIOGEOGRAPHY, AND
QUATERNARY CLIMATE CHANGE

HISTORY OF
CONTINENTAL GLACIATION

Because it is virtually impossible to dis
tinguish between a "pure" biostratigraphy
and a "pure" climatology in the geologic
record of the late Neogene, the term
climatostratigraphy is appropriate to de
scribe the study of variations in the strati
graphic record that are due primarily to
the effect of global climatic oscillations.
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the Northern Hemisphere to about 3 Ma
(LAUGHTON et al., 1970, 1972; BERGGREN,
1972; VON HUENE et al., 1971; SCHOLL et al.,
1971). In the subantarctic region the evi
dence indicates that the East Antarctic ice
sheet expanded briefly to a volume in excess
of present-day size about 6-5 Ma. Subse
quent climatic warmings in the Pliocene did
not significantly affect the size of the Ant
arctic ice sheet and this invulnerability to
global climatic oscillations has persisted
over the past several million years. Minor
changes in the isotopic composition of
planktonic foraminifers in subantarctic cores
at 3 Ma followed by major isotopic changes
at 2.6 Ma indicate the onset and growth of
a Northern Hemisphere continental ice
sheet. In the Northern Hemisphere, the
appearance of a major ice cap at high lati
tudes is indicated by initial ice rafting at
about 3 Ma in the northeast Pacific (VON
HUENE et al., 1971) and also in the Bering
Sea (SCHOLL et al., 1971). In the North
Atlantic (Labrador Sea) it consists of ice
rafted detritus that appears with polar
planktonic microfaunas and microfloras im
mediately above carbonate oozes with trop
ical-subtropical microfaunas and microfloras
at a level biostratigraphically correlated to
the paleomagnetic time-scale at 3 Ma.

The Arctic ice caps have been estimated
to have grown to about one-third to one
half of their maximum late Pleistocene vol
ume during the late Pliocene (ca. 2.6-2.0
Ma) (SHACKLETON & KENNETT, 1975b).

In the continental sequences of the tem
perate regions, the evidence clearly indicates
unprecedented cooling trends and montane
glacial advances, if not the formation of
continental lowland ice sheets, beginning
approximately 3 Ma ago (SAVAGE & CURTIS,
1970). Also in the southern Andes several
montane glacial advances in a conformable
sequence of tills and lavas have been dated
prior to ca. 1.0 Ma by FLECK et al. (1972),
with the oldest tillite older than 3 Ma
(MERCER, 1973). In Europe, the Praetiglian
cold-climate stage is marked by the first of
numerous subarctic paleofloras seen in late
Neogene pollen suites (VAN MONTFRANS,
1971, p. 233; ZAGWIJN, VAN MONTFRANS, &

ZANDSTRA, 1971; ZAGWIJN, 1974). It is gen
erally considered by Dutch geologists to be
the earliest part of the Pleistocene in North

Sea basin sediments where its base is corre
lated with the Elphidium areganense cold
water microfaunal zone (VAN VOORTHUYSEN,
TOERING, & ZAGWIJN, 1972); however, verte
brate fossils, principally primitive Mam
muthus "subplanifrans" (= meridianalis) ,
indicate that the Praetiglian beds are equiva
lent in age or slightly older than the middle
Villafranchian (e.g., Roccaneyra local fauna
ca. 2.5 Ma) (AZZAROLI, 1970; V. J. MAGLIO,
written commun., 1973) and paleomagnetic
analysis agrees in placing the base of this
stage "between 2.0 and 3.0, perhaps 2.3 Ma
old" (VAN MONTFRANS, 1971, p. 233). The
equivalence of the base Villafranchian and
the base Calabrian, which was assumed
on lithostratigraphic and paleoecological
grounds when the two stages/ages were
both set equal to the beginning of the Pleis
tocene (Internatl. Geol. Congress, London,
1948), has since been shown to be erroneous
(BERGGREN & VAN COUVERING, 1974). The
base of the Calabrian is evidently more than
1 my younger, but in the Netherlands as
elsewhere the effects of this mistaken as
sumption linger.

The continental record, discussed in more
detail elsewhere (BERGGREN & VAN COUVER
lNG, 1974), also seems clearly to indicate
that the period of progressively more intense
montane and high-latitude glacial activity
ended in North America with the first ma
jor continental glaciation, the Nebraskan.
This is tentatively centered at 1.5 Ma, but
in Europe (south of England) continental
lowland ice-sheets did not form until the
Mindel-Elsterian glaciation, dated roughly
0.6 Ma. Several authors (e.g., RICHMOND,
1970; COOKE, 1973) have correlated the
Donau-Eburonian cold-climate phase of Eu
rope with the Nebraskan, and REPENNING
(1967) reached a similar conclusion based
on mammalian correlations before the geo
physical information was well developed.
We have further concluded that the Kansan
glaciation, which is apparently in the Matu
yama paleomagnetic age (pre-0.7 Ma), can
not correlate to the post-Matuyama deposits
of the Elsterian (VAN MONTFRANS, 1971;
ZAGWIJN, VAN MONTFRANS, & ZANDSTRA,
1971), and that the Yarmouthian (post
Kansan) interglacial is characterized by
late Irvingtonian mammal faunas compar
able in evolutionary grade and geophysical
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age to those of the Biharian mammal faunas
of Europe that lived during the pre-Mindel
interglacial. The Biharian-Villafranchian
transition in Europe was marked by a cold
climate period, possibly a close-set series of
stades and interstades, beginning close to
0.9 Ma, which broadly agrees with estimates
of the age of major glacial activity in the
North American mountains (d. COOKE,
1973) and falls within the limits of 1.2 and
0.7 Ma established for the Kansan glacia
tions. Based on mammalian biochronology
the assumed correlation of continental paleo
climatic stages in the Northern Hemisphere
is as follows:

Wisconsinan = Weichsel = Wiirm; be
gan ca. 0.073 Ma

Riss-Wiirm (= Eemian); began ca. 0.127
Ma

Riss (includes Alt-Riss); began ca. 0.2 Ma
(Sangamonian =Holsteinian interglacial)
Illinoisan = Mindel = Elster; began ca.

0.6 Ma
(Yarmouthian = "Cromerian" intergla

cial) (but not type Cromerian; see
BERGGREN & VAN COUVERING, 1974)

Kansan = Giinz = Menapian; began ca.
0.9 Ma, probably with a second and
dominant phase ca. 0.8 Ma

(Aftonian = Waalian interglacial)
Nebraskan = (?later part of) Donau

Eburonian; began ca. ?1.6 Ma
(Blancan warm-climate phase = Tiglian

"interglacial" )
Early Blancan cold-climate phase =

?Biber = ?Praetiglian; began ca. ?2.5-3
Ma

As we shall see, the marine record con
tains features that cannot be expressed in
such a simple chronology, and that suggest
important refinements. To date there has
been no general agreement on the correla
tion of the various glacial episodes on the
continents with paleoclimatic cycles reflected
in the deep-sea sediments and fossils, and
all too often it has been the practice of
oceanographers to identify a continental
glacial event in marine cores according to
some poorly tested paleoclimatological anal
ogy. The difficulty has largely been with
the nature of the data. The record on land,
with the exception of loess deposits and cer
tain lacustrine sequences beyond the gla-

ciated regions, is essentially discontinuous
because of the repeated passage of glaciers
and the later erosion of their deposits. The
preserved remains of a given "glacial stage"
in most places represents but a small frac
tion of the time during which given cli
matological conditions prevailed and much
of the history of events during that time is
unavailable. On the other hand, in the
deep-sea record one sees evidence of rela
tively continuous paleoclimatic changes on
a relatively fine scale and for this reason
marine paleoclimatological cycles may prove
eventually to be the best means of providing
a chronology of the late Neogene glacial
record.

CALIBRATION OF
CLIMATOSTRATIGRAPHY

Temperature variations in the Pleistocene
oceans, as reflected in the oxygen isotope
ratios in fossil planktonic foraminifers from
deep-sea cores, have been examined in detail
by EMILIANI (1955, 1961, 1964, 1966a,b)
and EMILIANI, MAYEDA, & SELLI (1961).
EMILIANI demonstrated isotopic changes,
said to represent cyclical climatic variations,
with a periodicity of about 100,000 years.
These cycles are numbered so that each
warm half-cycle is odd and each cold half
cycle is even. OLAUSSON (1965), SHACKLE
TON (1967), and DANSGAARD and TAUBER
(1969) later suggested that because of the
isotopic fractionation that occurs between
fresh and salt water, oxygen isotope meas
urements are a measure of the extraction
of water from the oceans during periods of
glaciation and the recirculation of this water
during interglacial periods, rather than a
direct reflection of sea-water temperature.
The oxygen isotope curve then would be
an ice-volume (i.e., sea level) rather than
a paleotemperature curve.

SHACKLETON and OPDYKE (1973) further
extended the oxygen isotope record by
identifying new "stages" 16 to 22 in an
equatorial Pacific core, Vema V28-238 (Fig.
5). A direct one-to-one correlation was
shown between the carbonate minima
(ARRHENIUS, 1952; HAYS et al., 1969) and
the oxygen-isotope "stages" for the past 0.9
Ma. The age of each stage boundary was
calculated using an extrapolated uniform
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FIG. 5. The oxygen isotope c1imatostratigraphic
record of the last 2 Ma. The oxygen isotope compo
sition of Globigerinoides sacculifer in cores V28-238
(01°01'N., 1600 29'E.) and V28-239 (3°15'N.,
159°11'£.) (overlap of two cores is shown at
boundary between "stage" 22 and 23) expressed
as deviation from EMILIANI Bl Standard. The last
0.7 Ma (Brunhes) contains glacial stages represented
by amplitudes in excess of 1 per mil and with
periodicities of about 100,000 years. Isotopic
minima were approximately the same in the differ
ent "core stages." The mid-Matuyama (-1.4-0.7
Ma) interval contains isotopic fluctuations with ap
proximately 40,000 year periodicities. Amplitudes
are lower (0.7 per mil) than during the Brunhes
(composite figure compiled by N. J. Shackleton;

data from Shackleton & Opdyke, 1973, 1976).

sedimentation rate between the top of the
core and the Brunhes-Matuyama boundary
(0.69 Ma) at 12 m in the 16-m core. The
isotopic climatic record was then extended
down through the Pleistocene and into the
late Pliocene in another equatorial Pacific
core, V28-239 (SHACKLETON & OPDYKE,
1976; see Fig. 6, this paper). Below stage
22 isotopic fluctuations were shown to have
a periodicity of approximately 40,000 years
and lower amplitudes down to about 1.4
Ma and even lower-frequency events were
recorded in the interval from 1.4 Ma to
the Olduvai (ca. 1.8 Ma). The isotopic
record thus clearly demonstrates that the
Brunhes-Matuyama boundary separates two
distinct climatic regimes within the Pleisto
cene, so that the first major northern hemi
sphere glaciation-the Kansan (= Giinz =
Menapian), or its second, greater part
occurs in the interval between the Jaramillo
and the Brunhes-Matuyama boundary at
about 0.8 Ma; prior to this time smaller
scale glaciations occurred back into the
Pliocene. BROECKER and VAN DONK (1970)
have pointed to the general asymmetrical
("sawtoothed") shape of the major climatic
oscillations in which a gradual cooling trend
is terminated abruptly by a relatively rapid
warming (the rapid warmings were called
180 "terminations"). Similar observations
were made earlier by DEUSER and DEGENS
(1969) in which -20,000-year evaporation
cycles in the Red Sea were abruptly termi
nated by rapid (-2,000-year) incursions of
normal sea water from the Indian Ocean.

Thus, the combined techniques of paleo-
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magnetism and oxygen isotope analysis have
provided the means of erecting an accurate
chronology for the last 2 Ma (see Fig. 5).
Inasmuch as it depends upon an irreversible
phenomenon that occurs essentially syn
chronously throughout the ocean (limited
only by the rate of oceanic mixing) it is
unlikely "that any superior stratigraphic
subdivision of the Pleistocene will emerge"
(SHACKLETON & OPDYKE, 1973, p. 48). Be
cause the underlying variable used is the
volume of terrestrially stored ice, this chron
ologie scheme can serve as a standard
method for intra-Pleistocene chronology
and, indeed, SHAC¥-LETON and OPDYKE

(1973, p. 48) have suggested that the iso
topic "stages'" that they have established in
the Equatorial Pacific be adopted as stand
ard for the latter half of the Pleistocene.

It should be emphasized, however, that
the oxygen isotope stratigraphy is not a
time scale and can only be used to "date"
climatic events and associated biostratigra
phies to the extent that levels in this stra
tigraphy can be calibrated-first, by radio
metric or biochronological analysis, or
second, by association with calibrated mag
netostratigraphic boundaries.

Biostratigraphic zonations of Pliocene and
Pleistocene marine sediments based upon
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calcareous and siliceous plankton have been
developed over the past decade, primarily
as a consequence of the concentrated in
vestigations of deep-sea cores since the in
ception of the Deep Sea Drilling Project in
1968. By means of interzonal correlation
and calibration to oxygen isotope climatic
"stage" chronology (SHACKLETON & Op-

DYKE, 1973, 1976) and the paleomagnetic
time scale (Cox, 1969) these zones now
provide a biochronologic framework within
which global Pliocene-Pleistocene climato
stratigraphic investigations may be con
ducted. Some of the major microplanktonic
biochronologic datum levels of the last 3
Ma are shown in Fig. 6.

ATLANTIC OCEAN

Recent analysis of cores from the North
Atlantic (LAUGHTON et al., 1970, 1972; BERG
GREN, 1972) has shown that the continental
glacial history of the Northern Hemisphere
can be extended back three million years.
And yet, in comparison with other parts of
the world, our information on the strati
graphic record in this region is compara
tively incomplete within this interval. This
is due, in large part, to the relatively great
thickness of ice-rafted terrigenous detritus
in late Pliocene-Pleistocene sediments.

The pioneering investigations on the
Pleistocene paleoclimatic history of the At
lantic Ocean were made by ERICSON and his
colleagues at the Lamont-Doherty Geolog
ical Observatory (ERICSON et al., 1956; ERIC
SON, EWING, & WOLLIN, 1963, 1964a,b;
ERICSON & WOLLIN, 1956a,b, 1968). As a
result of detailed and laborious investiga
tions on numerous deep-sea cores, a letter
zonation of the Pleistocene was formulated
(Zones Q through Z) based on the presence
or absence of Globorotalia menardii. Those
intervals in which G. menardii was absent
were interpreted as "cold periods" and cor
related with the classic continental glacia
tions of northern Europe, a procedure that
had little justification at the time and in
retrospect has been extremely misleading.

More recently, a Quaternary paleocli
matology based on microfossils in the east
ern equatorial Atlantic has been described
by RUDDIMAN (1971). In this analysis, large
scale climatic shifts were shown to have
occurred at 1.3 Ma and at 0.9 Ma. In the
earlier change the mean climatic condition
deteriorated and short severe cold pulses
punctuated the previously moderate warmth
of the late Matuyama. In the latter modifi
cation, the duration of cold intervals in
creased. It was observed that, prior to the
Jaramillo (0.9 Ma), no cold pulses exceeded

30,000 years, whereas three post-Jaramillo
cold intervals ranged from 50,000 to 150,000
years in duration. The shortest and most
recent of these corresponds to the Wisconsin
glaciation.

RUDDIMAN (1971) found that although
the absolute input rate of pelagic carbonate
to sediments increased during cold intervals,
the net carbonate percentage tended to de
crease during glacial times due to dilution
by greater influxes of terrigenous detrital
material. Carbonate percentages were de
pressed to very low values beginning in the
Jaramillo, whereas pre-Jaramillo sections
were generally formed from calcareous
oozes.

SHIFTS IN PALEOISOTHERMS

Recently McINTYRE, RUDDIMAN, & JANT
ZEN (1972) have demonstrated that in the
eastern North Atlantic southward penetra
tion of polar waters occurred at least six
times in the past 225,000 years, most se
verely 165,000 to 135,000 years ago and
30,000 to 15,000 years ago (Fig. 7). At the
same time a marked northward incursion
of warmer subtropical faunal and floral ele
ments occurred at least six times, the most
pronounced being at 175,000 years, 125,000
years, and 8,000 years, respectively. The
southern limits of the Pleistocene polar
water incursion was about latitude 42
45° N.

Quantitative paleoclimatologic investiga
tions have recently led to more precise esti
mates of late Pleistocene climatic conditions
in the North Atlantic (IMBRIE & KIPP, 1969,
1971; IMBRIE, 1972; KELLOGG, 1972; McIN
TYRE et al., 1972a; IMBRIE, VAN DONK, &
KIPP, 1973). The polar front that currently
extends obliquely from Labrador to the
north of Norway 17,000 years ago described
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a gentle curve nearly parallel to the latitude
from Cape Hatteras to Spain. This repre
sents a northward displacement of 20°
latitude in the west to 30° in the east from
that time to the present.

The temperature at the termination of
the last glaciation (ca. 10,000 years ago,
referred to by many geologists as the Pleis
tocene-Holocene boundary) denotes the di
vision of the glacial North Atlantic by the
polar front. The difference between today
and the 17,000 year B.P. winter-summer
temperatures for SOoN. 30 0 W. is 7.2-12.7°C
to 1.2-6.6°C, respectively, an average of 6°C
colder than at present. South of the polar
front the temperature 17,000 years ago was
only about 3°C colder (McINTYRE, RUDDI

MAN, & JANTZEN, 1972).

CHANGES IN SEASONALITY

A quantitative planktonic foraminiferal
faunal analysis in the tropical North At
lantic by BRISKIN and BERGGREN (1975) ex
tended the interpretation of climatic fluctua
tions on this basis back to two million years.
Winter changes were estimated to have
fluctuated within a range of 4°C and sum
mer temperatures within a range of 2°C.
Pleistocene seasonal differences (Ts-Tw)
were estimated to have ranged between 15
and 4°C.

From the Olduvai to late Jaramillo the
amplitude of winter temperature contrasts
(severe to mild) were subdued and tempera
tures on the average cooler (22.3 to 24.2°C)
than during the Brunhes. Beginning in the
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late Jaramillo and continuing into the
Brunhes, winter contrasts were greater but
the climate was on the average warmer
(23° to 235°C).

Four roughly symmetrical major climatic
cycles with periodicities of 500,000 years
were recognized within the Pleistocene
(BRISKIN & BERGGREN, 1975). These cycles
are more clearly expressed in the winter
estimate (Tw) than in the summer estimate
(T8 ). The coldest winters occurred at the
following times:

(1) in the lower R Zone (23°C) at 15
Ma;

(2) in the lower T Zone (20.1 DC) at the
base of the Jaramillo, 960,000 years
ago;

(3) in the Brunhes (23°C) 610,000 years
ago;

(4) in the Wand Y zones (23.6°C)
150,000 and 50,000 years ago.

A climatic fluctuation with periodicity
averaging 91,000 years becomes conspicuous
in the interval from early V time (-0.4
Ma).

A comparison of 180 and the faunal index
T w led the authors to suggest that the
winter-cold maxima (1,2) in the early and
mid-Matuyama were associated with smaller
ice-volume changes than those (3,4) in the
late Matuyama and the Brunhes, where ice
volumes were of greater magnitude. The
timing of the coldest winter periods corre
sponds with K-Ar-based estimates of age
for the major continental glaciations, and
it is well documented that the ice volumes
of the Illinoisan (= Mindel = Elster) and
later ice sheets were greater than those of
the preceding glaciations.

In the Matuyama, records of cold episodes
in the North Atlantic cores are charac
terized by the cold, high-latitude, dex
trally coiled Neogloboquadrina pachyderma,
whereas records of Brunhes cold episodes
are characterized by temperate-cool Globoro-

talia in{lata. This suggests that maximum
southward displacement of the Canaries
Current occurred during the cold-water in
tervals in the Matuyama. In the Brunhes
a more moderate displacement of the Canar
ies Current brought temperate rather than
arctic waters into the tropical province.

QUATERNARY CLIMATIC
HISTORY

RUDDIMAN and McINTYRE (1976) recently
summarized the paleoclimatologic evidence
in Atlantic deep-sea studies. They showed
that water mass migrations in the North
Atlantic across more than 20° of latitude
(equivalent to oceanic surface water tem
perature oscillations of at least 12°C) have
occurred along a NW-SE axis at least 11
times in the last 0.6 Ma and perhaps as
many as 20 times in the past 1.2 Ma. At
least seven complete climatic cycles have
been recorded in the past 0.6 Ma (see Fig.
8) and can be correlated directly with the
oxygen isotope (SHACKLETON & OPDYKE,
1973) and carbonate (HAYS et al., 1969)
cycles in the equatorial Pacific and Carib
bean and with the palynologic record from
the eastern Mediterranean (VAN DER HAM
MEN, WIJMSTRA, & ZAGWIJN, 1971).

The interpretation of RUDDIMAN and Mc
INTYRE (1976) indicated the presence of
long-term climatic changes with lengths
varying from 56,000 to 113,000 years in the
faunal and lithic record. Additional short
term but severe climatic pulses with 20,000
year periodicities are also seen.

Furthermore, any or all of the polar water
advances recorded over the past 0.6 Ma
may correspond to expansion and advance
of continental ice sheets because a significant
amount of ice-rafted detritus is associated
with each of these maxima. Thus, conti
nental glaciers probably reattained similar,
equivalent sizes despite the brevity of these
climatic pulses (support for this view is

FIG. 8. (Continued from facing page.)
RUDDIMAN and MciNTYRE (1976); Pacific isotopic curve from SHACKLETON and OPDYKE (1973). Major
climatic cycles, A-I; discrete glacial maxima, 1-11; terminations, I-IX; asterisks indicate high sea-levels,
all from MESOLELLA et al. (1969). The D/V boundary refers to the zone of that denomination and is
part of the Pleistocene planktonic foraminiferal zonal system developed by ERICSON et al. (l964a,b).
This boundary, and the extinction of Pseudoemiliania lacunosa, coincides closely with the oxygen isotope
stage 11/12 boundary. P6304-8, V28-238, etc. =piston cores (from Ruddiman & McIntyre, 1976, fig. 13).
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seen in the fact that similar oxygen isotope
values occur in successive cold cycles;
SHACKLETON & OPDYKE, 1973; see also FAIR
BRIDGE, 1972) and that the vigor of trade
winds during glacials varied within similar
limits (PARKIN & SHACKLETON, 1973).

Short, intensive oceanic coolings are cor
relative with high herbaceous concentrations
in the pollen record (= open, dry to desertic
conditions) and occur within interglacial
phases of cycles B, C, D and G. Cycle E
in Atlantic and Pacific cores contains a
short glacial and a long, well-developed
interglacial phase, the latter denoted by an
unusually high carbonate maximum, high
180 j160 values, and high subtropical cocco
lith abundances. This warm interglacial
phase just postdates the Pseudoemiliania
lacunosa and Stylatractus universus (vel
Axoprunum angelil1um) extinction datum
levels within the glacial portion of climatic
cycle F (= climatic "stage" 12 of EMILIANI,
1966a,b, and the U Zone of ERICSON & W OL
LIN, 1968). In the Macedonian pollen record
cycle E is similar in that this interglacial is
the longest and corresponds most likely, in
classic continental chronostratigraphy, to the
Mindel-Riss Interglacial.

The most recent global retreat (warm
ing) of polar waters in the North Atlantic
was time transgressive; between latitudes
45 0 and 64 0 N. the local termination of
glacial conditions ranges from ca. 13,500
years B.P. near Great Britain to about 6,500
years B.P. or younger in the northwest
near Greenland. This indicates that cli
matically controlled cycles cannot serve as
a basis for drawing chronostratigraphic
boundaries.

From Figure 8 it can be seen that the
classic view of an interglacial period as a
protracted warm interval with a span of
about 30,000 to 50,000 years is inaccurate.
On the contrary, numerous warm intervals,
on the average 8,000 years long, separated
by cooler intervals, some of which approach
glacial interstadials, is a more accurate pic
ture of Quaternary climate change. Thus,
the Holocene, the base of which, climatically
speaking, may be said to extend to about
13,000 years B.P., already exceeds the inter
glacial average by about 5,000 years (see
also similar results presented in KUKLA,
!\f.HHEWS, & MITCHELL, 1972).

GULF OF MEXICO
CLIMATIC RECORD

Rapidly changing climatic conditions with
little evidence of prolonged climatic stability
seems to have been the pattern in the Gulf
of Mexico with three interglacials and two
glacials being recorded over the late Pleis
tocene-Holocene interval. A subdivision of
the standard V-Z zonation (ERICSON &
WOLLIN, 1968) based on Globorotalia me
nardii frequency oscillations into 18 cli
matically controlled zones has provided the
biostratigraphic framework for climatic in
terpretations as well as for comparison with
the climatostratigraphic record in the Carib
bean and elsewhere. A relatively rapid
cooling event was identified at ca. 90,000
years (KENNETT & HUDDLESTUN, 1972) and
correlated with a similar event recorded in
the oxygen isotope record in a Greenland
ice core (DANSGAARD et al., 1971, 1972;
JOHNSEN et al., 1972) and in a cave stalag
mite from a cave in southwestern France
(DUPLESSY et al., 1970).

An insight into the nature, extent, and
rate of Laurentide deglacial processes was
afforded by the investigations of KENNETT
and SHACKLETON (1975) on Gulf of Mexico
cores. A major isotopic anomaly between
15,000-12,000 years B.P. resulted from ma
jor influx of isotopically lighter glacial melt
waters via the Mississippi River drainage
system from the Laurentide ice sheet, which
was then situated some 2,000 km to the
north. By 12,000 years B.P. the Laurentide
ice sheet had disintegrated to about a third
of its maximum Wisconsin size. At the
time of maximum input of glacial melt
waters the Gulf of Mexico was estimated to
have undergone a reduction in surface
water salinity of about 10 percent (2-3
per mil).

As the authors pointed out, earlier glacial
meltwater phases would have influenced
salinities in the Gulf of Mexico and will
eventually provide us with information on
the geographic extent of earlier (pre-Wis
consin) ice sheets because it may be assumed
that no significant meltwater would have
been discharged into the Gulf of Mexico
unless the southern extent of the ice sheet
was greater than that of the Wisconsin ice
sheet 11,500 years ago, at which time isotope

© 2009 University of Kansas Paleontological Institute



Quaternary A525

values returned to normal. Inasmuch as
each successive glacial readvance across the
land obliterated much of the preceding
glacial record, the geographic distribution
of former ice sheets is difficult to recon
struct from the continental record. Thus,
the oceanic record (with its inherently more

complete record and accurate chronology)
may eventually provide us with the most
suitable means for paleogeographic recon
structions of past glacial intervals and,
ultimately, a comprehensive climatostrati
graphic history of the Quaternary.

ARCTIC REGION

It is 20 years since the EWING-DoNN
(1956) theory was first promulgated, in
which it was suggested that the Arctic
Ocean remained ice-free during times of
continental glaciation and ice-covered dur
ing interglacial times. The oldest erratics
recorded in the Arctic Ocean have been
dated within the Gauss Normal Epoch at
about 3 Ma (CLARK, 1971), representing
the first evidence that ice-cap glaciers
reached sea level in the vicinity.

Fluctuations in the abundance of plank
tonic foraminifers (primarily Neoglobo
quadrina pachyderma) also suggest climatic
variations within the Arctic Ocean although
the interpretation of these results varies
somewhat. For instance, CLARK (1971) sug
gested that a thicker ice pack could have
significantly affected the productivity of or
ganisms whose economy is based on photo
synthesis. Thus, thicker ice conditions
would correlate with those periods in which
planktonic foraminifers were absent or rare,
whereas thinner ice conditions, similar to
the present time, would have allowed a
larger standing population of planktonic
foraminifers to develop. He concluded that
the surface of the Arctic Ocean has been
frozen at least since the middle Pliocene
and that the most significant change in the
Arctic ice cover has been its thickness.

The conclusions of CLARK (1971) are in
teresting in that they suggest that the ice
cover of the Arctic Ocean remained rela
tively stable while continental glaciers ex
panded and retracted repeatedly in the
Northern Hemisphere. If this is true, the
Arctic Ocean has not been a major factor
in the growth or melting of continental
glaciers. Support for this idea was provided
by Ku and BROECKER (1967) who observed
that sedimentation rates (0.2 cm/1,000
years) in the Arctic Ocean were relatively
constant during the past 150,000 years and

that the biological productivity rates have
not exceeded those of the present-day ice
covered Arctic Ocean in the past 150,000
years and that these are much lower than in
the Atlantic Ocean. The implication of
these observations, according to Ku and
BROECKER (1967, p. 102), is that they do
not favor theories of glaciation that call
upon the influence of an open Arctic Ocean
(d. EWING & DONN, 1956, 1958; DONN &
SHAW, 1967).

HUNKINS et al. (1971) fioted that Neoglo
boquadrina pachyderma shows predomi
nantly left coiling during the Brunhes,
whereas a zone of right coiling forms is
evident near the Jaramillo Event. This sug
gests warm conditions at that time, which
conflicts with the abundance data that show
a markedly lower percentage below the
Brunhes-Matuyama boundary. The au
thors suggested that solution effects may
have been more pronounced prior to a mil
lion years ago. The presence of manganese
nodules and low foraminiferal counts in the
Matuyama, at least to 15 Ma, suggest that
climatic conditions were more uniform and
without the wide fluctuations of the Brunhes
epoch. Most of their cores show seven
cycles in the Brunhes with periodicities of
about 100,000 years. They concluded that
the ice pack has been similar to that of the
present day for the past 80,000 years, but
that prior to this time a number of cycles
with conditions similar to today fluctuated
with colder intervals during which the ice
pack was extremely tight and during which
there was no open water even in the
summer.

A somewhat different interpretation has
been presented by HERMAN (1969, 1970,
1974), who concluded that the Arctic has
been frozen only since the beginning of the
Brunhes and was ice free during the Matu
yama and Gauss; however, this interpreta-
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tion seems unlikely in the light of the re
cent results of Leg XII (North Atlantic)
of the Deep Sea Drilling Project, in which
it has been shown that major sea-level berg
calving began 3 Ma ago, indicating the ini
tiation of climati<:: conditions similar to
those of the present interglacial with sea
sonally (at least) frozen Arctic waters.

Subsequent investigations (LARSON, 1973,
1975; CLARK et al., 1975) in the Arctic
Ocean have revealed that the replacement
of an arenaceous benthonic by a calcareous
hyaline benthonic foraminiferal assemblage
occurs near the Brunhes-Matuyama bound
ary and may be due to a change in oceanic
circulation patterns (increased oxygenation
due to greater overturn connected with
more intense glaciation and the entry of
North Atlantic deep water during inter
glacial periods) rather than to ice-cover
changes. Correlation of the Quaternary Arc
tic deep-sea core climatostratigraphic record
with climatostratigraphic curves developed
elsewhere (e.g., Atlantic, Caribbean) is
vague and unclear, but the relatively uni
form cold polar conditions during that time
may be expected to have left a blurred
record of climatic change in comparison
with the distinct, oscillatory changes that
are recorded at mid-latitudes.

The late Neogene geologic and strati
graphic history of Beringia (western Alaska,
northeastern Siberia, and shallow parts of
the Chukchi and Bering seas) has been
summarized by HOPKINS (1967a,b, 1972,
1973) and NELSON, HOPKINS, & SCHOLL
(1974a,b). In the marine strata, three
distinct glacial episodes can be distin
guished, Siberian glaciers having extended
over 150 km beyond the Chukotka Penin
sula shoreline. Related to these are three
major interglacial transgressions: in as
cending age the Anvilian, Einahnuhtan,
and Kotzebuean, followed by a brief double
transgression separated by a brief regression,
the Pelukian. This last (and youngest)
transgression is radiocarbon-dated at more
than 38,000 years (HOPKINS, 1973). During
the Anvilian transgression (which is con
sidered to be of early Pleistocene age, be
tween 1.8-0.7 Ma) circulation was domi
nantly northward through the Bering
Strait, relative sea level somewhat higher
and water deeper on the Bering Shelf; mol-

luscan and foraminiferal faunas indicate
that water temperatures did not differ sig
nificantly from those of the present day
(HOPKINS et al., 1974).

The Einahnuhtan transgression is thought
to represent Termination III of BROECKER
and VAN DONK (1970), dated at about
0.225 Ma. The series of progressively colder
interglacial marine transgressions culmi
nated in the Kotzebuean transgression,
which represents a positive fluctuation that
modulated a generally falling sea level in
the 100,000 years that followed the Einah
nuhtan and during which time normal
northward circulation through the Bering
Strait was reversed. Arctic molluscan fau
nas penetrated southward along the coasts
of eastern Siberia and southwestern Alaska
during Kotzebuean time, which is correlated
with the Holstein interglacial in northwest
Europe (HOPKINS, 1973). SHACKLETON and
OPDYKE (1973) have suggested that the
Holsteinian, generally thought to be corre
lative with a level within oxygen-isotope
"stage" 7, may in fact be older (?stage 11
= 400,000 years B.P.). If the correlation of
Kotzebuean = Holsteinian is correct, it may
necessitate a lowering of the ages of the
Einahnuhtan and Kotzebuean transgres
SIOns.

Sea level fell to about -135 m in the
Bering Sea during the maximum phase of
the penultimate glaciation. Following this,
the Pelukian shorelines may represent high
sea level stands of Termination II (ca.
125,000 years B.P.) of BROECKER and VAN
DONK (1970) and one of the two high sea
level stands dated at about 106,000 years
B.P. and 80,000 years B.P. that modulated
the generally falling sea level during the later
part of the last interglacial (= Eemian).
Another positive modulation brought sea
level to at least - 20 m about 30,000 years
B.P. Sea level fell to about -90 to -100 m
during the late Wisconsinan regression but
a substantial part of the Bering shelf re
mained submerged.

According to HOPKINS et al. (1971), the
tundra biome replaced a predominantly
beech and spruce forest in southern Alaska
similar to present-day forests in southeastern
Alaska and British Columbia sometime later
than 5.7 Ma and more probably not until
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the early Pleistocene (HOPKINS, 1972). Evi
dence cited above of the growth and de
velopment of Northern Hemisphere conti-

nental ice sheets within the late Pleistocene
suggests that this major floral replacement
may have occurred as early as 3 Ma.

SEA OF JAPAN

Four significant surface temperature
events were delineated in the Sea of Japan
during the Quaternary (INGLE, 1975) be
ginning with a significant cooling event at
about 0.9 Ma, which apparently correlates
with other evidence of intense midlatitude
glaciation (KENT, OPDYKE, & EWING, 1971;
INGLE, 1973; RUDDIMAN, 1971).

record agrees in timing and in paleoclimatic
interpretation with the 180 record described
by SHACKLETON and OPDYKE (1973, 1976).

Quaternary paleoclimates have been de
scribed in the marginal northeastern Pacific
by INGLE (1973). In this area the glacial
interval of the Pleistocene was characterized
by sustained subarctic temperatures at least
as far south as latitude 30oN. and probably
to 20 o N. allowing the biofacies with dex
trally coiled Neogloboquadrina pachyderma
to move up into the Gulf of California
where it was subsequently trapped by north
ward readjustment of isotherms in the Holo
cene. Such populations are reminiscent of
similar conditions in the Gulf of Mexico
that led to populations of Globigerina bul
loides being trapped in the Gulf of Mexico
following the retreat of the last glaciers
(PHLEGER, 1961).

PACIFIC OCEAN

EQUATORIAL PACIFIC
CLIMATIC CHANGES

The late Neogene paleoclimatic history
of the equatorial Pacific region, based on
carbonate maxima in deep sea cores, has
been described by HAYS et al. (1969). Eight
distinct carbonate cycles were recorded in
the Brunhes (last 0.7 Ma) with periodicities
of about 75,000 years in the later part to
about 100,000 years in the early part of
the Brunhes.

Slightly lower average carbonate content
was observed in the interval between the
Olduvai and the Brunhes (i.e., the late
Matuyama) . Average periodicities here were
on the order of 100,000 years. The generally
lower concentration of calcium carbonate in
the late Matuyama was interpreted as sug
gestive of warmer average climates during
that time. A sharp rise in calcium carbonate
content in the upper Gauss Normal series
may reflect mid-Pliocene cooling at about
3 Ma. HAYS and his colleagues observed that
no marked change in the carbonate content
occurred during the Olduvai Event, al
though in Antarctic cores there is a litho
logic change (see below) in the neighbor
hood of the Olduvai Event (HAYS, 1965,
1967; OPDYKE et al., 1966), which may have
been due to cooling. The comparison of this

ANTARCTIC-SUBANTARCTIC OCEAN

The investigations of SHACKLETON and
KENNETT (1975a,b) have shown that the
East Antarctic ice sheet became established,
and subsequently reached dimensions in ex
cess of its present-day extent, during the
Miocene and has remained relatively stable
and immune to fluctuations in global cli
mate since that time.

Major climatic changes related to the
expansion and contraction of Northern
Hemisphere, and to a lesser extent the Ant
arctic, ice sheets have been placed within
the time-stratigraphic framework of the
New Zealand stages, which have, in turn,

been correlated with the European stage
units (Fig 9).

AUSTRALIA-NEW ZEALAND
AREA

Ten climatic cycles within the Matuyama
(2.43 to 0.7 Ma) have been delineated in
northern Antarctic and subantarctic waters
south of Australia and New Zealand, which
are based on alternation of cold and warmer
water planktonic foraminiferal faunas
(KEANY & KENNETT, 1973). Eight climatic
cycles over the last 1.3 Ma, six of which
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FIG. 9. Paleomagnetic stratigraphy, stratigraphic succession, and paleoclimatic trends at Mangaopari
Stream-Makara River, New Zealand. Sample positions, ranges of some key fossils, local stratigraphic units,
and possible European correlations are shown. Magnetic polarity in the section (left polarity column) is
interpreted from the latitude of the virtual magnetic pole; black denotes normal polarity and clear denotes
reversed polarity, which corresponds to the latitude of the virtual geomagnetic pole being higher than
10° N. and 10° S., respectively. The paleoclimatic curves are, from left to right: a and b, oxygen
isotope ratios of planktonic and benthonic foraminiferal tests; c, abundance of Globorotalia pachyderma
as a percentage of all planktonic foraminiferal tests. The position of the Pliocene-Pleistocene boundary
and the base of the Calabrian have been modified from that previously determined by DEVEREUX et al.
(after Kennett, Watkins, & Vella, 1971, fig. 2). [Note that Gilsa and Olduvai are considered separate

events by these authors.]
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FIG. 9. (Continued from facing page.)

occur within the last 0.7 Ma, had been pre
viously recorded in the study of Southern
Ocean cores by KENNETT (1970). As we
have seen in other oceans, the relative ampli
tude of the climatic cycles during the Matu
yama is somewhat lower than those re
corded in the late Pleistocene (the last
0.7 Ma).

In contrast to most investigators who have

claimed that the general picture is one of
declining climatic conditions during the
Pleistocene, but with much colder climates
during the Brunhes (last 0.7 Ma) than the
late Matuyama (-1.8-0.7 Ma), KEANY and
KENNETT (1973) found evidence that sub
antarctic climatic conditions were more sta
ble and average temperatures lower during
the late Matuyama (ca. 0.9 Ma) than dur-
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ing the Brunhes, whereas the Brunhes, in
general, was a time of erratic, high-intensity
climatic cycles with an average warmer
temperature range. One of the most con
vincing arguments for this view is the fact
that Globorotalia inflata, which appears in
the North Atlantic, the Mediterranean, and
New Zealand about 3 Ma ago (BERGGREN,
1972; CITA, 1973; KENNETT, WATKINS, &
VELLA, 1971) appears for the first time in
the subantarctic region at the base of the
Brunhes (0.7 Ma ago). As KEANY and
KENNETT (1973) pointed out, if subant
arctic-northern Antarctic conditions were
warmer during the Matuyama than later,
as suggested by BANDY, CASEY, & WRIGHT
(1971), G. inflata would be expected to
occur throughout this interval as it does in
New Zealand and equivalent latitudes.

ANTARCTIC MARGINAL SEAS

FILLON (1972) has recorded evidence of
widespread submarine erosion in the Ross
Sea sometime after late Gauss time «2.4
Ma), and has suggested that this wasdue
to significant net cooling (see also WATKINS
& KENNETT, 1971, 1972). A major break
in sedimentation and a change in ecofacies
(Pliocene calcareous benthonic foraminifers
below, agglutinated foraminifers of late
Brunhes age above) was probably due to a
sharp decrease in the amount of debris de
livered from the Ross Ice Shelf to the Ross
Sea owing to a significant northward ad
vance and thickening of the Ross Ice Shelf,
and also to a consequent increase in bottom
scour. KEANY and KENNETT (1973) have
attributed increased erosion in the Southern
Ocean and Tasman Sea to major cooling
with a resulting increase in bottom-water
production and velocities in post-Gilbert or
post-Gauss time (-3.0 to 2.4 Ma).

Late Neogene paleoglacial history of Ant
arctica has been recorded in sub-Antarctic
deep-sea cores (MARGOLIS & KENNETT, 1970,
1971; KENNETT & BRUNNER, 1973) by the
presence of ice-rafted grains and variations
in planktonic foraminiferal diversity. Ice
rafted grains are locally abundant in the
uppermost Miocene and Pliocene and are
generally abundant within the Pleistocene,
supporting the idea that the Antarctic ice
cap grew to present-day proportions during

the late Miocene (approximately 10 Ma
ago).

RADIOLARIAN EVIDENCE
OF CLIMATIC CHANGE

HAYS (1965, 1967) has observed that the
distribution of radiolarians and various sedi
ments in the Pleistocene in the Antarctic
Ocean is strongly influenced by the north
ern limit of pack ice and the Antarctic
Polar Front (Antarctic Convergence). The
Pleistocene sediments between the polar
front and the pack ice are primarily diatom
oozes. At the boundary between radio
larian zones It>IX there is a lithologic
change from clay below to diatom ooze
above, which apparently resulted from the
initiation of large-scale freezing of sea ice
around Antarctica. This led to greater ver
tical circulation (upwelling) in the Antarc
tic Ocean and the development of high
productivity of the Antarctic surface water
that persists to the present day. Thus,
alternation of radiolarian and diatom-rich
sediments with layers poor in siliceous mi
crofossils north of the limit of modern
pack ice as well as the alternation of warm
and cold-water radiolarian species are ap
parently a reflection of changing limits of
the Antarctic pack ice.

Cold-water conditions appear to have pre
vailed in the late Gilbert, Gauss and early
Matuyama (>2.4-<0.7 Ma), with a return
toward temperate conditions during most
of the Matuyama indicated by the almost
continuous presence in Antarctic cores of
this age of Pterocanium trilobum and Sa
turnulus planetes. A significant temperature
reduction occurred at the Brunhes-Matu
yama boundary as shown by the local disap
pearance of warm-water polycystines. Tem
perate conditions were reintroduced toward
the end of the Brunhes (Holocene) as
shown by the reappearance of Saturnulus
planetes, T heocanus zancleus, and other
forms. Temperature cycles in the early Gil
bert may have been on the order of IS-20°C
(average summer), in the 5-15° range dur
ing the late Gilbert, Gauss, and Matuyama.
On the other hand, four cooling cycles well
below 5°C were said to have occurred dur
ing the Brunhes (BANDY, CASEY, & WRIGHT,
1971 ).
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CALCAREOUS NANNOFLORAL
EVIDENCE OF

CLIMATIC CHANGE

GEITZENAUER (1969, 1972) has investi
gated the Pleistocene calcareous nanno
plankton biostratigraphy and paleoclimatol
ogy of the subantarctic region.

Within the last 400,000 years, interglacial
periods within the subantarctic have been
characterized by a relatively high frequency
of Cyclococcolithus leptoporus and Cocco
lithus pelagicus. During glacial intervals
these two forms were sharply reduced, the
dominant form being the eurythermal Ge
phyrocapsa caribbeanica; however, a maxi
mum peak of G. caribbeanica occurred be
tween 0.4 and 0.5 Ma ago and resulted in
a nearly monospecific coccolith ooze, which
was correlated by KENNETT (1970) with
the climatic optimum that occurred during
the V interglacial zone of ERICSON and
WOLLIN (1968). (In this connection, see
also IMBRIE & KIPP, 1971; and BRISKIN &
BERGGREN, 1975.) The apparent contradic
tion between foraminiferal and coccolitho-

phorid data within this specific interval
suggests that G. caribbeanica exhibits an
apparent bimodal distribution pattern, with
maxima at glacial stages and at the warmest
interglacial. GEITZENAUER (1972) cautioned
that a simple coccolithophorid-temperature
relationship may be dangerous in Antarctic
paleoclimatic interpretations; other factors
such as salinity and nutrients may also have
been significant determinants in the distribu
tion of Pleistocene coccolith flora.

On the basis of present-day temperature
ranges governing the distribution of Cocco
lithus pelagicus and Cyclococcolithus lepto
porus, the similarity in frequency peaks in
both of these species in the late Pleistocene
indicates that the optimum conditions for
both species were similar and that the cli
mate of the "cool" interglacial stages of
the late Pleistocene were very similar to the
present time (GEITZENAUER, 1972).

In summary, it may be said that a sub
stantial similarity exists between the cur
rently adopted Quaternary climatic curves
from Atlantic, Caribbean, Pacific, and sub
antarctic ocean-floor sediments.

MEDITERRANEAN

The late Neogene geological histories of
the Mediterranean, Red, and Black seas
are intimately related. Indeed, the Black
and Caspian seas may be viewed as but
remnants of a once extensive shallow-water
sea of intermediate salinity-the Paratethys
-which extended eastward to central Eu
rope and was itself connected with the
Mediterranean Sea until about 13 Ma. The
Mediterranean and Red seas may have been
connected intermittently during the late
Neogene as well.

Of particular importance to our under
standing of the Quaternary marine climato
stratigraphy is the fact that alternating
glacial-interglacial climatic oscillations in
the Northern Hemisphere caused significant
changes in Mediterranean climatic condi
tions (FAIRBRIDGE, 1972). During early
(anaglacial) times, the prevailing wester
lies were deflected southward, bringing in
creased precipitation over the Mediterranean
and North Africa. During maximum (pleni
glacial) times oceanic cooling led to reduced
precipitation and cold, arid climates. Dry,

northeasterly winds resulted in the extensive
distribution of loess deposits as far south as
southwestern France and Portugal, the mi
gration of sand dunes far to the south of
the present-day North African Sahara, and
increased amounts of eolian biogenic de
tritus (opal phytoliths and freshwater dia
toms) in the equatorial Atlantic west of
Africa (PARMENTIER & FOLGER, 1974). In
creased precipitation characterized the late
(kataglacial) glacial phases and the post
glacial warming. During interglacial phases
the Mediterranean was characterized by a
gradual warming trend and increased pre
cipitation, leading to humid conditions and
reforestation e\'en in North Africa, followed
by cooling accompanied by widespread
desiccation.

DEEP-BASIN CORE RECORD
OF CLIMATIC CHANGE

A broad picture of the climatostrati
graphic history of the last 4 Ma in the
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subsequently extended to about 4 Ma using
the data from cores taken by the Deep
Sea Drilling Project Leg 13 (CITA, 1973;
CIARANFI & CITA, 1973). Generalized paleo
climatic curves based on analysis of plank
tonic foraminiferal faunas reveal numerous
fluctuations during the last 2 Ma (Pleisto
cene) (Fig. 10). As in open-ocean cores,
climatic oscillations in late Pliocene and
early Pleistocene were not as great as those
beginning about 1 Ma, and RYAN'S (1972)
curve agrees closely with the 180 curve of
SHACKLETON and OPDYKE (1973, 1976).

Sapropel layers in the eastern Mediter
ranean bottom-sediments are attributed to
stagnation caused by inflow of glacial melt
waters from the Black Sea and consequent
density-stratification of the Mediterranean
water-mass, at a time when glacio-eustatic
sea level was recovering from below -40 m,
the elevation of the Bosporus sill, and the
Black Sea was still a freshwater lake; the
sapropels are thus keyed to deglacial phases
when landlocked ice was being returned to
the sea. The earliest of these sapropels
(OLAUSSON, 1961; RYAN, 1972) at ca. 2.4 Ma
in the Ionian basin (eastern Mediterranean)
indicates that glacio-eustatic sea level change
occurred significantly earlier than the first
major Alpine glaciation, the Gilnz at about
0.9 Ma, or even before the less well-dated
Donau, ca. 1.5 Ma. The estimated age of
2.4 Ma for this earliest sapropelic layer is
tantalizingly close to the 2.6 Ma estimated
by SHACKLETON and KENNETT (1975a,b)
for the establishment of the Northern Hemi
sphere polar ice sheet, an event that may be
expected to have had a pronounced effect
on sea level, nor is it greatly different than
the 3 Ma estimated for the beginning of
ice-rafting (BERGGREN, 1972), which is un
questionably related to the same event.

Of particular paleoecologic interest is the
discovery by RYAN (1972) that relatively
high percentage values of the planktonic
foraminifer Globigerinoides ruber in asso
ciation with Neogloboquadrina dutertrei
(~ N. eggert) occur in the sapropel layers.
BE and TOLDERLUND (1971) have shown
that G. ruber is a euryhaline species with
optimum salinity preferences below 34.5
percent and above 36 percent. Thus, the
high value of G. ruber in the sapropel layers
support the idea that the sapropels are a
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Mediterranean Sea has emerged over the
last few years. Building upon the classic
study of the eastern Mediterranean late
Pleistocene by PARKER (1958), RYAN (1972)
extended the climatostratigraphic record
back to about 0.4 Ma by combining various
piston cores from different parts of the
Mediterranean. This record, in turn, was

FIG. 10. Generalized climatic curves for the equa
torial Atlantic and the Mediterranean. The Mediter
ranean curve has been constructed by weighing all
the data from the various drill cores and piston
cores and has been normalized to the geomagnetic
time scale. The equatorial Atlantic curve is a
"total fauna" assessment of RUDDIMAN (1971). The
dotted lines are suggested levels of correlation. The
heavy bars on the right column show levels of
sapropelitic sedimentation in the Mediterranean,
and seem to correspond to periods of marked warm-

ing (after Cita et ai., 1973, fig. 14).
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result of stagnant conditions resulting from
lowered surface water salinity as a result of
freshwater discharge of glacial meltwater
from the Black Sea. In the Red Sea, on
the contrary, the numerical dominance of
G. ruber during glacial phases (to the near
exclusion of all other taxa) is associated
with increased salinity and evaporation rates
and lowered surface water temperatures
(BERGGREN & BOERSMA, 1969; see discussion
below). Here we have a dramatic illustra
tion of the response of a single taxon to op
posite extremes of the same ecologic vari
able.

Inasmuch as the sapropel layers appear to
reflect glacio-eustatically controlled sea level
changes in the world ocean they themselves
can serve as the basis of a sea level curve as
well as providing an excellent means of
calibrating the sea level curve of the eastern
Mediterranean (RYAN, 1972). Sapropels are
noted at 2.4 Ma, 1.5 Ma (?Donau) and at
several levels in the warm part of isotopic
stages 11, 9, 7, 5, 3 and 1 (RYAN, 1972).
The youngest sapropel occurs in the Holo
cene at a thermal maximum at about 7,000
years B.P. (HERMAN, 1972), and similar
sapropels have been recorded in the Adriatic
Sea and dated at 7,500-9,000 yrs B.P. (VAN
STRAATEN, 1972). The sapropels should
further provide an excellent means of corre
lating the marine to the continental strati
graphic record in lakes, terraces, moraines
and loesses.

RED SEA

Detailed climatostratigraphic information
in the Red Sea is available only for the past
80,000 years (essentially the record of the
last glacial and postglacial interval). Prior
to this time the stratigraphic record is patchy
and the sequence of planktonic foraminif
eral faunas in deep sea cores suggest that
since the end of evaporite conditions in
latest Miocene time (ca. 5 Ma) faunal evo
lution may be viewed in terms of an overall
progression from less to more diverse faunas
related to a gradual decrease in salinity
rather than to decreasing temperature
(FLEISCHER, 1974). There is apparently no
evidence of Early Quaternary climatic de
teriorations in Red Sea cores.

The combined investigations of the dis-

tribution patterns of dinoflagellates, fora
minifers, calcareous nannoplankton, ptero
pods, and radiolaria from a series of cores
yield a remarkably uniform interpretation
of the climatostratigraphic history of the
Red Sea over the past 80,000 years. The
basic climatostratigraphic framework was
provided by the planktonic foraminifers
(BERGGREN & BOERSMA, 1969) when it was
rea~ized that the fluctuating percentages be
tween two species, Globigerinoides ruber
and G. sacculifer, were primarily controlled
by salinity rather than temperature as origi
nally suspected.

According to these studies, a tropical
subtropical climate existed in the Red Sea
region from at least 80,000 to about 50,000
60,000 years ago and corresponds approxi
mately to the first of four cycles. During
this time surface water temperatures prob
ably varied between 21 °_30°C, similar to
present-day values in the area. The second
evaporative cycle began about 50,000 years
ago and lasted until about 25,000 years ago.
Climatic cooling and lowering of sea level
are suggested by micropaleontologic data
and oxygen isotopic measurements (BERG
GREN, 1969; DEUSER & DEGENS, 1969). Cycle
III (ca. 23,000-13,000 years ago) corresponds
to the coolest part of the Late Pleistocene.
The general impoverishment of the micro
fauna heading to a nearly monospecific as
semblage of Globigerinoides ruber, during
this interval, is probably directly related to
lowered water temperatures, in addition to
the effects of pronouncedly higher relative
salinities. Surface water temperatures may
have reached values as low as 13°_14°C
during this time. Cycle IV (corresponding
to the Holocene) witnessed the reestablish
ment in the Red Sea of a normal marine
microfauna from the Indian Ocean and a
gradual rise in temp~rature to present-day
values.

BLACK SEA
The marine Quaternary history of the

Black Sea is preserved as a series of trans
gressive littoral-marine deposits separated
by wash-out horizons and isolated pockets
of subaerial sediments that represent regres
sions. These deposits crop out in a series of
terraces that descend stepwise nearly con-
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tinuously along the entire Western Caucau
sus coast of the Black Sea (MURATOV, Os
TROVSKY, & FRIDENBERG, 1974). Repeated
ingressions of Mediterranean waters across
the Bosporus sill during interglacial high
sea-level stands provide the basis for a bio
stratigraphic subdivision of the littoral
neritic facies of the circum-Black Sea region.
To date piston cores from the bottom sedi
ments of the Black Sea have penetrated only
into deposits of the last glacial, which have
been dated at about 25,000 years B.P., but
recent drilling by the Glomar Challenger
has penetrated an apparently complete Pleis
tocene succession (Ross et al., 1975).

Regressions of the Black Sea were accom
panied by substantial freshening and coin
cided with the early stages of glaciation.
Transgressions of the Black Sea were ac
companied by influx of water from the
Caspian and Azov seas and immigration
of faunas from these areas. At such times,
as well as during regressions, there must
have been unilateral surficial runoff from
the Black Sea into the Mediterranean. As
Black Sea transgressions waned, inflow of
saline water from the Mediterranean was
accompanied by the introduction of eury
haline Mediterranean faunal elements; this
phase coincided with the later interglacial
(or interstadial) stages.

Although accurate biochronologic control
is lacking for the earlier part of the strati
graphic sequence, a generally accepted cor
relation with the European glacial-intergla
cial sequence is possible. The "earliest"
Pleistocene Chaudian transgressive unit con
tains an endemic Black Sea fauna with ele
ments of the Bakunian Stage of the Caspian
Sea, which suggests approximate correlation
with basal Brunhes (the Bakunian is equiv
alent to the Tiraspol continental sequence
within which the Brunhes-Matuyama
boundary has been located; see BERGGREN
& VAN COUVERING, 1974). It should be re
called that the "official" base of the Quater-

nary in the Soviet Union is drawn at a
stratigraphic level approximately coincident
with the base of the Brunhes, ca. 0.7 Ma.

Subsequent transgressions increased in in
tensity and attendant thermophilic faunal
elements. The three maxima-Ashe, Ka
rangat, and Surozh-eontain virtually mon
otypic faunas (as do the lesser Paleo-Euxin
ian and Pshada transgressions).

Radiocarbon and thorium-uranium dat
ing suggests that the Ashe transgression
(= Odontsovo Interglacial in Eastern Eu
rope) is correlative with the Riss-Wiirm
(=Eemian) Interglacial, and the Karangat
(= Mikulino Interglacial) and Surozh
(= Mologo-Sheksna Interglacial) transgres
sions with intra-Wiirmian or Wisconsinan
relatively high stands of sea level. The
Chaudian, as an equivalent to Biharian
mammal age via correlation to Bakunian
Stage, apparently corresponds to pre-Mindel
"Cromerian" but also, at least in part, to
an interglacial within the Mindel. The
Pshada transgression appears to correspond
to an interglacial phase within the Riss.

Of particular interest in the history of
the Black Sea is the convergence of faunal,
floral, and geochemical evidence from iso
tope data (DEUSER, 1972, 1974) that the
Black Sea was essentially a freshwater lake
between 25,000 to 7,000 years ago, and grad
ually evolved into its present form over the
period of ca. 9,000 to 7,000 years ago. The
influx of the saline waters from the Medi
terranean 7,000 years ago (with minor input
beginning ca. 9,000 years ago) is marked
in the Black Sea by sapropelic sediments
and the introduction of euryhaline forms.
This event is seen to correspond with the
formation of dated sapropelic layers in the
Mediterranean that have been interpreted
to have formed under stagnant bottom con
ditions caused by outflow of glacial melt
waters from the Black Sea into the Medi
terranean.

SUMMARY AND CONCLUSIONS

1) The Pliocene-Pleistocene boundary is
approximately 1.5-1.6 Ma, and is at, or
slightly younger than, the top of the
Olduvai normal paleomagnetic event. A
set of multiple reinforcing biostrati-

graphic criteria can be used to recognize
the approximate position of this bound
ary in deep-sea sediments. Intra-Pleisto
cene biochronology is possible by means
of various biochronologic datum levels
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that have been calibrated to the paleo
magnetic time scale, the oxygen isotope
record, or both.

2) The integration of paleontology, paleo
magnetic stratigraphy, and oxygen iso
tope analysis in the relatively complete
and continuous deep-sea record is pro
viding a chronologic framework within
which glacial-interglacial cycles can be
accurately delimited. Within this frame
work it is now becoming possible to
make an approximate correlation be
tween the climatic record of the deep
sea and the classic glacial-interglacial
record in terrestrial sequences.

3) With minor adjustments and calibration
to a uniform time scale there is a re
markable degree of correspondence in
the climatostratigraphic curves of various
authors from various parts of the world
in the Northern and Southern hemi
spheres, which suggests essentially syn
chronous response over a large part of
the earth to major climatic changes.
The global correlation of paleoclimatic
cycles is shown in Fig. 11.

4) As pointed out in the introductory para
graph to this chapter, the Quaternary is
a unique time in earth history, even by
the most conservative standard of com
parison. In the relatively short time
span of the last 1.5 Ma the earth has
witnessed such diverse events as:
a) repeated (perhaps as many as 30 or

more) glaciations at high and mid
latitudes in the Northern Hemi
sphere, which have drastically altered
the biogeographic distribution pat
terns of marine and terrestrial plants
and animals alike;

b) repeated and drastic latitudinal dis
placement of climatic zones by as
much as 20 to 30 degrees;

c) dramatic changes in oceanographic
circulation patterns in the oceans and
Mediterranean Sea; dramatic oscilla
tions in circulation between the Medi
terranean and Black Sea; repeated
isolation of, and increased salinity in,
the Red Sea; repeated subaerial ex
posure of the Bering shelf and sub
aerial connection between North
American and Siberian land areas.

5) Integrated geophysical, geochemical, and
paleontologic studies on the deep-sea
stratigraphic record are leading to a bet
ter understanding of the history of
global climate over the past million
years. These studies may be expected to
lead to a more precise construction of
past global climatic conditions at specific
"moments" in time (McINTYRE et al.,
1976), which can, in turn, serve as
boundary conditions for modeling gen
eral atmospheric circulation patterns in
the Pleistocene (GATES, 1976).

Just as the present has been amply
demonstrated to be a reliable guide in
reconstructing the past, so the past is
seen to be a reliable guide to predicting
the future.

6) Having shown uncharacteristic restraint
above, we here feel constrained to point
out, in passing only, that this same in
terval has witnessed the passage from
East African "stone-pebble culture,"
through the development of intricate
and perfect bifacial implements, to the
paleolithic tool industries (which began
about 0.5 Ma), through the artistic in
spiration of Altamira, Lascaux, and
other caves in southwestern France and
Spain, to the genius of Leonardo. Al
though hominid evolution has recently
been pushed back into the Pliocene
Epoch (ca. 3-4 Ma) it seems fair to say
that, in general terms, Man is a child
of the Quaternary.

REFERENCES
Agassiz, Louis, 1838, Notes sur les glaciers: Soc.

Geol. France, Bull., ser. 1, v. 9, p. 443-450
(observations on p. 407-410, 435-438).

Ager, D. V., 1973, The nature of the stratigraphic
record: 113 p., MacMillan (London).

Ambrosetti, Pierluigi, Azzaroli, Augusto, Bonadonna,
F. P., & Follieri, Maria, 1972, A scheme of

Pleistocene chronology for the Tyrrhenian side
of central Italy: Soc. Geol. Italiana, Boll., v. 91,
p. 169-184.

Arrhenius, Gustav, 1952, Sediment cores from the
east Pacific: Rept. Swedish Deep Sea Expedition
(1947-1948), v. 5, no. I, p. 1-89.

Azzaroli, Augusto, 1970, Villafranchian correIa-

© 2009 University of Kansas Paleontological Institute



A538 Introduction-Biogeography and Biostratigraphy

tions based on large mammals: Jour. Geology,
v. 35, no. 2, p. 111-131.

Bandy, O. L., Casey, R. E., & Wright, R. C., 1971,
Late Neogene planktonic zonation, magnetic re
t'ersals, and radiometric dates, Antarctic to the
tropics: Am. Geophys. Union, Antarctic Res.
Ser. (Antarctic oceanology, 1), v. 15, p. 1-26.

---, & Wilcoxon, J. A., 1970, The Pliocene
Pleistocene boundary, Italy and California: Geo!.
Soc. America, Bull., v. 81, p. 2939-2948.

Banner, F. T., & Blow, W. H., 1965, Progress in
the planktonic foraminiferal biostratigraphy of
the Neogene: Nature, v. 208, p. 1164-1166.

Bayliss, D. D., 1969, The distribution of Hyalinea
balthica and Globorotalia truncatttlinoides in the
type Calabrian: Lethaia, v. 2, p. 133-143.

Be, A. W. H., & Tolderlund, D. S., 1971, Distribu
tion and ecology of living planktonic foraminif
era in the surface waters of the Atlantic and
Indian oceans: in Micropaleontology of oceans,
B. M. Furnell, & W. R. Ride! (eds.), p. 105-149,
Cambridge Univ. Press (Cambridge, Mass.).

Beard, J. H., 1969, Pleistocene paleotemperature
records based on planktonic foraminifera, Gulf
of Mexico: Geo!. Soc. America, Abstr. with
Programs for 1969, pt. 7, p. 256.

Berggren, W. A., 1969, Micropaleontologic investi
gations of Red Sea cores-summation and syn
thesis of results: in Hot brines and recent heavy
metal deposits in the Red Sea, E. T. Degens, &

D. A. Ross (eds.), p. 329-335, Springer-Verlag
(New York, N.Y.).--1972, Late Pliocene
Pleistocene glaciation: in Preliminary reports of
the Deep Sea Drilling Project, v. 12, A. S.
Laughton et al., p. 953-963, U.S. Government
Printing Office (Washington, D.C.).--1977,
The Pliocene/Pleistocene boundary in deep-sea
sediments: Giorn. Geo!. (in press).

---, & Boersma, Anne, 1969, Late Pleistocene
and Holocene planktonic Foraminifera from the
Red Sea: in Hot brines and recent heavy metal
deposits in the Red Sea, E. T. Degens & D. A.
Ross (eds.), p. 282-298, 1 p!., Springer-Verlag
(New York, N.Y.).

---, & Haq, Bil.al, 1976, Biostratigraphy and
biochronology of the Pliocene/Pleistocene bound
ary: calcareous plankton: First Internatl. Con
gress Pacific Neogene Stratigraphy, Tokyo (1976)
(Abstract) .

---, & Van Couvering, J. A., 1974, The Late
Neogene: Biostratigraphy, geochronology and
paleoclimatology of the last 15 million years in
marine and continental sequences: Palaeogeog
raphy, Palaeoclimatology, Palaeoecology, v. 16
(1/2), p. 1-216.

Blow, W. H., 1969, Late middle Eocene to recent
planktonic foraminiferal biostratigraphy: in Proc.
1st Internatl. Conf. Planktonic Microfossils, Ge
neva (1967), 1, P. Bronnimann & H. H. Renz
(eds.), p. 199-421, 54 p!., E. J. Brill (Leiden).

Bremer, Mary, Briskin, Madeleine, & Berggren, W.

A., 1977, Qualitative paleoecology and paleo
bathymetry of the late Pliocene-early Pleistocene
foraminifera of the Le Castella (Calabria, Italy):
Abstr. 10th INQUA Congress, p. 53.

Briskin, Madeleine, & Berggren, W. A., 1975,
Pleistocene stratigraphy and qualitative paleo
oceanography of tropical North Atlantic core
VI6-205: in Late Neogene epoch boundaries,
T. Saito & L. H. Burckle (eds.), Micropaleon
tology, Spec. Pub!. 1, p. 167-198.

Brock, Andrew, & Hay, R. L., 1976, The Olduvai
event at Olduvai Gorge: Earth and Planet. Sci.
Lett., v. 29 (1976), p. 126-130.

Broecker, W. S., Thurber, D. L., Goddard, J., Ku,
T., Mathews, R. K., & Mesolella, K. J., 1968,
Milankovich hypothesis supported by precise dat
ing of coral reefs and deep-sea sediments: Sci
ence, v. 159, p. 297-300.

---, & Van Donk, Jan, 1970, Insolation changes,
ice volumes, and the 0 18 record in deep-sea
cores: Rev. Geophys. Space Phys., v. 8, no. 1,
p. 169-198.

Buteux, D., 1843, Esquisse geologique du De
partement de la Somme: Acad. Sci. Agric.,
Mem., Dept. de la Somme, p. 187-322.

Ciaranfi, N., & Cita, M. B., 1973, Paleontological
evidence of changes in the Pliocene climates: in
Initial reports of the Deep Sea Drilling Project,
W. B. F. Ryan, K. J. Hsu et al., v. 13, no. 2,
p. 1387-1399, U.S. Government Printing Office
(Washington D.C.).

Cita, M. B., 1973, Pliocene biostratigraphy and
chronostratigraphy: in Initial reports of Deep Sea
Drilling Project, W. B. F. Ryan, K. J. Hsu
et al., v. 13, no. 2, p. 1343-1379, U.S. Govern
ment Printing Office (Washington, D.C.).

---, Chierici, M. A., Ciampo, G., Moncharmont
Zei, M., d'Onofrio, Sara, Ryan, W. B. F., &
Scorziello, R., 1973, The Quaternary record in
the Tyrrhenian and Ionian basins of the Medi
terranean Sea: in Initial reports of the Deep
Sea Drilling Project, W. B. F. Ryan et al., v. 13,
no. 2, p. 1263-1339, U.S. Government Printing
Office (Washington, D.C.).

Clark, D. L., 1971, Arctic Ocean ice cover and its
late Cenozoic history: Geo!. Soc. America, Bull.,
v. 82, p. 3313-3324.

---, Larson, J. A., Root, R. E., & Fagerlin,
S. C., 1975, Foraminiferal patterns of the Arctic
Ocean Pliocene and Pleistocene: Univ. Wisconsin
Madison Arctic Ocean Sedim. Studies Progr. no.
18, Tech. Rept., 94 p.

Cooke, H. B. S., 1973, Pleistocene chronology:
long or short?: Quaternary Res., v. 3, p. 206
220.

Cox, Allan, 1969, Geomagnetic reversals: Science,
v. 163, no. 3864, p. 237-245.

Creuze de Lesser, Henri, 1824, Statistique du
Department de ['Herault: 606 p. (Montpelier).

Dansgaard, W., & Tauber, H., 1969, Glacial oxygen
18 content and Pleistocene ocean temperatures:

© 2009 University of Kansas Paleontological Institute



Quaternary A539

Science, v. 166, no. 3904, p. 499-502.
---, Johnsen, S. J., Clausen, H. B., & Langway,

C. C., 1971, Climatic record revealed by the
Camp Century ice core: in Late Cenozoic glacial
ages, K. K. Turekian (ed.), p. 37-56, Yale Uni
versity Press (New Haven, Conn.) .--1972,
Speculations about the next glaciation: Quater
nary Res., v. 2, p. 396-398.

Denizot, G., 1957. Lexique stratigrapllique inter
national: v. 1, fasc. 4a VII, Tertiaire: France,
Belgique, Pays. Bas, Luxembourg: Centre Nat.
Rech. Sci., Paris, 217 p.

Desnoyers, J., 1829, Observations SIll' un ensemble
de depots marins plus recents que les terrains
tertiaires du bassin de la Seine, et cOIlStituant une
formation geologique distincte; precedees d'un
apercu de la nonsimultaneite des bassins tertiaires:
Ann. Sci. Nat., v. 16, p. 171-214,402-419.

Deuser, W. G., 1972, Late Pleistocene and Holo
cene history of the Black Sea as indicated by
stable-isotope studies: Jour. Geophys. Res., v. 77,
no. 6, p. 1071-1077.--1974, Evolution of
anoxic conditions in Black Sea during Holocene:
in The Black Sea-geology, chemistry and biol
ogy, E. T. Degens & D. A. Ross (eds.), Am.
Assoc. Petrol. Geologists, Mem. 20, p. 133-136.

---, & Degens, E. T., 1969, 0 18/0 16 and
0 3/ C12 ratios of fossils from the hot-brine
deep area of the central Red Sea: in Hot brines
and recent heavy metal deposits in the Red
Sea, E. T. Degens & D. A. Ross (ed.), p. 336
347, Springer-Verlag (New York).

Donn, W. L., & Shaw, D. M., 1967, The main
tenance of an ice-free Arctic Ocean: in Progress
in oceanography, 4, Mary Sears (ed.), p. 105
113, Pergamon (Oxford).

Duplessy, J. C., Labeyrie, J., Lalou, C., & Nguyen,
H. V., 1970, Continental climatic variations be
tween 130,000 and 90,000 years B. P.: Nature,
v. 226, p. 631-633.

Emiliani, Cesare, 1955, Pleistocene temperatures:
Jour. Geology, v. 63, p. 538-578.--1961, Ceno
zoic climatic changes as indicated by the stratig
raphy and chronology of deep-sea cores of
Globigerina-ooze facies: New York Acad. Sci.,
Ann., v. 95, p. 521-536.--1964, Paleotempera
ture analysis of the Caribbean cores A254-BR-C
and CP-28: Geol. Soc. America, Bull., v. 75,
p. 129-144.--1966a, Paleotemperature analysis
of the Caribbean cores P6304-8 and P6304-9
and a generalized temperature curve for the last
425,000 years: Jour. Geology, v. 74, p. 109-126.
--1966b, Isotopic paleotemperatures: Science,
v. 154, p. 851-857.--1967, The Plio-Pleisto
cene boundary: Reply to G. M. Richmond: Sci
ence, v. 156, no. 3773, p. 410.--1972, Quater
nary paleotemperatures and the duration of the
high temperature intervals: Science, v. 178, p.
398-401.

---, Mayeda, T., & Selli, Raimondo, 1961,

Paleotemperature analysis of thc Plio-Pleistocene
section at Le Castella, Calabria, Jouthern Italy:
Geol. Soc. America, Bull., v. 72, p. 679-688.

Ericson, D. B., Broecker, W. S., Ku1p, J. L., &

Wollin, Goesta, 1956, Late Pleistocene climateJ
and deep-Jea JedimenlJ: Science, v. 124, no.
3218, p. 385-389.

---, Ewing, Maurice, & Wollin, Goesta, 1963,
Pliocene-Pleistocene boundary in deep-sea Jedi
ments: Science, v. 139, no. 3556, p. 727-737.
--19643, Sediment cores from the Arctic and
subarctic .<cas: Science, v. 144, p. 1183-1192.
--1964b, The Pleistoccne Epoch in deep-.<ca
sediments: Science, v. 146, p. 723-732.

---, & Wollin, Goesta, 19563, Correlation of
Jix cores from the equatorial Atlantic and the
Caribbcan: Deep-Sea Res., v. 3, p. 104-125.
--1956b, Micropaleontological and isotopic dc
tcrminationJ of PleiJtocene climates: Micropale
ontology, v. 2, no. 3, p. 257-270.--1968,
Pleistocene climates and chronology in deep-sea
sedimentJ: Science, v. 162, p. 1227-1234.

Ewing, Maurice, & Donn, W. L., 1956, A theory
of ice ageJ: Science, v. 123, p. 1061-1066.-
1958, A theory of ice ages, 2: Science, v. 127,
p. 1159-1162.

Fairbridge, R. W., 1972, Climatology of a glacial
cycle: Quaternary Res., v. 2, no. 3, p. 283-302.

Fillon, R. H., 1972, Evidence from the Ross Sea
for widespread Jttbmarine erosion: Nature, Phys.
Sci., v. 238, p. 40-42.

Fleck, R. J., Mercer, J. H., Nairn, A. E. M., &
Peterson, D. N., 1972, Chronology of late Plio
cene and early Pleistocene glacial and magnetic
events in Jouthern Argentina: Earth Planet. Sci.
Lett., v. 16, p. 15-22.

Fleischer, R. L., 1974, Preliminary report on Late
Neogene Red Sea Foraminifera, Deep Sea Drill
ing Project, Leg 23B: in Initial reports of the
Deep Sea Drilling Project, T. A. Davies, B. P.
Luyendyk et al., v. 26, p. 985-1011, 2 pl., U.S.
Government Printing Office (Washington, D.C.).

Forbes, Edward, 1846, On the connexion between
the distribution of tile existing fauna and flora
of the BritiJh Isles and the geographical changeJ
which I,ave atJected their area, expecially during
the epoch of the Northern Drift: Great Britain
Geol. Survey, Mem. v. 1, p. 336-432.

Gates, W. L., 1976, Modeling the ice-age climate:
Science, v. 191, no. 4232, p. 1138-1144.

Geitzenauer, K. R., 1969, Coccoliths at late Quater
nary paleoclimatic indicators in the JUbantarctic
Pacific Ocean: Nature, v. 223, p. 170-172.-
1972, The Pleistocene calcareous nannoplankton
of the subantarctic Pacific Ocean: Deep-Sea Res.,
v. 19, p. 45-60.

Gignoux, Maurice, 1913, Les formations marineJ
pliocene et quaternaires de !'Italie du Sud et de
la Sicile: Ann. Univ. Lyon, n. ser., v. 36, 693
p.--1950, Geologie stratigraphique: 4" edit.

© 2009 University of Kansas Paleontological Institute



A540 Introduction-Biogeography and Biostratigraphy

entierement refondue, 735 p., Masson et cie.
(Paris).--1955, Stratigraphic geology: 682 p.,
Freeman & Co. (San Francisco, Calif.).

Hammen, T. van der, Wijmstra, T. A., & Zagwijn,
W. H., 1971, The floral record of the Late Ceno
zoic of Europe: in The Late Cenozoic glacial
ages, K. K. Turekian (ed.), p. 391-424, Yale
Univ. Press (New Haven, Conn.).

Haq, Bilal, Berggren, W. A., & Van Couvering,
J. A., 1977, Corrected age of the Pliocene/
Pleistocene boundary: Nature, v. 269, p. 483-488.

Hays, J. D., 1965, Radiolaria and Late Tertiary
and Quaternary history of Antarctic seas: Biology
of the Antarctic Sea II, Am. Geophys. Union,
Antarct. Res., ser. 5, p. 125-184.--1967, Qua
ternary sediments of the Antarctic Ocean: in
Progress in oceanography, 4, Mary Sears (ed.),
p. 117-131, Pergamon (Oxford).

---, & Berggren, W. A., 1971, Quaternary
boundaries and correlations: in Micropaleontol
ogy of the oceans, B. M. Funnell, & W. R. Riedel
(eds.), p. 669-691, Cambridge University Press
(Cambridge, Eng.).

---, Saito, Tsunemasa, Opdyke, N. D., lit
Burckle, L. H., 1969, Pliocene-Pleistocene sedi
ments of the equatorial Pacific-their paleomag
netic, biostratigraphic and climatic record: Geol.
Soc. America, Bull., v. 80, p. 1481-1514.

Herman, Yvonne, 1969, Arctic Ocean Quaternary
microfauna and its relation to paleoclimatology:
Palaeogeography, Palaeoclimatology, Palaeoecol
ogy, v. 6, p. 251-276.--1970, Arctic paleo
oceanography in late Cenozoic time: Science, v.
169, p. 474-477.--1972, Quaternary Eastern
Mediterranean sediments: micropaleontology and
climatic record: in The Mediterranean Sea: A
natural sedimentation laboratory, D. J. Stanley
(ed.), p. 129-147, Dowden, Hutchinson & Ross
(Stroudsburg, Pa.).--1974, Arctic Ocean sedi
ments, microfauna and the climatic record in
Late Cenozoic time: in Marine geology and
oceanography of the Arctic seas, Yvonne Herman
(ed.), p. 283-348, Springer-Verlag (New York
Heidelberg-Berlin) .

Hoernes, M., 1856, Die fossilen Mollusken des
Tertiar-Beckens von Wien: K. K. Geol. Reichs
anstalt, Abh., v. 3, p. 1-733.

Hopkins, K. M., 1967a, Quaternary marine trans
gression in Alaska: in The Bering land bridge,
D. M. Hopkins (ed.), p. 47-86, Stanford Uni
versity Press (Stanford).--1967b, The Cenozoic
history of Beringia-a synthesis: in The Bering
land bridge, D. M. Hopkins (ed.), p. 451-484,
Stanford Univ. Press (Stanford, Calif.) .--1972,
The paleogeography and climate history of Ber
ingia during Late Cenozoic time: Inter-Nord 12,
p. 121-150.--1973, Sea level history in Ber
ingia during the past 250,000 years: Quaternary
Res., v. 3, p. 520-540.--1975, Time-strati
graphic nomenclature for the Holocene Epoch:
Geology, v. 3, p. 10.

---, Mathews, J. V., Wolfe, J. A., lit Silberman,
M. L., 1971, A Pliocene flora and insect fauna
from the Bering Strait region: Palaeogeography,
Palaeoclimatology, Palaeoecology, v. 9, p. 211
231.

---, Rowland, R. W., Echols, R. E., & Valen
tine, P. C., 1974, An Anvilian (early Pleisto
cene) marine fauna from Western Seward Penin
sula, Alaska: Quaternary Res., v. 4, p. 441-470.

Huene, Roland von, et al., 1971, Deep Sea Drilling
Project Leg 18: Geotimes, v. 16, no. 10, p. 12-15.

Hunkins, K., Be, A. W. H., Opdyke, N. D., lit
Mathieu, G., 1971, The Late Cenozoic history
of the Arctic Ocean: in Late Cenozoic glacial
ages, K. K. Turekian (ed.), p. 215-237, Yale Uni
versity Press (New Haven, Conn.).

Iaccarino, Silvia, 1975, Planktonic and significant
benthonic Foraminifera of the proposed Plio
Pleistocene boundary type-section of Le Castella:
L'Ateneo Parmense, Acta Nat., v. 11, no. 3, p.
449-465.

Imbrie, John, 1972, Correlation of the climatic
record of ti,e Camp Century ice core (Green
land) with fOI'aminiferal paleotemperature curves
from North Atlantic deep sea cores: Geol. Soc.
America, Abstr. Programs, v. 4, no. 7, p. 550.

---, & Kipp, N. D., 1969, Quantitative inter
pretations of late Pleistocene climate based on
planktonic foraminiferal assemblages in Atlantic
cores: Geol. Soc. America, Abstr. Ann. Mtg.,
1969, Part 7, p. 113.--1971, A new micro
paleontological method for quantitative paleo
climatology: application to a late Pleistocene
Caribbean core: in Late Cenozoic glacial ages,
K. K. Turekian (ed.), p. 73-181, Yale University
Press (New Haven, Conn.).

---, Van Donk, J., & Kipp, N. D., 1973, Paleo
climatic investigation of a late Pleistocene Carib
bean deep-sea core: comparison of isotopic and
faunal methods: Quaternary Res., v. 3, no. 1,
p. 10-38.

Ingle, J. C., Jr., 1973, Summary comments on
Neogene biostratigraphy, physical stratigraphy,
and paleooceanography in the marginal northeast
Pacific Ocean: in Initial reports of the Deep Sea
Drilling Project, L. D. Kulm, R. von Huene
et al., v. 18, p. 949-960, U.S. Government Print
ing Office (Washington, D.C.).--1975, Pleisto
cene and Pliocene Foraminifera from the Sea of
lapan, Leg 31, Deep Sea Drilling Project: in
Initial reports of the Deep Sea Drilling Project,
Leg 31, D. E. Karig et al., p. 693-701, U.S.
Government Printing Office (Washington, D.C.).

Johnsen, S. J., Dansgaard, W., Clausen, H. B., &
Langway, C. C., 1972, Oxygen isotope profiles
through the Antarctic and Greenland ice sheets:
Nature, v. 235, p. 429-434.

Keany, John, lit Kennett, J. P., 1973, Pliocene-early
Pleistocene paleoclimatic history recorded in Ant
arctic-subantarctic deep-sea cores: Deep-Sea Res.,
v. 17, p. 529-548.

© 2009 University of Kansas Paleontological Institute



Quaternary A541

Kellogg, T. B., 1972, Late Pleistocene climates in
the Norwegian and Greenland seas: Geol. Soc.
America, Abstr. Programs, v. 4, no. 7, p. 560.

Kennett, J. P., 1970, Pleistoccne paleoclimates and
foraminiferal biostratigraphy in mbantarctic deep
sea cores: Deep-Sea Res., v. 17, p. 125-140.

---, & Brunner, C., 1973, Antarctic Late Ceno
zoic glaciation: evidence for initiation of ice
rafting and inferred increased bottom water ac
tivity: Geol. Soc. America, Bull., v. 84, no. 6,
p. 2043-2052.

---, & Hudd1estun, Paul, 1972, Abrtlpt climatic
change at 90,000 Yr BP: faunal evidence from
Gulf of Mexico cores: Quaternary Res., v. 2,
no. 3, p. 384-395.

---, & Shackleton, N. J., 1975, Laurentide icc
sheet meltwater recorded in Gulf of Mexico deep
sea cores: Science, v. 188, p. 147-150.

---, Watkins, N. D., & Vella, Paul, 1971, Paleo
magnetic chronology of Pliocene-early Pleistocene
climates and ti,e Plio-Pleistocene boundary in
New Zealand: Science, v. 171, p. 276-279.

Kent, D., Opdyke, N. D., & Ewing, Maurice, 1971,
Climatic change in the North Pacific using ice
rafted detritus as a climatic indicator: Geol. Soc.
America, Bull., v. 82, p. 2741-2754.

Ku, T. L., & Broecker, W. S., 1967, Rates of sedi
mentation in the Arctic Ocean: in Progress in
oceanography, 4, Mary Sears (ed.), p. 95-104,
Pergamon (Oxford).

Kukla, G. J., Mathews, R. K., & Mitchell, M. J.
(eds.), 1972, The present interglacial: How and
when will it endQ

: Quaternary Res., v. 2, no. 3,
p. 261-445.

Lamb, J. L., 1969, Planktonic foraminiferal datums
and Late Neogene epod boundaries in the
Mediterranean, Caribbean and Gulf of Mexico:
Geol. Soc. America, Abstr. with Programs for
1969, pt. 7, p. 280.--1971, Planktonic fora
miniferal biostratigraphy and paleomagnetics of
late Pliocene and early Pleistocene strata at Le
Castella, Italy: Gulf Coast Assoc. Geol. Soc.,
Trans., v. 21, p. 411-418.

---, & Beard, J. H., 1972, Late Neogene plank
tonic foraminifers in ti,e Caribbean, Gulf of
Mexico and Italian stratotypes: Univ. Kansas
Pa1eont. Contrib., Art. 57 (Protozoa 8), 67 p.,
25 text-fig., 36 pI.

Larson, J. A., 1975, Arctic Ocean Foraminifera
abundance and its relationship to equatorial Pa
cific Ocean solution cycles: Geology, v. 3, no. 9,
p.491-492.

Laughton, A. S., et a!., 1970, Deep-Sea Drilling
Project, Leg 12: Geotimes, v. 15, no. 9, p. 10-14.
--1972, Initial "eporU of the Deep Sea Drilling
Project, Xli: p. iv-xxi + 3-1243, U.S. Govern
ment Printing Office (Washington, D.C.).

Lyell, Charles, 1833, Principles of geology: v. 3,
398 p. (plus 109 p.), Murray (London).-
1839, Nouveaux elements de geologie: 648 p.
Pitois-Levrault (Paris).

McIntyre, Andrew, Be, A. W. H., Biscaye, Pierre,
Burckle, Lloyd, Gardner, James, Geitzenauer,
K. R., Roche, Michael, Imbrie, John, Kipp, Nilva,
Ruddiman, W. F., Moore, T. C., & Heath, Ross,
1972, The glacial North Atlantic 17,000 years
ago: paleoi.<otherm and oceanographic maps de
ril'ed from floral-faunal parameters by CLIMAP:
Geol. Soc. America, Abstr. Programs, v. 4, no.
7, p. 590.

---, et al., 1976, The mrface of the Ice-Age
eartll: Science, v. 191, no. 4232, p. 1131-1137.

---, Ruddiman, W. F., & Jantzen, R., 1972,
Soutllward penetration of the North Atlantic
polar front: falll/al and floral evidence of large
gale mrface wat,.,. mass movements over the
last 225,000 years: Deep-Sea Res., v. 19, p. 61-77.

Margolis, S. V., & Kennett, J. P., 1970, Antarctic
glaciation during the Tertiary recorded in sub
Antarctic deep-sea cores: Science, v. 170, p.
1085-1087.--1971, Cenozoic paleoglacial his
tory of Antarctica recorded in SIIb-Antarctic deep
sea cores: Am. Jour. Sci., v. 271, p. 1-36.

Mercer, J. H., 1973, Cainozoic temperature trends
in the Southern Hemisphere: Antarctic and
Andean glacial el,idence: in Palaeoecology of
Africa, E. M. van Zinderen Bakker (ed.), v. 8,
p. 87-114, A. A. Balkema (Capetown-Rotterdam).

Mercey, A. de, 1874-77, Sur la claHification de Ia
periode Quaternaire en Picardie: Soc. Linn.
Nord France, Mem., v. 4, p. 18-29.

Mesolella, K. J., Mathews, R. K., Broecker, W. S.,
& Thurber, D. L., 1969, The astronomical theory
of climatic change: Barbados data: Jour. Geol
ogy, v. 77. no. 3, p. 250-274.

Meunier, E. S., 1908, Geologie: 989 p., 152 text
fig., Vuibert et Nony (Paris).

Muratov, V. M., Ostrovsky, A. B., & Fridenberg,
E. 0., 1974, Quaternary stratigraphy and paleo
geography on ti,e Black Sea coast of Western
Caucasus: Boreas, v. 3, p. 49-60.

Nakagawa, Hisao, Niitsuma, Nobuaki & Hayasaka,
I., 1969, Late Cenozoic geomagnetic chronology
of the Boso PeninSllla: Geol. Soc. Japan, Jour.,
v. 75, no. 5, p. 267-280.

Nelson, C. H., Hopkins, D. M., & Scholl, D. w.,
1974a, Cenozoic sedimentary and tectonic his
tory of the Bering Sea: in Oceanography of the
Bering Sea, D. W. Hood & E. J. Kelley (eds.),
Inst. Mar. Sci., Univ. Alaska, Fairbanks, p. 485
516.--1974b, Tectonic setting and Cenozoic
sedimentary history of ti,e Bering Sea: in Marine
geology and oceanography of the Arctic seas, Y.
Herman (ed.), p. 119-140, Springer-Verlag (New
York-Heidelberg, Berlin).

Niitsuma, Nobuaki, 1970, Some geomagnetic strat
igraphical problems in Japan and Italy: Mar.
Geology, v. 6, no. 2, p. 99-112.

0lausson, Eric, 1961, Remarks on Tertiary sequences
of two cores from the Pacific: Geol. Inst.
Uppsala, Bull., v. 40, p. 299-303.--1965, Evi·
dence of climatic changes in North Atlantic

© 2009 University of Kansas Paleontological Institute



A542 Introduction-Biogeography and Biostratigraphy

deep-sea cores with remarks on isotopic paleo
temperature analysis: in Progress in oceanogra
phy, 3, Mary Sears (ed.), p. 221-252, Pergamon
(Oxford) .

Opdyke, N. D., Glass, B. P., Hays, J. D., & Foster,
J. H., 1966, Paleomagnetic study of Antarctic
deep-sea cores: Science, v. 154, p. 349-357.

Parker, F. L., 1958, Sediment cores from the Medi
terranean Sea and the Red Sea: No.4. Eastern
Mediterranean Foraminifera: Rept. Swedish
Deep-Sea Expedition, v. 8, p. 219-283.

Parkin, D. W., & Shackleton, N. J., 1973, Trade
wind and temperature correlations from a deep
sea core oD the Saharan Coast: Nature, v. 245,
no. 5426, p. 455-457.

Parmenter, C., & Folger, D. W., 1974, Eolian bio
genic detritus in deep sea sediments: a possible
index of equatorial ice age acidity: Science, v.
185, p. 695-697.

Phleger, F. B., 1961, Ecology and distribution of
recent Foraminifera: 297 p., Johns Hopkins
Press (Baltimore, Md.).

Reboul, Henri, 1833, Geologie de la periode Qua
ternaire, et introduction a l'histoire ancienne:
222 p., F.-G. Levrault (Paris).

Repenning, C. A., 1967, Paleartic-Nearctic mam
malian dispersal in the late Cenozoic: in The
Bering land bridge, D. M. Hopkins (ed.), p.
288-311, Stanford University Press (Stanford,
Calif.).

Richmond, G. M., 1970, Comparison of the Qua
ternary stratigraphy of the Alps and Rocky
Mountains: Quaternary Res., v. 1, no. 1, p. 3-28.

Rio, Domenico, 1974, Remarks on late Pliocene
early Pleistocene calcareous nannofossil stratigra
phy in Italy: Ateneo Parmense, Acta Namr., v.
10 (1974), p. 409-449.

Ross, D., Neprochonov, Y., Hsu, K. J., Muhitten,
S., Stoffers, P., Supko, P., Trimonis, E. A., Perci·
val, S., Traverse, A., Ericson, A. J., Degens, E.
T., Hunt, J. M., & Manheim, F., 1975, Glomar
Challenger drills the Black Sea: Geotimes, v. 20,
no. 10, p. 18-20.

Ruddiman, W. F., 1971, Pleistocene sedimentation
in tI,e equatorial Atlantic: stratigraphy and fau
nal climatology: Geo!. Soc. America, Bul!., v. 82,
p. 283-302.

---, & McIntyre, Andrew, 1976, Northeast
Atlantic paleoclimatic changes over the past
600,000 years: Geo!. Soc. America, Mem. 145,
p. 111-146.

Ruggieri, Giuliano, 1971, Calabriano e Siciliano
nei dintorni di Palermo, Part I: Rivista Min.
Sici!., v. 22(130-132), p. 160-171.-1972,
Alcune considerazioni sulla definizione del piano
Calabriano: Soc. Geo!. Italiana, Boll., v. 91
(1972), p. 639-645.

---, Buccheri, Giuseppe, Greco, Antonio, &
Sprovieri, Rodolfo, 1976, Un affioramento di
Siciliano nel quaero della revisione della strati-

grafia del Pleistocene inferiore: Soc. Geo!.
Italiana, Boll., v. 94, p. 889-914.

Ryan, W. B. F., 1972, Stratigraphy of Late Qua
ternary sediments in the Eastern Mediterranean:
in The Mediterranean Sea, D. J. Stanley (ed.),
p. 149-169, Dowden, Hutchinson & Ross, Inc.
(Stroudsburg, Pa.).

Saito, Tsunemasa, 1969a, The Miocene-Pliocene and
Pliocene-Pleistocene boundaries in deep-sea sedi
ments: Congr. INQUA 8e

, Paris 1969, Resumes
des Communication, sec. 2, 72 bis (abstract).
--1969b, Late Cenozoic stage boundaries in
deep-sea sediments: Geo!. Soc. America, Ann.
Mtg., Abstr., v. 82, pt. 7, p. 289-290.

Savage, D. E., & Curtis, G. H., 1970, The Villa
franchian Stage-Age and its radiometric dating:
in Radiometric dating and paleontologic zona
tion, O. L. Bandy (ed.), Geo!. Soc. America,
Spec. Paper 124, p. 207-231.

Scholl, D. W., et aI., 1971, Deep Sea Drilling
Project, Leg 19: Geotimes, v. 16, no. 11, p.
12-15.

Selli, Raimondo, 1967, The Pliocene-pleistocene
boundary in Italian marine sections and its rela
tionS/lip to continental stratigraphies: in Progress
in oceanography, 4, Mary Sears (ed.), p. 67-82,
Pergamon (Oxford).--1971, Calabrian: Giorn.
Geol., ser. 2, v. 37, no. 2, p. 55-64.--1977,
The Neogene/Quaternary boundary in the Italian
marine formations: Giorn. Geol. (in press).

Serres, Michael de, 1830, De la simultanez"M des
terrains de sediments superieurs: in La Geogra
phie Physique de l'Encyclopedie Methodique, v.
5, 125 p., 1 pl.--1855, Des caracteres et de
l'importance de la periode Quaternaire: Soc.
Grol. France, Bull., ser. 2, v. 12, no. 1, p.
257-263.

Shackleton, N. J., 1967, Oxygen isotope analyses
and Pleistocene temperatures re-assessed: Nature,
v. 215, no. 5096, p. 15-17.

---, & Kennett, J. P., 1975a, Paleotemperature
history of the Cenozoic and the initiation of
Antarctic glaciation: oxygen and carbon isotope
analyses in DSDP sites 277. 279, and 281: in
Initial reports of the Deep Sea Drilling Project,
v. 19, J. P. Kennett, R. E. Houtz et al., p. 743
755, U.S. Government Printing Office (Washing
ton, D.C.).--1975b, Late Cenozoic oxygen and
carbon isotopic changes at DSDP Site 284; impli
cations for glacial history of the Northern Hemi
sphere and Antarctic: in Initial reports of the
Deep Sea Drilling Project, v. 19, J. P. Kennett,
R. E. Houtz et al., p. 801-807, U.S. Government
Printing Office (Washington, D.C.).

---, & Opdyke, N. D., 1973, Oxygen isotope
and palaeomagnetic stratigraphy of equatorial
Pacific core V28-238: oxygen isotope tempera
ture and ice ,'olumes on a 105 year scale: Qua
ternary Res., v. 3, no. 1, p. 39-55.--1976,
Oxygen-isotope and paleomagnetic stratigraphy
of Pacific core V28-239: Late Pliocene to latest

© 2009 University of Kansas Paleontological Institute



Quaternary A543

Pleistocene: Geo!. Soc. America, Mem. 145, p.
449-464.

Smith, L. A., 1969, Pleistocene discoasters from the
stratotype of the Calabrian Stage (Santa Maria
di Catanzaro) and the section at Le Castella,
Italy: Gulf Coast Assoc. Geo!. Soc., Trans., v.
19, p. 579-583.

Sprovieri, Rodol£o, d'Agostino, Salvatore, & Di
Stefano, Enrico, 1973, Giacitura del Calabriano
nei dintorni di Catanzaro: Riv. Italiana Paleont.
Stratigr., v. 79, no. 1, p. 127-140 (incl. Eng.
summ.).

Takayama, T., 1970, The Pliocene-Pleistocene
boundary in the Lamont core V21-98 and at Le
Castella, Italy: Jour. Marine Geology, v. 7, no.
2, p. 70-77.

Van Montfrans, H. M., 1971, Paleomagnetic dating
in the North Sea basin: Earth Planet. Sci. Lett.,
v. 11, p. 226-235.

Van Straaten, L. M. J. U., 1972, Holocene stages
of oxygen depletion in deep waters of the Adri
atic Sea: in The Mediterranean Sea: a natural
sedimentation laboratory, D. J. Stanley (ed.), p.
631-643, Dowden, Hutchinson & Ross, Inc.
(Stroudsburg, Pa.).

Van Voorthuysen, J. H., Toering, K., & Zagwijn,
W. H., 1972, The Plio-Pleistocene boundary in
the North Sea basin: revision of its position in
the marine beds: Geo!. Mijnb., v. 6, p. 627-640.

Vezian, Alexandre, 1865, Prodrome de Geologie:
v. 3, F. Savy (Paris).

Watkins, N. D., & Kennett, J. P., 1971, Antarctic
bottom water: major change in velocity during
the late Cenozoic between Australia and Antarc
tica: Science, v. 173, p. 873.--1972, Regional
sedimentary dJsconformities and upper Cenozoic
changes in bottom water velocities between Aus
tralia and Antarctica: in Antarctic Res. Ser. 19,
Antarctic oceanology 2: The Australian-New
Zealand sector, D. E. Hayes (ed.), p. 273-293,
American Geophysical Union (Washington, D.C.).

---, Kester, D. R., & Kennett, J. P., 1974,
Paleomagnetism of the type Pliocene/Pleistocene
boundary section at Santa Maria di Catanzaro,
Italy, and the problem of post-depositional pre
cipitation of magnetic minerals: Earth and
Planet. Sci. Lett., v. 24, p. 113-119.

---, Kristjansson, L., & McDougall, I., 1976,
A detailed paleomagnetic survey of the type loca
tion for the Gilsa geomagnetic polarity event:
Earth and Planet. Sci. Lett., v. 27, p. 436-444.

Zagwign, W. H., 1974, The Pliocene-Pleistocene
boundary in western and southern Europe:
Boreas, v. 3, p. 75-97.

---, Van Montfrans, H. M., & Zandstra, J. G.,
1971, Subdivision of the "Cromerian" in the
Netherlands: pollen-analysis, palaeomagnetism and
sedimentary petrology: Geo!. Mijnb., v. 50, p.
41-58.

© 2009 University of Kansas Paleontological Institute



A544 Introduction

INDEX

Authors' names in this index are set in small capitals with an initial large capital,
and suprafamilial names are distinguished by the use of full capitals. Page references having
chief systematic importance are in boldface type (as AIOO). The few italicized names are
considered to be invalid.

ABBOTT, A32
ABDULLAEV, AI52
ABDULLAEV & KHALETSKAYA, AI52
ABEL, A21, A22, A70
ABELSON, A68
ABICH, A300, A343
Acaciapora, A272
Acanthatia, A246
Acanthoceras, A459
ACANTHOCERATACEAE, A441
Acanthoceratidae, A457, A459,

A467
Acanthoceratinae, A459
Acanthocladia, A322-A325
Acanthonautilus, A276
Acanthopecten, A305
Acanthopyge, A201
Acanthotrigonia, A459
Acastella, AI95
Acastoides, A201
Acervoschwagerina, A308, A315
Acharax, A475
Acinophyllum, A223
acritarchs, A80, AI09, Silurian,

A170, AI77
Acrophyllum, A223
Acrosaleniidae, A441
Acrospirifer, A196, A197, A202,

A. kobehana Zone, A226
Acroteuthis, A408, A457, A467
ACROTRETIDA, Cambrian, AI20
Actaeonellidae, A458, A472
Actinocamax, A458, A459
ACTlNOCERATOIDEA, A275,

A276
Actinotrigonia, A476
Actinotrypella, A324
actualism, A4
actuopaleonto!ogy, A5
Adamanophyllum, A270, A271
ADAMS & AGER, A463
Adelaidean, A82
Adolphia, AI97
Adrianites, A300
Aenona, A469
aerobic decay, A16
Afghanella, A312
African strata, Siluran, AI74
Agapella, A472
AGASSIZ, A507
Agathiceras, A300, A302, A305.

A335
Agathiceratidae, A276
age correlations, Precambrian, A85
Agelasina, A474
AGER. A393, A395, A462, A468,

A471, A508
AGER & WESTERMANN, A395
Agerina, A141
agnostid distribution and temper

ature, AI29

AGNOSTIDA, AI22-AI28, A13I,
AI60

Agnostidae, AI23
Agoniatites, A201, A243
Agraulidae, A125
Ahtiella, AI43
AITKEN, A247
Akagophyllum, A319, A320
Akasakan Series, A294, A302,

A312
Akidocheilus, A410
Akiyoshiella, A266
Akiyosiphyllum, A271
Akmilleria, A331, A334
Aknisophyllum, A223
Aktubinskia, A334
Albertella, A123, Zone, A131

A132
ALBERTI, A189, AI92, A195,

A198, A201, A208, A226
VON ALBERTI, A352
Albian, A423, A446-A448, A453,

A457-A458
Albumares, A92
ALDINGER, A381
algae, Precambrian, AI08-All0,

Alii
Alispirifer, A260
Aljutovella, A266
"Allanaria," A245
ALLEN, A57, A222
Allenetes, A197
allochthonous burial, A23-A48
allogenic causes of death, A6
ALLOITEAU, A394
Allotropiophyllum, A269, A270,

A272, A299, A318, A320
Almites, A334
Alpine facies, A352
Altay-Sayan area, Devonian fauna

of, A196, A201, A206
Alveolinella, A497
Alveolinidae, A472
Amaltheus, A399, A402
Amandophyllum, A273
amber, Eocene, preservation in,

A12, A13, AI4
ambient polishing, A25
Ambocoelia, A300
Ambocoeliidae, A329
Ammodiscidae, A316
Ammonites, A359
ammonoid fauna, Devonian, A227,

A234, A243, A244, provincial
ism of, A231-A234, A242-A243,
A246-A247, zones, A190

AMMONOIDEA, A275, A276
ammonoids, Jurassic, A397-A408,

Permian, A331-A337, Triassic,
A370-A371

Amnigenia, A247

AMOS & BOUCOT, A231
AMOS & SABATTINI, A260
Amphigenia Zone, A223, A231,

A234
AMPHINOMORPHA, AI03
Amphipora, A199, A246
Amphipyndacidae, A441
Amphipyndax enesseffi Zone, A461
Amphistegina, A497
Amphitriscoelus, A473
Amphoton, A127, A130
Amplexizaphrentis, A318, A319
Amplexocarinia, A269, A299,

A300, A318, A319, A321
Amplexus, A269, A270
Ampyxinella, AI49
AMSDEN, AI54
Amurolites, A202
Amygdalophyllum, A270, A271
Anabacia, A393
Anabarites, A89, AI04
Anabaritidae, AI04
Anadara, A469
anaerobic decay, AI6
Anaflemingites, A363
Anagaudryceras, A475
Anapachydiscus, A471
Anarcestes, A202, A203, A242
Anastomopora, A323
"Anastrophia," AI96
Anataphrus, A150, A154, AI61
Anchignathodus, A338, A339,

Zone, A301, A. typical is Zone,
A339, A379

Anchiopsis, A226
Anchura, A469
Ancistrorhynchia, AI46
Ancyloceratidae, A456, A457
Ancyloceratina, A455, A471, A472
Ancyrodella, A243
"Ancyrognathus" triangularis

Zone, A243
Ancyropyge, A242
ANDERSON, A85, A193, A210,

A353
ANDERSON & ANDERSON, A353
ANDERSON, BOUCOT, & JOHNSON,

A202
Anderssonoceras, A301
Andiceras, A402
ANDREEVA, AI41
ANDREEVA & DRONOV, A403
Anetoceras, A195, A196, A234
Angaran paleofloral region, A285
Angarella, A140, AI52
Angtt.rt;ochrea, AI04
ANGUSTIOCHREIDA, AI04
animal protists, evolution of, A81
ANNELIDA, AI02
annelids, Cambrian, A120, Pre·

cambrian, A88
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Anodontopleura, A473
Anolia, A474
Anolis e1ectrum, All
Anomalofusus, A469
Anomocarella, A127
Anomocarellidae, A130
Anomocaridae, A125
ANOMURA, A410
Anopisthodon, A476
Anoplotheca, A195
anoxybiotic polychaetes, A8-A9
Antedon, A411, A499
ANTHOZOA, A89
anthozoans, Jurassic, A393-A394,

Permian, A317-A321
Anthracoceras, A260
Antillocaprina, A473
Antinomia, A395
ANZYGIN, A148
Apatognathus, A280
Apatorthis, A152
Aphelaceras, A276
Aphroidophyllum, A240
Aphrophylloides, A271
Aphrophyllum, A271
Apiocrinus, A411
Apiograptus, A155
Apiotrigonia, A461, A465
Aploceras, A275
ApOLLONOV, A152, A153, A158
Aporrhaidae, A458
Aporrhais, A39
Appalachian province, Devonian,

A209-A210
Appohimchi subprovince, A230

A231, A231
Aptian, A423, A446-A448, A453,

A457
Apulites, A473
Arachnastrea, A271, A272, A273
Arachnolasma, A269·A272
ARAKELIAN, A299, A311
Araxathyris, A382
Araxilevis, A336
Araxoceras, A300, A301, A336
Araxoceratidae, A336
Araxopora, A324, A325, A326
Arborea, A99
Area, A35
Archaediscus, A263, A265
Archaeocidaris, A306
ARCHAEOCYATHA, A120,

A123, A124, A126, A127,
A129, A130

Archegosaurus, A297
D'ARCHlAC, A3
Archidiscodon, ASOO
ARCOlDA, A375
Arctica islandica, A508, A510
Arctic-Boreal area, Jurassic, A391
Arcticeramus, A396
Arcticoceras, A401, A402
Arcticopora, A326
Arctocephalites, A401, A402
Arctomytilus, A472
Arctostrobium urna Zone, A460
Arctotis, A396
Arcullaea, A473
ARCULLAEINAE, A441
ARDUlNO, A506

Index

Arenicola marina, A8
Arenigian shelly faunas, A140

A142, Balto-Scandian, A140
141, Chinese, A141, Mediterra
nean, AI41-AI42, North Amer
ican, A140

Argochei1us, A276
Arguinella, A397
Arieticeras, A399
Arietites, A398
Arietitidae, A398
Aristocystites, A149
ARKELL, A391, A394, A398,

A400, A402, A440
Arkelloceras, A401
Armenina, A299, A300
ARMSTRONG, A305
Arnaudia, A473
Arnioceras, A398
ARRHENIUS, A517
ARTHABER, A363
ARTHROPODA, AI04
arthropods, Cambrian, A120, Pre-

cambrian, A87-A88, Tertiary,
A499

Artinskia, A331
Artinskian Stage, A255, A293,

A294, A305, ammonoids of,
A334-A335, brachiopods of,
A330, bryozoans of, A322,
A324, A325, A326, corals of,
A318-A319, fusulinaceans of,
A311

Artioceras, A334
Artostrobium urna Zone, A460
Arumberia, A83, AI02
Asaphopsis Province, A142
Asaphus, A143, A148
Ascopora, A322, A325, A326
Ashgillian, A149, lower and mid-

dle faunas of, A150-A152
Asiatotrigonia, A472
Asioptychaspis, A127
asphyxiation, A8-AI0
Aspidagnostus, A124
Aspidoceras, A406, A407
Aspidoceratidae, A401, A403
Aspidura, A62, A63
Asselian Stage, A255, A259,

A267, A293, A305, A306, am
monoids of, A331, brachiopods
of, A330, bryozoans of, A322,
A323, A324, corals of, A318,
fusulinaceans of, A310

assemblages, Cambrian, A120
ASSERETO, A357
Assilina, A497
Astartella, A305
Astartidae, A375
Astartila, A305
Asterias rubens, A7, A20-A21
Asteroarchaediscus, A265
Asterobillingsa, A223
Asteroceras, A398
Astrophyllum, A201
Astycorphe, A242
Ataxioceras, A407
Athyris, A300, A. angelica Zone,

A245
Athyrisinidae, A327, A330

A545

Atokan Series, A248, corals of,
A272, foraminifers of, A266

Atomodesma, A305
Atractites, A408
Atriboniidae, A327
"Atrypa," A240
Atrypa, A242
Atrypella, A223, A227
Atrypidae, A161
ATRYPOlDEA, A203, A246
Atsabites, A335
Attribonium, A246
Auccllina, A457, A458
AUDLEy-CHARLES, A363
Atlgtlstiochreidae, AI04
Aulacella, A246
Aulaceridae, A161
Aulaconauti1us, A408
Aulacopleurum, A476
Aulacosphinctes, A403, A406
Aulacosphinctoides, A403
Aulacostephanus, A407
Aulacoteuthis, A449
Aulina, A271, A272
Auloclisia, A318
Aulophyllum, A272
Aulopora, A273, A321
Aulosteges, A380
Aulostegidae, A329, A330
AUSTIN, A189, A206
Australian biogeographic region,

in the Carboniferous, A270,
A271

Australocoelia, A197, A230
Australospirifer, A197, A230, A231
Austrotrigonia, A476
autogenic causes of death, A6
autolysis, A6
Autunian Series, A295-A297
Avicula, A362
Aviculopecten, A305
AYZENVERG, A258
azimuthal orientation, A33·A36
Azygograptus, A156
AZZAROLl, A516

BAARS, A245
BACHOFEN-EcHT, A80
bacteria, Proterozoic, A80
Bactrognathus, A280, A281
Baculites, A459
Baculitidae, A459-A461, A467
Baikalina, AI02
Bainella, A230
BAKER, A222
Bakevelloides, A369
Balanus, A6, A7
BALDIS & BLASCO, A153
Balto-Samartian shield, A124
BANDO, A363, A364
BANDY, CASEY, & WRIGHT, A530
BANDY & WILCOXON, A510, A513
BANKS & NAQVI, A305
BANNER & BLow, A513
Barcoona, A476
BARGHOORN & TYLER, A80
BARKHATOVA, A259
Barnea, A30
BARNES, AI56, A158
BARNES & FAHRAEUS, A156, A158
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A546

BARRANDE, A195
Barrandeophyllum, A196
Barremian, A423, A446-A448,

A453, A457
Barrettia, A473
Barroisiceratinae, A460
BARTENSTEIN, A410
BARTHEL, A15, A47, A48, A369,

A403, A428
Bartramella, A266, A268
Baryconites, A473
Barytichisma, A272
Bashkirian Stage, A259, corals of,

A272, foraminifers of, A265
A266

Basidechenella, A201
Basilicorhynchus, A246, Zone,

A205, A245
basinal shale facies, Lower Devo-

nian fauna of, A195
BATE, A69
BATES, A143
BATHURST, A49, A53, A63, A69
Bathyuriscus, A123, A130
BATTEN, A377, A378
BAUMANN, A58
Bayleia, A472
Bayleoidea, A473
BAYLISS, A510, A513, A514
BE & TOLDERLUND, A532
Beaniceras, A399
BEARD, A514
Becken facies, A187, A195
BEECHER, A32
BEEDE & KNIKER, A292, A313
Beedeina, A266, A267, A268,

Zone, A266, A267
BEHMEL & GEYER, A399
BEHNKEN, A337, A338
Belemnella, A458, A461, A468
Belemnitella, A458, A461, A468,

A472
Bdemnitellinae, A441
belemnites, Jurassic, A408-A409
Belemnitidae, A408, A441
Belemnopsidae, A410
Belemnopsis, A410, A454, A455,

A472, A475, A476
Belemnoteuthidae, A441
BELL, A281
BELLEROPHON, A302
Bellerophontidae, A378
Belliscala, A469
Beloceras, A205, A207
?Beltanella, A96
BELYEA & McLAREN, A245
BENDER & STOPPEL, A337, A339
BENSAID, A189, A190, A208
benthic communities, Silurian,

A170
BERCKHEMER & HOLDER, A407
BERDAN, A223, A230
BERDAN & MARTINSSON, A180
BERGGREN, A503, A516, A520,

A530, A532, A533
BERGGREN & BOERSMA, A533
BERGGREN & VAN COUVERING,

A505-A543
Bergoccras, A275
BERGSTROM, A145, A156, A157

Introduction

BERNER, A429
Berriasella, A406, A408, A453
Berriasellidae, A454, A456, A471
Berriasian, A423, A442-A444,

A453
BERRY, A156, AI72, A226, A439
BERRY & BoucoT, A161, AI72-

A175, AI78-AI81
BERRY & MURPHY, A226
BEUE, A159
BEURLENS, A410
BEUSHAUSEN, A195
BEYRICH, A499
Bibucia, A270, A271
BIERNAT, A208
Bifida, A195
Bifossularia, A270, A271
Bihenithyris, A395
Bilobia, A145
Bimuria, A145, A147, A151
biocoenosis, A22
biofacies realms, Cambrian, in

North America, A122-A124
biogeography, Cambrian, A128

ABO, in North America, A122
A124, Early, A129; Carbonifer
ous, A260-A261, A283-A286;
Cretaceous, A461-A476, North
Temperate realm, A465-A469,
South Temperate realm, A473
A476, Tethyan realm, A469
A473; Silurian, A168

Biolgina, A 140
biomeres, Cambrian, A131-A134
BION, A378-A379
biostratigraphy, Cambrian, A130

A134, of North America, A131
A132; Cretaceous, A443-A461,
Lower Cretaceous, A449-A453,
Upper Cretaceous, A458-A459;
Silurian, AI70-AI72; Tertiary,
A499

biostratinomic information, from
soft parts, AI5-AI9, observa
tions, early, A5

biostratinomy, A3, A5
BIRADlOLlTINAE, A441
BIRENHEIDE, AI92, A201
Birostrina, A453, A457
BISAT, A276
Bisatoceras, A279
BISCHOFF & ZIEGLER, A190
Bistrialites, A276
Bithynia, A397
BITTNER, A378, A380
bivalves, Jurassic, A395-A397, Si

lurian, A179, Triassic, A372
A377

Biwaella, A315
Blanfordiceras, A403, A406
blattoid assemblages, Carbonifer-

ous, A281
BLIND, A398
Blountiidae, A123
BLOW, A503, A510, A513
BLUMENSTENGEL, AI91
Bochianites, A403, A471
BOEKSCHOTEN, A20
BOGOSLO\,SKIY, AI96, A201, A205,

A206, A207

Bohemian facies, Old World De-
vonian, A195, A198, A209

BOLLI, A503
BOND, A430
BONDAREV, A147
Bonnia-Olenellus Zone, A131-

A132
Boreioteuthis, A467
Bordis, A497
"Borelis princeps," A310
Bornhardtina, A201, A202
Bositra, A396
BothrophyUum, A271-A273, A319
BOTTINO & FULLAGAR, A219
BOUCEK, A154, A191, A195
BOUCKAERT, A189
BOUCKAERT & STREEL, A189
BOUCOT, AI67-AI82, AI92, A194,

A195, A196, A197, A199, A205,
A210, A222, A223, A230, A231

BOUCOT, CASTER, IvES, & TALENT,
A197

BOUCOT & JOHNSON, A223
BOUCOT, JOHNSON, & STRUVE,

A199, A202, A240
BOUCOT, JOHNSON, & TALENT,

A194, A231, A234
Boucotia, AI97
Bouleiceras, A400
Bouleigmus, A472
Boultonia, A299, A308, A316
Boultoninae, A309
BOUROZ, A258
BOWEN, A231, A424, A425
Brachina, A92
Brachiograptus, A156
brachiopod fauna, Devonian,

A223, A226, A227, A230, A231,
A234, A235, A238, A240, A242,
A243, A244, A245, A246, in
Africa, A198, in Asia, A202, in
Australia, A197, A208, in Eu
rope, A199, A205, Middle De
vonian extinctions, A199

brachiopod zones, Devonian,
AI91-AI92, A195

BRACHIOPODA, Cambrian, A120
brachiopods, as Cambrian index

fossils, A130; Jurassic, A394
A395; Lower Carboniferous,
A273, A275; Permian, A326
A330, associations and diversity
patterns of, A329-A330, dis
persal patterns of, A327-A329;
Silurian, AI72, AI77, A178
A179, cosmopolitan, A178, en
demic, A178; Tertiary, A499;
Triassic, A378-A382

"Brachyaspis," A154, A161
Brachybelus, A408
Brachymeris, A469
Brachythyrididae, A273, A329
Brachyura, A410
Bradyina, A265, A266
Bradyinidae, A267
BradyphylIum, A319
I1RANCHIOPODA, AI05
Brancoceratidae, A457, A475
Brancoceratinae, A475
Branneroceras, A279
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BRANSON, A258
BREDDlN, A58
BREMER, BRISKIN, & BERGGREN,

A51O,A513
BRENCHLEY & NEWALL, A32
BRENNAND, A354
BRENNER, H., A70
BRENNER, K., A40, A44
BRENNER & EINSELE, A57
Brevaxina, A299
Briantelasma, A223
BRICE, A202, A207
BRICE & MEATS, A230, A240,

A242
BRIDEN, A159
BRIDEN, DREWRY, & SMITH, A208,

A353
BRINKMANN, A397, A401
BRISKIN & BERGGREN, A521, A523,

A531
Bristolia, A123
BROCK & HAY, A513
BROECKER & VAN DONK, A518,

A526
Broinsonia parca Zone, A461
BROMLEY, A20
BRONGNIART, A506
Brongniartella, A153
BROUWER, A184
BROWN, A68
Brunsia, A261, A263
BRUNTON, A208
bryozoans, Permian, Andean Sea,

A323, Franklinian Sea, A322
A323, geographical distribution
of, A326, southern North
America, A323, Russian plat
form, A322, Tasman geosyn
cline, A325-A326, Tethyan sea,
central, A324, northern, A323
A324, southern, A324-A325,
Zechstein Sea, A322-A323; Si
lurian, A178; Tertiary, A499

bubble levels, geologic, A17.
(figs.) A17, A18, A19

Buccinum, A30, A39
BUCHAN, A365
Buchanathyris, A197
BUCHER, A49
Buchia, A391, A396-A397, A453,

A455
Buchiidae, A441, A449, A453,

A457, A458
BUCKLAND, A184
Budaiceras, A469
BUGGISCH, A205
BUGGISCH & CLAUSEN, A189, A208
BULMAN, A154, A155, AI72
BULTYNCK, A189, A190
Bumastoides, A149, A150
Bunter, A352
buoyancy, decomposition, A17,

simulation of effect of, A19
burial, A2, assemblage, A22-A24
Burmeisteria, A195, A231
BURRETT, A137, A142, A159,

A210
BUTEUX, A507
BUTLER, A222
Buxtoniidae, A275, A327, A329

Index

Cabrieroceras, A201, A203, A235,
A242, A243, C. crispiforme
Zone, A189, A201, A203

Cadoceras, A401
Cadomella, A395
Caeleceras, A195
Caenodontus, A339
CAENOGASTROPODA, A498
Calabrian, A508, A509-A51O
Calcareous algae, Silurian, A181
calcareous nannoplankton and cli-

matic change, A531
Calceola, A202
Calcicalathina, A456, A457
Calcisphaera, A263, A265
CALDWELL, A238
Callianassa, AI0
Calliomphalus, A469
Callipteris, A297
Callispirina, A380
Callocladia, A325
CALLOMON, A401
Callucina, A472
Calmonia, A230
Calodiscus, A123, A126
Calophyllum, A319
Calpionella, A403, A453
Calpionellidae, A453
Calpionellites, A455
Calpionellopsis, A456
CALVER, A2 55
Calvinaria, A244, A245, A246, C.

albertensis zones, A245, C.
variabilis zones, A244

Calycoceras, A459
Calymenina, A199
Calyptrina, AI07
Camarocrinus, A180
Camarotoechiidae, A327
Cambrian, Lower-Middle bound-

ary, ABO
Cambrian-Ordovician boundary,

ABO, A137. transgression,
A138-A139

Camerisma, A329
CAMERON, A69
Campanian, A423, A454-A456,

A460-A461
CAMPBELL, A153, A259
CAMPBELL & McKELLAR, A259
Campophyllum, A270, A272
Camptonectes, A441
Campyloceras, A275
Canavaria, A399
Cancellina, A299, A312, Subzone,

A313, Zone, A312, A313
Cancrinella, A260, A297
Caninia, A269, A270, A271, A272,

A299, A318, A319, A320
Caninophyllum, A269, A270,

A271, A273, A299, A319
Caninostrotion, A271
Cantabrian Stage, A258
Caprinidae, A441
Caprinuloidea, A473
Caprotina, A472
Carbactinoceras, A275
carbonate banks, Middle & Late

Cambrian, Siberian platform,
ABO

A547

carbonate compensation depth
(CCD), A30, variations, Creta
ceous, A429

carbonate sediment belt, Cam
brian, A122

Carboniferous deposition, in Aus
tralia, A259, in South Africa,
A260, in South America, A259
A260

Carboniferous rock subdivisions,
A255-A260; correlations among
subdivisions, A256-A257, A259;
western European subdivisions,
A255-A258; North American
subdivisions, A258, Russian
subdivisions, A258-A259

Carboniferous-Permian boundary,
A255, A292

Carcinophyllum, A272
Cardinia, A395
Cardioceras, A401
Cardioceratidae, A401, A406
Cardiograptus, A155, A156
Carditidae, A375
Cardium, A35, C. echinatum,

A29, A35, C. edule, A6, A24,
A25, A27, A28, A29, A35

Carinapyga, A227
Carinatina, A201
"Carinatina" dysmorphostrota

Zone, A240
Cariniferella, A246
CARIOU, A400
CARLS, A188, A189, A190, A195,

A199
Carniaphyllum, A272
Carnithiaphyllum, A320
Carota, A469
Carruthersella, A270, A272
CASEY, A440, A462, A468, A471
CASEY & RAWSON, A440, A449,

A453, A457, A463, A464, A465
Cassidulidae, A411
Cassiope, A469
CASTER, A222, A231, A259, A307
Cathaysian paleofloral region, A285
Catillicephalidae, ABO
causes of death, A5, A6, external,

A6, internal, A6
Cavusgnathus, A280, A281
CECIONI & WESTERMANN, A398
Cedaria, A123
"Cedaria" of inner detrital belt,

A123
Cenoceras, A372, A408
8enomanian, A423, A450-A452,

A459
Central American strata, Silurian,

A175
Centronella, A234
Centropleura, A123, A125
Cephalonia, A307
cephalopods, Carboniferous, A275

A279, Silurian, A179
Ceratites, A52, A355, C. nodosus,

A55
Ceratonurus, A226
Ceratopea, A140
Ceratopygidae, A124, A127, ABO,

A139, A140
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Ceraurus, A150
Chaetetes, A272, A273
CHANG, A207
Changhsingoceras, A301, A337
CHAO, A207, A292, A301, A302,

A320, A337, A362
CHAPPELL, A53
Charnia, A83, A99
Charnia, A99
Charniidae, A99
Charniodiscus, A83, A94, A99
Chasmops, A148, A150-A153
CHAVE, A25
Cheiloceras, A206, A208, A244,

A245, A247
Cheiruras, A20 1
CHELICERATA, AI04
CHEN, A312
CHERNYSHEV, A292, A330
Chesterian Series, A258, A280
Chetaites, A453
CHETVERIKOV, A6
Chia, A270
Chiapasella, A473
Chiastozygus, A457, A459, C. If-

regularis Zone, A459
Chihsiaphyllum, A319
Chimbuites, A475
China south of Peking platform,

Devonian faunas of, A196,
A202, A207

Chinese coral province, Visean,
A271

chitinozoans, Silurian, A170,
AI72, A177

Chlamydophyllum, A223
Chlamys, A476
CHLUPAC, A187, A189, A195,

A223
Choffatella, A471
Choffatia, A402
Chomatoseris, A393
CHONDROPHORINA, A91
Chondroplidae, A91
Chondroplon, A88, A91
Chonetella, A300, A380
Chonetellidae, A327
Chonetes, A301
Chonetidae, A329
Choristilidae, A273
Chouteauoceras, A276
Christiania, A143, A145, A151
chronostratigraphy, Precambrian,

A85-A86
Chuangiidae, A127
Chubbininae, A473
CHUGAE\,A, A140, A141, A143
CHURKIN, A210
CHURKIN & BRABB, A227
Chusenella, A299, A308
CIARANFI & CITA, A532
Cibolites, A335
CIDAROIDEA, A411
CILIATA, A393
circum-Pacific areas, Jurassic,

A391
Cisticephalus Zone, A306
CIl'A, A530, A532
Cladoceramus, A460
Cladochonus, A270, A318-A320

Introduction

Cladophl~bis, A301
Cladopora, A321
Claraia, A300, A313, A337, A357,

A358, A362, A363, A366, A372,
A375, A379, A380, distribution
of, A373

CLARK, AI03, A382, A525, A526
CLARK & BEHNKEN, A337
CLARK & ETHINGTON, A337
CLARKE, A194, A231
Clarkeia, A161, A178
CLAUSEN, A190
CLAUSILIACEAE, A498
Clausotrypa, A322-A326
Cleiothyridina, A297, A380
Clelandia, A140
CLIFTON, A32
Climacammina, A263, A265, A266
Climacotrigonia, A476
climate, Carboniferous, A285

A286, Jurassic, A393, Ordovi
cian, AI59-AI60, Silurian,
A168, Tertiary, A489-A490

climatostratigraphy, Quaternary,
A515-A536; Antarctic-subant
arctic Ocean, A527-A531, Ant
arctic marginal seas, A530,
Australia-New Zealand, A527
A530; Arctic region, A525
A527; Atlantic Ocean, A520
A525, Gulf of Mexico, A524
A525; calibration of, A517
A520; Mediterranean, A531
A536, Black Sea, A533-A536,
Red Sea, A533; Pacific Ocean,
A527, Sea of Japan, A527

Clinophyllum, A269
Cliona, A427
Clioscaphites, A468
Clisiophyllum, A271, A272, A318
CLITAMBONITACEA, A161
Clitambonites, A148
CLOSS, A71
Closteriscus, A469
CLOUD, A30, A84, A85, A87,

AI03, A199, A435
Cloudina, A83, A89, AI02
Clycymeris, A473
Clydagnathus, A281
Clydoniceratidae, A400
Clymenia Zone, A247
clymeniid faunas, Devonian, A204,

A206
Clypaestridae, A499
Clypeolampadidae, A441
Cl ypeus, A411
Coalcomana, A473
COATES, A462, A469, A471-A473
COATES, KAUFFMAN, & SOHL,

A449, A469
COBBA:-1 & REESlDE, A458
COBBAN & SCOTT, A458
Coccolithus pelagicus, A531
Cochlcarites, A396
Cochlocrioceras, A403
COCKS, A159, A161
COCKS & McKERROW, A161
COCOLITHOPHORIDA, A393
Codonofusiella, A300, A302, A312,

A313, A314, A320, -Reichelina

Zone, A300, A312, Zone, A320
COELENTERATA, A91
coelenterates, Precambrian, A88,

Silurian, AI77-AI78
Coeloceras, A399
Coeloderoceras, A399
Coelodiscus, A397
Coelogasteroceras, A276
Coelospira, A234
Coilopoceratidae, A471
Colaniella, A300
COLLIGNON, A359, A394, A406,

A472, A476
Collignonicardia, A472
Collignoniceras, A460
Collignoniceratidae, A460, A467
Collignoniceratinae, A460
COLLINSON, REXROAD, & THOMP-

SON, A280
Collyrites, A411
COLO, A399
Columellaria, A397
Colveraia, A473
Comelicania, A300
Composita, A382
Comura, A201
Conaspis, A124
Conchopeltidae, A94
CONCHOPELTINA, A94
concretions, A65-A67, diagenetic,

A66, epigenetic, A67, syn
genetic, A65-A66

Condraoceras, A276
Confusiscala, A469
Congeria, A498
Coniacian, A423, A450-A452,

A460
CONIL, A261
CONIL & Lys, A261
CONIL, PAPROTH, & Lys, A261
CONIL & PIRLET, A189
Conobelus, A410, A471, A472
Conoclypeidae, A499
Conocoryphidae, A125, A130
Conodicoelites, A410
conodont faunas, Devonian, A226,

A227, A230, A234, A235, A238,
A240, A242, A243,.A244, A246,
in Australia, A197, A202, A208,
in Europe, A206; Ordovician,
A138, AI56-AI57, A158, in
North American Midcontinent
province, AI56-AI57, in North
Atlantic province, A156-A157

conodont zones, Devonian, A190
A191, A208

conodonts, Cambrian, A120,
A130, A132, Carboniferous,
A279-A281, Permian, A337
A339, Silurian, A170, AI72,
A181, Triassic, A382-A384

Conolichas, A153
Conomedusites, A88, A94
Conularia, A306
CONULARIIDA, A88, A94
CONULAT A, A94
Conulidae, A441
Conulus, A460
CONYBEARE & PHILLIPS, A254
COOK & TAYLOR, A157
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COOKE, A516, A517
COOPER, A142, A219, A234,

A235, A330, A339
COOPER & GRANT, A314, A330,

A334
COOPER & PHELAN, A235, A240
COOPER & WARTHIN, A235
COOPER & WILLIAMS, A235
COPE, A178
COPELAND, A238
coprolite "bubble levels," A17

A19
Coralliochama, A473
coral faunas, Devonian, A223,

A231, A234, A235, A238, A240,
A242, in Africa, A198, A203,
in Asia, A202, in Australia,
A197, A203, in Europe, A201,
A203, A205

corals, Carboniferous, A268-A273,
Lower Carboniferous, A269
A270; Permian, faunal prov
inces of, A318-A321, Midcon
tinent North American, A320
A321, Tethyan, A319-A320,
Ural-Artinsk, A318-A319; Ter
tiary, A498-A499

Corbicula, A397
Corbiculopsis, A472
Corbinia apopsis Subzone, A138
Corbula, A397
Corbulamellidae, A441
Cordania, A223
Cordiceramus, A460
Cordylodus, A138
Cornuproetus, A230
Cornuspira, A263
Cornuspiridae, A267
Corollithium exiguum Zone, A459
Corongoceras, A403, A406
Coroniceras, A398
correlation, Cambrian global,

A130-A134
Cortezorthis, A196, A227
Corvus frug-ileg-us, A24
Corwenia, A272
Corycephalus, A226
CORYNEXOCHIDA, A130
Coscinotrypa, A323, A325, A326
Costaloria, A375
Costellacesta, A469
Costispirifer, A196
Costispiriferidae, A203
Cotylederma, A411
COUSMINER, A246
Couvinian faunas, A234, A240
COWEN & RUDWICK, A395
COWRIE, A120, A129
Cox, A352, A396, A405, A513,

A520
Craniscus, A395
Cranocephalites, A401
Craspedites, A406, A408
Craspeditidae, A454, A455
Crassatellina, A468
Crassiproetus, A226
Cravenia, A269, A270
Cravenoceras, A279
Cravenoceratoides, A279
CREATH & SHAW, A140

Index

Cremnoceramus, A460
Creonella, A469
Crepicephalus, A123
Cretaceous, boundaries, A440-

A443, definition of, A439
A440, extinctions, A418-A419,
A441; marine environments,
A419-A420, A424-A438, ben
thonic, A432 -A436, eustatic
changes, A430-A432, tempera
ture, A424-A426, water chem
istry, A426-A430

Cretaceous-Tertiary boundary,
A419, A441-A443, A500

Cretarhabdus, A456
CRIBICYATHEA, AI02
Cribrogenerina, A266
Cribrospira, A263, A265
Cribrostomum, A263, A265
Crickites, A205, A243, A244
CRICKMAY, A238, A240, A244,

A245
cricoconarid fauna, Devonian,

A185, A191, A195, A198, A199,
A201, A203, A206

Crimites, A334
CRINOIDEA, A410
CROCKFORD, A325
Crurithyris, A246, A260, A380
CRUSTACEA, A87, A88, AI05,

Precambrian, A87-A88
crustaceans, Jurassic, A410
CrYDtoneliidae, A330
Cryptophyllum, A269, A319
CRYPTOSTOMATA, A321-A322
Cryptothyrella, A154
CUERDA, A137, A155
Cumminsia, A272
Cuneolina, A471
Cupularostrum, A246
Curtohibolites, A457, A472
Curviceras, A398
CYANOPHYTA, A80
Cyathaxonia, A269-A272, A299
Cyathocarinia, A30
Cyathoclisia, A269
Cyathophyllum, A223
Cybelurus, A142
Cycloc1ypeus, A497
Cyc1ococcolithus leptoporus, A531
Cyc1olobus, A298, A307, A336,

A381
Cyc1omedusa, A83, A94
Cyc1ondendron, A306
Cyc1opygidae, A151, A160
Cyc1orisma, A469
Cyc1orismina, A476
Cyc1otrypa, A323, A324, A326
Cyctophora, A273
Cylindroteuthididae, A454, A457
Cylindroteuthis, A408, A410
Cymaceras, A407
Cymac1ymenia, A207, A247
Cymatoceras, A408
Cymoceras, A279
Cymostrophia, A197
Cyphomena, A145
Cyphoterorhynchus, A207
Cyprinia islandica, A29
Cyrenopsis, A476

A549

Cyrocopora, A300
Cyrtina, A195, A197, A223, A226,

A227, A246
Cyrtiopsis, A207, A208, A245
Cyrtoclymenia, A247
Cyrtometopus, A143
Cyrtonotella, A146
Cyrtophyllum, A152
Cyrtospirifer, A205, A208, A243

A244, A244, A245, A246, C.
charitopes Zone, A245, C. vari
abilis zones, A244

Cyrtosymbole, A207
Cyrtothoracoceras, A275
Cystilophophyllum, A272
Cvstophora, A272
Cystophrentis, A269, A270
CYSTOPORATA, A321-A322
Cytheridae, A453

DABROWSKA, A407
DACQUE, A395, A400
Dactylethrata, A441
Dactylioceras, A399, A400
Dactylioceratidae, A399
Dadoxylon, A305
Daghanirhynchia, A395
DAGIS & ZAKHAROV, A399
Daguinaspis, A122, A125
DAILY, A134
Dainella, A263
Daixina, A267, A268, A310,

A311,A313
DALMANITACEA, A203
Dalmanites, A226
Dalmanitina, A151, A153, A154,

-Hirnantia fauna, A149, A153,
A154

DALMATSKAYA, A258
DALQUIST & MAMAY, A5
Damesellidae, A127, A130
Damesites, A471
DANSGAARD, A524
D.mSGAARD & TAUBER, A517
Daonella, A362, A372
Darvasites, A299
Darvazian Stage, A299-A300
DAVID & BROWNE, A305
DAVIDSONIACEA, A327
Davidsoniatrypa, A227
Davidsoninidae, A273
DAVITASHVILI, A22
DAVOUDZADEII & SEYED-EMANI,

A358
DEAN, A141
DEAR, A304
death, A5, by desiccation, A14,

flooding, A14, overgrowth by
other organisms, A6, submer
gence in substrates, A10-A14;
struggle, A14-A15, of insects,
A15

DECAPODA, A410
decay, soft part, and buoyancy,
A17-A19, as it affects hard
parts, A20-A22

Dechaseauxia, A472
Dechenella, A242
Dechenellurus, A226
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decomposition, A5, A15-A19, se
lective, A20-A22

DEECKE, A3, A7, A17
degassing, effects of on organic

material, A16, A17-A19; ca
nals, A16, in sapropelic en
vironments, A16

Delepinoceras, A279
De1epinoceratidae, A276
Delthyridae, A246
Deltopectinidae, A329
DENIZOT, A508
DENMEAD, A363
Derbyia, A298, A300, A380
Deshayesitidae, A457, A469
desiccation, cracks, A14, death by,

A14
Desmoceras, A475
DESMOCERATACEAE, A441
Desmoceratidae, A456, A457,

A459, A461, A465, A471, A475
Desmoceratinae, A460
Desmoinesian Series, A258, for-

aminifers of, A266
Desmoscaphites, A468
DESNOYERS, A506, A507
"Desquamatia" cosmeta Zone,

A244
Desquamatia independensis Zone,

A240
detrital belt, inner, A122-A124,

A129, in Middle & Late Cam
brian, A130; outer, A122-A124,
A129

DEUSER, A536
DEUSER & DEGENS, A518, A533
Devonian continental deposits,

A247
Devonian, eastern hemisphere,

A183-A210, global reconstruc
tion, A208-A210, history of es
tablishment, A184; European,
stage nomenclature, A187
A189, zonal correlation, A189
Al92; see also Lower, Middle,
Upper Devonian

Devonian faunas, western hemi
sphere, see Lower, Middle, Up
per Devonian

Devonian outcrops, eastern hemi
sphere, Al92-A193, Africa,
A193; Australasia, A193, China
and Asia, A193, western &
southern Europe, Al92; Soviet
Union, Al92-A193, western
hemisphere, A219-A223, in
Antarctica, A222-A223, Green
land, A222, North America,
A219-A222, South America and
Falkland Islands, A222

Devonian-Carboniferous boundary,
A189, A206, A219, A254-A255

Devonoproductus, A246, D. wal-
cotti Zone, A245

Diabloceras, A279
Dialytophyllum, A201
Dibunophyllum, A270-A272, A321
Diceratocephalina, A140
Dicerocardiidae, A441
DICKENS & McTAVISH, A363

Introduction

Dickersonia, A402
DICKINS, A304, A305
Dickinsonia, A83, AI03
Dickinsoniidae, AI03
Dicoelites, A410
Dicoelosia, A152, A154
Dicoclosiidae, A161
Dictyoclostidae, A275, A327,

A329
Dictyoc!ostus, A298-A301, A337
Dictyoconus, A471
Dictyomitra veneta Zone, A459
Dictyonema flabelliforme, A138
Dictyonema shale, A138
Dictyoptychus, A473
Didymograptus, A155, A156, D.

murchisoni Zone, A143
Didymotis, A460
Dielasma, A297, A299
DIENER, A353, A360, A361, A363,

A370
Dienerian, A353
Dieneroceras, A363
Dieranurus, A226
DIETZ & HOLDEN, A298, A339,

A475
Digonophyllum, A201
Dikelocephalus, A124
DILLEY, A462, A465, A468,

A469, A471, A472, A473
Dimetobelidae, A475
Dimitobelinae, A441
Dinantian, A255
DINARITACEAE, A371
Dindymene, A151
Dindymeninae, A151, A160
Dinesus, A127
DINOFLAGELLATA, A393
Dinorthis, A154
Diodoceras, A276
Dionidae, A151, A160
Diorugoceras, A276
Diphyphyllum, A270, A272
Diploporaria, A325, A326
Discinidae, A329
Discinisca, A395
Discitoceras, A276
Discoaster brouweri, A513
Discocyc!inidae, A497
Discohelix, A397
Discoididae, A441
Discometra, A499
DIXON, A40
Djurdjuriceras, A406
DOBROLYUBOVA, A270
Dohmophyllum, A201, A202
Dolerorthis, A151, A161
Dolgeuloma, A140, A152
Doliognathus, A280, A281
Dollymae, A281
Domatoceras, A276, A371
Donax, A35, D. vittatus, A30
DONN & SHAW, A525
Donophyllum, A272
DONOVAN, A395, A399
Dorlodotia, A270
Dorp facies, A187
Dorsoplanites, A406
Doryceras, A335
Dorypygidae, A123

Dosinobia, A476
doubtful taxa, Precambrian, A110-

AlII
DOUGLAS, A368, A438
DOUGLAS & SAVIN, A425, A438
DOUMANI, A223, A231
Douvilleiceratidae, A457, A469
Douvillina, A246
Draboviinae, A149
DRAHOVZAL, A276
Drakeoceras, A469, A472
Dreissena, A26, A27
Drepanochilus, A469
Dresbachian-Franconian boundary,

A123-A124
DROMIACEAE, A410
DROOGER, A503
DROT, A198, A203
DRUCE, A208, A280, A281
DRUCE & JONES, A138
DRUCKMAN, A357
druse, A17
DUBAR, A394, A395, A396
DUBATOLOV & SPASSKIY, A202,

A206
Dudaiceras, A473
Duerleyoceras, A276
Dufreynoyia, A469, A473
Dumortieria, A400
DUNBAR, A292, A297, A298,

A310, A314
DUNBAR & SKINNER, A310, A313
Dunbarinella, A266
Dunbarites, A279
Dunbarula, A312
DUNCAN, A199, A246
DUNN, A81, A91
DUNNING, A86
Dunveganoceras, A459
DUPLESSY, A524
Duplophyllum, A318
DURDEN, A281, A283
Durga, A396
Durhamina, A272, A273, A319,

A321
Durhaminidae, A317
DURKOOP, A202
Duvalia, A410, A455, A471,

A472
Duvaliidae, A454, A457, A472
Dyaster, A411
Dyscritella, A322-A325, A326
Dyscritellina, A326
Dzhulfian, ammonoids of, A336-

A337
Dzhulfites, A358, A381
Dzhulfoceras, A336
Dzhungaro-Balkhash area, Devo-

nian faunas of, Al96, A202,
A207; links with Appalachian
province, A210

Dzieduszichia, A206

Earlandia, A261, A265
EARP, AI87
Eastern Americas realm, Devo-

nian, A233, A242
EASTON, A271
Eastonoides, A319
Echigophyllum, A271
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Echinauris, A382
Echinobrissus, A411
Echinocardium, A8
Echinoconchidae, A275, A327,

A329
Echinoconchus, A300
Echinocorys, A458
echinoderm ossicles, A227, A230,

A238, A240
ECHINODERMATA, Cambrian,

Al20
echinoderms, Silurian, A180, Ter-

tiary, A499
Echinolichas, A226
Echinosphaerites, A63
Echinosteginae, A275
ECHINOZOA, A410
Echioceras, A398, A399
ecology, of Ordovician fauna,

AI57-AI59, regional zonation,
A158, salinity, A158, substrates,
A158, temperature, A158, wa
ter depth, Al58

ecostratigraphic correlation, AI72
Ectenaspis, AlSO
Ectenonotus, AI 42
Ectillaeninae, A151, Al60
Ectorensselandia, A240
Edaphoceras, A276
Edaphophyllum, A223
EDGELL, A363
Ediacaran, A82, faunas, A82,

A87-A88
Ediacaria, A94, A96
Edmondia, A305
Edmondiidae, A329
EDWARDS, Al84
EFREMOV, A2, A3
EGOYAN, A440
EHRENBERG, A22, A310
Eifelian, A188, A201, A231,

A234, A238, A240, A241, A242
Eiffelithus, A459, E. eximius

Zone, A46l
Einkippung, A32, A36, A4l
Einkippungsregel, A33
Einregelung, A32
Einsteuerung, A32, A44
EKMAN, A463
Ekvasophyllum, A270, A27l
Elateridae, A15
Electroma, A476
Elephas, A508
Eleutherokomma zones, A244,

A245, A246
Eligmus, A397
ELLES & WOOD graptolite zones,

Al72
Ellipsactinia, A394
Ellipsocephalidae, A125
Ellisonia, A338, A339
Elmoan assembla~e, A282, A283
Elphidium oregonense Zone, A5l6
Elviniidae, A125
Elytha, A234
Elythidae, A329, A330
Elythyna beds, A226
Emanuella, A238, A240, A242,

E. vernilis Zone, A240
EMERY, A33

Index

EMILIANI, A5l0, A5l7
EMILIANI, MAYEDA, & SELLI,

A514, A517
Emmanuella, A20l
Emmonsia, A269
Empodesma, A272
Emsian, A188, A194, A195, A223,

A226, A230, A231, A234, A238
ENAY, A394, A404, A406
Encrinurella, A149
Encrinuroides, A149
Encrinurus, A223
endemic trilobites, in North

America, Al23
ENDOCERATOIDEA, Al6l
Endocostea, A460, A46l
Endololobus, A276
Endomoceras, A457
Endophyllum, A202
Endostaffella, A263
Endothiodon Zone, A306
Endothyra, A263, A265, A266
Endothyranopsis, A263, A265
Endothyridae, A26l, A267
Endymionia, A142
Engonoceratidae, A457
Ensis, A30, A35
Enteletella, A300
Enteletes, A299-A301, A380
Enteletidae, A330
Enterolasma, A223
Entolium, A476
Entolliidae, A44l
Entomozoidae, A187
entrapment, in crude oil, asphalt,

tar, AIO, mud, silt, AlO, quick
sand, All, resin, All-A14

Enygmophyllum, A269
Eoaraxoceras, A336
Eoasianites, A260
Eobeloceras, A207
Eocarcinus, A410
Eocene, A499-A504
Eocephalites, A402
Eocoelia, Al72
Eoconchidium, A154
Eocrioceratites, A455, A472
EODEROCERATACEAE, A399
Eodevonaria, A231
Eodiscidae, AI22-A123, A125,

A127
EODISCINA, A126
Eoendothyranopsis, A263, A267
Eoforschia, A261, A263
Eofusulina, A265, A266
Eoglossinotoechia, Al96
Eognathodus, A226, A227, A230,

A242
Eolasiodiscus, A266
Eolithostrotionella, A270, A272,

A273
Eolytoceras, A398
Eomiodon, A397
Eoparafusulina, A308, A313, A314
Eoparaphorhynchus Zone, A205.

A245
Eoparastaffella, A263
Eopecten albertii, A24
Eoplacognathus, A157
Eoplectodonta, A143

ASS1

Eoporpita, A83, A92
Eoschubertella, A265, A266
Eosigmoilina, A265
Eospirifer, Al97
Eospirigerina, A150-A154
Eostaffella, A263, A265-A267
Eostaffellina, A265
Eostropheodonta, A153
Eotextularia, A263
Eothinites, A334
Eotomariidae, A378
EowaeringeIIa, A266, A268
Epadrianites, A336
Ephippioceras, A276
Ephippioceratidae, A276
Epiaclinotrypa, A323
Epiaster, A458
Epicephalites, A401
Epideroceras, A399
Epidomatoceras, A276
Epimastopora, A299, A300
Epipeltoceras, A403, A407
Episageceras, A307, A336
Epistroboceras, A276
Epithalassoceras, A335
Epitornoceras, A205, A243
Equirostra, A15l
Equus, A500, A508
Erammoceras, A400
ERBEN, A184, A188, A195, A199
ERBEN & ZAGORA, A188
Erbenoceras, A196
ERICKSON, A40
ERICSON, A520
ERICSON, EWING, & WOLLIN, A520
ERICSON & WOLLIN, A520, A524,

A53l
Eridopora, A322, A324, A325
Erixanium, A127
Ermoceras, A400
Erniaster, AIO1
Ernictta, AlOO, AIOI
Erniettidae, A83, A99
Erniettinae, AIOI
ERNIETTOMORPHA, A99, Al02
Erniobaris, AlOl
Erniobeta, AI02
Erniobetinae, AI02
Erniocarpus, AI02
Erniocentris, Al02
Erniocoris, AI02
Erniodiscinae. AlOI
Erniodiscus, AlOl
Erniofossa, A101
Erniograndis, A102
Ernionorma, A101
ERNIONORMIDAE, A99
Ernionorminae, AlOl
Erniopelta, AI02
Erniotaxis, AI02
ERNST & SEIBERTZ, A458
ERRERA, MAMET, & SARTENAER,

A189
Erycites, A400
Erycitoides, A401
Eryma, A410
Estheria, A222, A247
Estheripecten, A380
Estlandia, Al48
Estoniops, A148
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A552

Etea, A469
Etherella, A325
Etymothyris Zone, A223
Eucalycoceras, A459
eucaryotes, A80
Eugeniacrinites, A411
Eugenophyllum, A299
Eulinderina, A497
Euloxoceras, A276
Eumedlicottia, A334, A335, A336
Eumorphoceras, A279
Eunaticina, A469
EUOMPHALACEA, A397
Euomphalidae, A378
Eupleuroceras, A279
Euptera, A474
Euramerican paleofloral region,

A284
Eurasian zoogeographic region, in

the Carboniferous, A269-A273
Eurekaspirifer pinyonensis Zone,

A226, A227, A230
Eurekiidae, AI24
European strata, Silurian, A174,

geosynclinal, A174, platform,
AI74

Eurydesma, A259, A260, A305,
A306, A307

Eurydesmatidae, A329
Euryphyllum, A318, A320
eurypterids, Silurian, A179
Eurypterus, A247
Euryspirifer, A202
eustatic changes, in Cretaceous

seas, A430-A432, causes of,
A430

Eusthenoceras, A275
Eutrephoceras, A408
Evactinopora, A325, A326
Evactinostella, A325, A326
evaporites, Silurian, AI68
evolution, Precambrian metaxoan,

A88-A90, Silurian, rate of,
A170, AI72

EWING & DONN, A525
Exogyra, A7, E. columba, A33
Exogyrinae, A458
Exogyrini, A441
EYNOR, A259, A260, A267, A284

Faberophyllum, A270, A271
faceting, A26-A28, anchor-facets,

A26-A27, glide-facets, A27
A28, roll-facets, A27

facies, European Devonian, A184
A187

facies regions, Cambrian, in the
Soviet Union, A126, in south
eastern Asia, A126-A127

Fagesia, A471
FAHRAEUS, A227
FAIRBRIDGE, A524, A531
Fallotaspis, A122, A125
Fammennian, A189, A203, in

Europe, A205-A206, faunas,
A243, A245, A246-A247

FANCK, A58
FARSAN, A360
Fascicostella, A197
FATMI, A360, A403

Introduction

faunal province maps, Cretaceous,
A464, Jurassic, A392, A409,
Ordovician, A139, A142, A145,
A146, A147, A148, A150, A151,
A155, Silurian, A169

faunal regions, Cambrian, in
North America, inner, A122
A123, outer, A122-A123

faunal zone, range charts, Areni
gian, A141, Cambrian, A132
A134, Carboniferous, A257,
A262, A264, A269, A274, A277,
A278, A282, A283, Cretaceous,
A442-A444, A446-A448, A450
A452, A454-A456, Devonian,
A190, A191, A239, A241, Ju
rassic, A404-A405, Permian,
A308-A309, A317, A321, A328,
A332-A333, Quaternary, A519,
Silurian, A171, Tertiary, A501,
A502, Tremadocian, A138, Tri
assic, A354-A355, A383

faunal zone succession, Cambrian,
in Australia, A134, in China,
A133-A134, in central and
southern Europe, A132-A133,
in northern Europe, A132, in
North America, A131-A132

Fenestella, A322-A326
Fenestellidae, A322
FENNINGER & Hi.iTZL, A394
Ferganoceratidae, A276
FILLON, A530
Filosina, A472
Fimbria, A475
Fimbrispirifer, A202, A235
FISCHER, A., A87, A393
FISCHER, J., A359
FISCHER, R., A398
FISCHER & ARTHUR, A422, A424,

A425, A426, A427, A428, A430,
A431, A432, A437, A477, A478

Fischerinidae, A267
Fissiluna, A476
Fistulamina, A323-A326
Fistulipora, A322-A326
Fistulotrypa, A325, A326
Fitzroyella, A208
FLECK, A516
FLEISCHER, A533
FLEMING, C., A364
FLEMING, P., A363
Flemingites, A363
Fletcherina, A223
Flinz facies, A187
floatability constants, A25
flooding, death by, A14
flora, Tertiary, A500, Carbonifer

ous, A285
FLUGEL, A271, A298, A319,

A320, A394
FLUGEL & FRANZ, A393
FLUGEL & SCHONLAUB, A302
FORSTER, A410
FOLK, A61, A69
FONTAINE, A271
Fontannelliceras, A399
Foordites, A201, A234, A242
FORAMINIFERA, A441, A496,

A497-A498

foraminifers, Carboniferous, A261
A268, of North American cra
ton, A267, of Tethyan realm,
A267; Silurian, Al77; Tertiary,
A497-A498, planktonic, zones
of, A501-A503

FORBES, A507
FORD, A99
Fordilla, A120
Forschia, A263, A265
Forschiella, A263, A265
Forschiidae, A267
FORTEY, A158
FORTEY & BRUTON, A143
fossil deformation, A53-A58, by

fracture, A56, plastic, A55-A56,
by tectonic stress, A58, by vol
ume decrease of sediment,
A53-A55

fossil diagenesis, A3, A48-A71
fossilization, A2-A3
Fossil-Lagerstiitten, A22, A23
fossils, Precambrian, A81, geo-

graphic distribution of, A83
A84, preparation and investiga
tion of, A81

Fossulites, A473
Fouchouia, A127
fracture systems, A57
fracturing, A28-A30
FRANCIS & WOODLAND, A260
Franconites, A407
Frasnian, A189, A203, European,

A204-A205; faunas, A235,
A243, A244, A245, A246, ex
tinctions, A246, A247

Frasnian-Famennian boundary,
A244

FREBOLD, A298, A381, A395,
A398, A399, A400, A401, A402

Frechiella, A400
FREDERIKS, A292, A330
Freiastarte, A475
FRERICHS & ADAMS, A425, A438
FRIEND, A222
FRIEND & HOUSE, A219
FRUSH & EICHER, A428, A432
FUCHS, A195, A362
Fuciniceras, A399
FUCHTBAUER & GOLDSCHMIDT,

A63, A69
Fulpia, A469
Furcaster, A42, A44-A45
Furcirhynchia, A395
FURNISH, A298, A330, A331,

A334, A335, A336, A337
FURNISH & GLENISTER, A335,

A336
FURON & ROSSET, A360
Fusiella, A266, A268, A310, A311
Fusulina, A266, A267, A268, A312
FUSULINACEA, A308-A316
fusulinaceans, Permian, geograph-

ical distribution of, A314
A316, Cordillera, A314, North
America, A313-A314, Rus
sian platform and Urals, A309
A311, Tethyan region, A311
A313, zonation, A307-A316

Fusulinella, A266, A267, A268,
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A312, Zone, A266, A267
Fusulinellinae, A308, A309
Fusulinidae, A268, A308, A316
Fusus, A469
FUTTERER, A32, A35, A40, A44

Gagaticeras, A398
Galeola, A458
Galeritidae, A441
Galeropygus, A411
Gangamophyllum, A270-A272
Gangamopteris, A305, A306
GANSSER, A361
Garantiana, A403
Garniericeras, A408
GARRISON & FISCHER, A391
Gartnerago obliquum Zone, A460
gas cavities in sediment, A16
Gasterocoma l , A238, A240
Gastrioceras, A279, Zone, A280
Gastrodetoechia, A206, A207,

Zone, A245
Gastrodorus, A410
Gastroplites, A457
Gastroplitidae, A468
Gastroplitinae, A457
gastropods, Jurassic, A397, Silu

rian, A179, Triassic, A377-A378
GATES, A537
Gattendorfia, A189, G. subinvo-

luta Zone, A254-A255
GAUDRY, A506
Gaudryceras, A471, A475
Gedinnian faunas, A223, A226,

A227, A230, A231, A234
Gedinnian Stage, A188, A195
GEIKIE, A184
GEITZENAUER, A531
GEKKER, A40
GEMMELLARO, A335
Genuclymenia, A208
Geocoma, A15
geodes, A65-A67
geographic distribution of fossils,

maps of, Arenigian trilobites,
A142, Ashgillian trilobites,
A150, 151, Bathyuridae, A146,
Bimuriidae, A147, Cambrian,
A121, Caradocian trilobites,
A148, Christianiidae, A146,
Devonian, A185, A220-A221,
A224-A225, A228-A229, A232
A233, A236-A237, Draboviinae,
A147, graptoloids, A155,
Hirnantian trilobites, A153,
L1anvirnian, A145, Precambrian,
A84, Tertiary, A490, A492,
A493, A494, A495, Tremado
cian trilobites, A139

GEORGE, A255
GEORGE & WAGNER, A189
Gephyrocapsa, A510, A511, G.

caribbeanica, A513, A514,
A531, G. oceanica, A513, A514,
G. protohuxleyi, A513

Geragnostus, A124
Geranocephalus, A240
GERHARZ, A48
Germanic facies, A352

Index

GERMS, A85, A96
Gervilleia, A297
Gervillia, A362, G. socialis, A24
GEYER, A394, A396, A398, A400,

A406, A407
Gigantoproductidae, A275
Gigantopteris, A301
GIGNOUX, A508, A510, A513
Gilbertharrisella, A474
GILL & COBBAN, A438, A445
GIRTY, A323, A330
Girtyopora, A323, A324, A325
Girtyoporina, A323, A324
Girtypecten, A305
Girvanella, A300
Givetian, A189, A201, faunas,

A234, A235, A238, A240,
A241, A242

glaciation, continental, Antarctic,
A516, Arctic, A516, Kansan,
A516, Mindel-Elsterian, A516,
Nebraskan, A516, Northern
Hemisphere, A516; Late Ordo
vician, A159, A161

Gladigondolella, A411
GLAESSNER, A79-A118, A410,

A492
GLAESSNER & WALTER, A96
Glaessnerina, A83, A99
Glassoceras, A335
Glaucolithites, A406, A407
Gleboceras, A279
GLENISTER, A208
GLENISTER & FURNISH, A305,

A334, A335
GLENISTER & KLAPPER, A208
glide marks, during rigor mortis,

A15
Globigerina, A393, A496, A503,

G. bulloides, A527
GLOBIGERINACEA, A471
Globigerinelloides, A457, A458
Globigerinoides, A497, G. ob-

liquus, A513, G. ruber, A532
A533, G. sacculifer, A533

Globivalvulina, A265
Globoendothyra, A263, A265
Globorotalia, A498, G. aragonen-

sis Zone, A503, G. inflata,
A523, A530, G. menardii,
A520, A524, G. tosaensis, A513,
G. truncatulinoides, A513,
A514, Zone, A503

Globotruncana, A460, A461
Globotruncanella, A461
Globotruncanidae, A419, A441
Glochiceras, A402, A406, A407
Glomospira, A265
Glomospiranella, A261
Glossinotoechia, A195
Glossopleura, A123, Zone, A131,

A132
Glossopteris, A305, A306, A307,

-Gangamopteris flora, A307
GLUSKO & FEDOROV, A293
Glyptagnostus, A123, A124, A127
Glyptambonites, A145
Glyptograptus teretiusculus Zone,

A156
Glyptophiceras, A301, A362

A553

Gnathodus, A280, A281, G. girtyi
simplex Zone, A280

GOBBETT, A202, A298, A315
GOETHE, A24
GOLBERT, A440
GOLD FUSS, A7
Gonatocheilus, A410
Gondolella, A280, A287
Gondwanaland, in the Ordovician,

A137, paleofloral region of,
A285, -Laurasia separation,
A125

goniatites, Carboniferous distribu
tion, A276-A278; Devonian,
A199, A201, A203, A205, A206,
A226, A234, A240, A243, ex
tinctions, A208

Goniatitidae, A276
Gonilia, A472
Gonioceras, A146
Goniocladia, A322-A326
Goniodromites, A410
Gonioglyphioceras, A279
Goniograptus, A155
Gonioloboceras, A279
Goniophoria, A327
Gonioteuthis, A458, A460
Gordius tenuifibrosus, A71
GORDON, A258, A268
Gorjanovicia, A473
GORJUNOVA, A322, A324
Gorskyites, A269
GRABAU, A202, A324
Gracianella, A223
GRAF, A58
Granophyllum, A300
GRANT, A301, A339, A343, A380
GRANT & COOPER, A379, A382
Graphidula, A469
Graphoceras, A400
graptolite deformation, A59
graptolites, Devonian, A190-A191,

A195, A196, A197, A226, A227,
A230

graptolites, planktonic, Ordovi
cian, A154-A156, Atlantic
province, A155-A156, Balto
Scandia, A156, biogeography
of, A154, A157, A158-A160,
Pacific province, A155-A156, in
South America, A155

graptolites, Silurian, A170, Al72,
A180

Gravesia, A407
GRAY, A170
GRAY, LAUFELD, & BOUCOT, A181
Graysonites, A459
Greenops, A226
GREGOIRE, A68
GREGOIRE & TEICHERT, A68
Gregoryceras, A403, A407
Gresslya, A57
Griesbachian, A353
GRIPP & TUFAR, A69
GROOS-UFFENORDE & UFFENORDE,

A191
DE GROoT, A272
Grossouvrites, A475
GRUNT & DMITRIEV, A343
GRYC, A222
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A554

Gryphaea, A367, A396, G. dilata-
ta, A33

Grypoceras, A371
Grypoceratidae, A276, A371
Grypophyllum, A202, G. macken-

ziense Zone, A240
Gshelia, A272, A273
Gshelian Stage, A255, A259
Guadalupian Series, A294, A303,

A314, A319, ammonoids of,
A335, bryozoans of, A323,
A324, A325, corals of, A321

Guerichina strangulata Zone, A227
GUNTER, A9
Gurjevskiella, A202
GYGI, A403
Gymnocodium, A300
Gymnograptus, A156
Gypidula, A197, A227, G. pela

gica beds, A226, A227
Gyroceratites, A195, A242, G.

gracilis boundary, A199
Gyronites, A358, A363
Gzheloceras, A276

Hadrocheilus, A410
Hadrophyllum, A269
Hadrorhynchia, A238, A240
HANTZSCHEL, A33, A44, A81,

A91, A96
HANTZSCHEL, EL-BAZ, & AMSTUTZ,

A20
HAKES, A41
HALL, A219, A463
HALL & KENNEDY, A67, A68
HALLAM, A24, A26, A184, A195,

A196, A399, A419, A426, A430,
A463

HALLAM & O'HARA, A68
HALLE, A285
HALLER, A222
Hallidaya, A83, A92
Halobia, A362, A366, A372
HALSTEAD & TURNER, A184
HAMADA, A196, A202, A207
Hammatoceratidea, A400
Hammatocnemidae, A152, A160
VAN DER HAMMEN, WITMSTRA, &

ZAGWITN, A523
Hamulinites, A471
Hanchunglithus, A 141
HANCOCK, A431, A439, A443
Haploceras, A406
Haploceratidae, A403
Haplophragmella, A263, A265
Haplophylloceras, A403, A405
Haplopleuroceras, A400
Haplostiche, A40
Hapsiphyllum, A318, A319
HAQ, BERGGREN, & VAN COUVER

lNG, A513, A514
hard parts, before final burial,

A22-A48, mechanical destruc
tion of, A25-A28

Hardaghia, A472
HARDY, A88
HARKER & THORSTEINSSON, A298
HARLAND, A159, A199, A419
HARLAND & GAYER, A137
HARLAND & HEROD, A82

Introduction

Harpagodes, A397
Harpes, A230, A242
Harpoceras, A399, A400
HARRINGTON, A222, A231, A246,

A369
HARRINGTON & MOORE, AI03
HART, A343
Hastitidae, A408, A410
HAUG, A391
Hauterivian, A423, A442-A444,

A453, A456-A457
I-lAvLICEK, A141, A149, A160,

A195
HAY, A429
Hayasakaia?, A271
Hayasakapora, A323, A326
Hayasakia, A320
HAYDEN, A301, A359, A360,

A379
Haydenella, A300
HAYS, A517, A523, A527, A530
HAYS & BERGGREN, A514
HAYS & PITTMAN, A430
HEALEY, A362
Hebediscus, A126
Hebertoechia, A196
HECHT, A55
Hectoroceras, A453, H. kochi

Zone, A440
Hedbergella, A457, A459, A469
Hedinaspis, A124
LE HEGART & REMANE, A393
HELICACEA, A498
Heliophyllum, A202, A203
Hellenocyclina, A497
HEMICHORDATA, Cambrian,

A120
Hemifusulina, A266
Hemigordiopsis, A316
Hemihaploceras, A406
Hemihoplitidae, A456
Hemiporitidae, A441
HEMIPTERA, A305
Hemiptychina, A300, A380
Hemispiticeras, A402
Hemitrypa, A326
HENSON, A393
Heptabronteus-Pliomerina Prov-

ince, A149
Hercynian/Bohemian facies, A184,

A199
Heritschiella, A319, A320, A321
Heritschioides, A319
HERMAN, A525, A533
Herzogina, A476
Heteraster, A458
Heterelasminidae, A329, A330
Heterocaninia, A271
Heteroceratidae, A457
Heterohelix, A469
Heterolasmina, A300
Heterophrentis, A223
Heterophyllia, A271
Heterorthella, A174
Heterostegina, A497, A504
HEXACTINELLIDA, A393
Hexagonaria, A245
Hexagonella, A322, A324-A326
Hibolithes, A410, A455, A457,

A471, A472, -Curtohibolites

plexus, A454
Highatella, A140, Province, A139
Hildaites, A400
Hildoceras, A400
HILDOCERAT ACEAE, A399
Hildoglochiceras, A403, A406
HILL, A129, A197, A203, A259,

A268-A270, A272, A273, A317
HILLEBRANDT, A402
Himalayites, A403, A406
Hindeodella, A338, A411
Hinganella, A323, .'\325
Hipparion, A500
Hipparionyx, A197
HIPPURITACEA, A458, A471
Hippuritidae, A441
Hirnantia, A153, A154, A159,

assemblage, A153
Hirnantian shelly faunas, A153

A154, Hiberno-Salairian, A153
A154, Mediterranean, A153,
A154, North American Mid
continent, AI53-AI54, North
Estonian belt, A154, Tungu
sian, A154

HODSON & RAMSBOTTOM, A276
HOLDER, A390-A417
HOLDER & ZIEGLER, A407
HOERNES, A499, A508
HOFFMANN, A399
Holaster, A458, A459, A460
Holasteridae, A411
HOLECTYPIDA, A411
Holectypidae, A441
Holectypus, A41l, A458
HOLLARD, A189, A198, A203
HOLLARD & LEGRAND, A197,

A203
HOLLMANN, A17, A27, A28, A30,

A63, A64, A67
Holmia, A122, A125
Holocene, A507
Holorhynchus, A154
HOLTEDAHL, A222
Holotrachelus, A150, A152, A153
Holzapfeloceras, A201
Homalonotus, A226
Homalophyllites, A269
Homoceras, A279, Zone, A265,

A280
Homoctenidae, A203
HOPKINS, A527
HOPLITACEAE, A441
Hoplitidae, A457, A459, A467
Hornsundia, A318
Horridonia, A297
HOUSE, AI83-A217, A219, A222,

A227, A234, A235, A242-A247
HOUSE & KIRCHGASSER, A243
HOUSE & PEDDER, A234, A240,

A242, A243
Howaiskya, A407
HOWARTH, A399
Howchinia, A265
Howellella, A195, A196, A197
Howittia, A197
Hu, A137
Huangia, A272
HUCKRIEDE, A397
HUDSON, A255, A397
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VON HUENE, A516
HUGHES, A208, A463
HUME, A245
Humeoceras, A161
Hungaia magnifica fauna, A124
HUNKINS, A525
HUPE, A132
Hustedia, A301, A337, A380
Hwang-ho facies, A127, in Mid-

dle and Late Cambrian, ABO
Hyalinea baltica, A508, A510,

A513,A514
Hyattoceras, A336
Hybonoticeras, A406, A407, Zone,

A406, A407
Hydrobiidae, A397
hydrogen sulfide, A9, AIO, A61
HYDROIDA, A91
HYDROZOA, A88-A89, A91
hydrozoans, Jurassic, A395
HYOLITHA, Cambrian, A120
Hypacanthoplites, A469, A472
Hyperlioceras, A400
Hyphantoceras, A471
Hyphasmopora, A322
Hypoclypeus, A411
Hypodicranotus, A152
Hypophylloceras, A475
Hypothyridirra, A205, A206, A245,

A246
Hysterolites, A195, A196
Hystricurus, A139

Iapetus Ocean, A137, A140
Iberg facies, A187
Iberian assemblage, A282, A283
Icanotiidae, A441
ichnia, A2
ichnocoenoses, A22
Icriodus, A227, A230, A240,

A242, A246, I. latericrescens,
A234, A235, I. pesavis fauna,
A226, I. woschmidti, A196,
Zone, A223

Idahoiidae, A124
idiobiology, AS
Idiognathodus, A280, A281, A337,

I. ellisoni Zone, A337
Idiognathoides, A280, A281
Idoceras, A402, A407
Illaenus, A142
ILLIES, ASS, A67
Ilmarinia, A152, A153
IMBRIE, A520
IMBRIE & KIPP, A520, A531
IMBRIE, VAN DONK, & KIPP,

A520
Imitoceras, A206
IMLAY, A396, A398-A403, A453
Imlayoceras, A402
Immanitas, A473
immuration, A7
Incacardium, A473
index fossils, Cambrian, nontrilo-

bite, ABO
Indopolia, A300
Indospirifer, A201
Indotrigonia, A396
Induan, A353
IngeIareIla, A305

Index

INGLE, A527
Inoceramidae, A419, A428, A434,

A441, A453, A457, A458, A460,
A465

Inoceramus, A57, A391, A426,
A453, A459, A460, A461, A468,
1. dubius, A56

INSECTA, A281-A283
insects, Carboniferous, A281-A2 83
Integricardium, A472
invertebrate faunas, Albian, A437,

Aptian, A436, Barremian, A436,
Berriasian, A436, Campanian,
A438, Cenomanian, A437, Co
niacian, A438, Cretaceous,
A436-A438, Hauterivian, A436,
Maastrichtian, A438, Santonian,
A438, Turonian, A437, Va
langian, A436

IotriRonia, A475
IowaneIla, A266, A268
Iowaphyllum, A202
IpciphyIlum, A319, A320
Iranites, A358
IranophyIlum, A319, A320
Irenicoceras, A468
IrvingeIla, A124, A125, A127
Isalaux, A148
ISHII, A316
ISHII, FISCHER, & BANDO, A343,

A359
ISHII, OKIMURA, & NAKAZAWA,

A343
Isogramma, A299
Isogrammidae, A330
Isograptus, A155
Isophragma, A146
ISOPODA, A410
Isoprusia, A226
Isorthis, A197
Isotancredia, A476
IsoteIus, AlSO
Itieria, A397
IVANOVA, A273
lYANoVSKIY, A270

JAANUSSON, A136-AI66
JACKSON & LENZ, A227
Jacobites, A475
JAEGER, A191, A195, AI96
JAEGER & MARTINSSON, A89
JAEGER, STEIN, & WOLFART, A196
JAGO & DAILY, A134
JANICKE, A46, A47
Janischewskina, A263, A265
Janius, A201, A227
JARKE, A30, A61
JARVIK, A222
JAWORSKI, A369
JEFFERIES & MINTON, A396
JELETZKY, A22, A29, 1\397, A453,

A455, A462, A463, A465
JEN, A137
JENKINS, A99, A208
Jigulites, A267, A268, A310
JOHNSEN, A524
JOHNSON, J., A203, A219, A226,

A227, A230, A231, A235, A238,
A245, A246

JOHNSON, R., A32

A555

JOHNSON & BOUCOT, A195, A196,
A219, A226, A235, A242, A246

JOHNSON, BOUCOT, & MURPHY,
A226

JOHNSON & DASCH, A219
JOHNSON & Fox, AI03
JOHNSON & LANE, A238
JOHNSON & MURPHY, A226
JONES, A134, AI77, A453
JONGMANS, A285
JONGMANS & GOTHAN, A189
JORDAN, A397
JOUFIA, A473
Juddiceras, A455, A471
Jurassic-Cretaceous boundary,

A41O, A440-A441
Juresanites, A305, A331

KAEVER, A359
KAHLER, A3 43
Kahlerina, A299
KALJO, A152, A153
KALJO & KLAAMANN, AlSO, A153,

A161
Kallirhynchia, A395
Kanabiceras, A459
KansaneIla, A266, A268
Kap Stosch Formation, A297,

A319
KAPELLOS & SCHAUB, A503
Karachalyrian Stage, A299
Karadjalia, A206
Kargalites, A331
Karpinskia, A196
KARPINSKY, A292
Karsteniceras, A471
Kasmovian Stage, A259
Katroliceras, A406
KAUFFMAN, A418-A487
KAUFFMAN, COBBAN, & EICHER,

A421, A458
KAUFFMAN, HATTIN, & POWELL,

A427, A445
KAUFFMAN & SCHOLLE, A431,

A432, A481
KAUFFMAN & SOHL, A420
KAY, A39
Kazachiphyllum, A272
Kazanian Stage, A293, A295,

A305, A316, ammonoids of,
A335-A336, brachiopods of,
A330, bryozoans of, A322,
A324-A326, corals of, A319

KEANY & KENNETT, A527, A529,
A530

KEAST & GLASS, A343
KELLER, A82, A83
KELLER & PREDTECHENSKY, A137
KELLOGG, A520
KENNEDY, A435
KENNEDY & COBBAN, A462, A463,

A471
KENNEDY & HALL, A67, A68
KENNEDY & JUIGNET, A439
KENNEDY & KLINGER, A66
KENNEDY & TAYLOR, A67, A68
KENNETT, A30, A529, A531
KENNETT & BRUNNER, A530
KENNETT & HUDDLESTUN, A524
KENNETT & SCHACKLETON, A524
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A556

KENNETT, WATKINS, & VELLA,
A530

KENT, OPDYKE & EWING, A527
Kepplerites, A401, A402
Keriophyllum, A201
KERR, MCGREGOR, & McLAREN,

A245
KESSEL, A28, A61
Keuper, A352
Keyserlingophyllum, A269, A270
KHALYMBADZHA & CHERNYSHEVA,

A206
KHALYMBADZHA & TIKHVINSKIY,

A273
KHRAMOV, A208
KHUC, A362
Kiangsiceras, A30 I
Kiangsiella, A380
KIELAN, A150, A151, AI52
Kimberella, A94
Kinderhookian Series, A258, A280
KINDLE, A40
KING, P., A303, A313, A334
KING, R., A330
Kingoceras, A336
Kingopora, A322
Kingstoniidae, Al23
Kinkaidia, A27l
Kinnella, AI53
Kionelasma, A223
Kionophyllum, A272, A273
KIPARISOVA, OKUNEVA, &. OLEYNI-

KOV, A365
KIPARISOVA & POPOV, A353
KIPARISOVA, RADCHENKO, & GOR-

SKIY, A365
Kipia, A473
KIRCHGASSER, A243
KITTL, A357
Kladognathus, A280
KLAHN, A24-A28
KLAPPER, A226, A227, A234,

A235, A238, A244
KLAPPER, BERRY, & BOUCOT, AI81
KLAPPER, PHILIP, & JACKSON,

A202
KLAPPER &. ZIEGLER, A190, A235
Kleopatrina, A318, A319
KLOVAN & EMBRY, A245
Knightoceras, A276
KNOCKE, A3
KNOLL &. BARGHOORN, A80
KOBAYASHI, A120, A127, AI42,

A395
KOBAYASHI &. HAMADA, A207
Kochiproductus, A298
KOENEN, A499
Koenenites, A247
VON KONIGSWALD, A41, A44
KOLB, A19, A46
Koninckina, A395
Koninckioceratidae, A276
Koninckites, A363
Koninckocarinia, A272
Koninckophyllum, A269-A272
Kootenia, AI23
KORCHINSKAYA, A365, A366
KOREJWO & TELLER, AI91
KORSCHELT, A6
Kosmoceras, A401

Introduction

Kosmoceratidae, A401, A406
Kosovope1tis, A226
Kossmatia, A403
Kossmaticeras, A471, A475
Kossmaticeratidae, A460, A461,

A465, A475
KOVACS, A399
KOZLOWSKI, A88, AI92
KOZUR, A337
VON KRAFFT, A361
VON KRAFFT &. DIENER, A361
KRANTZ, AI7
KREBS, AI84
KREBS & RABIEN, A205
KREBS & WACHENDORF, A210
KREBS &. ZIEGLER, Al90
KREJCI-GRAF, A36
KRINSLEY, A39
Krotovia, A382
KRYSTYN, A397
Ku &. BROECKER, A525
Kubergandinian Stage, A294,

A313, A324
Kuehnia, A473
Kueichouphyllum, A270, A27l
Kueichowpora, A217
KUPPER, A27
KUKLA, MATHEWS, & MITCHELL,

A524
KULIKOV, PAVLOV, & ROSTEVTSEV,

A296
Kullervo, A145, Al51
KULLMAN, AI96, A202
KULLMAN &. ZIEGLER, AI89
Kuman Series, A294, A302, A312
KUMMEL, A335, A336, A351-

A389, A408
KUMMEL &. ERBEN, A359
KUMMEL &. FucHs, A369
KUMMEL &. TEICHERT, A300,

A301, A336, A337, A339, A343,
A358, A360, A380, A387

Kumpanophyllum, A272
Kunda Stage, Al43
Kungurian Stage, A293, A295
Kushanian Series, A313
KUTASSY, A370
KUTEK, A408
KUTEK &. ZEISS, A408
KUTSCHER &. SCHMIDT, A188,

AI89
Kuzbasophyllum, A270, A27l
Kuzbassocrinus, Al96
Kwangsiphyllum, A27l

La Brea tar pits, All
Lacunoporaspis, A227
Ladogia, A206
Ladogioides, A206, Zone, A244,

A245
Liings-Einsteuerung, A39
Lagenidae, A316
Lagonibe1us, A408
Lahillia, A476
LAMB, A514
LAMB &. BEARD, A510, A513,

A514
land plant remains, Silurian, Al81
LANE, A281
LANGE, A205, A398

LANGERFELDT, A47
LANGHEINRICH, A55, A58
Lapeirousia, A472
LAPEIROUSIINAE, A441
LAP KIN &. SOLOVYEV, A299
DE LAPPARENT, A292, A506
LARDEUX, AI9I, A195, A198,

A201
Larma, A469
LARSON, A526
Larus argentatus, A23
Lasiodiscus, A300
Latanarcestes, A202
Laticrura, AI45
Latiendothyra, A261, A263
DE LATTIN, A393
LAUGHTON, A516, A520
Laurentide deglacial process, A524
LAWRENCE, A69
LAZELL, All, A70
LEANZA, A243, A396
Lebachian assemblage, A283
lebensspuren, A2, A31, A44
I.e Castella section, A510, A513
LECOMPTE, A199, A205
I.E CONTE, A506
Leella, A300, A314
LEGRAND, A137
LEHMANN, A17, A69, A7l
LEHMANN &. WEITSCHAT, A17,

A69
Leioceras, A400
Leioclema, A325
Leioproductidae, A275
Leiorhynchoidea, A327
Leiorhynchus, A238, L. castanea

Zone, A238, L. hippocastanea
Zone, A238, A240

Leiospheridia, A83
LELESHUS, A152, AI53
I.E MAITRE, A203
Lenella, A396
Lenticeratinae, A460, A461
LENZ, A227, A230
LENZ &. JACKSON, A227
LENZ &. PEDDER, A238
Leonardian Series, A294, A303,

A313-A3I4, corals of, A321
Leonardophyllum, A273, A3I9,

A321
Leonaspis, A242
Leperditiidae, AI40
Lepidocyc1ina, A497
Lepidodendron, A301
Lepidolina, A302, A3I2, A313,

Zone, A313
Lepidorbitoides, A496
Lepidotus, A7l
Leptathyris circula Zone, A235,

A238, A241
Leptellina, Al46
Leptobos, A508
Leptoceras, A453, A471
Leptocheilus, A4IO
Leptocoelia, AI96, A231
Leptoinophyllum, A201
LESPERANCE, AI5I, Al53
Leukadiella, A400
Leuroceras, A276
LEVEN, A312, A313
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A142
A143,
North

Levenea, A234
Levifenestella, A325
LEVITSKIY, A147
Lewesiceras, A460, A468
Leymeriellidae, A457
LIABEUF & ALPERN, A258
Lian~shanophyllum, A320
Liardiphyllum, A270
Libyaconchus, A472
Lichidae, A203
Liguloclema, A325
LIKHAREV, A293
LIKHAREV & MIKLUKHO-MAKLAY,

A299
Lilloetia, A401
Limnaea auricularis, A23, L.

stagnalis, A23
Limnaeidae, A397
Limneidae, A498
Limnocardiidae, A498
Limnocyrena, A397
LIN, A402
Lindostroemia, A223
LINDSTROM, A160
Lindstroemia, A196
Lingula, A247, A395
Lingulidae, A329
Linoproductidae, A275, A327
Linoproductus, A300, A380
Linter, A469
Liopeplum, A469
"Lipalian interval," A86
LIPINA, A261, A267, A316
LIPINA & REYTLlNGER, A267,

A268
Lipinella, A266
Liroceras, A276, A371
Liroceratidae, A276, A371
Lispoceras, A276
Lispodesthes, A469
Lissatrypa, A197
Lithiotis, A396
LITHISTIDA, A393
lithospheric plates, Ordovician,

Al37
Lithostrotion, A270, A271, A272
Lithostrotionella, A270, A271,

A272, A319
Lithraphidites, A457
Lithraphidites alatus-S'taurolithites

orbiculofenestrus Zone, A459,
1. bollii Zone, A457, L. quad
ratus Zone, A461

Littorina, A24, A30
LITUOLACEA, A471, A472
Lituolidae, A316, A393
Lituotubella, A263, A265
Lm, Al37, A362
lizard, in amber, All
Llandoverian, faunal break, Al77,

faunas, A168-A169
Llanoaspidae, A123
Llanvirnian shelly faunas,

A143, Balto-Scandian,
Mediterranean, A143,
American, A142-A143

Lobatannularia, A301
LOCHMAN-BALK & WILSON, A120,

A122, A125, A128, Al31
Loeblichia, A265

Index

Loftusia, A472
Lonchocephalus, A123
Longiproetus, A201
Lon~ispina, A234
LONSDALE, A184
Lonsdaleia, A269-A272
Lonsdaleiastraea, A320
Loo, A324
Lopha, A375, A460
Lophamplexus, A321
Lophinae, A458
Lophocarinophyllum, A319
Lophoceras, A276
Lophophyllidium, A272, A273,

A299, A318, A320, A321
Lophophyllum, A272
Lophotichium, A272
Lorenzinites, A96
Lotagnostus, A124, A127
LOWENSTAM, A61, A68
LOWENSTAM & EpSTEIN, A424,

A425
Lower Devonian faunas, A194

A198, A224-A234, in Antarc
tica, A231, Malvinokaffric prov
ince, A194, A197-A198, in
eastern North America, A223
A226, in northern North Amer
ica, A227-A230, in northwest
ern North America, A226, in
western North America, A226,
Old World province, A194
A197, in South America and
Falkland Islands, A230-A231

Lower-Middle Devonian bound-
ary, A188, A195, A198

Lu, A133, A149
Ludlovian faunas, A170
LUDVIGSEN, A227
Ludwigia, A400
Lunatia, A30
LUPHER & PACKARD, A396
LYASHENKO, A191, A201, A205
Lycettia, A469
Lycophoria, A143
LYELL, A499, A506, A507, A508
Lyelliceratidae, A457, A459,

A469, A475
Lyem, A312
Lyrapora, A325, A326
Lyrielasma, A223
Lyriomyophoria, A375
Lyssatripidae, A199
LYTOCERATACEA, A397-A398
LYTOCERATACEAE, A441
Lytoceratidae, A457
LYTOCERATINA, A397, A399
Lytohoplites, A406
Lytophiceras, A362
Lyttonia, A300, A380
Lyttoniacea, A329
Lyttoniidae, A330
Lvtvolasma, A3l9
Lytvophyllum, A272

MAACK, A246
Maastrichtian, A423, A454-A456,

A461
Maccoyella, A475
Maccoyoceras, A276

A557

McDoUGALL, A219
McELHINNY, A85
Macgeea, A202
MCGREGOR & UYENO, A230, A240,

A246
Machari facies; see Yangtze
McINTYRE, A520, A537
McINTYRE, RUDDIMAN, & JANT-

ZEN, A520, A521
McKEE, A303
McKELLAR, A208
Mackenziephyllum, A240
McLAREN, A187, A203, A223,

A244, A245
McLAUGHLIN, A145
MACLURITINA, A441
Macoma baltica, A25, A30
Macrocephalitidae, A402, A403,

A406
Macropyge, A140
McTAVISH, A157, A363
McTAVISH & DICKENS, A363
Mactra, A24, A35, M. corallina,

A27, A29, A35, M. solida,
A35, M. subtruncata, A30

MACURDA & MEYER, A63
Madigania, A94
MAEDA, A396, A397
Maenioceras, A201, A242, A243
Magadiceramus, A460
MAGLIO, A516
MAll.LlEUX, A195
DE MAISTRE, A258, A282
Majella, AIOS
Malagasitrigonia, A472, A476
Malayomaorica, A397
Malurostrophia, A197
Malvinokaffric province, Devo-

nian, A194, A197-A198, A209
Malvinokaffric, realm, A16S,

A176, A230, A231, A242
MAMET, A261
MAMET & SKIPP, A261, A267,

A286
MAMET, SKIPP, BANDO, & MAPEL,

A265
Mammitinae, A459
Mamuthus, A5l6
MANTELL, A439
Mantelliceratinae, A453
Manticoceras, A205, A206, A207,

A208, A243, A244, A246, A247,
-Cheiloceras boundary, A189,
A208, A244

MANTON, A88
Manuaniceras, A469
Maoristrophia, A196, A197
Maorites, A475
maps, paleogeographic, Carbonif

erous, A284-A285, Cretaceous,
A421, Devonian, A194, A198,
A204, A209, Permian, A340
A341, Silurian, A169, Tertiary,
A491, Triassic, A356

Marathonites, A300, A331
Marginifera, A300, A380
Marginiferidae, A327, A329
MARGOLIS & KENNETT, A530
Marjumiidae, Al30
Marken, A44
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Marshallites, A475
Marsupites, A460
Marthasterites, A460, M. tribra

chiatus Zone, A503
MARTINI, A503
Martinia, A299, A300, A301,

A380. A381
"Martinia" Shale, A297
Martinifera, A300
Martiniidae, A329
MARTINSON, A397
MARTINSSON, A23, A132, A188
MARWICK, A364
Marwickia, A476
Marywadea, AI04
mass mortality, A6, A9
Mastodon, A500
MATERN, A190
Matheronia, A472
MATSUMOTO, A462, A463, A465,

A467, A468, A471, A472, A475
MAURIN & RAASCH, A244
Mawsonites, A94, A96
Mayaitidae, A406
Maychella, A324
MAYER-EYMAR, A499
MAYNC, A397
MAYR, A20
Mazapilites, A402
Mazonian assemblage, A282
MECOPTERA, A305
Medeela, A472
Mediocris, A263, A265
Mediospirifer, A235
Mediterranean Fauna, Arenigian,

A141-A142
Medlicottia, A297, A302, A334,

A335
Mcdusinites, A96
Meekellidae, A330
Meekia, A465
Meekopora, A323, A324, A326
Meekoporella, A323
Megacanthopora, A325
Megacucullaea, A476
Megadesmidae-Ceratomyidae,

A375
Megadesmus, A305
Megaglossoceras, A276
Megakozlowskiella, A231, A234
Megalocardia, A473
Megalodon, A359, A361
Megalomus, A179
Meganteris, A195
Megastephanoccras, A402
Megastrophia, A201
Megatrigonia, A475
Megaxinus, A476
Megistaspidella, A143
MEISCHNER, A280
Melanophyllum, A270, A272
Melanopsidae, A498
Meleagrinella, A367
menisci, A16-A17
MENNER, A343
Menomonia, A123
Menophyllum, A269
Menuthiocrioceras, A472
Meramecian Series, A258
Mercaticeras, A400

Introduction

Mercenaria mercenaria, A68
MERCER, A516
MERCEY. A506
Meristella, A196
Meristellidae, A161
Meristellinae, A246
Merlewoodia, A270, A271
MEROSTOMATA, A87, A88
Mesochasmoceras, A276
Mesohibolites, A457, A472
Mesolimulus walchi, A14
Mesopuzosia, A475
Mesosaurus, A306, A307
Mesotaxis asymmetrica Zone,

A243, A244
Mesozoic-Tertiary boundary, A496
Mestognathus, A281
Metacoceras, A371
Metacryphaeus, A230
Metalegoceras, A305, A331, A332
METALEGOCERAT1NAE, A331
Metaperrinites, A334
metasomatism, A61, A69
METAZOA, Precambrian, A81-

A89, characterized, A86, evolu
tion of, A89

Metoicoceratinae, A459
MEYEN, A268, A285, A343
MEZESHNIKOV & ZAKHAROV, A408
Michelinia, A269-A271, A319
Micracanthoceras, A403, A406
Micrantholithus hoschulzi Zone,

A457
Micraster, A458, A460
Microcyc1us, A269
Microderoceras, A399
Micromelanidae, A397
microphytoliths, A81, AlII
Microtrigonia, A461
Micula decussata-Tetralithus pyra

midus Zone, A460, M. mura,
A461

Middle Devonian faunas, A198
A203, North American, A234
A243, eastern, A234-A235,
northern, A240-A242, north
western, A238-A240, western,
A235-A238

middle Ordovician shelly faunas,
A143-A149, Balto-Scandian,
A148, Heptabronteus-Pliome
rina Province, A149, Mediter
ranean, A149, North American
Midcontinent, AI43-A147, Seo
to-Appalachian, A147, Tungu
sian, AI47

MIDDLEMISS, A301, A379
MIDDLEMISS & RAWSON, A463
MIDDLETON, A36, A201
Middle-Upper Devonian bound-

ary, A103, A189, A199, A235
MIKAN & SWEET. A379
Mikhailovella, A263
MIKHAYLOVA, A309
MIKLUKHO-MAKLAY, A293
Milanovicia, A473
MILLER, A138, A445
MILLER & COLLINSON, A247
MILLER & FURNISH, A276, A298,

A335, A381

Millerella, A265, A266, A267,
Zone, A267

Millericrinus, A411
Millkoninckioceras, A276
Mimagoniatites, A196
Mimatrypa, A235
MINATO, GORAl, & HUNAI-IASHI,

A364, A365
MINATO & KATO, A272, A317,

A319
mineralized tissue, evolution of,

A89
Minilya, A324, A325, A326
Minojapanella, A299
Miocene, A499-A504
Miocene-Pliocene boundary, A500
Miogypsina, A497, A503-A504
Misellina, A299, A311, A316,

Subzone, A313, Zone, A313
MISRA, A84
MISSARZHEVSKY, AI04
Missisquoia, A140
Mississippian System, A258, A280
Missourian Series, A258, A266
Mizzia, A300
Mobergella, ABO
Modiola, A35, A57
Modiolopsis, A362
Modiolus, A375
VON MOELLER, A310
Moelleritia, A238
VON MOJSISOVICS, WAAGEN, &

DIENER, A352
Mojsisovicziinae, A469, A473,

A475
Mojsvaroceras, A371
molecular rearranl(ements in di

agenesis, A61-A69, concretions,
A65-A67, recrystalization, A61
A65, into stable modifications,
A67-A69

MOLLUSCA, Cambrian, A120
mollusks, Tertiary, A498-A499,

A499
MONAXONlDA, A393
MONGER & Ross, A304, A314,

A315, A319
Mongolia and Tikhookian area,

Lower Devonian faunas of,
A196, A207; link with Appa
lachian province, A210

Monodiexodina, A308
monograptids, Devonian, A226,

A230
Monograptus, A187, A195, A197,

M. hercynicus, A195, Zone,
A226, A227, M. praehercynicus
Zone, A226, M. thomasi, A227,
M. ultimus Zone, A187, M.
uniformis, A195, A198, Zone,
A223, A226, A227, M. yu
konensis Zone, A227

Monopleuridae, A441
Monotaxinoides, A265
Monothyra, A475
Monotis, A360, A362, A365,

A367, A369, A372, A375-A376,
distribution of, A374, M. ocho
tica group, A375, A376, M. sali
naria group, A375, A376, M.
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A375,
A375,
A375,

subeircularis group,
A376, M. typica group,
M. zabaikalica group,
A376

Montiparus, A266, A268
MOORE, A258
MOORE & DUDLEY, A323
MOORE & JEFFORDS, A321
Morea, A469
MOROZOVA, A316, A322-A324
Morphoceratidae, A403
Morrowan Series, A258, conodonts

of, A280, corals of, A272,
foraminifers of, A265-A266

MORTELMANS, A255
Moscovian Stage, A255, A259,

A266, corals of, A272-A273,
A273

MOSEBACH, A61
Mstikhinoceras, A275
Mu, A155, A196, A202, A207
Mucrospirifer, A202, A206, A235,

A243
MULLER, A2-A78, A382
MULLER & MOSHER, A411
MUIR-WOOD, A395
MUIR-WOOD & COOPER, A273
Muirwoodia, A298
Mulinoides, 1'\476
Multispirifer, A195
Muniericeratidae, A459, A460
MURATOV, OSTROVSKY, & FRIDEN-

BERG, A536
MURCHISON, A184, A291, A292
MURCHISON, DE VERNEUIL, & VON

KEYSERLING, A292
Murchisoniidae, A378
Murciella, A472
Murex, A30, A39
Murgabian Stage, A294, A299,

A300, A313, bryozoans of,
A324, A325

Muschelkalk, A352, A354
MutationelIa, A195, Al97
Mya, A57, M. arenaria, A24, A25,

A29
Mylitoides, A459, A460
MYOCONCHINAE, A441
Myophorella, A396
Myophoria, A362
Myrtea, A476
Mystroceohala, A226
MYTILOIDA, A375
Mytilus, A35, A55, A57, M. edu

lis, A6, A25

Nabeyaman Series, A294, A302,
A312

Nadiastrophia, Al97
NAEF, A21, A22
Nagatoella, A299, A311
Nagatophyllum, A271, A272
NAKAGAWA, NIITSUMA, & HAYA-

SAKA, A514
NAKANO, A453
NAKAZAWA, A301, A343, A361,

A363, A379, A380, A381
NAKAZAWA, ISHII, A311
NAKAZAWA, KAPOOR, A311

Index

NAKAZAWA & RUNNGAR, A372,
A375

NALIVKIN, AI92, A201, A202,
A203, A206, A207, A223, A293,
A296

NALIVKIN, RZHONSNITSKAYA, &
MARKOVSKIY, A191, AI92,
A196, A201, A205, A206, A207

NalivkinelIa, A223
Namalia, A83, AI02
Namurian Series, A255, conodonts

of, A280, corals of, A271-272,
foraminifers of, A265, insects
of, A279-A283

Nankinella, A299, A312
Nankinolithus, Al52
Nannoconus, A453
nannoplankton, Tertiary, zones

of, A501-A503
Nanothyris Zone, A223
Naoides, A270, A271
Nasepia, A83, AI02
Nassa, A30
NASSICHUK, A243
NATICACEA, A397
Naulia, A474
NAUTILIDA, A275-A276, A371
NAUTILOIDEA, A275, A276,

A498
nautiloids, Jurassic, A408, A41O,

Silurian, A179, Triassic, A371
A372

Nautilus, A22, A44, A275
nearshore clastic facies, Lower

Devonian fauna of, Al95
NEAVERSON, A440
Nebrodites, A402, A407
necrosis, A6, necrotic processes,

A5
Neithea, A441, A458
Nejdia, A400
NELSON, HOPKINS, & SCHOLL,

A526
Nelttia, A469
Nemagraptus gracilis Zone, A149,

A154, A156, Al60
Nemetia, A473
Neoaganides, A337
NEOAMMONOIDEA, A397
Neoarchaediscus, A265, A266
Neoasaphus, Al43
Neocaprina, A473
Neochetoceras, A407
NeoclisiophylIum, A270
Neocomian. A453
Neocrassina, A475
Neocrimites, A305, A334, A335
Neofusulinella, A300
Neogastroplites, A457, A468
Neogene, A499, A503, A508, sedi-

ments, A490-A491, A495, A496
Neogeoceras, A335
Neogloboquadrina dutertrei, A532,

M. pachyderma, A523, A525,
A527

Neogondolella, A338, A339, N.
bisselli-Sweetognathus whitei
Zone, A337. N. carinata Zone,
A379, N. rosenkrantzi-Neo
spathodus arcucristatus Zone,

A559

A338-A339, N. rosenkrantzi
Neospathodus divergens Zone,
A339, N. serrata postserrata
Zone, A339, N. serrata serrata
Zone, A338, A339

Neohibolites, A449, A457, A458,
A459, A472

Neokoninckophyllum, A272, A321
Neolobites, A471
Neophylloceras, A475
Neoprobolium, A223
Neoradiolites, A473
Neoschizodus, A369
Neoschwagerina, A300, A312, N.

eraticulifera Subzone, A312, N.
margaritae Subzone, A312, N.
simplex Subzone, A312, Neo
schwagerina Zone, A312, A313,
A314, A316, A319, A320, A323

Neospathodus, A339, N. erysta
galli Zone, A379, N. dieneri
Zone, A379

Neospirifer, A380
Neospiriferinae, A273
Neostacheoceras, A300
Neostreptognathodus, A338, N.

pequopensis Zone, A338, N.
sulcoplicatus-N. prayi Zone,
A338

Neozaphrentis, A269, A318
NERINACEA, A397
Nerinea, A397
Nerineidae, A458, A472
Nerinella, A397
Neritopsidae, A378
NervophylIum, A272
Nervostrophia, A246
Neseuretus, Al41
NEUMAN, A143, Al51
NEUMAN & BRUTON, Al43
NEUMANN, A401
NEUMAYR, A391
Neuqueniceras, A401
Neuropteris, A301
Nevadella, Al23
Nevadia, AI22
New Zealand subprovince, of

Lower Devonian, A197, A198
A199, A202

NEWELL, A303
NEWELL & BOYD, A375
Nicklesopora, A322
Nicomedites, A364
Nigericeras, A471
NIITSUMA, A514
NIKIFOROVA, A322
NIKIFOROVA & PREDTECHENSKIY,

A187. AI92
NIKIFOIlOVA & SAPELNIKOV, Al54
NikiforovelIa, A324, A326
NIKITIN, Al43
NIKITINA, A316, A323
NIKOLAEV, Al50
Nileus, Al42
Nipponitella, A308
Nipponitrigonia, A396
Nodosaria, A266
Nodosinellidae, A316
NOERREVANG, A90, AI07
NOGAMI, A363
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NOHDA & SETOSUCHI, A411
NORITACEAE, A371
NORRIS, A218-A253
North American fauna, Arenigian,

A140, Tremadocian, A139,
A140

North American strata, Silurian,
AI73-AI74; geosynclinal, A173
A174, platform, A173

North American zoogeographic
region, in the Carboniferous,
A269, A270, A271, A273

North Silurian realm, A168
North Temperate Realm, Creta

ceous, A465-A469; Euramerican
Region, A467-A469, Japanese
East Asian S'ubprovince, A465,
North American Province,
A468-A469, North European
Province, A467-A468; North
Pacific Province, A465-A467,
Northeast Pacific Subprovince,
A465

Nostoceratidae, A461, A467
Notanoplia, A197
Nothaphrophyllum, A271
Notiochonetes, A230
Notospirifer, A305
Notothyris, A299, A300
Nototrigonia, A476
Novella, A265, A266
Nowakia, A235
Nowakidae, A203
Nucleolitidae, A441
NUCULOIDA, A375
Nummulitidae, A497
Nymphorhynchia, A227, A238

OBRADOVICH & COBBAN, A426,
A439, A445

Obsoletes, A266, A268
Occidentoschwagerina, A299, A308
Ochetoceras, A402
Ochoan Series, A294, A314
Odontocephalus, A226
Odontochile, A195, A226
Odontopleuridae, A203
OPIK, A127, A134
Offaster, A458, A461
Offneria, A473
Ogbinopora, A324, A325, A326
Ogilviella, A227
OGOSE, A69
Ogygopsis, A128, ABO
Oketaella, A266
OKIMURA, A3 I 6
OUUSSON, A517, A532
Olcostephanidae, A454-A456
Old Red Sandstone facies, A184,

A205, A206
Old World province, Devonian,

AI94-AI97, A198, A209
Oldhamina, A300, A301, A336,

A337
Olenekian, A353
"olenellid province," A129
Olenellus, A123, A125
Olenidae, A125, A126, ABO
Oligocene, A499-A504
OLIVER, A198, A202, A203, A208,
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A223,A234,A235,A244,A246
V'OMALIUS D'HALLOY, A439
Ombonia, A380
Ornphalotis, A263, A265
Omphalotrochidae, A378
ONCOCERlDA, A275-A276
Oncograptus, AI55
Onega, AI04
?Onegia, A99
Onychocella cyclostoma, A7
OPDYKE, A513, A527
Opeliidae, A457
open ocean "provinces," Middle

& Late Cambrian, ABO
Operculina, A497
Ophiceras, A301, A358, A360,

A366, A379
Ophiceratidae, A371
Ophiomorpha, AI0
OPINAE, A441
Opisoma, A396
Opisthotrigonia, A396
Oppeliidae, A402, A403, A407
ORADOVSKAYA, A143, A147
D'ORBIGNY, A3, A439, A440
Orbirhynchia, A459
Orbitoides, A496
Orbitolina, A471
Orbitopsella, A393
Orbulina, A497
ORCHARD, A205
Ordovician, middle, A143
Ordovician-Silurian transition,

A160-A161
organic evolution, Precambrian,

A80
organic material, products of de

cay of, A15-A19
oriented embedding of objects,

A31-A48, barrel-shaped, A40
A41, bowl-shaped, A32-A36,
cone-shaped, A36-A40, irregu
lar, A41-A48

Oriocrassatella, A305
Orionastraea, A270-A272, A318
Oriskania beds, A226
ORMISTON, A223, A226, A227,

A230, A234, A241, A242, A246
ORR, A234, A235
Orthacea, A203
ORTHIDA, A329
Orthidiella, A142
"Orthoceras" limestones, A179
ORTHOCERATACEAE, A275
ORTHOCERIDA, A275
Ortholomidae, A395
Orthoptychus, A472
Orthothetina, A301, A380
Orthotichia, A380
Oryctocephalidae, A122, A123,

A126, A128, ABO
Osagian Series, A258
Osculigera, A473
Osteocrinus, A411
OSTRACODA, A410
ostracodes, Devonian, A191, A205,

1\206, Silurian, AI72, A180
Ostrea, A29
Ostreidae, A453, A458
OSTREINA, A395

OSWALD, A184, A188, A189,
AI92, A195, AI96, A197, A198,
A201, A202, A203, A205, A207,
A208

Otapiria, A365
Otarion, A242
Otoceras, A366, A367, A379,

A380, A381, -Ophiceras Zone,
A330

Ottweilerian assemblage, A282,
A283

Ovatoscutum, A88, A91
Overtonidae, A275
OWEN, A462, A465, A467, A471
Owenoceras, A279
oxygen content, in Cretaceous

marine environments, A427
A429; effects of, A432-A434;
of water, A9

oxygen requirements, variations
in, A8-AI0

oxygen-isotope climatic record,
Quaternary, A517-A520

Oxylenticeras, A403
Oxynoticeras, A398, A399
Oxyoppelia, A407
Oxyteuthididae, A457
Oxytoma, A365, A395
Oxytomidae, A441
Oxytropidoceras, A469
Ozarkodina, A227, A230
Ozawainella, A265, A266, A299
Ozawainellidae, A308, A309, A315

Pachyceratidae, A403
Pachydesmoceras, A475
Pachydiscidae, A457, A460, A461,

A465
Pachydiscoceras, A301, A337
Pachymegalodon, A396
Pachymvtilus, A396
Pachyphloia, A300
Pachysphaerica, A263
Pachyteuthis, A408, A410
Pacitrigonia, A475
Paeckelmanellidae, A273
PAECKELMANN, A196
Pagetiidae, A122, A123, A128
Paguridae, A410
PAINE, A69
PAKUCKAS, A363
Palacohatteria, A297
Palaeacis, A271, A272
Palaeofusulina, A300, A301, A302,

A312, A313, A316, A337,
-Reichelina Zone, A312, Zone,
A313

Palaeoniscus, A42, A66, A297,
A306

Palaeoscia, A91
Palaeosmilia, A269-A272, A321
Palaeospiroplectammina, A261
Palaeostrophomena, A146
Palaeoteuthis, A410
Palaeotextularia, A263, A265,

A266
Palaeotextulariidae, A267
Palaferellidae, 1\199
Paleocene, A499-A504
paleoecology, Precambrian, A86,
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Silurian marine, A176
Paleogene, A499, sediments, A490,

A491, A495, A496
paleogeography, Cambrian, in

Europe, A124-A125, Jurassic,
A391, Ordovician, AI37, A159,
Permian, A399-A340, Tertiary,
A488-A489, Triassic, see stratig
raphy

paleoisotherm shifts, Quaternary,
in the Atlantic, A520-A521

paleolatitudes, Devonian, A219
Paleolina, AI07
paleomagnetic data, Devonian,

A208, Ordovician, AI36, AI37,
A159

"Paleotethys," AI39
Palinuridae, A410
PALlY, A83
Palmatolepis, A205, A208, A243,

A244, A246, P. crepida Zone,
A244, P. gigas Zone, A205, P.
triangularis Zone, A189, A208,
A243, A244, A246

PALMER, Al19-AI35, AI57
Paltechioceras, A398
Palus, A473
Pamirella, A324, A326
Pamirian Stage, A294, A299,

A300, A3I3, bryozoans of,
A323, A324

Panderia, A141
Pandorinellina, A227, A230, A243,

P. insita, A235, A244
Panguridae, A23
PANTIC, A316
Papilionata, AI03
PAPILLACEAE, A498
PAPP, A26, A27, A69, A488-

A504
Paraboliceras, A403
Parabolinoididae, Al24
Parabournonia, A473
Paracalmonia, A230
Paracaprinula, A473
Paraceltites, A300, A306, A335
Paracenoceras, A408
Paradoxides, A 128
Paradoxididae, A125, A126, AI30
Paradunbarula Zone, A3I3
Parafenestralia, A322, A326
Parafusulina, .A299, A308, A31l,

A312, A3I3, A314, A316, Zone,
A312, A3I3, A319, A323, A335

Paragastrioceras, A331
PARAGASTRIOCERATINAE,

A331
Paraglossograptus, A155, A156
Parai;nathodus, A280
Parahastites, A408
Parahibolites, A457-A459, A472
Paraipciphyllum, A319
Paralegoceras, A279
Paraleioclema, A323-A326
Paralithostrotion, A270, A272
Paraloxoceras, A275
Paranautilus, A371
Paranomia, A469
Paranorella, A327
Paranorites, A363

Index

Parapedioceras, A455, A472
Parapholas, A475
Parareichelina, A312
Parareineckeia, A402
Pararineceras, A276
Paraschwagerina, A299, A308,

A311, A312, A3I3, A315
Paraspidoceras, A406
Paraspirifer, AI99
Parastaffella, A266
Parastereophrentis, A272
Parastringocephalus, A235, A238
Parastroma, A473
Paratirolites, A300, A337, A358,

A381
Paravascoceras, A471
Paraverbeekina, A300
Parawentzelella, A319, A320
Parawocklumeri~, A207
Parazellia, A308, A315
PARAZOA, A81
Parengonoceras, A471
Parhabdolithus, A457
PARKER, A426, A532
PARKIN & SHACKLETON, A524
Parkinsoniidae, A403
PARMENTIER & FOLGER, A531
Paronella, A473
Paroniceras, A400
Parvancorina, A87, AI05, A106
Parvancorinidae, AI05
PASCOE, A361
Paurorhyncha, A245
Paurorthis, A141
Pavastehphyllum, A319, A320
Pavlovia, A406, A407
PAVONI, A3, A47
Pecopteris, A300
Pecten, A362
Pectinatites, A406, A407
Pectinidae, A453, A458
Pedavis, A226
PEDDER, A238, A240
Pemphix, A410
Pennaia, A230
Penniretepora, A323-A326
Pennsylvanian System, A258, co-

nodonts of, A280, foraminifers
of, A266

Pentagonia, A231, A234, A235
Pentameracea, A161
Pentamerella Subzone, A238
PENTAMEROIDEA, A203, A246
Pentamerus, AI72
Pentamplexus, A319
percentage endemism, A463
Peregrinella, A468
Peregrinoceras, A453
Periplomya, A469
PERISPHINCTACEAE, A404
Perisphinctidae, A402, A403, A406
Peritrochia, A335
Permian biostratigraphy, in type

area, A293-A296, correlation
of, A294-A295; in northwest
ern Europe, A296-A297; in
Gondwana continents, A305
A309, in Africa, A306, in
Australia, A304-A305, in India
Pakistan, A306, in Madagascar,

A561

A307, in South America, A307;
in Greenland, A297-A298; in
North America, A303-A304; in
Tethyan area, A298-A303, in
Japan, A302, in the Pamirs,
A304-A305, in the Salt Range,
A300-A301, in South China,
A302, in the Trans-Caucasus,
A300

Permian faunas, ammonoids,
A330-A337, brachiopods, A326
A330, bryozoans, A321-A326,
conodonts, A337-A339, corals,
A317-A321, fusulinaceans,
A307-A316, other foraminifer
ids, A316

Permian-Triassic boundary, A292,
A369. A371, A378-A382

Permocalculus, A300
Permoceras, A408
Permodiscus, A263
Permoleioclema, A323, A326
Permopora, A326
Perna, A396
Peroniceratinae, A460
Perrinites, A300, A331, A334,

A335
Peruarca, A473
"PETALONAMAE" A87, A88-

89, A96 '
Petalonamidae, A96
Petalostroma, A108
PETERSEN, A208
PETMNEK & KOMARKOVA, A39
Petricola, A35, P. pholadiformis,

A29, A30
PETRUNINA, AI40
PETTER, A208
Petteroceras, A208
Pettersia, A473
PFANNENSTIEL, A33
PFLUG, A88, A96, A99
Phacoceras, A276
Phacopidae, A204
Phacopina, A226
Phacops, A201, A226
Pharciceras, A189, A201, A205,

A235, A247, P. lunulicosta
Zone, A189, A201, A208

Pharodina, A469
Phaxas, A35
Phestia, A305
PHILIP & JACKSON, A208
PHILIP & PEDDER, A197, A202
Phillipsastrea, A203, A205, A207,

A245
PhiIlipsinella, A150, A151, A158
Phillipsinellidae, A160
Phisonites, A300
PHLEGER, A527
Phlycticeras, A406
Pholadomvidae, A329, A375
Pholas dactylus, A29
Pholonyx, A201
Phragmodus, A157
Phragmostrophia, A196
Phylloceras, A398, A401
PHYLLOCERATACEA, A397-

A398
PHYLLOCERATACEAE, A441
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Phylloceratidae, A465, A471,
A475

Phyllytoceras, A397
Phymatopleuridae, A378
Physodoceras, A406
PIA, A398, A399
PICARD & FLEXNER, A357
PICKETT, AI92, A202, A208
Pictonia, A407
Pileochama, A473
Pinacites, A242, P. jugleri, A201,

A202, A203
PINACOCERATACEAE, A371
Pinegopora, A322
Pinnidae, A375
Pisidium, A26, A27
Pithonoton, A410
Placenticeratidae, A460, A461,

A467
Placoparia, A143
Plagiostoma, A395
Plagiura-Poliella Zone, A131-A132
Planetoceras, A276
planktonic fluctuations, Creta-

ceous, A429-A430, A432-A433
Planoarchaediscus, A263, A265
Planocaprina, A473
Planomedusites, A94, A96
Planorbidae, A397
Planospirodiscus, A265
plate tectonics, Cambrian, A125,

Cretaceous, A420, Devonian,
A210, A219, Ordovician, A136
A137, A140, A159-A160

Platyceramus, A460, A461
Platyclymenia, A207, A208, A245,

A247
Platycoryohe, A153
Platygoniatites, A279
Platvlenticeras, A408
Platyscutellum, A230
Platysolenites, A83
Platystrophia, A148
Platyterorhynchus, A244
PLAYFORD & LOWRY, A208
Plectodina, A157
Plectodonta, A95
Plectothyrella, A153
Pleistocene, A507
Pleramplexus, A320
Pleurocephalites, A403
Plerophyllum, A319, A320, fauna,

A320
Plethopeltides, A140
Pleurograptus linearis Zone, A143,

A149
Pleuromya, A57
Pleurothyrella, A197, A231
Pleurotrigonia, A476
Pleydellia, A400
Plicatostylus, A396
Plicatula, A367
Pliocene, A499-A504
Pliocene-Pleistocene boundary,

A507-A515, age & correlation
of, A513-A515

Pliomerina, A149
PLUMHOFF, A410
PLUMSTEAD, A343
Podolella, A195

Introduction

POGONOPHORA, A90, AI07
Politoceras, A279
Pollex, A469
POLYCHAETA, AlO2, AI03
Polycoelia, A320
Polvconites, A472
Polydesmia, A143
Polydiexodina, A300, A308, A312,

A314, Zone, A335
Polygnathus, A202, A208, A230,

A234, A235, A238, A240, A242,
A243, A280, P. dehiscens,
A227, A230, P. kockelianus
Zone, A202, A238, P. lingui
formis, A234, A235, P. per
bonus, A227, A230, P. robusti
costatus, A234, P. varcus Zone,
A189, A203, A208, A325

polymerid trilobites, AI22-AI23,
A125, A127, A131

Polypora, A322-A326
Polyporidae, A322
Polytaxis, A263
Polythecalis, A300, A319, A320
Pomerania, A407
Ponticeras, A205, A207, A243
POOLE, A245
Popanoceras, A302, A307, A334,

A335
population, dynamics, A6, waves,

A6
Populationswellen, A6
PORAMBONITACEA, AI61
IPORIFERA, A91
PORIFERA, Cambrian, AI20
poriferans, Jurassic, A393, Silu-

rian, AI77
Porpitidae, A88, A92
PORRENGA, A435
Posidonia, A44, A53, A56, A372,

A396
"Posidonia" Shale, A297
Postligata, A469
Pradoia, AI95
Praebarrettia, A473
Praecambridium, A87, A88, AlO4
Praecardiomya, A472
Pragekerne, A51
Praeglobotruncana, A458, A459
Praelapeirousia, A472
Praeorbulina, A497
Praesumatrina, A300
Praetiglian beds, A5 I6
PRATJE, A27
Precambrian-Cambrian boundary,

A82
preservation, A3
PRESTWICH, A506
PRIBYL & VANEK, AI88
Primorella, A324, A326
Prioniodella, A339
Prionoceras, A207
Prionocyc1us, A460, A468
Prionothyris, A23 I
Prionotropis, A460
Prismopora, A323, A325, A326
Probeloceras, A205, A243
problematic fossils, Precambrian,

AlII
Probolops, A230

PROCARYOTA, A80
Proconchidium, AI54
Prodactylioceras, A399
Prodalmanitina, AI40
PRODUCTACEA, A327
Productella, A246
Productellidae, A275
Productidae, A275
Productininae, A275
Productorthis, AI4 I, AI45
Productus, A300, A379
"Productus" bed, A297
Profusulinella, A265, A266, A267,

A268, Zone, A266, A267
Prolecanitidae, A276
Proniceras, A406
Pronoritidae, A276
Propermodiscus, A263, A265
Properrinites, A331, A334
Propinacoceras, A300, A305, A307,

A335
Propopanoceras, A305, A331
Proptychites, A363, A366
Proschizophoria, AI95
Proshumardites, A279
Prosicanites, A300
Prosopiscus, A I49
Prosopon, A4I0
Prostacheoceras, A33 I
Protacanthodiscus, A403
Protancyloceras, A403, A453, A471
Protatrypa, AI 54
Proterozoic, A80-A113
PROTISTA, A80-A81
Proto-Atlantic Ocean, A137
Protocardia, A397
Protoceras-Araxoceras Zone, A301
Protodipleurosoma, A96
Protoglobigerina, A393
Protognathodus, A280
Protogrammoceras, A399, A400
Protolenidae, A125, A127
Protoleptostrophia, A234
Protolonsdaleistraea, A273, A318,

A319
Protopopanoceras, A33 I
Protothaca, A36
Prototoceras, A300, A301, A336
Protowentzella, A318
protozoans, Jurassic, A393
Protriticites, A266, A268
Pseudactinoceras, A275
Pseudagnostus, AI24
Pseudavicula, A476
Pseudoacrocephalites, AI 40
Pseudobarrettia, A473
Pseudobatostomella, A322-A326
Pseudobelus, A472
Pseudoblothrophyllum, A223
Pseudobradyphyllum, A319
Pseudobryograptus, AI 56
Pseudobuccinum, A469
Pseudocadoceras, A402
Pseudocardinia, A397
Pseudocarniaphyllum, A320
pseudocoenoses, A23
Pseudocyclammina, A471
Pseudocyrtoceras, A275
Pseudodoliolina, A312
Pseudodorlodotia, A271
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Pseudoemiliania lacunosa, A524
Pseudoendothyra, A263, A265,

A266, A267, A310, A31l, A316
Pseudofusulina, A266, A267,

A268, A299, A300, A310, A311,
A312, A313, A316, P. ambigua
Subzone, A311, P. moelleri
Zone, A311, P. verneuili Zone,
A311, P. vulgaris Subzone,
A311, Pseudofusulina Zone,
A319, A320, Sterlitamakian
fauna, A311

Pseudofusulinella, A268, A310,
A311

Pseudogastrioceras, A296, A301,
A335, A336, A337

Pseudoglomospira, A265
Pseudohalorites, A334
Pseudoheligmus, A472
Pseudohuangia, A319, A320
Pseudolioceras, A400
Pseudolissoceras, A403, A407
Pseudomonotidae-Gryphaeidae,

A375
Pseudomonotis, A305, A396
Pseudomyalina, A305
Pseudonautilus, A408
Pseudopavollil, A271
Pseudopleurophorus, A475
Pseudopolyconites, A473
Pseudopolygnathus, A280
Pseudorhizostomites, A87, A94,

A96
Pseudorhopilema, A96
PSEUDORTHOCERATACEAE,

A275-A276
Pseudoschistoceras, A305
Pseudoschwagerina, A299, A308,

A310, A311, A312, A315, P.
morikawai Subzone, A311, P.
robusta Zone, A313, P. uddeni
Zone, A313, Pseudoschwagerina
Zone, A292, A302, A313, A319,
A320, A323

Pseudostaffella, A265, A266, A268,
A311

Pseudotirolites, A301, A337,
-Pleuronodoceras Zone, A301
A302

Pseudotoceras, A336
Pseudotoites, A401
Pseudotrapezium, A397
Pseudotryplasma, A202
Pseudouralinia, A270
Pseudoverg-atitinae, A407, A408
Pseudowedekindellina, A266
Pseudozaphrentoides, A272
Pseudozygopleuridae, A378
Psiloceras, A397, A398
PSILOCERATACEAE, A398,

A399
Psiloceratidae, A398
Psilotrigonia, A472
Pteridiniidae, A96
PTERlDINlOMORPHA, A96
Pteridinium, A83, A99
Pteridium, A99
Pteriidae, A375
Pterocanium trilobum, A530

Index

Pterocephaliidae, A124, A126,
A130

Pterolucina, A472
Pterospirifer, A297, A298
Pterotoceras, A366
Pterygotus, A2 47
Ptiloporella, A326
Ptychaspididae, A127
Ptychaspis, A124
PtychoglyplUs, A145, A150, A151
Ptychomaletoechia, A246
Ptychopariidae, A123, A125, A126
Ptylopora, A322, A325, A326
Ptyloporella, A322, A326
Pug-nax, A300
Pulchelliidae, A457
Punctospirifer, A297
Purpura, A39
Pustula, A380
Pustulatia, A235
Putrella, A266
Puzosia, A475
Pygaster, A411
Pygodus, A157
Pygope, A395, A471
Pygopiidae, A471
Pytrurus, A411

Quadraticephalus, A127
Quadrifarius, A195
Quadrithyris Zone, A226, A227,

A230
Ouasiarchaediscus, A265
Quasiendothyridae, A261
Quasifusulina, A266, A299, A312
Ouasifusulinoides, A266
Quaternary, base of, A507-A515,

definition of, A506-A507
QUENSTEDT, A3, A17, A22, A31,

A40
Quenstedtoceras, A401
Quer-Einsteuerung, A40
QUILTY, A402
Ouirllag-e, A42

RAASCH, A244
RABIEN, A191
Radiastraea, A238, A240
radiolarians & climatic change,

A530
Radiolichas, A201
Radiolitella, A472
RADlOLITINAE, A441
radiometric dating, Devonian,

A219
Raisanites, A453
Ramiporidra, A324
Rampora, A322, A323, A325,

A326
RAMSAY, A429, A435
RAMSBOTTOM, A255, A277, A286
random embedding, A30-A31
Rangea, A83, A99
Rang-eidae, A99
RANGEOMORPHA, A99
Ranikotalia, A497
Rasenia, A407
Rasettia, A138
Rauserella, A312, A314, A316
Rauserites, A268

A563

RAUZER-CHERNOUSOVA, A261,
A266, A292, A309, A310

RAWSON, A449
RAYMOND, A69
Raymondaspis, A142
Raymondiceras, A247
Rayonnoceras, A275
REBOUL, A506
recrystallization, A61-A65
Recticuloharpes, A227
Rectoclymenia, A247
red beds, Silurian, A168
Redkinia, AI07
Redlichia, A125, A126, A127
"redlichiid province," A129
REED, A197, A202, A207
reef carbonate facies, A203-A206
reefs, Silurian, A168, A170, A176
Reeftonia, A194, A197
Reesidites, A460
REGINEK, A55, A58
Reichel ina, A300, A301, A302,

A312, A320, A337, -Codono
fusiella Zone, A312, A316

REID, A462, A471
REINECK, A31, A33
Reineckeia, A403
Reineckeiidae, A403
REIS, A69, A71
rejected taxa, Precambrian, Al12-

AlB
Remipyga, A150, Al54
Remopleurididae, A160
Rensselaeria Zone, A223
REPENNING, A516
REPINA, A120, A126
Requieniidae, A441
resin entrapment, A11-A14
Reteporidea cancellata, A7
Reteporidra, A325
Retha, A473
Retichonetes, A246
Reticulariidae, A329
Reticuloceras, A279, A280
Retroceramus, A396
Retziidae, A329
REYMENT, A18, A19, A40
REYTLlNGER, A261, A267
Rhabdomeson, A323, A324, A325
Rhacheoporidae, A441
Rhacophyllites, A397
Rhacopteris, A307, flora, A259,

A260
Rhenish facies, A184; Old World

Devonian, A195, A198, A199,
A209

Rhenorensselaeria, A195, A196
Rhipidomella, A246
Rhipidomellidae, A330
RHIZOPODA, A393
Rhizostomites admirandus, A46
RHODES, A434
RHODES & AUSTIN, A279
RHODES, SPEDEN, & WAAGE, A434
Rhombocladia, A325
Rhombopora, A323-A326
Rhombotrypella, A322, A324,

A326
rhyncholites, Jurassic, A410
Rhynchonella, A395, A468
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RHYNCHONELLACEA, A329
RHYNCHONELLIDA, A327
Rhynchonellidae, A395
Rhynchopora, A298
Rhynchoporiidae, A329
Rhynchotetradidae, A329
Rhynchoteuthis, A410
Rhynchotrema, A149
Rhynchotrematidae, A199
Rh ysostrophia, A 142
Rhyssochonetes aurora, A235,

A238
Rhytistrophia, A196
RICHARDS, A6
RichardsoneIla, A138
Richardsonellidae, A130
RICHMOND, A516
RICHTER, A5, A24, A30, A31,

A32, A33, A99, A230
RICHTER, R., & RICHTER, E.,

AI92, A194, A195, A230
Richthofenia, A380
R1CHTHOFENIACEA, A327
Richthofeniidae, A330
RICKARD, A243, A244
RIDING, A210
RIETSCHEL, A69
rigor mortis, traces of, A15
Rineceras, A276
RINEHART, A49
RIOULT, A439
Riphean, A82, Upper, A82, Ter-

minal, A82
Ripidiorhynchus, A207
RIVA, A154
Rohertella, A473
RODERTS, Al92, A207, A259
ROBISON, A123
ROBISON & PANTOJA-ALOR, A138
Robustoschwagerina, A299, A308,

A311, A315, A316
rocks, Cambrian, of southeastern

Asia, A126-A127, of Australia,
A127, of Europe-Mediterranean
North Africa, AI24-AI25, mis
cellaneous outcrops, A128, of
North America, A120-A125, of
eastern Soviet Union, A125
A126

Roemeripora, A269
ROLFE & BRETT, A3
ROLL, A393
Romaniceras, A460
ROMER, A343
Roncellia, A223
Ross, A145, A157, A158, A159,

A160, A254-A290, A303, A307,
A313, A314, A315, A318, A322,
A325, A343, A536

Ross & NASSICHUK, A314, A323
Ross & Ross, A291-A350
ROSTOVTSEV & AZARYAN, A358
Rostricellula, AI49
Rostroperna, A473
Rotalipora, A458, A459
Rotaliporidae, A419, A441
Rotaraxoceras, A300, A336
ROTHPLETZ, A18
Rotiphyllum, A269, A270, A271
Rotodiscoceras, A301, A337
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ROUSELLE, A395
ROUSELLE & BISCH, A395
Rouss1eia, A472
ROWETT, A271, A317, A318, A321
RoY, A208
ROZANOV, A89, A133
ROZKOWSKA, A205
ROZMAN, A152
ROZOVSKAYA, A266, A307
RUDDIMAN, A520, A527
RUDDIMAN & McINTYRE, A523
RUDWICK, A327
RUEDEMANN, A39
RUGGIERI, A510, A514
Rugoconites, A92, A94, A96
RUGOSA, A317-A318
Rugusofusulina, A268, A311,

A312
Rugusoschwagerina, A299, A308
Runctonia, A453, R. runctoni

Zone, A440
RUNNEGAR, A304, A363, A375
RUNNEGAR & ARMSTRONG, A329
Russian substage, A353
Rutgersella, AI03
RUTSCH, A40
RUZHENTSEV, A268, A276, A292,

A331, A334, A335
RUZHENTSEV & SARYCHEVA, A300,

A301, A336, A343, A358, A381
RYAN, A532, A533
RZHONSNITSKAYA, A196

Saarinidae, A107"
SABELLIDITIDA, A107
Sabelliditidae, AI07
Sabinia, A472
SABLE & DUTRO, A247
SABRODIN, A81
Saccocoma, A411
Saffordotaxis, A323, A324, A325
SAHNI, A362
SAITO & VAN DONK, A425
SAKAGAMI, A323
Sakamotozawan Series, A294,

A302, A311
Sakmarian Stage, A255, A293,

A294, A305, A306, ammonoids
of, A331-A334, brachiopods of,
A330, bryozoans of, A322,
A323, A324, A325, A326, cor
als of, A318, fusulinaceans of,
A310-A311

Sakmarites, A331
SAKS, A398, A440
SAKS, MESEZHNIKOV, & SHULGINA,

A396
SAKS & NALNYAEVA, A393, A402,

A408
Sa1enia, A458
salinities, Cretaceous, stratified,

A427
salt pans and salt-covered muds,

A10
SANDBERG, A247, A280
Sandbergeroceras, A243
SANDERS, A435
SANDO, A271
SANDO, MAMET, & DUTRO, A261
sandy facies, Middle and Late

Cambrian, central Europe, A130
SANFORD & NORRIS, A222, A247
Sanguinolites, A206
Santa Maria di Catanzaro section,

A510-A513
Santonian, A423, A454-A456,

A460
SAPELNIKOV & RUKAVISHNIKOVA,

A154
sapropels, A532, A536
SAPUNOV, A399
SAPUNOV & STEPHANOV, A399
Sargana, A469
SARTENAER, A189, A205, A206,

A207, A245, A246
SATO, A397, A399, A402
Saturnulus planetes, A530
Saukiidae, A124, AI27
SAUL, BOUCOT, & FINKS, A197
SAUVAGESIINAE, A441
SAVAGE, A154, AI97
SAVAGE & CURTIS, A516
SAVITSKIY, A133
Saxoceras, A398
Saxonian Series, A295-A297
Scalarites, A471
Scaliognathus, A280
Scambula, A469
Scaphignathus, A281
Scaphiocoelia, A197, A230
SCAPHITACEAE, A441
Scaphites, A461, A468
Scaphitidac, A459, A460, A461,

A467, A468
Scaphitinae, A461
Scaphonyx, A307
Schackoina, A457
Schackoinidac, A419, A441
SCHAFER, A5, A7, A8, A10, A20,

A21, A23, A28, A30
SCHAUB, A497
SCHIMPER, A499
SCHINDEWOLF, A189, A190, A360,

A397, A398, A399
Schiosia, A472
Schizodus, A297, A305
Schizophoria, A223, A226, A227,

A230, A235, A240, A246
Schizoproetus, A201
Schizothaerus nuttaH, A36
Schlachtfelder, A40
SCHLANGER & JENKYNS, A427,

A428, A430, A432
SCHLEE, A70
Schleifmarken, A44-A46
Schloenbachia, A468
Schloenbachiidae, A457, A459
Schlotheimia, A398
Schlotheimiidae, A398
SCHMIDT, A190, A200
SCHMIDT & SELLMANN, A70
Schmidtognathus, A235, A238,

A240, A243, S. hermanni-Poly
gnathus cristatus Zone, A235,
A238, A240, A243

Schnurella, A201
SCHOLL, A516
SCHOLLE & KAUFFMAN, A426,

A427, A431, A432, A481
SCHOPF, A80, A81

© 2009 University of Kansas Paleontological Institute



SCHRAMMEN, A393
Schubertella, A265, A266, A299,

A310, A311, A313, A316
Schubertellidae, A308, A315,

A316
"Schuchertella" adoceta Zone,

A238
Schwagerina, A266, A299, A310,

A311, A313, A314, A316
"Schwagerina" Zone, A267, A292,

A293, A310
Schwagerinidae, A308, A309,

A315, A316
SCHWEGLER, A408
Schwelle facies, A187, A204
Schwelm facies, A184
Sciophyllum, A270, A271, A319
Scioonoceras, A459
SCOTT, A427
Scrobicularia, A35, S. plana, A27,

A29
SCRUTTON, A203, A205, A231
Scutellidae, A499
Scutellum, A242, A246
Scyphocrinites, A195
SCYPHOZOA, A88-A89, A92
SDZUY, A58, A120, A125, A132,

A133
sea level, Carboniferous, A284,

Silurian, A168
seasonality changes, Quaternary,

A521-A523
SEDDON & SWEET, A158
SEDGWICK & MURCHISON, A184,

A219, A254
sedimentary environments, Creta

ceous, A434-A435, glauconite,
A435, water saturation, A434

sedimentation, Carboniferous,
A285-A286

sediments, Tertiary, A490-A496,
in Africa, A495-A496, in Asia,
A491, in Australia, A492, in
Central and South America,
A493-A495, in Europe, A490
A491, in North America, A492
A493, nonmarine, A493

SEIBOLD & SEIBOLD, A393
SElLACHER, A3, A19, A23, A31,

A39, A40, A42, A47, A51
SEILACHER & WESTPHAL, A428
Seirocrinus, A410
selective dissolution, during di

agenesis, A58, A61, of hard
parts, A30

Sdenopeltis, A141, A149, Prov
ince, A149

Sellanarcestes, A199, A203, S.
wenbachi, A199-A201

SELLI, A510, A514
Sellialveolina, A472
Semiformiceras, A403
SEMIKHATOV, A82
Seminovella, A265, A266
Septaglomospiranella, A261
Septatopora, A325, A326
Septirhynchia, A395, A471
Septoliphoria, A395
Septopora, A322-A325
Sergipia, A459, A474

Index

Serifusus, A469
SERPAGLI, A157, A158, A160
Serpukhovian Stage, A259
DE SERRES, A506
Serrodiscus, A123, A126
Sestrophyllum, A272
Setamainella, A271
SEWERTZOFF, A7
Sexta, A469
SEYED-EMAMI, A358, A399
Seymourites, A401, A402
SHACKLETON, A517
SHACKLETON & KENNETT, A515,

A516, A527, A532
SHACKLETON & OPDYKE, A517,

A518, A519, A520, A523, A524,
A526, A527, A532

SHCHERBOVICH, A309
SHCHUKINA, A317
SHEEHAN, A151, A161
shell form and fossil position,

A18-A19
SHENG, A152, A153, A301, A312
SHENG & LEE, A313, A320
SHERGOLD, A138
SHEVYREV, A359
Shevyrevites, A358
SHIRLEY, A197, A231
SHROCK, A32
SHULGA-NESTERENKO, A322
Sichotenella, A312
SIDYARENKO & KANYGIN, A143
Sieberella, A195, A227, A238
Siegenian, A188, A195
Siegenian faunas, A223, A226,

A230, A231, A234
Sigmagraptus, A155
SILBERLING & TOZER, A352, A36S
Silberling-ia, A396
Silesian Subsystem, A255
Silestidae, A457
Silurian-Devonian boundary,

AI77, AI87-AI88, A195, A198,
A219, A223, A227, A230

Silurian series, duration, A168
Simberskites, A456
Simoceras, A403
SINGH, A81
Sinocystis, A149
Sinonia, A469
Sinophyllum, A300, A319
Sinopora, A319
Sinotectirostrum avellana Zone,

A245
Sinotites, A207
Sinuatellidae, A275
Sinuitidae, A378
Siphonodella, A255, A2S0, A281
Siphonophrentis, A223
Siphonophyllia, A269, A271
SKEVINGTON, A154, A160
Skiagraptus, A155
Skinnera, A83, A94
SKINNER & WILDE, A314
Skinnerella, A314
Skinnerina, A308, A312, A314,

A316
Skulptursteinkerne, A51
SKWARKO, A364
SKWARKO & KUMMEL, A363, A364

A565

SLADE, A314, A338
SMITH, A137, A159, A160, A219,

A271, A445, A459, A514
SMITH, BRIDEN, & DREWRY, A339,

A475
Smithian, A353
Sobolewia, A201, A243
Sochkineophyllum, A318
soft parts, decay of, A17, in

coprogenic material, A20, de
struction by scavengers, A20,
phosphatization of, A71, pres
ervation of, A69-A71, in Eo
cene amber, A71

SOGNl'AES, A20
SOHL, A426, A427, A458, A462,

A463, A465, A467, A468, A469,
A471, A472, A477, A480, A481

Sohlites, A402
SOKOLOV, A84, A90, AI07, A187,

AI92, A317
SOKOLOVA, AI92, A196
Solenochilidae, A276
Solenochilus, A276
Solenoparia, A127
Solenopleuridae, A125
SOLLE, A195, A199
Somalirhynchia, A395
Somalithyris, A395
sorting, of shells by transporta-

tion, A23-A24
SOSHKINA, A317
SOSNINA, A316
SOUGY, A203
South American strata, Silurian,

A175
South Pole, Ordovician, A137
South Temperate Realm, A473

A476; Indo-Pacific Region,
A475-A476, Andean Subprov
ince, A476, Austral Province,
A475, East African Province,
A476; South Atlantic, A473
A474

"southern" fauna, Arenigian,
A141

SPAETH, A449
Sparganophyllum, A201
SPASSKIY, A202, A203, A207
Spatangidae, A499
SPATH, A353, A366, A381, A391,

A403, A405, A406
Spathian, A353
Spathognathodus, A226, A280
"Spathognathodus" costatus Zone,

A246
Spathognathus, A2S1
Sphaeroschwagerina, A299, A308,

A310, A313, A315, S. fusi
formis-S. vulgaris Zone, A310,
S. moelleri-Pseudofusulina fe
cunda Zone, A310, S. sphae
rica-Pseudofusulina firma Zone,
A310

Sphaerostylus lanceola Zone, A453
Sphaerulina, A299
Sphaerulites, A472
Sphenoceramus, A460, A461
Sphenodiscidae, A461
Sphenopteris, A301
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Sphenotrigonia, A476
Spinatrypa, A240
SPINCTOZOA, A441
Spinella, A197
Spinocyrtia, A235, A243
Spinoendothyra, A261, A263
Spinomarginifera, A301, A379,

A380, A382
Spinoplasia Zone, A226, A227
SPINOSA, A335, A336
SPINOSA, FURNISH, & GLENISTER,

A371
Spinoseptatournayella, A261
Spinther, A103
Spintheridae, A103
Spinulicosta, A238
Spirifella, A298
Spirifer, A260, A299
Spiriferella, A380
Spiriferellinidae, A273
SPIRIFERIDA, A327, A329
Spiriferidae, A273, A329
Spiriferina, A297, A395
SPIRIFERINACEA, A329
Spiriferinae, A273
Spiriferinidae, A330
Spirigerella, A380
Spirigerina, A227, A230
Spiroceras, A402
Spiroclypeus, A497
Spisula, A44, S. solida, A29
Spiticeras, A453
SPJELDNAES, A149, A160
Sporadoceras, A206, A207, S.

milleri Zone, A244, A247
sporomorphs, A109
SPRIGG, A82, A103
Spriggia, A94
Spriggina, AI03
Sprigginidae, AI03
SPROVIERI, A514
Spiilsaum, A23, A25
Spurenfossilien, A87
Squamularia, A301
SQUIRE, A81
Stacheia, A265
Stacheoceras, A301, A335, A336,

A337
Staffella, A312, A313, A316
Staffellidae, A308, A309, A315,

A316
Standflache, A42
STANLEY, A80
STANTON, A453
Stantonella, A469
STAUFFER, A196
Staurognathus, A281
Staurosphaera septemporata Zone,

A456, A457
Stefaniniella, A472
Stegerhynchus, A195
STEHLI, A68
STEHN, A58
Steinhagella, A246
steinkerns, A49-A53, A55, A57,

A58, A67, sculptured, A51-A53
Steinmanella, A465, A475
Stelekia, A240
Stellatophyllum, A202
Stenodiscus, A323, A325, A326

Introduction

Stenopareia, A151
Stenophyllum, A201
Stenopoceras, A276
Stenopora, A322-A326
Stenoscisma, A298, A299
STENOSCISMATACEA, A329
Stenoscismatidae, A329, A330
Stephanian Series, A255, A258,

insects of, A281-A283
Stephanoceras, A407
STEPHANOCERATACEA, A401
STEPANOV, A298, A299, A380,

A381
STEPANOV, GOLSHAN I, & STOCK-

LIN, A300, A343, A358
Stereocorpha, A272
Stereocorypha, A318
Stereostylus, A273, A318, A319,

A321
Stewartina, A313
STEVENS, A317, A318, A320,

A391, A406, A408, A410, A449,
A453, A458, A462, A463, A465,
A467, A468, A471, A472, A475

STEVENSON, A16
Stichocapsa, A457
Stillwasserfallen, A32
Stolonicella schindewolfi, A7
STRAND & KULLING, A83
strata, Silurian, Al72-A175, geo

synclinal, A173, northern hemi
sphere, Al72-A173, platform,
A173, southern hemisphere,
A173

stratigraphic subdivision charts,
Carboniferous, A256, Creta
ceous, A423, Devonian, A188,
Ordovician, A138, A141, A144,
Permian, A294-A295, Protero
zoic, A82, Quaternary, A509,
A511, A512, A515, Tertiary,
A500

stratigraphy and paleogeography,
Triassic, A353-A369, Afghani
stan, A359-A360, Antarctica,
A369, Arctic Canada, A367
A368, Australia, A363-A364,
western Canada, A368, Caspian
region, A359, China, A362
A363, northeastern Europe,
A354-A355, Greenland, A366,
Himalayas, A360-A362, Indo
nesia, A363, Iran, A358, Israel,
A357, Japan, A364-A365, north
Mediterranean region, A355
A357, New Guinea, A364, New
Zealand, A365, Pakistan, A360,
northeastern Siberia, A365,
South America, A368, Svalbard,
A365-A366, western United
States, A368

Streblascopora, A322-A325
Streblites, A401, A406
Streblocladia, A325
Streblopteria, A305
Streblotrypa, A322, A323, A325
Streptognathodus, A280, A287
Streptorhynchus, A298
Striatifera, A275, A300
Striatostyliolina, A235

Strigogoniatites, A336
Striithyris, A395
Stringocephalus, A199, A201,

A202, A235, A240, A242
Stringophyllum, A202
Stroboceras, A276
stromatolites, A80, A109-A110
STROMBACEA, A397
Strophalosia, A297, A305
STROPHALOSIACEA, A327
Strophalosiidae, A275, A329
"Stropheodonta," A235
Stropheodontidae, A246
Strophomena, A146, A154
STROPHOMENIDA, A327
Strophonella, A227
Strophopleura, A245
STRUSZ, Al92, A197
STRUVE, A199
STURMER, A17, A22, A69, A71,

A195
STURANI, A396
Sturtian, A82
Stylastraea, A318
Stylatractus universus, A524
Stylidophyllum, A320
Subclymenia, A276
Submortoniceras, A461
Subplanites, A407
Subrensselandia, A235, A238
Subulitidae, A378
Subvestinautilus, A276
Sugiyamaella, A270
Sulcoretepora, A323-A326
Sumatrina, A300
Sundaites, A336
Sunites, A207
Surites, A453
Sutneria, A402, A407
Suvorovella, AI08
Suvorovellidae, AI08
Svobodaina, A149
SWEET, A156, A337, A339, A364,

A379, A384
SWEET & BERGSTROM, A149,

A156, A157, A158, A161
SWEET & MILLER, A242
Sweetognathus, A338
Sychnoelasma, A269, A270
SYEMINA, A309
SYLVESTER-BRADLEY, A461
Symphysurina, A139, A140
Symplectophyllum, A271
Syngastrioceras, A279
Synocladia, A323-A326
Synodonites, A472
Synpharciceras, A205
Synphoria, A226
Synphoroides, A226
Syphysurina Zone, A138
Syrdenites, A336
Syringaxon, A223
Syringoclemis, A323
Syringopora, A269, A270, A271,

A273, A319
Syringoporella, A271
Syringothyridae, A273
Svringothyrididae, A329
Syringothyris, A245
Syrotrigonia, A473
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Sythian, A352

Tabulipora, A322-A326
Tachylasma, A299, A318
Tachyphyllum, A270
Taeniocellaria setifer, A7
Taeniopteris, A301
Taihungshania, Al41
Taimyrophyllum, A202, A238,

A240
Tainoceratidae, A276, A37l
Taisyakuphyllum, A271
TAKAI, A364
TALENT, BERRY, & BoucOT, Al75
Tamarites, A206
Tampsia, A473
TAMURA, A362
Tancrediidae, A441
Tanerhynchia, A197, A231
taphocoenoses, A22
taphonomy, A2-A7l, Precambrian,

A87
Taphrognathus, A280, A281
Taphrorthis, Al45
Tapinocephalus Zone, A306
TAPPAN, A429, A430, A432,

A433, A477
TAPPAN & LOEBLICH, A432, A433,

A477, A479, A480
Taramelliceras, A402, A406
TARAZ, A336, A358
Tasman geosyncline, A175, sub-

province, Devonian, A197,
A202-A203

Tatarian Stage, A295, A296,
A305. A325

Tateana, A94
Tatella, A476
TATGE, A382
TAUBER, A25, A27
Tauroceras, A300
Tavayzopora, A326
TAYLOR, A89, Al29
Tcherskidium, Al50
tectonic phases, Tertiary, A500
TEICHERT, A17, A7l, A202,

A275, A305, A306, A307, A336
TEICHERT & KUMMEL, A297,

A366, A381
TEICHERT, KUMMEL, & KAPOOR,

A379
TEICHERT, KUMMEL, & SWEET,

A337, A358, A381
TEICHERT, MOORE, & ZELLER,

A410
TEICHERT & RILETT, A306
TEICHERT & SCHOPF, A247
TEICHERT & SERVENTY, A24
Teicherticeras, A227, A234
TELFORD, Al97
Tellinimera, A469
Tellipiura, A476
Temnocheilus, A276
Tenea, A469
Tentaculitidae, A203
Tenticospirifer, A208, A246
Tenuipteria, A461
Tepeyacia, A473
Terataspis, A226
TEREBRATELLACEAE,A394

Index

Terebratula, A395, A499
TEREBRATULIDA, A329
Terebratulidae, A395
Terebratulina, A460
Terebratuloidea, A299
Terebrimya. A469
TERMIER & TERMIER, A391, A401
Terquemiidae, A441
TerQuensiidae, A375
Tertiary-Quaternary boundary,

A496, A500, A503, A507-A515
Tethyan Realm, Cretaceous, A469

A473; Caribbean Province,
A473, Antillean Subprovince,
A473, West-Central American
Subprovince, A473; Indo-Medi
terranean Region, A469-A472,
Eastern Mediterranean Subprov
ince, A472-A473, North Indian
Ocean Subprovince, A472,
Western Mediterranean Sub
province, A472-A473

Tethys belt (Turkey to Southeast
Asia), Devonian, climate of,
A209, faunas of, A196, A202,
A207

Tethys, Jurassic, A391
Tetragonites, A471
Tetragonitidae, A465, A471, A475
Tetralithus trifidus Zone, A461
Tetraporinus, A269, A270
Tetrataxis, A263, A265, A266
Texanitinae, A460, A461
Texigryphaea, A458
Texoceras, A335
Textulariidae, A316
Thalassinoides, AI 0
Thalassoceras, A302, A305
?Thalassocharis, A7
Thaleops, Al50
Thamboceras, A400
Thamboceratidae, A400
Thamnasteriidae, A441
Thamniscus, A322, A323, A325
Thamnopora, A320
thanatocoenoses, A22-A24, A87.

allochthonous. A23-A48, au
tochthonous, A22, A23

Thecideidae, A394
THEIDE & DINKELMAN, A429
Theocanus zancleus, A530
Theocapsoma, A461
Theodossia, A206, A245, A246,

T. keenei Zone, A245
thixotropy, AIO; thixotropic sub

strates, AIO, All, and vibra
tion, AIO

THOMAS, A304
THOMPSON, A266, A267, A313
Thompsonella, A268
THOMSON, A369
THORSTEINSSON, A227, A230,

A298, A314
THORSTEINSSON & TOZER, A367,

A382
Thrincoceras, A276
Thuringian Series, A295-A297
Thyasira, A461
Thysanophyllum, A269, A270,

A271, A272, A318, A319

A567

Thysanopyginae, Al42
Tibagya, A230
Ticinella, A457, A458
TIEN, A202
TILLYARD, A305
Timania, A272, A273, A319
Timanites, A247
Timanodictya, A322, A324-A326
TIMOFEEFF-RESSOVSKY, A6
Timorites, A336, A339, Zone,

A298, A335
Timorphyllum, A299
TINTANT, A401
Tirasiana, A94
Tirolites fauna, A357
Tissotiidae, A471
Titanambonites, Al45
Titanoceras, A276
Titanosarcolitcs, A473
Tmetoceras, A401
TOLSTIKHINA, A292
Tommotian Stage, Al30
TOOTS, A30, A31, A32
Toquimaella, A227, A230
TORIYAMA, A302, A3lI, A312
Tornoceras, A243, A245, A247
Tornquistia, A260
TorQuatisphinctes, A406
Torreites, A473
Tortucardia, A473
Tournaisian Series. A255, brachi

opods of, A273-A274, cono
donts of, A280-A281, corals of,
A269-A270, foraminifers of,
A261

Tournayella, A26I, A263
Tournayellidae, A261, A267
TOZER, A337, A343, A352, A353,

A359
TOZER & PARKER, A365
trace fossils, A87, Al12
Trachyteuthis hastiformis, Al4
Trachytriton, A469
"transeurasiatic migration route,"

Ordovician, A142, Al49
Trapeziidae, A441
Tremadocian, shelly faunas, A139

AHO, A157, lower boundary
of, Al37

Trematospira Zone, A226, A227
Trempealeauan, A138
Trepeilopsis, A265
TREPOSTOMATA, A321-A322
Treveropyg-e, Al95
Triacrinus, A44
Triangulaspis, Al26
Triarthrus eatoni, A32
Triassic stages and zones, A352,

faunas, A369-A384, stratigra
phy and paleogeography, A353
A369

Tribrachidium, A89, AI07
TRICHELlDA, A410
Trichites, A472
Tricrepicephalus, Al23
Trigonia, A396
Trig-oniidae, A419, A453, A458,

A459, A461
TRIGONIOIDA, A375
Trigonioididae, A441
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Trigonithyris, A395
Trigonoceras, A276
Trigonocerataceae, A276
Trigonogastrites, A301, A337
Trigonorhynchia-Subeuspidella,

A195
Trigonotretinae, A273
TRILOBITA, A88, Cambrian,

A120
trilobite, biofacies in China, A133

A134; distribution, facies-con
trolled, A130-A131, genetic
reservoir for, A128, tempera
ture and, A129, worldwide,
AI28-AI29; faunas, Ashgillian,
AI49-AI50; Cambrian, agnos
tid, A122, endemic-cosmopoli
tan contrast, A128, interconti
nental exchange of, A123, in
North America, AI22, polym
crid, A122, "provinces," A129,
ABO, in Soviet Union, A126;
Devonian, AI92, A195, A198,
A201, A203, A223-A226, A227,
A230, A231-A234, A241-A242,
A246; Late Ordovician, A160
A161; regional zonation, A158

trilobites, Arenigian, A140, A142,
Silurian, A179, Tremadocian,
A139-AI40, North American
Fauna, A139, A140, Southern
Fauna, A139, A140, Tungusian
fauna, A140

TRILOBITOMORPHA, A87, AI04
Trinucleidae, A160
Triops cancriformis minor, A14
TRIPP, A147
Triticites, A266-A268, A310-

A313, Zone, A266, A292
TRIZNA, A322
TRIZNA & KLAUTSAN, A322
Triznella, A322, A326
Trochoceramus, A461
Trochophyllum, A270
Trochus, A27, A28, A39
TROEDSSON, A160
trophic relations, Silurian, A176
Tropidoleptus, A235
TROPITACEAE, A371
TRUMPY, A366, A387
TRUSHEIM, A14, A32, A35, A40
Trypaulites, A226
Tschernyschewia, A300
Tschernyschewiidae, A327
TSCHUDY & SCOTT, A343
Tschussovskenia, A271, A273
TSIEN, A199, A205
Tuba, A469
Tuberendothyra, A261
Tuberitina, A265
Tubiphites, A299, A300
Turbinatocaninia, A270
Turitella, A469
Turkmenia, A472
TURNSEK, A394
Turonian, A423, A450-A452,

A459-A460
TURRILITACEAE, A441
Turrilitidae, A459
Turritellidae, A458

Introduction

Tuvaella, A178
Tylodiscoceras, A276
Tylonautilus, A276
Tylothyris, A243
Tyrkanispongia, A91

UBAGHS, A89
UCHARSKAJA, A316
Uddenia, A469
Uddenites, A313
Ufimia, A318, A320
Ufimian Stage, A293, A295
UHLIG, A391, A403
Uintacrinus, A460
Ulrichotrypa, A325
Ulrichotrypella, A323
Uncinulidae, A330
Uncinulus, A201
Uniconidae, A203
UNIONIDA, A375
Unionidae, A397
unrecognizable taxa, Precambrian,

A112-AI13
Upper Canadian shelly fauna,

A140
Upper Devonian faunas, A203

A208, A243-A246, African,
A208, Asian, A206-A207, Aus
tralasian, A207-A208, European
Famennian, A205-A206, Euro
pean Frasnian, A204-A205, in
eastern North America, A243
A244, in northern North Amer
ica, A245-A246, in western
North America, A244-A245, in
South America, A246

Upper Ordovician shelly faunas,
AI49-AI53, Balto-Scandian,
A152, Hiberno-Salairian, A151
A153, Mediterranean, A151,
North American Midcontinent,
A150, North Estonian confacies
belt, A152

"Upper Productus Limestone,"
A300-A301

Uptonia, A399
URACTININIA, A441
Uralella, A468
Uralian area, Devonian fauna of,

A196, A201, A206, climate of,
A209

Uralinia, A269, A270
Uraloceras, A305, A331
Urartoceras, A300, A336
Urbanella, A261, A263
Urushtenia, A300
Usseliceras, A407
Ussurian, A353
USTRITSKIY, A340, A343
Uvig-erina, A504
UYENO, A230, A240, A242, A244
UYENO & MASON, A230, A238

Valanginian, A423, A442-A444,
A454-A456

Valencienncsia, A498
VALENTINE, A461, A463, A470
VALENTINE & MOORES, A430
Valhallites, A276
VALKOV & SYSOIEV, AI04

Valletia, A472
Valvatidae, A397
Valvulinella, A263, A265
VAN HINTE, A426, A439, A445,

A453, A457, A458
Vanikoropsis, A469
VAN MONTFRANS, A516
VAN STRAATEN, A533
VAN VOORTHUYSEN, TOERING, &

ZAGWIJN, A516
Varangian, A82
VARGANOV, A148, A152
Variatellina, A235
Vascoceratidae, A459, A471
VASILYUK, A269, A270, A317,

A318, A320
Vautrinia, A472
VAVILOV & LOZOVSKIY, A353
Vedioceras, A300, -Oldhamina as-

semblage, A336
VEEVERS, A208
Velanocorina, AI05
Vellamo, A154
Vendia, A83, A87, AI05
Vendian, A82-A83
Vendomia, AI04
Vendomian, A82-A83
Vendomiidae, AI04
VENEROIDA, A375
Venerupis, A35
Venezoliceras, A469
Venus gallina, A29
Vepricardium, A473
Verbeekiella, A300, A320
Verbeekina, A300, A312
Verbeekinidae, A309, A315, A316
Verella, A265, A266
VERESHCHAGIN & RONOV, A365
VERMA & WESTERMANN, A406
Vermiceras, A398
Vermiforma, AI08
Vermiporella, A300
DE VERNEUIL, A219
vertebrates, Silurian, A181, Ter-

tiary, A499-A500
Vescotoceras, A301
Vesiculophyllum, A269
Vesocotoceras, A336
Vestinautilus, A276
VEZIAN, A506
Vidrioceras, A279
VllRA, A138
Villafranchian, A516
Vinalesites, A403
Vinalesphinctes, A402
VINOGRADOV, A137
Virgataxioceras, A407
Virj:[atites, A407
Virgatitinae, A407
Virj:[atosphinctes, A403
Virgatosphinctinae, A403, A408
Virgilian Series, A258, A266
Visean Series, A255, brachiopods

of, A273-A274, conodonts of,
A280-A281, corals of, A270
271, foraminifers of, A261
A262

Vishnuites, A362
VISSARIONOVA, A310
Vissariotaxis, A263, A265
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Viviparidae, A397
VLASOV, LIKHAREV, & MIKLUKHO-

MAKLAY, A299
VOHRINGER, A189, A206
VOGEL, A395
VOIGT, A3, A7, A66, A70, A71
VolborthelIa, A83, ABO
VOLOGDIN & DROZDOVA, A81
Vologdinophyllidae, A102
Voltzia, A297
Volutidae, A458
Volviceramus, A460
VOSSMERBAUMEIl, A19
DE VRIES, A58
VYALOV, A7

WAAGEN, A336, A360
Waagenoceras, A314, A335
Waagenoconcha, A298, A380
Waagenoperna, A375
Waagenophyllidae, A317
WaagenophylIum, A300, A319,

A320
WADE, A87, A91, A92, A94,

A103
WAHNER, A398
WaeringelIa, A266, A268
WAGNER, A258
Walchia, A297
WALLISER, A207
WALTER, A150
WALTHER, A5
WANG, A202
WANLESS, A258
WANNER, A396
Wanneria, A123
WannerophylIum, A320
Warburgella rugulosa, A195,

A226, A230
WARREN & STELCK, A244
WarrenelIa, A235, A238, A240,

A241, A242, A243, W. frank
lini, A235, W. kirki Zone,
A235, A238, A241, A242, W.
occidentalis Zone, A238

Warrenoceras, A402
WASMUND, A5, A22, A23
WASS, A325
Wasserwaagen, A17
WATERHOUSE, A335, A382
WATERHOUSE & BONHAM-CARTER,

A327, A329
WATERLOT, A189
\lIATKINS & KENNETT, A530
WATKINS, KESTER, & KENNETT,

A514
WATKINS, KRISTJANSSON, & Mc

DOUGALL, A513
WEBBY, A149, A158
WEDEKIND, A189, A190, A201,

A205
WEDEKIND & VOLLBRECHT, A192
WedekindelIa, A242, A243
Wedekindellina, A266, A268
WEEKS, A222
WEIGELT, A3, A5, A42
WELLER, A258
WelIerelIa, A300

Index

WelIerelIidae, A329
WELTER, A363
WENDT, A397, A398
Wenlockian faunas, A170
WentzelelIa, A319, A320
Wentzellites, A319
Wentzelloides, A319
WentzelophylIum, A319, A320
WERNER, A88
Werneroceras, A203, A234
WESTERMANN, A369, A375, A401
WE-STOLL, A187, A205
Westphalian Series, A255-A258,

conodonts of, A280, insects of,
A281-A283

WETZEL, W., A70
Weyla, A395
WHITE, A187
Whiterockian fauna, A142-A143
Whitspakia, A380
WHITTINGTON, A69, A139, A140,

A141, A148, A149, A160
WHITTINGTON & HUGHES, A137,

A138, A140-A143, A149, A151,
A153,1\158-A161

WHITTINGTON & WILLIAMS, A147
Wiedeyoceras, A279
WIEDMANN, A397, A403, A439,

A453, A454, A462, A471
WIEDMANN & KAUFFMAN, A449,

A458
WILCZYNSKI, A407
WILLIAMS, A137, A140, A142,

A143, A147, A149, A158, A159,
A258, A327, A378

WILMARTH, A352
WILSON, A137, A143
WINCHELL, A258
WINKLER, A49
Winslowoceras, A279
WITTEKINDT, A190
WjatkelIa, A322, A324
Wocklumeria, A206, Zone, A247,

A255, -Gattendorfia boundary,
A189

WOLBURG, A410
WOLF, A3, A53
WOLFART, A137
WOLFART & VOGES, A231, A234
Wolfcampian Series, A294, A313,

ammonoids of, A334, bryozoans
of, A323, corals of, A321

WOODWARD, A223
WOODWARD & MARCUS, All
WORSLEY, A429, A433, A435
WRAY & DANIELS, A67
WRIGHT, A197
Wyattia, A89
WYNNE, A360

Xaniognathus, A338, A339
Xenaspis, A300
XenelasmelIa, A152
Xenocardia, A473
Xenocephalites, A402
Xenodiscidae, A371
Xenodiscus, A300, A307, A336
Xenusion, A89

.1569

Xystridura, A127
Xystridurinae, ABO
XystriphylIum, A202

Yabeina, A302, A304, A314,
Zone, A298, A300, A301, A312,
A313, A316, A319, A320,
-Lepedolina Zone, A312, A313,
A314, A323

Yaikian Series, A313
YakovlevielIa, A272
Yangchienia, A299, A312
Yangtze (Machari) facies, A127
YANSHIN, A299
Yatsengia, A300, A320
Yavorskia, A270
YOCHELSON, A68, A143
YokoyamaelIa, A319, A320
YOUNG, A469, A473
Yu, A271
Yuanophylloides, A272
Yuanophyllum, A269, A271
Yudomian, A82
YUFEREV, A286
Yunnanella, A207
YvanielIa, A473

Zacanthoides, A128, ABO
ZAGWIJN, A516
ZAGWIJN, VAN MONTFRANS, &

ZANDSTRA, A516
ZAIKA-NoVATSKIY, A83
ZAKHAROV, A353
ZANGERL, A66
ZANGERL & RICHARDSON, A66
ZAPFE, A68, A357
Zaphrentis, A269
Zaphrentites, A269-A272
Zaphrentoides, A271
ZaphriphylIum, A270
Zaraiskites, A407
Zavjalovian assemblage, A282,

A238
Zdmir (ConchidielIa), A201
ZEIL & IcHIKAWA, A369
Zeilleriidae, A395
ZEISS, A17, A69, A71, A400,

A406, A407, M08
Zellerina, A265
Zellia, A299, A308, A312, A315
Zemistephanus, A401
ZESASHVILI, A398
ZHURAVLEVA, A129
ZIEGLER, A., Al72, Al78
ZIEGLER, B., A393, A394, A396,

A398, A400, A402, A403, A407
ZIEGLER, M., A394
ZIEGLER, P., A354
ZIEGLER, W., A189, A190, A191,

A205, A354
ZIEGLER & BOUCOT, A178
ZIEGLER, SANDBERG, & AUSTIN,

A206
Zilimia, A206
Zirfaea crispata, A29
VON ZITTEL, A357
Zugodactylites, A399
Zugokosmoceras, A401
Zygospira, A149, A150
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