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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 Curr
TercuerT. 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
TercHERT’s attention, and major responsi-
bility for the Part A project was transferred
to R. A. Rorison 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 Treatise 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out-of-date, and partly because of lack of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
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positive, 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 Treatise volumes, but an assign-
ment to the Upper Precambrian is now gen-
erally accepted. Other recently described
taxa are unrecorded in the Treazise. 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-
dation for future research.

The Treatise is divided into parts which
bear 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 initdal 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
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behalf of the societies sponsoring the Trea-
tise, the University of Kansas, and innumer-

project.

ABBREVIATIONS

able individuals benefited by the Treatise

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.

aff., 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)

Charn., Charnian

cm, centimeter(s) ; cm®, cubic
centimeter (s)

Co., Company

Coll., 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 al,, et alii (and others,
persons)

etc., et cetera (and others,
objects)

et seq., ¢z sequens (-tes) (and
those that follow)

fig., figure(s)

gen., genus

Geol., Geology, Geological
gm, gram

Gr., Group

i.e., ¢d est (that is)

IGC, International Geological
Congress

indet., indeterminata
(indeterminate)

INQUA, International Union for
Quaternary Research

int., internal

Internatl., International

LU.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); mm?,
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

ser., series

Sib., Siberia

Sil., Silurian

s, sensu lato (in the wide
sense, broadly defined)

sp., species

Spec., Special

sp. NOV., new species

sq km, square kilometer(s)

$.8., senst 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



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

List of Serial

Académie Impériale des Sciences, St. Pétersbourg
(Akademiya Nauk, SSSR. Leningrad), Mémoires.

Académie Polonaise des Sciences (Polska Akademia
Umiejetnosci), Bulletin. Warsaw.

Académie Royale de Belgique, Classe des Sciences,
Bulletins; Mémoires. Brussels.

Académie des Sciences, Agriculture, Commerce,
Belles-lettres et Arts du Département de la
Somme (Académie des Sciences, des Lettres, et
des Arts d’Amiens), Mémoires.

Académie des Sciences de Paris, Comptes-rendus.

Acta Geologica Polonica. Warsaw.

Acta Geologica Sinica (Ti Chih Hsiich Pao). Peking.

Acta Geologica Taiwanica, Series 1. Taipei, For-
mosa.

Acta Palacontologica Polonica. Warsaw.

Acta Palaeontologica Sinica (Ku Sheng Wu Hsiieh
Pao). Peking.

Acta Universitatis Stockholmiensis (Stockholm Con-
tributions in Geology).

Akademie der Wissenschaften in Gottingen, mathe-
matisch-physikalische Klass, Nachrichten.

Akademie 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.

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.).

Publications

Akademiya Nauk Gruzinskoi SSR, Soobshcheniya.
Tiflis.

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.

Akademiya Nauk SSSR, Paleontologicheskiy Zhur-
nal. Moscow.

Akademiya Nauk SSSR, Sibirskoe Otdelenie, Insti-
tut Geologii 1 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
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schriften (Schweizerische Naturforschende Gesell-
schaft). Zurich.
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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.
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 Paléontologie, Invertébrés. Paris.

Annales des Sciences Naturelles. Paris.

Antarctic Research Series, Antarctic Oceanology.
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Stuttgart.
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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 fiir Paliontologie und
Historische Geologie, Mitteilungen. Munich.
Beitrige zur Mineralogie und Petrographie. Berlin.
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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

CENOZOIC ERATHEM
QUATERNARY SYSTEM

Holocene Series (Recent)
Pleistocene Series

TERTIARY SYSTEM®
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
Wemmelian 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
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NORTH AMERICA

CENOZOIC ERATHEM
QUATERNARY SYSTEM

Holocene Series (Recent)
Pleistocene Series

TERTIARY SYSTEM"?

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



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 Stage®

Lower Permian Series
Artinskian Stage®
Sakmarian Stage
Asselian Stage

CARBONIFEROUS SYSTEM
Silesian Subsystem

Stephanian Series®

Westphalian Series®

Namurian Series®
Dinantian Subsystem

Visean Series®

Tournaisian Series®
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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®



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.

3 Included in Upper Jurassic by some authors.

4 Lower part includes Aalenian of some authors.

5 The Kungurian Stage of some authors js 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

Ricuarp A. Rozison and Curr TEICHERT

facies of the upper Artinskian and lower Kazanian stages.

6 These units have been designated as stages in previous
Treatise volumes.

7 Applics essentially to eastern United States; in western
North America, European stage terminology is used.

8 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-

1973. This contribution
was translated from the original German by W. G. Haxkes
and Curt TEICHERT.

1 Manuscript received October,

tion encompasses what Erremov (1940)
called “taphonomy” (rd¢pes = burial, véuos
= 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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ErremMov (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 p’OreioNY

(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,
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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. HaxkEs.)

In 1869, p’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 Curr 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), MurLer (1951b, 1963), Pavom:
(1959), Rorre and Brert (1969), and SEr-
LacHERr (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 WeiceLt (1919)! 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 Wuicert. The
study of biostratinomy begins with the

1 Worrr (1954) suggested that the spclling be changed
from biostratonomy to biostratinomy in order to make the
spelling  analogous to  stratigraphy.  Later, W. K~ockr
_(Hamburg) (in Voicr, 1962, p. 30) pointed out that biostrat-
inomy is the only possible spelling for etymological 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
remains.

The fate of materials produced and dis-
carded during the life cycles of organisms
must also be included in Dbiostratinomy.
Examples are the exuviae of crabs, trilobites,
and other arthropods, in additton to sporo-
morphs and fallen leaves. It i1s 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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Fic. 1. Diagrammatic representation of fate of skeletal material after the death of the animal (after
Thenius, 1963).

external forces such as currents, gravity, special attention to the original deposit and
buoyancy due to gas entrapment during the types of preservation there. He must
decay, and predation by scavengers. It also study his material both quantitatively
follows that the biostratinomer must pay 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
ediment 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. Wrigert (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
(WeiceLT, 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
Wasmunp (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
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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 i7 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
(WerGeLT, 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” (RicwrER, 1929; DaL-
QuIsT & Mamay, 1963; Scuirer, 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 (KorscHerT, 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 (Ricrarps, 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. 1) 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
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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.
CueTVERIKOV (1905) and TimorFEEre-REs-
sovskY (TiMorEEFF-REssovsky, VoroNcov,
& JasLokov, 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
vagile organisms:

1) Massive colonization of oyster banks
by Mytilus edulis: the meshwork created
by the byssal threads of the attached Myzilus
will entrap enough sediment to suffocate
the underlying oyster population and, event-
vally, 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
Mpytilus 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 (SEwERrTZOFF, 1934).

The mutual overgrowth and encrustation
of other animals by sessile organisms has
been called immuration by Vvarov (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 (Voicr, 1966; 1968a).
Some examples are:

1) Leaf of a sea grass (?Thalassocharis)
(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 Voicr,
flanked on both sides by the delicate ribbon-
like zoaria of Taeniocellaria setifera Voicr.
On the lower border of S. schindewolfi,

© 2009 University of Kansas Paleontological Institute
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F1c. 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,

(Voigt, 1966).

X 6.6

transverse structures of the setae are clearly
recognizable.

3) Immuration and molding of the bry-
ozoan Onychocella cyclostoma (GoLpFuss)
by Reteporidea cancellata (Gorpruss) 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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Fic. 3. Blade of sea weed with cheilostome and ctenostome Bryozoa serving as substrate for an Exogyra,

from Upper Cretaceous (upper Maastrichtian, Tuffkreide), Albert-Kanal near Néercanne, Belgium, X 8.2

(Voigt, 1966). Arrow points to Stolonicella schindewolfi Voicr, flanked on both sides by delicate ribbon-

like zooaria of Taeniocellaria setifera VoicT. 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 their way
upward in the sediment after burial, and in
the process become trapped under single
bivalve shells, oriented concave side down-
ward. Fossil examples are known from the
Upper Muschelkalk of Germany (MULLER,
1969a).

Among the Echinoidea, the Irregularia
live more or less deeply buried in the sedi-
ment, and are in danger of being smothered
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 storms
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 (ScHArEr, 1962;
1972).

© 2009 University of Kansas Paleontological Institute

DEATH BY OXYGEN DEFICIENCY
(ASPHYXIATION)

Aerobic organisms will die if deprived of
oxygen. Their needs vary according to
degree of activity and environmental condi-
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 are
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 FeSs, 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 HoS (ie., 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.,S 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

© 2009 University of Kansas Paleontological Institute

Fic. 4. Immuration and molding of the bryozoan
Onychocella cyclostoma (GoLpruss) by Reteporidea
cancellata (GoLpFuss) intra vitam, with the frontal
membranes of the closed opesia reflecting the semi-
circular operculum. From Upper Cretaceous (upper
Maastrichtian), Grube Curfs 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
10 m 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 may or 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 saltcovered muds are
widely distributed in the recent environ-
ment (ie., 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-
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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
ts 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 (Woobpwarp & 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-
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FiG. 5. Part of the head, torso, and forward limbs

of Anolis electrum LazeLr, preserved in resin

(Oligocene or Miocene), Chiapas, Mexico; length
of forward limbs about 15 mm (Lazell, 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, Anolis electrum Lazerr, 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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Fic. 6. Myriapod, preserved in Eocene amber from the Baltic; length about 5 mm (Miiller, 1963).

strongly suggests an arboreal existence for embedded in this medium leave little, if
this animal. any, trace of a death struggle (Fig. 6);

If resin has been sufficiently warmed by however, if the resin is cool (not directly
the sun, it will flow quite easily. Insects exposed to the sun, possibly in the shadow),
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Fic. 7. Flies (Nematocera) in copulation, preserved in Eocene amber from the Baltic (E. Voigt in Miiller
& 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
have been found with larvae still in their
jaws.

When beetles become entrapped in resin,
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Fic. 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.
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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 RippeL), have

) 2009 University of Kansas Paleontological Institute
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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
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Fic. 9. Mesolimulus walchi (DESMAREST) preserved

at end of its trail in Solnhofen Limestone (Malm

zeta, lower Portlandian), Solnhofen, Bavaria, ap-
prox. X0.1 (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
(Malm 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 (SrtevENsoN,
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.
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EFFECTS OF DEGASSING ON
ORGANIC MATERIAL
COVERED BY SEDIMENT

Gases are produced during the decom-
position 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; Quenstepr, 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 (HorLLmann, 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).

A17

Fic. 10. Cross section through a thin bank of

sediment containing Coenothyris wvulgaris (voN

ScHLoTHEIM), Middle Triassic (Muschelkalk), Go-

razde, Poland (Miiller, 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”
found in coprolites (Fig. 11, 12).

are also

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; Leumann, 1967b; Len-
MANN & WErrscHAT, 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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Fic. 11. Cross section through a coprolite (4) displaying place of escape for once contained gases produced
during decomposition (B, enl.), 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
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made when the shells first settled on the
sediment (RormprLerz, 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



Fic. 12, Schematic explanation for Figure 11.
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A. During aerobic decomposition, a gas bubble develops.
B. The gas bubble escapes from the coprolite through about 2 mm of overlying mud.

C. 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
(MoLLer, 1951b; Revyment, 1970; Voss-

MERBAUMER, 1972). When ammonoid shells
roll along the sea bed, they make distinct
skip marks in the sediment, which have
been misinterpreted (Kore, 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



Fic. 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 (Malm 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 SCAVENGERS

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
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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 (HAnTzscuer, Er-Baz, & Awm-
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;
BromirEy, 1970; SocNNAEs, 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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Fic. 14. Vertically embedded ammonite shell; under side (4); upper side of a 12 mm-thick bed (B),

Solnhofen Limestone (Malm zeta, lower Portlandian) from Bavaria.

Diameter approx. 210 mm

(Rothpletz, 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.

ScHAFErR (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

© 2009 University of Kansas Paleontological Institute

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 (Askr, 1916;
Naer, 1922; JeLETZRY, 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 (AseL, 1916; NazF, 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 autech-
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 ecclogic conditions of the environ-
ment, and must be understood as parts of
ancient biocoenoses. Associations of trace
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TasLe 1. Different Types of Fossil Accumu-
lations (Fossil-Lagerstitten) (modified from
Seilacher, 1970; Reineck & Singh, 1973).

1. Enriched deposits (Konzentrat-Lagerstitten),
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 Afilings.

2. Conservation accumulations (Konservat-Lager-
stdsten)). 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 Davrt-
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-climatic
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.

Seracuer (1970) proposed a classifica-
tion of fossil deposits which he called
“Fossil-Lagerstitten.” These deposits are
arranged according to their mode of forma-
tion and the general shape of accumulaton

(Table 1).

ALLOCHTHONOUS BURIAL
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, Wasmunp (1926) observed
how in early spring, numerous, immature
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specimens of Limmnaea stagnalis 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.
Wasmunp (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; Gottne, 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
54 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 Litzorina 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 (KLAnN,
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-
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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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TasLe 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 (mm?) (gm) Constant
12 Cardium edule 1,930 2.85 169
8 Mya arenaria 7,258 7.10 255
15 Mpytilus 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 (Spilsaum) or along
sandbars). The following are causes re-
sponsible for this condition: 1) different
resistivity of the shells against chemical,
mechanical, and biological destruction
(Cnave, 1964), 2) differences in the ability
to float, and 3) different behavior on the
sedimentary surface (ie., rolling, gliding,
etc.).

A basis for estimating floatability was
developed by Tauser (1942) who divided
the surface area of the shell (in mm?) 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 My#lus
edulis and Macoma baltica are commonly
transported across the sand in the turbulent
zone of shells (Krinn, 1932). This explains
the observation by Kriun (1932) that shells
of Cardium and Mya are commonly strongly
polished, whereas those of Mytidus 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 biological 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 0.5 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.

Krinn (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 Harram,
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 (Harram, 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).
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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 slighty
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. If 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 Parp (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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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 PratyE (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) Rollfacets. Another type of faceting
can develop by the continual shaking of
bivalve shells with sand, as has been demon-
strated experimentally by Krian (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. Pratye (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.
Horimann (1968¢c) 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).
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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 (Kop-
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. PraTyE
(1929) cited fossil examples from the Eng-
lish Red Crag and noted that they appeared
absent in the Mediterranean Vienna Basin.
Parr (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. Kiiun (1932) performed
an experiment to study roll-faceting, using
the following materials: 10 ¢cm® of sand
with a grain size between 0.25 and 0.12
mm, 100 cm? 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 on 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. Glide-faceting results
when hard parts of animals glide over
abrasive substrates such as coarse-grained
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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 Trochus 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.

TasLE 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 pointed side

¢) 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-
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B

Fic. 15. Fracture deformation of recent Cardium

edule LINNE (A4, B) collected from broken shell

masses along the shore, Scheveningen and Kauwijk,
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.

Kvriun (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 (KEesseL,
1938; Scuirer, 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
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Mactra corallina cinerea

Mya arenaria

Venus gallina

B

N
i

Fic. 16. Fracture patterns developed in different types of recent bivalve shells (A4-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. 15,4,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 (ie., Mactra corallina, Fig. 16,4).
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 first glance, resemble
anchor-facets. Osirea 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
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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, Murex, 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 Liztorina 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

(HorLLmann, 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 (ScHArEr, 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

Introduction—Fossilization

random planar

vertical parallel

D

Fic. 17. Diagrammatic representation of orientation
patterns (A4-D) as they appear in stereographic
projections (Toots, 1965a).

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 CaCOs; is precipitated fluctuates with
pH (7.7 to 8.3) (Croup, 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 (Jarke, 1961).
This process is known as subsolution
(HoLLmann, 1962, 1964) and can result in
all stages of preservation from “ghosts” to
complete destruction (RicurEr, 1931). No
compensation depth is known for siliceous
skeletons.

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. 17,4).

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. Toorts
(1965b) first proved this assumption to be
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Fic. 18. Orientation of organisms within bedding plane. Arrow designates current direction for I and

2.
peak into direction of current.

1. Biologically controlled current orientation: suspension feeders are oriented with only a broad
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) If 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 (MOULLER,
1951b; Ricurer, 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;
QuenstenTt, 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
(SerLacuEr, 1968b; 1969) (Fig. 18).
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Rotation around horizontal axis

unobstructed obstructed

Azimuthal orientation
A

-~
obstructed anchored

parallel to  perpendicular  freely t

currents tocurrents buoyant arrested

Fic. 19. Types of oriented embedding of skeletal
material (after Geyer, 1973). See also Table 4.

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; Surock, 1948; Toots, 1965a). Cur-
rent mechanics have been applied to the
study of oriented embedding of skeletal hard
parts by investigators such as TrusHemM
(1931), Jounson (1957), BrencHLEY and
Newarr (1970), Aseorr (1974), and Fur-
TERER (1974, 1977).

Following Rrcuter (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
assemblages (Fig. 17,B-D). This facilitates
the recognition of combinations and transi-
tions of the basic types of embedding de-
scribed above.

Introduction—Fossilization

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-
pung.

If shells sink freely through quiet water,
they will be oriented convex side downward
(CriFroN, 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 (stll 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
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TasLe 4. Different Types of Skell Orientation (prepared from Richter, 1942).

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

2. “Obstructed” 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.

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

2. “Anchored” Orientation (Pivotal Orientation)

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

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

a) freely buoyant b) hindered

a) freely buoyant b) hindered

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

Freely moving within
a medium,

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.

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.

Organisms growing to-
gether or hanging from
one another.

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. Ricuter (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 Gry-
phaea dilatata found redeposited in recent
strandline deposits near Houlgate are gen-
erally oriented convex upward, according to
the Einkippungsregel. 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 (PrannenstiEL, 1930; HiANTZ-
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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Fic. 20. Plaster of bivalve shells composed essentially of single valves of Costatoria goldfussi (von

AvserTl) from the lower Keuper (Grenzdolomit) in Thuringia, approx. X 1.1 (Sektion Geowissenschaften,
Bergakademie Freiberg, 249/2; Miiller, n).

© 2009 University of Kansas Paleontological Institute
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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.
Trusuemm (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
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Fic. 21. Rose diagrams and ratios of single valve
azimuthal orientations in shell plasters, Lower
Triassic (upper Buntsandstein, Rét), Eisfeld, Thur-

ingia, approx. X0.5 (Seilacher, 1960a).

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

1) The shells of Myzilus, Modiola, Arca,
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
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Fic. 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 (Miiller,

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 MibpLeTon (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-Grar, 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,
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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, Purpuia,
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 (Lings-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 (Semacuer, 1960a) (Fig. 18,1).

Krinstey (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.

Rurpemann (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

A39

current direction

A.

Fic. 25. Orientation of cone-shaped bodies.
Azimuthal orientation of orthoconic nautiloids from
Upper Devonian (Kellwasserkalk), Bicken, Rhine-
land; approx. X0.4 (Seilacher, 1960a). B. Rose
diagrams for the orientation of 40 gastropod shells
(PTurritella sp.) in cross-bedded sandstone from
Upper Cretaceous (Mesaverde Formation), Carbon
County, Wyoming (Toots, 1965a).

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 Hlubolepy
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
(PeTrANex & KomArkovA, 1953). Kav
(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
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Fic. 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 KinprE
(1938), Rurscu (1937), Trusuem (1931),
Revment (1968), Dixon (1970), K. Bren-
NER (1976), and Furterer (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, Haplosticke, 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, 19602). GEKKER
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(1957, pl. 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).

Fic. 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,
X 0.7 (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.
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Fic. 28.

A. Two possible azimuthal orientations for dead starfish (Seilacher, 1960a).

A4l

B. Azimuthal

orientation of tests of Furcaster transported by currents, after partial decomposition, Lower Devonian

(Bundenbacher Schiefer), Bundenbach, Rhineland, approx. X0.23 (Seilacher, 1960a). C. Euzonosoma

tischbeiniana (RoEMER) in “‘umbrella” position. The straight grooves are tool marks produced by the

drooping arms. Lower Devonian (Bundenbacher Schiefer), Bundenbach, Rhincland, X0.36 (Seilacher,

1960a). D. Euzonosoma tischbeiniana (RoEMER) displaying azimuthal orientation and the beginning of

rotation around a horizontal axis. Lower Devonian (Bundenbacher Schiefer), Bundenbach, Rhineland,
approx. X0.54 (von Kénigswald, 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 (Haxes,
1976). Wave-oriented coprolites were found
to be aligned essentially parallel to ripple
crests, whereas coprolites deposited in areas
of litle wave activity were found to be
randomly oriented within bedding planes.

© 2009 University of Kansas Paleontological Institute

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
Konieswarp (1930) described two transi-
tional types of embedding of asterozoans
from the Lower Devonian Hunsriickschiefer
of the Rhenish Schiefergebirge:

1) Initial inclined position: The body
does not move, but some of the arms are
bent back across it (Fig. 28,4,C,D).

2) Final position: In addition to the



Fic. 29. Furcaster palacozoicus STUERTZ in a ‘“‘twirl”

position. Lower Devonian (Bundenbacher Schiefer),

Bundenbach, Rhenish Schiefergebirge, approx. X1
(von Kénigswald, 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?) currents.

Tentaculites and orthoconic cephalopods
do not usually show oriented embedding

in the Hunsriickschiefer, which is probably

Introduction—Fossilization

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
(Standfliche) 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 (“Anspiilen einer Facette”) (WEr-
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. 28,4,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
Quirllage (“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

) 2009 University of Kansas Paleontological Institute
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Fic. 30. Encrinus carnalli Bevricu displaying more or less azimuthal orientation by currents. Middle
Triassic (lower Muschelkalk, Schaumkalk Zone), Freiberg a. d. Unstrut, East Germany, approx. X0.38
(Miiller & Zimmermann, 1962).

© 2009 University of Kansas Paleontological Institute
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Fic. 31.

Agriocrinus frechi JAEKEL, stem bent im-
mediately below calyx. Arms diverging 180° caused

by reversal of current direction. Lower Devonian

(Bundenbacher Schiefer), Bundenbach, Rhenish

Schiefergebirge, approx. X0.4 (von Kénigswald,
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 Hunsriick Shale (von KonicswaLp,
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.

Introduction—F ossilization

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. 32,4,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 Furterer (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 HiNTzscHEL, 1975, p. W171).
If objects are dragged across fairly viscose

(See facing page.)

Fic. 32. Examples of orientation by currents.

STUERTZ, oriented by two different current directions.
bach, Rhenish Schiefergebirge, approx. X0.3 (von Konigswald, 1930).

A. Two successive deposits of Furcaster palacozoicus
Lower Devonian (Bundenbacher Schiefer), Bunden-

B. Arms of Furcaster palaeo-

zoicus STUERTZ oriented by currents, from Lower Devonian (Bundenbacher Schiefer), Bundenbach, Rhenish
Schiefergebirge, approx. X 1.7 (Miiller, 1963).
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Fic. 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, Oberhofer Schichten),
Friedrichroda, Thuringia, X1.9 (Miiller, 1971).

Introduction—Fossilization

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; Kovrs, 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 cm. 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.

Fic. 34. Drag marks of medusa, Rhizostomites admirandus Haecker, Solnhofen Limestone (Malm zeta,
lower Portlandian), Gungolding, Bavaria; width of section, X0.45 (Janicke, 1969; photo by courtesy of
Bayer. Staatssammlung fiir Paliontologie u. Historische Geologie, Miinchen).

© 2009 University of Kansas Paleontological Institute
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Fic. 35. Roll marks of ?fish vertebrae parallel to the current direction and perpendicular to the trend
of the ripples (upper right). Impression of other Pskeletal 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
(Pavont, 1959) and roll marks of ammonite
shells that have been moved across the sub-
strate by uniform currents (BArRTHEL, 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., scaweed, small
branches) in anchored azimuthal orientation
in both subaqueous (LancerreLpr, 1935)



Upper Triassic (Middle Keuper, Schilfsandstein),

Sternenfels, Wirttemberg; approx.
1956).

%07 (Linck,

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 15 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
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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).

Fic. 37. Circular structures produced on the vertical

faces of dune sand by plants blown by winds. Re-

cent example, from Baltic Sea near Wustrow; X0.25
(Miiller, 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

© 2009 University of Kansas Paleontological Institute
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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. In
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-
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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 (BucHERr,
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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Fic. 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 (Miiller & Zimmermann, 1962).

© 2009 University of Kansas Paleontological Institute
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Fic. 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 (Miiller,
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 Prigekerne or Skulp-
tursteinkerne. Their analysis helps in the

© 2009 University of Kansas Paleontological Institute

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 1is generally
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A. Ceratites evolutus
B. Ceratites

Fic. 40. Differential filling of ammonite shells by sediment (medial sections).
PuiLippI, upper Muschelkalk (C. evolutus Zone), Ohrdraf, Thuringia; diameter 95 mm.
evolutus PuiLipp1, upper Muschelkalk (C. evolutus Zone), Ballenstedt, Harz Mt.; diameter 100 mm.
C. Ceratites cf. C. compressus PriLipP1, upper Muschelkalk (C. compressus Zone), Remda, Thuringia;

diameter 85 mm. D. “Perisphinctes” sp., lower Malm (Oxfordian), Staffelstein, Franconia; diameter
65 mm (Sektion Geowissenschaften, Bergakademie Freiberg, 249/3-6; Miiller, n).

destroyed first; the inorganic constituents the dissolution of calcareous components.
remain. In oxygen-deficient environments, The oxidation of sulfides frees sulfuric acid,
especially those with high concentrations of ~ which disso.ves calcareous material and hin-
hydrogen sulfide, destruction begins with ders additional bacterial destruction of

© 2009 University of Kansas Paleontological Institute
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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 &)
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 (BataursT,
1966; WoLk, 1965).

© 2009 University of Kansas Paleontological Institute

Fic. 41. “Metallofact,” casting of recent myriapod
in molten aluminum, X1 (Miiller, 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 (CuappELL €t 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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Fic. 42. Lytoceras sp.

formed by compaction and dewatering of clay-rich sediments (Lias €, Posidonienschiefer), southern

Germany. Shell walls are fractured and laterally displaced during sediment compaction. Scale in cm
(Miiller, 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-
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A. Preservation in limestone (Lias a, Braunschweig).——B. Specimen de-

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 (Iriies, 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. 42,4).
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 con-
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 (ReciNexk,

1917).
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Fic. 43.

Psiloceras  (Caloceras) johnstoni (Sow-
ERBY), showing early diagenetic deformation; from
Lower Liassic (alb, lower Hettangian), Gottingen,
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) (LancHEINRICH, 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. Hecur (1933)
studied experimentally the effects of skeletal
material during the decay process. He
added a number of Mytilus valves of known



A56

Introduction—Fossilization

TasLE 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

g/

Fic. 44. Wrinkled but undestroyed periostracum of

Inoceramus dubius from Upper Liassic (Lias e,

lower Toarcian, Posidonienschiefer), Goslar, Harz
Mt., X0.93 (Miiller, 1963).
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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
example, 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
(Wirttemberg).

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.



Taphonomy

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 45,4-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
EmvseLe (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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longitudinal
fractures

Fic. 45. Types of deformation by fracture of fossils
with rounded outlines (a, concentric fracture; &,
radial fracture) (Miller, 1951b). A. Leioceras
opalinum REeN., lower Dogger, Goslar. B. Echi-
nospatagus hofmanni Gorpruss, upper Oligocene,
Binde near Herford. C. Inoceramus labiatus
VON SCHLOTHEIM, lower Turonian, Salzgitter.

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.

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
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Fic. 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
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shown, in some cases, that several hundred
“new” species were proposed without taxo-
nomic justification (ReciNEk, 1917; Fanck,
1929; BreobiN, 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. 47,4-F).

A distorted fossil can be restored accu-
rately if the degree of deformation, §, 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. 48,4,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 Grir (1958), Bau-
MmanN  (1958), pe Vries (1959), Spzuy
(1962), Breopiv (1964), Stemn (1968),

and others.

SELECTIVE DISSOLUTION
DURING DIAGENESIS

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

Fic. 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 4-axis); B, tectonic “inclined form™; C, tectonic “short form,” deformation
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Fic. 47. (Explanation continued from facing page.)

perpendicular to b-axis; D, long and short form on one bedding plane, approx. X1.9. E, Pristiograptus
nudus nudus LAPWORTH, approx. X 1.9. F. Petalograptus altissimus ELLEs & Woop, approx. X 1.3.

© 2009 University of Kansas Paleontological Institute
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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 (Mosz-
BACH, 1952).

In the bituminous Posidonia Shale (Lias
e) 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 (Malm 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
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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 GROWTH

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 (Fork, 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 (Fork, 1965).

(Continued from facing page.)
elongation. The angles (a) 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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Fic. 49. Aspidura 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),
Wiirttemberg; width approx. 30 mm (Miller & Zimmermann, 1962).

© 2009 University of Kansas Paleontological Institute
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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
(Focursauer & GoLpscHMIDT, 1964, p.
195). During such processes primary tex-
tures are generally preserved, because the
changes generally take place within crystal
lattices (BaTrURST, 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 (HoLr-
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.
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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 (Macurpa & 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 Aspidura from the Muschelkalk in
which the dorsal plates bear calcite scal-
enohedra (MiLLER, 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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Fic. 50. Echinocorys sp.; internal structure is due to repeated precipitation of silicic acid (compare with
Fig. 51). Upper Cretaceous (lower Maastrichtian, chalk facies), Riigen, DDR; largest diameter, 80 mm
(Miiller & Zimmermann, 1962).

minifera and other microfossils whose shells (HorLimann, 1964). Also, the original
have been altered by calcite overgrowths thickness of shells or carapaces may be
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Fic. 51. Schematic diagram demonstrating concretion development (A4-E) similar to that in Fig. 50
(Miiller, n).

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

FORMATION 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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Fic. 52. Palaeoniscus macropomus Acassiz, with head and anterior part of torso preserved, of early

diagenetic, calcarecous concretion (“Ilmenaucr Schwiele”) (Miller, 1962a).——A4. Right side.

Ventral side. C. Dorsal side.

Upper Permian (lower Zechstein, Kupferschiefer), Sturmheide b.

Ilmenau, Thuringia. Length, 85 mm.

MULLER, 1962a; ZANGERL & RicHARDsON,
1963; Zancerw, 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.

Voict (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 (KenNepy & 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

© 2009 University of Kansas Paleontological Institute

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. IrLies
(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 (HoLtr-
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).
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Fic. 53. Cross-sectional, schematic view of septarian

concretion with enclosed ammonite (Hollmann,
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
& Kennepny, 1967; Kennebpy & Hary, 1967;
Kennepy & Tayror, 1968). It has been
demonstrated that synthetic aragonite, in
water at 40° C, can invert to calcite within
a few hours (Wray & Danies, 1957);
however, organically precipitated aragonite
can be preserved for long periods of time.

Aragonite is frequenty preserved in fos-
sils of Cenozoic age and more rarely in
Mesozoic forms. Commonly, such fossils
are preserved in muddy or marly sediments.
For example, aragonite is preserved in corals
of the marly Triassic Zlambach beds and
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Fic. 54. Microderoceras birchi (SowersY), 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; Miller, n).

in the hinge of hippuritids of the Cretaceous
Gosau beds, both of the eastern Alps
(ZaprE, 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 ez al., 1967),
the Buckhorn asphalt in the Pennsylvanian
of North America (StenLi, 1956; LoweN-
sTAM, 1963; GrEcore & TEICHERT, 1965),
and in the Upper Oil Shale Group (Lower
Carboniferous) of Scotland (Harram &
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-
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NEDY, 1967; KeEnnEDpy & Harr, 1967; Ken-
NEDY & TAvror, 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 ez al.,
1962). Grfcore (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. AseLson (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
(FucuTBAUER & GovrpscHMIDT, 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
(Ocose, 1956; Paine, 1937). An example
is dolomitization, a process during which
aragonitic skeletal parts are affected first,
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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 (Griep & 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 (SnO2) 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 examples 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 (Raymono, 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; RirrscHEL, 1968;
Zeiss, 1969); 5) preservation of various
soft parts of Mesozoic ammonoids, e.g., egg
cases (?) (Linmann, 1966; MtULLER, 1969b),
ink sacs (Lennann, 1967b), crop and
gills (Lenmann & WurrscHaT, 1973); 6)
remains of soft parts in the Solnhofen Lime-
stone of Bavaria (Rus, 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 (Barte, 1971); 8) soft parts and



A70

Introduction—Fossilization

Fic. 55. Preserved soft parts of organisms from Middle Eocene Brown Coal, Geisel Valley near Halle/

Saale.

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. WerzewL, 1913, 1937); 9) soft
parts from the Eocene brown coal of the
Geisel Valley near Halle (Voicr, 1935; 1936;
1938a,b; 1950; 1956; 1957; H. BrENNER,
1939); 10) soft parts preserved in amber
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(Voier, 1937, 1938c) and similar fossil
and subfossil remains (BacHoreN-EcHT in
Ager, 1935; p. 601-619; Lazei, 1965;
ScHLEE, 1973); 11) mummified ostracodes
in the Pleistocene of Alaska (ScumipT &
SELLMANN, 1966).
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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 Voist
(1936; 1938a,b; 1950; 1957) (Fig. 55,4-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. 55,4); 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 Voier, was
accidentally discovered on the basis of the
structure of a single, 15 mm-long fragment
of subcuticular tissue (Voier, 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
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this way, especially the musculature, stom-
ach and intestinal contents, cutis, testicles,
and spinal cord.

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

Rers described the fossilization of organic
material by phosphate which he called Myo-
and Zoophosphorit. The composition of the
material was about 70 percent CazP2Og and
6 to 6.5 percent CaFs.

Specimens in the Solnhofen Limestone,
on the other hand, are composed of 97
to 98 percent Ca(MgKsNa2)COjz, small
amounts of Si02,A 1503, and so on, traces of
P2O; and no fluorite. It is quite obvious
that the limestone itself does not contain
sufficient Ca3P»Og and CaFs 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 Lepidosus 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; ZErss,
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
(Cross, 1967; LEHMANN, 1967a) as well as
by arguments presented by TEICHERT ef al.
(1964).
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INTRODUCTION

Precambrian time comprises about seven-
cighths 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” (Schopr,
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 Barcuoorn and Tyrer (1965)
and J. W. Scuorr (1968). Eucaryotic cells,
with traces of nuclei and evidence of cell
division, appeared in middle to late Protero-
zoic time. ScHopr (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 (Knorr & BarcHoorn, 1975).
His later assessment (Scropr, 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 my! 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. Staniey (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-

11n 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; Vorocpin & Drozpova, 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 (SincHu, 1969;
SasropiN, 1971), which are more than 900
my old, and of “feeding burrows” in rocks
about 750 my old (Squirg, 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 microphy-
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
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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. 4112). A
number of names, also listed below (p.
A111), 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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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. Spricg 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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Fic. 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 report, 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 threc divisions in this column
(as Periods) was proposed by W. B. HarLanp and K. N.
Herop (Geol. Jour., Spec. Issue 6, Liverpool 1975, p.205).
Their acceptance is conditional on agreement on boundary
stratotypes and their dating relies on long-range correlations.
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, Semixkuatov, 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 of 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 FEoporpita.
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 Tornetrisk (StraND &
Kurring, 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 ez 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
(Zaixa-Novartskry ez al., 1968; Parry,
1969).

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

(Continued from facing page.)

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 one or of two

glaciations in other areas cause problems as they have been
used in boundary definitions. Long-range correlations used
in assigning dates to boundaries and intervals lead to other
problems.
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Fic. 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. 483.]

of the Khatyspit Formation, in the upper-
most Precambrian of the Olenek uplift
(Fig. 2, Loc. 10) (Sokorov, 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 Croup
et al. (1976).
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Fic. 3. Cast of impression of undescribed fossil (?hydrozoan colony) from the Upper Precambrian of
Newfoundland (Misra, 1969), % 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 ullitic 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
correlation 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
been 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

© 2009 University of Kansas Paleontological Institute

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 10719), 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 Anperson (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 (CrLoup
et al., 1976) was made in rocks that are
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known to be 620 my old. 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

Introduction—Biogeography and Biostratigraphy

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



Precambrian

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
(WapE, 1968). The amazing variability of
many of the Ediacara and most of the
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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 Croup, 1968, 1974,

1976a,b; Fiscuer, 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
Velumbrella with its stiffly radiating ribs
indicating floating rather than medusoid
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contractile swimming locomotion. Other
chondrophorans are Archaeonectris (Ord.-
L.Sil.), Discophyilum (Ord.), Palaeonectris
(Dev.), Plectodiscus and Paropsonema (Sil.-
U.Dev.). Compared with this relative abun-
dance, the sole living genera Velella and
Porpita 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 Ouvatoscutum
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-
seyphus, a coronatan polyp form (WERNER,
1966). Though this comparison was dis-
puted by Kozrowskr (1968), early growth
stages of conulariids found by him are
identical with hydrozoan hydrorhizae
(GraessNEr, 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 PrLuc (1974a) following the
now generally discounted views of Haroy
(1953). Prruc 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
PrLuc 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,
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but not simultaneously, many (but by no
means all) invertebrates acquired mineral-
ized tissues (shells or skeletons). Some
polychaete worms (Cloudina, 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, Hyolithelminthes,
Tommotiidae, and Hyolithida (of uncertain
affinities), later by trilobites, crustaceans,
and echinoderms. It should be noted that
the unique Xenusion (see this Treatise, p.
019-020), formerly considered as a Pre-
cambrian fossil, has now been convincingly
traced to a basal Cambrian source bed
(JaAEGer & MarTiNssoN, 1967), and that
the hyolithid Wyartia (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 Archacocyatha
(Rozanov, 1973) are rare and structurally
primitive and may not have had a long
history. The early stages in the evolution
of the echinoderms (Usacus, 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 origin 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 (Sokorov, 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 (Ngrrevang,

1975).
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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 Coclenterata
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 (1)
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 (1)
Doubtful Arthropoda (1)
?Phylum Pogonophora
Order Sabelliditida
Family Saarinidae (1)
Family Sabelliditidae (1)
Phylum uncertain (3)
Doubtful invertebrates
Family Suvorovellidae (2)
Family uncertain (1)
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SYSTEMATIC DESCRIPTIONS!

?Phylum PORIFERA Grant, 1872

Class, Order, and Family
UNCERTAIN

Tyrkanispongia VorocpiN & Drozpova, 1970, p.
197 [*T. tenua; OD]. Siliceous, straight or curved,
fragmentary spicules, hollow, with pointed, rounded
or narrowed ends, diameter 40-110 um, 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 my old. 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 my old (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.(Gonam “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 Precambrian microscopic flatworm (Brab-
binithes churkini Arvison, Class Turbellaria) was announced
(AvrLison, 1975). It is 0.45 mm long, apparently known only
from one thin section, and comes from the Tindir Group of
eastern Alaska, which is correlated with the Rapitan Forma-
tion in northwestern Canada; its age is less than 850 my.
Regrettably, the available morphological data are not suffi-
ciently well defined to support the author's far-reaching
evolutionary conclusions. Croup, WricHT, & Grover (1976)
now prefer an interpretation of this fossil as an hexactinellid
sponge spicule.

© 2009 University of Kansas Paleontological Institute

Chondroplon
Fic. 4. Chondroplidae (p. 491-492).

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 HiAntzscuer, 1975,
p. W147.

Family CHONDROPLIDAE Wade, 1971
[Chondroplidae WabE, 1971, p. 188]

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 Wapg, 1971, p. 184 [*C. bilobatum;
OD]. 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-
sitt 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 Wape.] U.Precam.,
S.Australia. Fic. 4,1. *C. bilobatum, Ediacara;
holotype, X 0.32 (Wade, 1971).
Ovatoscutum GLAESSNER & WaDE, 1966, p. 612
[*O. concentricum; OD]. Float shieldlike, with
weakly marked axis, initial chamber small, oval,
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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. Fic.
5,1. *O. concentricum, Ediacara; holotype, X0.8
(Glaessner & Wade, 1966).

Family PORPITIDAE Brandt, 1835
[See this Treatise, 1956, p. F150]

Eoporpita WabE, 1972, p. 198 [*E. 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.
Fic. 6,1. *E. medusa, Ediacara; paratype,
X 0.6 (Wade, 1972a).

Class SCYPHOZOA Gotte, 1887

[For diagnosis see this Treatise, 1956, p. F27)
The following genera are assigned to the

Scyphozoa with varying degrees of uncer-
tainty because of incomplete preservation

1 Ovatoscutum

Fic. 5. Chondroplidae (p. 491-492).

© 2009 University of Kansas Paleontological Institute
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Fic. 6. Porpitidae (p. 492).

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 (Wapg, 1972).

Family UNCERTAIN

Albumares FEpoNkIN in KELLER & FEpONKIN, 1976,
p. 38 [*4. brunsae; 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 Skinnera which differs in absence of
fine, dichotomously branching canals, lobes and
tentacles. U.Precam.(U.Vend.), N.Russia.
Brachina Wapg, 1972, p. 207 [*B. 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. Fic. 7,3. *B. delicata,
Brachina Gorge; 3a, reconstr., X0.5; 35, holo-
type, int. mold, X 1.5 (Wade, 1972a).
Hallidaya Wapg, 1969, p. 356 [*H. brueri; OD].
Discoid medusa with truncated margin, low-domed
or flat, with scattered “nuclei” (3-13) near center;
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Fic. 7. Family uncertain (p. 492-494).
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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
Precam., C.Australia. Fic. 7,4. *H. brueri, Mt.
Skinner; paratype, X1 (Wade, 1969).

Kimberella Wape, 1972, p. 215 [pro Kimberia
GLAESSNER & WADE, 1966 (non Corron & Woops,
1935)] [*Kimberia quadrata GLAESSNER & WADE,
1966; OD]. 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.Precarm., S.Australia. Fic. 7,2.
*K. quadrata (GLAEssNErR & Wape), Ediacara;
2a, holotype, X1 (Glaessner & Wade, 1966); 25,
reconstr. (Wade, 1972a).

Skinnera Wapg, 1969, p. 361 [*S. brooksi; OD].
Disc-shaped, probably originally plano-convex,
with 3 large inner “pouches” and, connected with
them by paired canals, 15 outer (secondary)
“pouches” symmetrically placed near periphery.
[According to Wapg, “the shape of the internal
system of spaces and canals closely parallels the
gastrovascular system of a medusa of the scypho-
zoan grade of complexity.”] Uppermost Precam.,
C.Australia. Fic. 7,1. *S. brooksi, Mt. Skinner;
holotype, X2 (Wade, 1969).

Class CONULATA
Moore & Harrington, 1956

[nom. transl. Graessner, 1971, p. 15 (ex Subclass Conulata
Moore & HarringTON, 1956, p. F28)] [For diagnosis see
Subclass Conulata, this Treatise, 1956, p. F28]

Order CONULARIIDA
Miller & Gurley, 1896

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

Suborder CONCHOPELTINA
Moore & Harrington, 1956

[For diagnosis see this Treatise, 1956, p. F57]

Family CONCHOPELTIDAE
Moore & Harrington, 1956

[For diagnosis see this Treatise, 1956, p. F57]

Conomedusites GLAESSNER & Wapg, 1966, p. 608
[*C. lobatus; OD]. 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-

Introduction—Biogeography and Biostratigraphy

1 Conomedusites

Fic. 8. Conchopeltidae (p. 494).

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 difhicult 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
(Mawsonites, Planomedusites, Rugoconites).
Others again are so variable, either inher-
ently (Ediacaria) or because of varying
degrees of decomposition (Pseudorhizosto-
mites), that their true morphology cannot
be discerned and diagnosed.

Cyclomedusa Serice, 1947, p. 220 [*C. davidi;
OD] [=Madigania Spricc, 1949, p. 93 (non
WarrtLey, 1945); Tateana Serice, 1949, p. 86;
Spriggia Soutncorrt, 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. Wape (1972a, p. 204) placed Cyclo-
medusa under “‘Class Hydrozoa?” A very similar
genus, Tirasiana, was named by PaLiy in a dis-
sertation abstract dated 1975 but it remained un-

gin. U.Precam., S.Australia. Fic. 8,1. *C. published until Bexker (1977) published T. con-
lobatus, Ediacara; X 0.7 (Glaessner, 1971). centralis n. sp. from the Vendian of the W. Ural.]
© 2009 University of Kansas Paleontological Institute
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F1c. 9. Medusae of uncertain affinities (p. 494-496).

U.Precam., S.Australia-SW.Afr.-S.USSR-N.Swed.- X0.67 (Zaika-Novatskii ez al., 1968). Fic.
E.Sib. Fic. 9,2a. C. plana GLAESSNER & WADE, 9,2b. C. gigantea SpricG, U.Precam., Australia
U.Precam., SW.USSR (Dnjestr R., Ukraine); (Ediacara); holotype, X1 (Sprigg, 1949). Fic.

© 2009 University of Kansas Paleontological Institute
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9,2¢,d. *C. davidi, UPrecam., S.Australia (Edia-
cara); X 1.4 (Sprigg, 1949).

Ediacaria Serice, 1947, p. 215 [*E. flindersi; OD]
[ =Protodipleurosoma Serice, 1949, p. 79; ?Bel-
tanella Sprice, 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.
U.Precam., S.Australia. Fic. 9,1. E. sp., Edia-
cara; 3 specimens on slab, X0.3 (fig. by Wade,
Glaessner, n).

Lorenzinites GLAEssNER & Wapg, 1966, p. 608
[*L. rarus; 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. W144.] U.Pre-
cam., S.Australia.

Mawsonites GLAEsSNER & Wapg, 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. U.Precam., S.Aus-
tralia. Fic. 9,3. *M. spriggi, Ediacara; para-
type, X0.67 (Glaessner & Wade, 1966).
Medusinites GLaessNER & Wabg, 1966, p. 605
[*Medusina asteroides Sprics, 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 parrow marginal flange; faint
concentric markings occur more commonly on
central disc; subumbrellar surface unknown. U.
Precam., S.Australia-S.USSR. Fic. 10,1. *M.
asteroides, S.Australia(Ediacara); 1a,b, X1 (Glaes-
sner & Wade, 1966).

Planomedusites Sokorov, 1972 [*P. grandis; M].
Large, saucer shaped, surface smooth, edge raised
as a narrow rim, apparently surrounded by nar-
row, thin flange. U.Precam.(Vend.), S.USSR.
Fic. 10,3. *P. grandis; Dnjestr R., Ukraine; holo-
type, X0.77 (Sokolov, 1972).

Pscudorhizostomites Sprice, 1949, p. 87 [*P. how-
chini; OD)] [ =Pseudorhopilema Sericc, 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.
U.Precam., S.Australia. Fic. 10,2. *P. how-

Introduction—Biogeography and Biostratigraphy

chini, Ediacara; 2a,b, X 1.3 (Sprigg, 1949).
Rugoconites GLAESSNER & WADE, 1966, p. 610 [*R.
enigmaticus; 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. U.Precam., S.Australia. Fic. 10,4. *R.
enigmaticus, Ediacara; holotype, X1 (Glaessner &
Wade, 1966).

PROBLEMATICAL
COELENTERATA

“PETALONAMAE” Pflug, 1970

[Petalonamidae Prruc 1970a, p. 258; Phylum Petalonamae
PrLuc, 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 PrLuc (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. PrLuc 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 PrLug, 1970a-
1974b, for details); however, it is convenient
to group the interconnected taxa listed be-
low provisionally under the name proposed
by PrLuc (which was accepted by GEerwms,
1972a, and GraessNEr & WALTER, 1975),
without defining its status in classification
and nomenclature, until clear distinctions
between observable and hypothetically pos-
tulated characters can be drawn.] U.
Precam.

Family PTERIDINIIDAE Richter, 1955

[=Class Pteridiniomorpha PrLuc, 1972b, p. 158]

Leaflike, elongate structures (“petal-
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F1c. 10. Medusae of uncertain affinitics (p. 494-496).
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b — " Pterinidium

Fic. 11. Pteridiniidae (I); Rangeidae (2) (p. 496-499).

© 2009 University of Kansas Paleontological Institute
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0ids”), 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 PrLuc is unconvincing. These fossils,
together with Rangea, were considered by
Ricuter (1955) as Gorgonaria and by
GrarssNer (in GragssNer & Darwy, 1959)
as Pennatulacea.] U.Precam.(Vend.).

Pteridinium GUricH, 1933, p. 144 [*P. simplex;
OD] [=Pteridium Giricn, 1930, p. 637 (nom.
nud.) (non Scopori, 1777); ?Onegia SokoLov,
1976]. Characters of family. U.Precam.(Nama
Gr.), SW.Afr.; U.Precam.(up. Vend.), NJUSSR-S.
Australia. Fic. 11,1. *P. simplex, Nama Gr.,
SW.Afr.; la, specimen closely resembling neotype,
X 0.8 (Glaessner, 1963); 15, group of specimens
on slab in State Museum, Windhook) (Glaessner,

n).
Family RANGEIDAE Glaessner, new

[=Class Rangeomorpha Prrug, 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. schneiderhéhni;
OD]. Characters of family. U.Precam.(Nama
Gr.), SW.Afr. Fic. 11,2, *R. schneiderhéhni,
X1.6 (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 Forp, 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. Fic. 12,3. *C. masoni; plaster cast of
holotype, <0.45 (Glaessner, n; Leicester City
Museum no. 279,1958).

A9

Charniodiscus Forp, 1958, p. 213 [*C. concentricus;
OD] [=Charnia Forp, 1958, p. 212 (partim);
Arborea GLAESSNER & WabE, 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. [Forp
(1958) distinguished Charniodiscus 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 Charniodiscus
as a “disc-like organism.” In 1963 he figured
this entire specimen as C. concentricus “‘with
Charmia 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 Charniodiscus concentricus
and concludes also that this frond shows the
characters of Arborea, which consequently be-
comes a synonym of Charniodiscus.] U.Precam.,
Eng.-S.Australia. Fic. 12,2a. *C. concentricus,
Charn., Eng.; plaster cast of holotype with frond
attached, approx. X0.3 (Glaessner, n; Leicester
Univ. no. 2383/1-2). Fic. 12,2b,c. C. arboreus
(GraEssNER); 25, S.Australia (Ediacara), discoidal
base and stalk, 0.3 (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 X0.2 (fig. by R. J. F. Jenkins,
Glaessner, n; Adelaide Univ.).

Glaessnerina Germs, 1973, p. 5 [*Rangea grandis
GLAESSNER & Wapg, 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. Fic. 12,1. G. sibirica (SoxoLov),
N.Sib.; X0.67 (Sokolov, 1972).

Family ERNIETTIDAE Pflug, 1972

[Erniettidae PrLug, 1972b, p. 163] [=Class Erniettomorpha
Prruc, 1972b, p. 158; Family Ernionormidae Prrug, 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. [PrLuc (1972D)
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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F1c. 12. Charniidae (p. 499).

in five subfamilies, four families and two type specimens that are so poorly preserved
orders of a class Erniettomorpha; however, as to be unrecognizable (see list on p.
many apparent differences could be the 4112). It seems appropriate to separate the
results of postmortal deformation whereas tall, complexly sutured forms at subfamily
others appear to be due to variability of level from those more or less close to
growth and preservation. Some genera have  Ernietta.]

=
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Nasepia

A101

Arumberia

Fic. 13. Erniettidae (1-4); Family uncertain (5,6) (p. 499-4102).

Subfamily ERNIETTINAE Pflug, 1972
[Erniettinae PrLug, 1972b, p. 163] [=Ernionorminae PFLuG,
1972b, p. 160; Erniodiscinae Prrug, 1972b, p. 158]

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

Ernietta Prruc, 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. Fic. 13,2. *E. plateauensis;
2a,b, X1 (Pflug, 1972b).

Erniofossa Prruc, 1972, p. 159 [*E. prognatha;
OD] [=P?Erniodiscus PrrLuc, 1972b, p. 158;
?Erniaster PrLuc, 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 Prruc, 1972, p. 160 [*E. abyssoides;
OD] [=Erniobaris Prruc, 1972b, p. 161]. Body
with elliptic basal outline, highly convex, with
median groove between distinct lateral ribs. U.
Precam.(Nama Gr.), SW.Afr. Fic. 13,3. E.

© 2009 University of Kansas Paleontological Institute
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Cloudina

Fic. 14. Vologdinophyllidae (p. 4102).

corrector PrLuc; 3a, X1; 36, X1 (Pflug, 1972b).

Subfamily ERNIOBETINAE Pflug, 1972
[Erniobetinae Prruc, 1972b, p. 165]

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

Erniobeta Prruc, 1972, p. 166 [*E. scapulosa; OD].
Body columnar, ribbed, top surface convex, with
median groove, sutures more or less distinct; oc-
curring in “colonies.” U.Precam.(Nama Gr.), SW.
Afr. Fic. 13,4. E. forensis PrLuc; 4a,b, X1
(Pflug, 1972b).

Erniograndis Prruc, 1972, p. 165 [*E. sandalix;
OD]. Body tall, ribbed, bulbous, transversely
sutured, open end narrowed, median line sub-
apical. U.Precam.(Nama Gr.), SW.Afr. Fic.
13,1. *E. sandalix; lab, X0.3 (Pflug, 1972b).

Family UNCERTAIN

Arumberia GLAESSNER & WALTER, 1975, p. 61 [*4.
banksi; OD]. Hollow, compressible, ribbed, coni-
cal to cylindrical bodies, attached by blunt apex;
ribs may bifurcate. Uppermost Precam., C.Aus-
tralia. Fic. 13,6. *A. banksi, Laura Creek
(nr. Alice Springs); casts of several specimens on
lower bedding surface; X 0.2 (Glaessner & Walter,
1975).

Baikalina Sokorov, 1972 [*B. sessilis; M]. Bag-
shaped body, narrow at base, with mm-sized,

© 2009 University of Kansas Paleontological Institute
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longitudinal, flat ribs. U.Precam.(U.Vend.), S.Sib.
Namalia Germs, 1968, p. 53 [*N. wvilliersiensis;
OD]. 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; OD]. Leaf-
like bodies with fine ribs subparallel to long axis
and with clearly marked margins. U.Precam.
(Nama Gr.), SW.Afr. Fie. 13,5. *N. altae;
X 0.6 (Germs, 1973a).

UNRECOGNIZABLE AND REJECTED GENERA
ASSIGNED BY PFLUG (1972b)
TO “ERNIETTOMORPHA”

Erniocarpus PrrLuc, 1972, p. 164 [*E. carpoides;
‘OD]. Single, weathered, discoidal specimen.
Erniocentris PrLuc, 1972, p. 159 [*E. centriformis;
OD]. Single specimen with concentric ribbing.
Possibly a concretion.

Erniocoris Prruc, 1972, p. 164 [*E. orbiformis;
OD]. Single weathered specimen superficially re-
sembling mold of bivalve shell.

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

Erniotaxis Prruc, 1972, p. 165 [*E. segmentrix;
OD]. Fragmentary molds consisting of few ribs
only, placed by PrrLuc (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. transl. GraEssNEr, 1976a (ex Class Cribricyathea

VorocpIN, 1961, p. 177); see HiLr, 1972, p. E134]

?Family VOLOGDINOPHYLLIDAE
Radugin, 1964
[see Hir, 1972, p. E138]

Cloudina Germs, 1972b, p. 752 [*C. hartmannae
(=C. hartmanae GLAESSNER, 1976a, emend.);
OD]. 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 Clondina to the Cribricyathea and of this
order to the Polychaeta, see GLAEssNER, 1976a.]
U.Precam., SW.Afr.; ?L.Cam., S.Am.(Arg.).
Fic. 14,1. *C. hartmanae; U.Precam., SW.Afr.;
% 0.3 (Germs, 1972b).
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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
HARrRINGTON & Moore (1955) (see also this
Treatise, 1956, p. F24-F25). This was based
on a series of misunderstandings starting
with Sprice’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 Jounson and Fox
(1968) are unrelated to Dickinsonia and
are now considered by Croup (1973) as
based on pyrite rosettes. The family Dickin-
soniidae can be accommodated in the order
Amphinomorpha in Crarx’s (1969) system
of the Polychaeta, in view of its proximity
to the Spintheridae. Wapke (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.]

Dickinsonia Sericc, 1947, p. 221 [*D. costata; OD]
[=Papilionata Serice, 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-elytral ridges well
developed; filled intestine with intestinal caeca
may be preserved. U.Precam., S.Australia-N.USSR.

Fic. 15,2. *D. costata, S.Australia(Ediacara);

2a, X0.64; 2b,c, X0.8 (Sprigg, 1949).

Family SPRIGGINIDAE Glaessner, 1958
[See HoweLL, 1962, Treatise, p. W154)
Spriggina GLAESSNER, 1958, p. 158 [*S. floundersi;
OD]. Prostomium horseshoe-shaped, strongly
sclerotized, with a sharp medio-posterior semi-

=

Dickinsonia 3 Spriggina
Fic. 15. Dickinsoniidae (2); Sprigginidae (1,3)

(p. A103-4104).

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-
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Anabarites

Fic. 16. Anabaritidae (p. 4104).

cles; convexity variably placed near the first trunk
segments suggests a well-developed pharynx. U.

Precam., S.Australia. Fic. 15,3. *S. floundersi,
Ediacara; X1 (Glaessner, n; Univ. Adelaide coll.
no. F17354).

Marywadea GLAESSNER, 1976, p. 169 [*Spriggina ?
ovata GLAESSNER & WAaDE, 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.

Fic. 15,1. *M. ovata (GLAESSNER & WADE),

Australia (Ediacara); holotype, X3.2 (Glaessner
& Wade, 1966).

Family ANABARITIDAE Glaessner, new

[=Angustiochreidae 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 & Sysorev
(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 Missarzaev-
sKY in a new family Augustlochreldae (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 MissARzZHEVSKY in VoroNova & Mis-
SARZHEVSKY, 1969, p. 209 [*A4. trisulcatus; OD]
[=Angustiochrea VaLxov & Sysoiev, 1970, p. 97

2009 University of
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(type, A. lata; OD)]. Small, thin-walled, elon-
gate-conical tubes, trilobed to triangular or tri-
radiate in transverse section. [The synonymy of
Angustiochrea 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. Fic. 16,1. *4.
trisulcatus, U.Precam.(Vend.), Anabar reg.; X25
(Matthews & Missharzhevsky, 1975).

Phylum ARTHROPODA
Siebold & Stannius, 1845

[see this Treatise, 1959, p. 04]

Superclass TRILOBITOMORPHA
Stgrmer, 1944 (or CHELICERATA
Heymons, 1901)

[See this Treatise, 1959, p. 022; 1955, p. Pl, 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.Precam.

Vendomia KeLLer in KeLLErR & Feponkin, 1976,
p- 43 [*V. menneri; 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 FeponkiN in KeLLEr & Feponkin, 1976, p
42 [*O. stepanovi; OD]. Elliptic flat body with
sharp outline; wide, smooth, marginal area, wider
at anterior (?) end which is crescent-shaped; be-
hind 1t 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 GraAessNErR & Wabpg, 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. Fic.

Kansas Paleontological Institute
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17,1. *P. sigillum; diagramm. reconstr.,
(Glaessner & Wade, 1971).

Vendia KerLrLer in Rozanov et al., 1969, p. 175
[*V. sokolovi; OD]. 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. Fic. 17,2.
*V. sokolovi, Yarensk; X5 (Sokolov, 1972).

Superclass CRUSTACEA
Pennant, 1777

Class BRANCHIOPODA
Latreille, 1817

(see 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 Marrella War-
corr 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 & BErGsTRGM, 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). DeLie Cave
and SimoneTTA (1975) indicated similarities
with Skania fragilis Wavrcotr, 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; OD]. Characters of
family (sce Fig. 18). U.Precam., S.Australia.

DOUBTFUL ARTHROPODA

Velancorina PrrLuc, 1966, p. 17 [*V. martina; OD].
Outline arcuate anteriorly, converging posteriorly,
several marginal ridges and furrows, two stronger
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Fic. 17. Vendomiidae (p. 4104-4105).

central ridges separated by a pronounced median
furrow, not ecxtending to margins; some fine
longitudinal striae, no pronounced transverse sculp-
ture except short grooves near axis. U.Precam.,
SW.Afr.; L.Cam., W.Can. [Younc (1972) de-
scribed a “Rusophycus sp.” from the Lower Cam-
brian. It lacks the characteristic transverse sculp-
ture. It does not show the transverse grooves
described by Prruc that are shown in his draw-
ing of Velancorina but not discernible in his
photographs; the Canadian fossil is otherwise
indistinguishable  from Although
not a trilobite “resting trail,” this fossil with its
bilaterally symmetrical shieldlike outline and me-
dian groove may represent the ventral impression
of a primitive arthropod. ]

Velancorina.

© 2009 University of Kansas Paleontological Institute
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Fic. 18. Growth series of Parvancorina mincham: GraessNerR from S. Australia (Ediacara) plotted on
expanded scale (X5) of length and width, with illustrations of specimens (X1) 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 entirc 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 Soxorov 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
NgrREVANG, 1975).]

Family SAARINIDAE Sokolov, 1965

Tubes very thin, translucent, consisting

of funnel-shaped narrow rings. U.Precam.
(Vend.)-L.Cam.

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

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 Sokorov, 1965, p. 90 [*P. evenkiana;
OD]. 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. Fic. 19,1.
*P. ¢f. P. evenkiana, int. molds, up.Vend., S.Sib.;
X5 (Sokolov, 1975).
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Paleolina

Fic. 19. Sabelliditidae (p. 4107).

Phylum UNCERTAIN

Class, Order, and Family
UNCERTAIN

Redkinia Sokorov, 1976, p. 141 [*R. spinosa; OD].
Brown to black, chitinoid, blade-like fossils with
13-15 curved spines about 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 GrLAESSNER in GLAESSNER & DaILy,
1959, p. 389 [*T. heraldicum; OD]. 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. Wape) (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. Geol.,
Univ. Adelaide).

© 2009 University of Kansas Paleontological Institute



F1c. 20. Family uncertain (p. 4107-4108).

Small, Y-shaped groove (?mouth) 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. Fic. 20,I. *T. her-
aldicum, Ediacara; X1 (Glaessner & Daily, 1959).
Vermiforma Croup, in Croup et al., 1976, p. 405
[*V. antiqua; OD]. Wormlike, coiled and looped
impressions, 1.5-2 cm 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.]
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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 VoLocpiN & 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.Yudom.), E.Sib.

Majella Vorocpin & Mascov, 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.Yudom.), E.Sib.

Family UNCERTAIN

Petalostroma PrrLug, 1973, p. 192 [*P. kuibis; OD].
Saucer-shaped bodies up to tens of cm 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. [PrLuc (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 SchorF, 1968 [*A4. johnsonii]

Animikiea BARGHOORN, 1965 [*4. septata)
Antigus BuTiN, 1959 [*.1. cusarandicus)

© 2009 University of Kansas Paleontological Institute

Archaeogloeocapsa REITLINGER, 1956 [*A4. povarov-
kensis]

Archaeonema ScHopr¥, 1968 [*A. longicellularis)

Archaeorestis BARGHOORN, 1965 [*4. schreiberensis]
? Archaeosphaeroides ScrHopF & BARGHOORN, 1967
[*A4. barbertonensis]

Archaeotrichion ScHorF, 1968 [*4. contortum]

Bigeminococcus ScHoPF & Bracic, 1971 [*B. lamel-
losus]

Biocatenoides ScuopF, 1968 [*B. sphaerula]

Calyptothrix ScuorF, 1968 [*C. annulata)]

Caryosphaeroides ScHorF, 1968 [*C. pristina)
?Catinella PrLug, 1966a [ *C. polymorpha]

Caudiculophycus ScHorF, 1968 [*C. rivularioides]

Cephalophytarion SchorF, 1968 [*C. grande]
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Chlamydomonopsis Epmorn, 1973 [*C. primor-
dialis)

Contortothrix Scuorr, 1968 [*C. vermiformis]

Cumulosphaera Epxorn, 1973 [*C. lamellosa)

Cyanonema ScHoPF, 1968 [*C. attenuata]

Entosphaeroides BARGHOORN, 1965 [*E. amplus)

Eoastrion BArRGHOORN, 1965 [*E. simplex]

Eobacterium BarcHOORN & ScHopf, 1966 [*E. iso-
latum)

Eoepiphyton BuTin, 1959 [*E. jalgamicum)

Eomycetopsis ScHorF, 1968 [*E. robusta)

Eosphaera BArRGHOORN, 1965 [*E. tyleri]

Eotetrahedrion Scuopr & Bracic, 1971 [*E. prin-
ceps]

Eozygion ScHorF & Bracic, 1971 [*E. grande]
?Fibularix PrLuc, 1965 [*F. funicula]

Filamentella PrLuc, 1965 [*F. plurima)

Filiconstrictosus ScHopr & Bracic, 1971 [*F. ma-
jusculus)

Glenobotrydion ScropF, 1968 [*G. aenigmatis]

Globophycus ScHorF, 1968 [*G. rugosus]

Gloeodiniopsis ScaorF, 1968 [*G. lamellosa)

Gunflintia BARGHOORN, 1965 [*G. minuta]

Halythrix Schopr, 1968 [*H. nodosa)

Heliconema Scuop¥, 1968 [*H. australiensis)

Huroniospora BaRGHOORN, 1965 [*H. microreticu-
lata)

Kakabekia BarcHoorn, 1965 [ *K. umbellata)

Millaria Prruc, 1966a [*M. implexa)

Montanella PrLug, 1965 [*M. beltensis)

Myxococcoides Scrorr, 1968 [*M. minor]

Obconiphycus ScHopr & Bracic, 1971 [*O. ama-
deus)

Oscillatoriopsis Scuopr, 1968 [*O. obtusa)

Palaeoanacystis Scrorr, 1968 [*P. vulgaris)

Palacolyngbya Scuorr, 1968 [*P. barghoorniana)

Palaeomicrocoleus Korpe in VoroGpiN & KorbE,
1965 [*P. gruneri]

Palaeopleurocapsa KnoLL, BarcHOORN, & GoLusié,
1975 [*P. wopfnerii]

Palaeorivularia KoroE, 1965 [*P. ontarica)

Palacoscytonema EpHorN, 1973 [*P. moorhousei]

Palaeospiralis EpHorn, 1973 [*P. canadensis]

Palaeospirulina EptornN, 1973 [*P. arcuata)

Partitiofilum Schorr & Bracic, 1971 [*P. gongy-
loides)

Petraphera L. Nacy, 1974 [*P. vivescenticula)]

Phanerosphaerops ScHopF & Bracic, 1971 [*P.
capitaneus)

Polycellaria PrLuc, 1965 [*P. bonnerensis)

Primorivularia EpHorN, 1973 [*P. thunderbayensis)

?Protorivularia Burin, 1959 [*P. onega]

Ramsaysphaera PrLuc, 1976 [*R. ramses] [The
systematic placement of this 3.4 by old fossil is
uncertain]

Scintilla Prrug, 1966 [ *S. perforata]

Siphonophycus ScHorF, 1968 [*S. kestron]

Sphacrocongregus MoorMaN, 1974 [*S. variabilis)
[According to VibaL (1976), an acritarch, and a
synonym of Bavlinella SHeEpeLEVa, 1962]

Sphaerophycus Scror¥, 1968 [*S. parvum]
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Tenuofilum ScHoprF, 1968 [*T. sepratum)

Tormentella PrLuc, 1966a [*T. tubiformis]

Tricellaria PrLuc, 1965 [*T. deylensis]

Veteronostocale ScHorr & Bracic, 1971 [*V. amoe-
num)

Zosterosphaera ScHopF, 1968 [*Z. tripunctata)

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
Vorkova et al., 1968, with additions):
[ =DBotholigotriletum Timoreev, 1958, Oc-
ridoligotriletum TiMmoreev, 1958; Steno-
zonoligotriletum Timoreev, 1958; Trachyo-
ligotriletum TiMmoFEEv, 1958; Protoleiosphae-
ridium Tivoreev, 1959; Leiosphaeridium
Timoreev, 1959; Lopholigotriletum TiMo-
FEEV, 1959; Leiopsophosphacra Naumova,
1960, Wendiella Timoreev, 1960 (nom.
nud.); Kildinella SuepeLEvA & TIMOFEEY,
1963; Turuchania Rupavskaya, 1964; Proto-
sphaeridium Timoreev, 1966; ?Menneria
LorukHIN, 1971]. Others, mostly larger, are
placed in the genus Chuaria Wavrcorr, 1899
[*C. cicularis] [= Fermoria CHAPMAN,
1935; Protobolella Cuarman, 1935; Vindhy-
anella Sauni, 1936; Krishnania SaHN1 &
Srivastava, 1954; Kildinella SHEPELEVA &
Timoreev, 1963 (partim)]. (Synonymy
from Forp & Breep, 1973.) A similar form,
ranging up to 44 mm in diameter, is
Beltanelloides Soxorov, 1965 [*B. sori-
chevae| [=DBeltanelliformis 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

Warter (1976).

Acaciella WaLTER, 1972 [*Cryptozoon australicum
HowcHin, 1914]
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Alcheringa WALTER, 1972 [*A4. narrina]

Aldania Kryrov, 1969 [*Gymnosolen sibericus
YakovLEv, 1934)

Alternella RaaBeN, 1972 [*A4. hyperboreica)

Anabaria KoMar, 1964 [*4. radialis]

Archaeozoon MaTHEws, 1890 [*A. acadiense]

Baicalia Kryrov, 1963 [*Collenia baicalica MasLov,
1937]

Basisphaera WALTER, 1972 [*B. irregularis)

Boxonia KoroLyuk, 1960 [*B. gracilis]

Calevia BuTiN, 1959 [*C. olenical

Carelozoon MEeTzGER, 1924 [*C. jatulicum)
[=Carelosoon ButiN, 1966 (nom. wvan.)] [See
HantzscHEL, 1975, p. W182. 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 Wavrcorrt, 1914 [*C. undosa)

Colleniella KoroLyuk, 1960 [*C. idensis]

Columnacollenia KoroLyuk, 1960 [No type species

designated]

Columnaefacta KoroLyUK, 1960 [*C. clongata)

Columnaria VoLocpiN, 1962 [No type species desig-
nated]

Compactocollenia KoroLyuk, 1960 [No type species
designated}

Conophyton Masrov, 1937 [*C. lituum]

Conusella Gorovanov, 1970 [*C. regularis)

Dabania SHENFIL, 1972 [*D. chopichica)

Dgerbia DoLNixk, 1974 [*D. grumulosa] [=Djerbia
AUCTT. (nom. van.)]

Eucapsiphora CrLoup & SemiknHaTOV, 1969 [*E.
paradisa)

Gaia Kryrov, 1975 [*G. irkuskanica)

Georginia WALTER, 1972 [*G. howchini]

Gongylina Komar, 1964 [*G. differenciata)

Gruneria CLoup & SEMIKHATOV, 1969 [*G. biwa-
bikia)

Gymnosolen STEINMANN, 1911 [*G. ramsayi]

Iliella Kryvov, 1975 [*1. kotuikanica)

Inzeria KryLov, 1963 [*1. tjomusi]

Irregularia KoroLyuk, 1960 [No species mentioned]

Jacutophyton SzarovaLova, 1968 [*]. ramosum]

Jurusania Kryrov, 1963 [*]. cylindrica]

Kasaia BERTRAND-SaFaTI, 1972 [*K. convexa]

Katavia Kryrov, 1963 [*K. karatavica)

Katernia Croup & SEMikHATOV, 1969 [*K. africana)]

Kotuikania KoMmar, 1964 [*K. torulosa)]

Kulparia Preiss & WALTER, in WALTER, 1972 [*K.
kulparensis Preiss, 1973]

Kurtunia SHENFIL, 1972 [*K. tluntuica)

Kussiella Kryrov, 1963 [*Collenia kussiensis; (=C.
kussiensis MasLov MS., nom. nud.)]

Lenia DovNig, 1971 [*L. jacutica)

Linella Kryvov, 1967 [*L. ukka]

Malginella Komar & Semixuatov, 1970 [?]

Microstylus Komar, 1966 [*M. perplexus]

Minjaria Kryrov, 1963 [*M. uralica]

Nouatila BERTRAND-SARFATI, 1972 [*N. frutectosa]

Nucleella KoMmar, 1966 [*N. figurata)
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Olenia BuTin, 1960 {*O. rasus)

Omachtenia Nuzu~ov, 1967 [*O. omachtensis)
?Palia Butin, 1966 [*P. septentrionalis)

Paniscollenia KoroLyux, 1960 [*P. vulgaris]

Parmites RaaBEN, 1964 [*P. concrescens]

Patomia Kryrov, 1967 [*P. ossica]

Pilbaria WALTER, 1972 [*P. perplexa)

Pitella SEmikHATOV, 1962 [*P. lanceolata)

Planocollina KoroLJUK, 1960 [*P. serrata)

Platella KoroLjuk, 1963 [No species mentioned]

Poludia RaaBEN, 1964 [*P. polymorpha)]

Pseudokussiella KryLov, 1963 [*P. aiz]

Ramulus RaaBen, 1972 [*R. sociabilis]

Sacculia KoroLJUK, 1960 [*S. ovata]

Segosia BuTin, 1966 [*S. columnaris)

Serizia BERTRAND-SARFATI, 1972 [*S. radians)

Stratifera KoroLjuUk, 1963 [*S. raral

Sundia Burin, 1966 [*S. ramosa)

Svetliella SHaPovaLova, 1968 [*S. svetlica)

Tarioufetia BERTRAND-SARFATI, 1972 [*T. hemis-
pherica)

Tenupalusella GoLovanov, 1970 [*T. bracteata]

Tifounkeia BERTRAND-SARFATI, 1972 [*T. ramifi-
cata]

Tilemsina BERTRAND-SARFATI, 1970 [*T. divergens)

Tinnia DoLNIK, 1971 [*T. patomica)

Tungussia SEMikHATOV, 1962 [*T. 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. VorocpiN (1962) con-
sidered these taxa as Cyanophyta except
Pustularia, Rubellophyton (possibly Rhodo-
phyta), and Tubulistroma (possibly Chloro-

phyta).

Abruptophycus Vorocpin, 1962 [*4. compositus]
Amplectostroma VoLocDIN, 1966b [*A4. ramificata)
Angarophycus VoLocpIN, 1962 [*A4. depictus]
Antiquophytolithus Vorocpin, 1962 [*4. filamen-
taris]
Azyrtalia VoLocpiN, 1969b [*4. zonulata)
Borlogella VovrocpiN, 1962 [*B. multifaria)
Bulbistroma VorocpiN, 1962 [*B. curtothallum]
Bursiphycus Vovrocpin, 1962 {*B. bullatus]
Cirriphycus Vorocpin, 1962 [*C. ordinatus)
Columnaria VoLocpin, 1962 [*C. turuchanica)
Crispophycus VovrocpIN, 1962 [*C. sibiricus]
Crustophycus VoLocbiN, 1962 [*C. angaricus]
Cyanostroma VoLOGDIN, 1962 [*C. turuchanicum]
Cystostroma VoLoGDIN, 1962 [*C. varians]
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Echaninia VoLocpiN, 1969a [ *E. mucosa]
Fibrostroma VoLocpiN, 1962 [*F. fibrillatum)
Fillostroma VorocpiN, 1962 [*F. moticum)
Grabauella VoLocpiN, 1964 [*G. dependitis]
Granifer VoLocpIN, 1955 [*G. conicus)
Jatuliana KorpE in VoLocpIN & KorpEe, 1965 [*].
furcata]
Lamellophycus Vorocpin, 1962 [*L. aculeatus)
Lamellostroma VoLocDIN, 1962 [*L. vesiculare]
Leiostroma VoLoGpIN, 1966b [*L. eleganta]
Leptotrichomaria VoLocpiN, 1962 [*L. intermissal
Lermontovaephycus VorocpiN, 1962 [*L. lamel-
losus]
Lopatinella VorLocpiN, 1962 [*L. bipartita]
Mucostroma VoLoGpIN, 1966b [*M. carelica)
Murandavia Vorocpin, 1965b [*M. amurica)
=?Kareliana Korpe in VorocpIN & KORDE,
1965]
Nerusiandella Vorocpin, 1962 [*N. faveolata)
Papulophycus VoLocpiN, 1962 [*P. pennatus]
Perennaria VoLocpIN, 1962 [*P. ambigua)
Pilostroma VoLocpiIN, 1962 [*P. grumosum)
Plexostroma VoLocpiN, 1962 [*P. pleurotropum)
Praechroococcus VoLocpin, 1962 [*P. catervatus)
Protoepiphyton Vovrocpin, 1962 [*P. curtofiligerum)
Pustularia VoLocpiN, 1955 [*P. zaeniata]
Ramulostroma VoLocpIN, 1962 [*R. ramulosum)
Rubellophyton Vorocpin, 1966b [*R. rameus]
Sarmaella VoLocpIN, 1962 [*S. vesiculosa]
Scandophycus VoLocpin, 1962 [*S. crispobilis)
Sphacrothallus VoLocpin, 1962 [*S. spissus]
Telastroma VorocpiN, 1962 [*T. tenuirimulatum}
Thysanoplanta VoLocpiN & TiToRENKO, 1966 [*T.
filamentosa)
Trichostroma VoLocpIN, 1962 [*T. capilliforme]
Tschichatschevia Vorocpin, 1955 [*Conophyton
litus MasLov] [obj. syn. of Conophyton]
Tubulistroma VoLocpiN, 1962 [*T. scrofulosum)
Vesicularia VoLocpiN, 1962 [*V. nidifica)
Vittophyton Vorocpin, 1962 [*V. parvum)

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 VoLocpIN, 1970 [*4. shungiticus]

Ambigolamellatus ZnuravLeva, 1968 [*A. horridus)

Antholithina CHousert & H. & G. TERMIER, 1951
[*4. rosacea] [see HinTzscher, 1975, p. W169]

Aseptalia VoLocpIN in VoLocpIN & STRYGIN, 1969
[*A. ukrainika] {2 billion years old; certainly not
metazoan as claimed)
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Asterosphaeroides ReiTLINGER, 1959 [No type spe-
cies designated]

Birrimarnoldia Hovasse & Couturg, 1961 [*Ar-
noldia antiqgua Hovasse] [see HinNTzscHEL, 1975,
p. W155]

Cayeuxipora GRAINDOR, 1957 [No type species desig-
nated] [see HiNTzZscHEL, 1975, p. W155]

Cayeuxistylus GraiNDor, 1957 [No species desig-
nated] [see HinTzscHEL, 1975, p. W155]

Conferta KLINGER, 1968 [*C. rara]

Crenulata BERTRAND-SARFATI, 1972 [*C. gigantea)

Foninia KorbEg, 1973 [*F. fasciculata)

Globoidella MiLsTEIN, 1970 [*G. jusmastachica)

Gonamophyton VoLocpiN & Drozbova, 1964b [*G.
ovale)

Gorlovella VorLocoin, 1970 [*G. obvoluta)
?Ladogaella VoLocpiN, 1967 [*L. variabilis]

Marenita Korpg, 1973 [*M. kundatica}

Medullarites NarozunvkH in NAROZHNYKH & Ra-
BOTNOV, 1965 [No type species designated]

Nelcanella VoLocpiN & Drozoova, 1964a [*N.
stellata)

Protospira VoLocpiN in VoLocpIN & STRYGIN, 1969
[*P. strygini)

Ptilophyton VorocpiN, 1967 {*P. makarovael

Radiosus ZHURAVLEVA, 1964 [*R. limpidus)

Tazenakhtia CHouBerT & H. & G. TermiEegr, 1951
[*T. aenigmatica]l [see HANTzscuer, 1975, p.
wi179]

Tubiphyton CHousertT & H. & G. TEerMIER, 1951
[*T. taghdoutensis] [see HinNTzscHEL, 1975, p.
W179)]

Vallenia RAuNsGAARD PEDERSEN, 1967 [*V. erling:)]
[see HinTzscuer, 1975, p. W167]

Vermiculites ReITLINGER, 1959 [non Vermiculites
RouvauLT, 1850, nec Bronn, 1848]

Vermiculus BERTRaND-SArRFATI, 1972 [*V.
tortus)

Vesicophyton VoLocpIN in VorocpIN & Drozbova,
1969 [*V. punctatum]

Vesicularites REITLINGER, 1959 [*V. flextosus)
Volvatella NarozuNYkH, 1967 [*V. obsoleta)

con-

MEGASCOPIC ALGAE

Aataenia GNILovsKAYA, 1976 [*A. reticularis)

Eoholynia GNILOVSKAYA, 1975 [*E. mosquensis]

1976
1899

Grypania WaLTer, OEHLER, & OEHLER,
[*Helminthoidichnites? spiralis WaLcoTT,
(non H. FrrcH, 1850)]

Laminarites BroncNiarT, 1828 [see HANTZSCHEL,
1975, p. W186] [The name L. antiquissimus
EicuwaLp, 1856, is often 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, OenLER, & OEHLER, 1976
[*L. striata)
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Papillomembrana SeyeLpNaEss, 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, OEeHLER, & OEHLER, 1976
[*P. montana)

Timanella VoLocpIiN in VorLocpiIN & KOCHETKOV,
1966 [*T. gigas] [Described as Chlorophyta Dasy-
cladacea, 10-20 cm long, from Lower Cambrian-
Proterozoic of N.USSR].

Tyrasotaenia GNiLovskaYa, 1971 [*T. podolica)
[ ? Phaeophyta}
Vendotaenia GNILOVSKAYA,
[ ? Phaeophyta]

1971 [*V. antiqua]
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Archaeichnium GragssNEr, 1963 [*A4. haughtoni]
[see HaNTZSCHEL, 1975, p. W37)

Buchholzbrunnichnus Germs, 1973 [*B. kroeneri]

Bunyerichnus Graessner, 1969 [*B. dalgarnoi)
[see HinTzscHEL, 1975, p. W49)

Harlaniella Soxorov, 1973 [*H. podolica]

Nenoxites FEDONKIN, 1976 [*N. curvus)

Suzmites FEDONKIN, 1976 [*S. volutatus)
Torrowangea WEeBBY, 1970 [*T. rosei] [see
HanTtzscHEL, 1975, p. W117] [The Precambrian
age of the Lintiss Vale Formation (W. New South
Wales, Australia) was disputed by Dawy (1973)
but insisted on by Wessy (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 LesesconTe, 1891 [*4. simplex] [p.
w1801

Archacophyton BritToN, 1888 (*A. newberryanum)
(p. W169]

Archaeosphaerina  Dawson,
named] [p. W169]

Aristophycus MiLLER & DyER, 1878 [*A4. ramosum]

1875 [No species

[p. W169]

Armelia Lesesconte, 1891 [*4. barrandei] |p.
W180]

Aspidella Birings, 1872 [*A4. terranovica) [p.
w171]

Atikokania Warcorr, 1912 [*4. lawsoni] [p.
wl171]

Beaumontia Davip, 1928 [*B. eckersleyi] [p.
W180]) [=Beaumontella Davip, 1928 (nom.
null.)]

Beltina Wavrcorr, 1899 [*B. danai} [p.W182}
Botswanella PrLuc & StriseL, 1969 [Considered
by the authors as postsedimentary products of iron
bacteria; the name is not meant as biological
nomenclature]
Camasia WaLcorT,
wi71]
Caragassia VorocpiN, 1965a [*C. krassevi] [Casts
of mud flakes]
Collinsia Bain, 1927 [*C. mississagiense] [p.W173]
Copperia Warcorr, 1914 [*C. tubiformis] {p.
W173] [=Cooperia CHousBerT & H. & G. TEr-
MIER (nom. null.))
Corycium SEDERHOLM,

1914 [*C. spongiosa] [p.

1911 [*C. enigmaticum)

{p. W184] [Accumulation of organic carbon in
a distinctive form; not a biosystematic taxon]

Ctenichnites MaTTHEW in SELwyn, 1890 [No spe-
cies mentioned] [p. W173]

Eospicula DE LAUBENFELS,
[p. E33]

Eozoon Dawson, 1865 [*E. canadense] [p. W173]
Gakarusia Haucuron, 1964 [*G. addisoni} [p.
w147]
Gallatinia
Ww175]
Greysonia WAaLcCoOTT,

W175]

Ikeya VoLocpiN, 1965a [*I. tumida] [Casts of mud
flakes)

Iyaia VorocpiN, 1965a [*I. sayanica] [Casts of
mud flakes]

Kempia BaiN, 1927 [*K. huronense] [p. W175]

Kinneya Warcotr, 1914 [*K. simulans] {p. W176]

Manchuriophycus Enpo, 1933 [*M. yamamotoi] [p.
w176}

Mawsonella Cuapman, 1927 [*M. wooltanensis]
[Described as green alga, now considered as intra-
formational carbonate breccia]

Medusichnites MatTHEW, 1891
W175)

Montfortia L.eBEsconTE, 1887 [p. W190]

Neantia LesesconTE, 1887 [p. W176]

Newlandia Warcort, 1914 [*N. frondosa] [p.
w176]

Orthogonium Gorich, 1933 [*O. parallelum] [p.
W186]

Palaeotrochis Emmons,
designated] [p. W177]

Protadelaidea TiLLyarp, 1936 [*P. howchinil [p.
wW177]

Protoniobia Serice, 1949 [*P. wadea] [sec Har-

1955 [*E. cayeuxi]

WaLcort, 1914 [*G. periexta] [p.

1914 [*G. basaltica]l [p.

[No species] [p-

1856 [No type species
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RINGTON & MoorE, 1956, p. F159]

Reynella Davip, 1928 [*R. howchini] [p. W178]
Rhysonetron Hormann, 1967 [*R. lahwi] [p.
W178]

Sayanella VoLocpiN, 1966a [*S. akshanica] [Bed-
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ding plane features of mechanical origin]
Telemarkites Dons, 1959 [*T. enigmaticus] [p.
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 origin 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

1Manuscript 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
Cambrian 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 (Spzuy, 1958; LocH-
MaN-BaLK & WiLson, 1958; Kopavashi,
1967; REeriNa, 1968; PaLmEer, 1969, 1972,
1973; Cowig, 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.

LocuMaN-BaLk and Witson (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 Atantic province. Subsequent work
in western United States and Alaska, how-
ever, has led to an alternative 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
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(“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, inciuding
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
Locuman-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,
Nevadella, 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 slighdy 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
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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 eflective 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 (Rozison, 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, Tricrep:-
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-
alitdae, 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 sequences and they are associated with
species of Glyptagnostus, Pseudagnostus,
Aspidagnostus, and the ubiquitous genus
Irvingella, 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
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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 signift-
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 Baltic
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 (Spzuy,
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 development 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 i1s 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
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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 Irvingella, 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-
Barx 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
[slands; 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
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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 (Repins, 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 Kosavasur (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.
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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. Orix (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 [rvingella 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,
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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
trilobite 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



Cambrian

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. Tavror (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
(Cowig, 1971); however, many of these
reflect differences in the environments
available for sampling and the inadequacy
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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”—char-
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
(Znuravieva, 1968; Hiir, 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: 1) 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 Furope, North America, and
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southeast Asja-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 (Amphoton),
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-
lons of intercontinental correlation of the
Cambrian-Ordovician boundary. Acrotre-
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 Locuman-Bark 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-
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ferred to earlier (p. A4128). 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 1
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
{rom 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-Poliells 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 Glossopleura 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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TasLe 1. Cambrian Biostratigraphy of

North America.

Upper Cambrian Series
Trempealeauan Stage
Saukia Zone
Franconian Stage
Saratogia Zone
Taenicephalus Zone
Elvinia Zone
Dresbachian Stage
Dunderbergia Zone
Prehousia 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-
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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.

TasLe 2. Cambrian Biostratigraphy of
Northern Europe (Martinsson, 1974).

Upper Cambrian Series
Acerocare Zone
Peltura scarabaeoides Zone
Peltura minor Zone
Protopeltura praccursor Zone
Leptoplastus Zone
Parabolina spinulosa Zone
Homagnostus obesus Zone
Agnostus pisiformis Zone
Middle Cambrian Series
Paradoxides forchhammeri Stage
Lejopyge laevigata Zone
Jincella brachymetopa Zone
Paradoxides paradoxissimus Stage
Ptychagnostus lundgreni-Goniagnostus nathorsti
Zone
Ptychagnostus punctuosus Zone
Hypagnostus parvifrons Zone
Tomagnostus fissus-Ptychagnostus atavus Zone
Ptychagnostus gibbus Zone
Eccaparadoxides oelandicus Stage
Eccaparadoxides pinus Zone
Eccaparadoxides insularis Zone
Hiatus
Lower Cambrian Series
Strenuacva linnarssoni Zone
Holmia kjerulfi 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 Spzuy (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 (Hupg, 1952) and its re-
gional applicability has not yet been demon-
strated.
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TasLe 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
Badulesiz Zone
Acadolenus Zone
Conocoryphe ovata Zone
Paradoxides (Acadoparadoxides) 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 Savirskiy (1969) have pointed
out many difficulties with this scheme.

Tasre 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
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interrelationship between western American
and western Europe Cambrian faunal ele-
ments.

CHINA

The biostratigraphy of China has been
summarized by Lu 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-

TasLE 5. Cambrian Stages and Zones of the
Northern Type Biofacies Region of China.

Upper Cambrian Series
Fengshan Stage
Tellerina-Calvinella Zone
Ellesmeroceras-Dictyella Zone
Quadraticephalus Zone
Ptychaspis-Tsinania Zone
Changshan Stage
Kaolishania Zone
Changshania Zone
Chuangia Zone
Kushan Stage
Drepanura Zone
Blackwelderia Zone
Middle Cambrian Series
Changhia Stage
Damesella Zone
Taitzuia Zone
Amphoton Zone
Crepicephalina Zone
Ligoyangaspis Zone
Hsuchuan Stage
Bailiella Zone
Poriagraulos Zone
Sunaspis Zone
Kochaspis hsuchuangensis Zone
Lower Cambrian Series
Maochuan Stage
Shantungaspis Zone
Manto Stage
Redlichia chinensis Zone
Tsangpin Stage
*Megapaleolenus Zone
*Paleolenus Zone
*Drepanuroides 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 Orix (1957, 1961, 1967). Lower
and Upper Cambrian beds have been as-
signed to Australian stages (Orix, 1968;
Joxes 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.
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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 (Jaco & Day, 1975).

TasLe 6. Cambrian Biostratigraphy of
Australia.

Upper Cambrian Series
Payntonian Stage
Zones not established
Unnamed pre-Payntonian and post-Idamean stages
Idamean Stage
Irvingella 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
Prychagnostus 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 DamLy, in Opixk ez 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 1is restricted to a
minimum.

Distribution of various faunas is illus-
trated by the known occurrence of selected
taxa plotted on maps rather than by show-

1 Manuscript received November, 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 ViNocrapov, 1968;
Liu, 1958, complemented with Jen, 1964,
and Hu et al., 1965; Worrart, 1967; CUER-
pa, 1973; Lecranp, 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 (Smrh e 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
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between the north European and south
FEuropean plates is variously drawn along
the Alpine chain (Smrta et al., 1973;
WiLLiams, 1973), the southwestern margin
of the Russian platform (WHITTINGTON &
HucHes, 1972, 1973), or roughly along the
northern limit of the Variscan Mountains
(Burrerrt, 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 & GAvER, 1972;
Proto-Atlantic Ocean, WiLson, 1966; Whir-
TINGTON & HucHEs, 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.

ACKNOWLEDGMENTS

During the completion of various versions
of this contribution since 1968, many col-
leagues generously helped by providing
unpublished information as well as inac-
cessible publications. For this I am partic-
ularly indebted to M. K. AroLLonov (Alma-
Ata), S. M. BercstrOM (Columbus), W. T.
Dean (Ottawa), R. MAnnie (Tallinn), R.
B. Neuman (Washington, D.C.), Zova E.
Petrunina  (Novokuznetsk), R. J. Ross
(Denver), and A. D. WricHT (Belfast).

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
Hucnes (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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Fic. 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 (Rosr-
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 (“Obolus”) Sandstone of north-
western Estonia (Vira, 1966), below the
local lithostratigraphic Dictyonema Shale,
and associated with Dictyonema flabelli-
forme flabelliforme. The level is probably
fairly high within a complete Diczyonema
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 Ruasettia provinces dis-
tinguished by Wairtingron & HucHEs
(1974) are here regarded as Upper Cam-
brian and not Tremadocian (see also SHER-
GoLp, 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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Fic. 2. Distribution of selected Tremadocian trilobite taxa. The asaphid Symphysurina 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.”

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 &
Hucnes, 1974) and Scuthern Faunas (Cera-
topygid Province, WHiTTINGTON & HUGHES,
1974). The distribution of the faunas large-

ly follows that of Symphysurina 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.
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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 leperditiacean ostra-
codes have been described from the post-
Symphysurina Tremadocian beds of Ver-
mont (CreaTH & SHAW, 1968), and through-
out the Ordovician Period this group
remained 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
taxonomic diversity (some 75 trilobite gen-
era in the Sayan-Altai mountain region;
PETRUNINA, 1966).

The known Tremadocian shelly fauna
from the Siberian platform and northeastern
Siberia indicates that a separate Lower
Tremadocian Tungusian fauna may be dis-
tinguishable (cf. the distribution of Pleth-
opeltides, Fig. 2; other distinctive genera
include Diceratocephalina, 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
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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
(WartTiNgTON & Hucues, 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, CHucAEvA, 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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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, Productor-
this, and Paurorthis.

The Arenigian “southern” fauna (Caly-
menid-Trinucleid Province, WHITTINGTON,
1963; Southern Region, WartTINGTON, 1966;

Sino-European Biogeographic Region, Cxu-
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;
Selenopeltis  fauna, WHitTINGTON, 1966;
WHITTINGTON & HucHEes, 1972; Mediter-
ranean Province, Haviiéex, 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, taxhungshanuds, and cyclopyglds
Even within the region, the fauna is not
particularly homogeneous (Dean, 1967;
HaviiCek, 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.
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Fic. 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 taihungshaniild 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 (Kosayasui, 1971; Bur-
RETT, 1973).

Within the Mediterranean fauna Wit-
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-
TiINeToN and Hucres (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. Burrerr (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.

LLANVIRNIAN
(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 (CoorEr, 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 llazenus,
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 (WiLuiams, 1972), and
northeastern Siberia (Cuucagva, 1973; Ora-
DOVSKAYA, 1973). On the Siberian platform
this fauna has not been recognized and
SipvareNko and Kanyein (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 (NIxITIN,
1972; WrrtTiNgTON & HucHEs, 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-
spidella, Cyrtometopus, and others among
trilobites, 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 (YocHewLson, 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 WrrrtiNgToN & HucHes, 1972).

Based on cluster analysis of brachiopods,
WirLiams (1973) concluded that the Llan-
virnian Baltic Province extended westward
to Anglesey and Maine. Brachiopod assem-
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blages on Anglesey (BaTes, 1968) and in
the Magog belt of the northern Appala-
chians from Maine to Newfoundland
(NEeumaN, 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, AhAzsel-
lz) 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 yvet 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
& Hucnss, 1972), which further compli-
cates the matter.

The distribution of the Llanvirnian Med-
iterranean (cf. that of Placoparia, Fig. 6)
and other southern faunas agrees in the
main 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
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Fic. 5. Correlation of the middle and Upper Ordovician (Jaanusson, n). [Numbers in circles refer to notes

at foot of facing page.]
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Fic. 6. Distribution of selected Llanvirnian taxa in northern Europe.

Occurrence of the brachiopod

family Lycophoriidae is restricted to the Balto-Scandian fauna and the trilobite subfamily Placopariinae is

a member of the Mediterrancan fauna (Llanvirnian representatives of Placoparia arc known also from

Spain, Portugal, Morocco, and Kazakhstan; finds in southwestern Turkey came from a somewhat uncertain

horizon). The porambonitacean brachiopod Rhysostrophia 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 (McLaucHLIN, 1973),

which also is an important biogeographic
boundary in the conodont faunas (Berc-
sTROM, 1971). Such genera are Christiania,
Bimuria, Bilobia, Ptychoglyptus, Glyptam-
bonites, Titanambonites, Cyphomena, Pro-
ductorthis, Taphrorthis, Laticrura, and Kul-

Fic. 5. (Continued jrom facing page.)

1. The lower boundary of the type Llandeilian is within
the Glyprograptus teretiusculus Zone as distinguished in
Sweden (BerosTROM, 1971). The upper boundary of Llan-
virnian is defined as that of the Zone of Didymograptus
murchisoni. Thus, a portion of the British sequence, cor-
responding to the basal Glyprograptus 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 vyielded Glyprograptus per-
seulptus, the index fossil of the lowermost Silurian graptolite
zone; however, whether this species has a longer range than
previously believed or at least the upper part of the Hirnan-
tian belongs to the Glyptograptus persculptus Assemblage-
zone is at present not known.

3. Equivalent beds in the central Balto-Scandian confacies
belt contain a Dalmanitina-Hirnantia 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 described in detail.

5. Increasing bulk of evidence indicates that Coorer's (1956)
stages Ashbyan, Porterfieldian, and Wildernessian, each de-
fined in a separate belt in the southern Appalachians, are
largely contemporaneous (BErasTRGM, 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 llinois and eastern Mis-
souri (Edgewood Limestone and its equivalents).

8. According to the evidence from conodonts, the top of
the Antelope Valley Formation is comparable to the lower
Lasnamigian of Balto-Scandia (BercstrOoM, ETHINGTON, &
Jaanusson, 1973); however, it is not clear whether the
Whiterockian Stage of Coorer (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 boundary of the Whiterockian
is probably below the base of the Lasnamigian Stage.

9. Graprolite faunas strongly indicate that the uppermost
Darriwilian Zone of Glyptograprus teretiusculus of Australia
is equivalent to the Zone of Didymograptus murchisoni
(JaanussoN, 1960). The correlation of the North American
Zone of Glyptograptus cf. G. teretiusculus is more difficult
to determine because the known fauna comprises few species;
however, it may be largely of a comparable age. The
Scandinavian equivalent to the Zonc of Glyprograptus tevetiu-
sculus is characterized by the appearance of Dicellograptus,
Dicranograptus, and Nemagraptus. The equivalent beds of
North America probably have been included in the Zone of
Nemagrapius gracilis,
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Fic. 7. Distribution of bathyurid trilobites and the strophomenacean brachiopod family Christianiidae in
eastern North America in beds equivalent to the Zone of Nemagraptus gracilis and the lower part of

the Zone of Diplograptus multidens. 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, distributed on the midcontinent have not
but not beyond the St. Paul-St. Clair thrusts been found east of the Helena-Saltville
(e.g., Palacostrophomena, Isophragma, Lep- thrust. Such taxa are bathyurid trilobites
tellina, Cyrtonotella, styginid trilobites). On  (Fig. 7), the articulate brachiopods Stropho-
the other hand, several taxa that are widely mena and Ancistrorhynchia, and Gonioceras
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Fic. 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 Nemagraptus gracilis and the lower part of

the Zone of Diplograptus multidens. In the Balto-Scandian region Bimuria 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 (WiLriams, 1962, 1969; 'Trirp,
1962, 1965, 1967), and the term Scoto-
Appalachian fauna (WHITTINGTON & WIL-
L1aMs, 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-
L1aMs, 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 (Bonparev, 1968) and it can be fol-
lowed as far as to Gornyi Altay in south-
western Siberia (Levitskiy, 1963; cf. dis-
tribution of Bimuria, Fig. 8). Also in parts
of Kazakhstan the brachioped 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 Peninsula
1s 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-Tungusian
fauna (Jaanusson, 1973a). Monorakids are
known also from northeastern Siberia, Chu-
kot Peninsula (Orabovskava, 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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F1c. 9. Distribution of selected trilobite taxa in beds equivalent to the Zone of Nemagraptus gracilis and

the lower part of the Zone of Diplograptus multidens. Bathyurids characterize the North American Mid-

continent fauna and monorakids the Tungusian fauna. In this interval Chasmops is restricted to the

Balto-Scandian region, but attains a somewhat wider distribution in the upper part of the middle Ordovician.

Cyclopygids 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 Estonzops,
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 cnn-
facies belt! a successively increasing Scoto-

1 A confacies 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
Varcanov, 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 Mjgsa and

Lelts in lithology and fauna, and although lithology, as well
as fauna, changes with time within the belt, 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 Oslo re-
gion, Norway. The invading taxa include
leperditiacean ostracodes (Mjgsa district),
telotremate  brachiopods (RAynchotrema,
Rostricellula, Zygospira), Bumastoides and
Encrinuroides among trilobites, and the
earliest stromatoporoids for the region.
These elements are mainly North Ameri-
can and the associated conodont fauna is of
North American Midcontinent type (SWEET
& BercstrROM, 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,”
WriTTiNGTON & Huches, 1972) affinities,
but it includes endemic elements (see dis-
tribution of Pliomerina, Fig. 9) and has
been distinguished as the Heprabronteus-
Pliomerina Province (Wesny, 1974; En-
crinurella fauna, WHitTTINGTON, 1966). Fur-
ther endemic genera are the blind cheirurid
Prosopiscus, 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
(WHrrtiNgToN & Hucnes, 1972). The mid-
dle and upper middle Ordovician faunas,
on the other hand, are linked to the
Scoto-Appalachian fauna (WHITTINGTON &
Hugnes, 1972), although there still is a con-
siderable Mediterranean component. Other-
wise, the Mediterranean fauna (Selenopeltis
fauna, WHitTINGTON, 1966, WHITTINGTON &
Hruvcnes, 1972; Anglo-French and Bohemian
Provinces, WirLLiams, 1973; Mediterranean
Province, HaviLi¢ek, 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
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(Fig. 9) and homalonotid trilobites, several
endemic dalmanitids, and a variety of entel-
etacean brachiopods such as Swobodaina
(SerELDNAES, 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, and
Apristocystites and Sinocystis among cystoids.

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 Pleurograptus linearis, inclu-
sively, to the top of the system) deposits are
cither 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 & HucHtes, 1972; WirLiams, 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, WHITTINGTON and HucHes (1972)
suggested that in Ashgillian trilobite faunas
two provinces can be distinguished, one
(Selenopeltis Province) restricted to Moroc-
co and Bohemia and the other (Remopleu-
ridid Province) comprising 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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Fic. 10. Distribution of selected lower and middle Ashgillian trilobites in northern Europe. Phillipsinella

characterizes faunas with Mediterranean affinities, whereas Holotrachelus is mostly confined to limestones

with a Hiberno-Salairian fauna. The main occurrence of Chasmops 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
(WavLTer, 1926; generic names updated
herein) is known from the lower and mid-
dle Ashgillian of Poland (about 37 genera;
KiEeLan, 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 Isotelus, 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; NikoLAEv ez 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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Fic. 11. Distribution of selected trilobite taxa in beds equivalent to the lower and middle Ashgillian. The

asaphid Isotelus 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 Isorelus has becn

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 (Kieran, 1959), such as Dindymen-
inae, Cyclopygidae, Ectillaeninae, Dionidae,
and Dalmanitina (Mucronaspis), 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
(WarrtiNeToN & Huches, 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 (cf. the distribution of Phil-
lipsinella, Fig. 10, and of Dindymene, Fig.
11). Similar faunas are known in the Percé
district, Quebec (Stenopareia fauna; Lzs-
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 contemporancous mud-
stone facies close-by. In fact, in statistical
analysis the magnitude of the difference
may be that between different faunal prov-
inces (WHaITTINGTON & HucHEs, 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
tauna (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 (D:-
coelosia, Eospirigerina), but it lacks the
Scoto-Appalachian imprint. Endemic forms
include Equirostra, llmarinia, and Apator-
this, all descendents of the middle Ordovi-
cian fauna of the belt. The trilobite fauna in
the S5a-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 (LeLesHus, 1970; European Prov-
ince, Karyo et al., 1970) or form together
with the central Asiatic and Chinese faunas
the Eurasiatic province (Karjo & Kraa-
MANN, 1973). It is interesting to note that
although the Ural Mountains show Balto-
Scandian affinities in the trilobite and bra-
chiopod faunas (Varcanov ez al., 1973), its
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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 (LrLEsHus, 1970) or they
are included in the Americo-Siberian prov-
ince (KaLyo 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-
loma, 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
Percé 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 (AspuLrAkv, 1972), central
Tien Shan (ABDULLAEV in ABDULLAEV &
KuaLerskava, 1970), parts of Kazakhstan
(AroLLoNov, 1974), and southwestern China
(Szechuan-Kueichou border; Sueng, 1964)
show affinities with the Mediterranean fau-
na. Several taxa have a “trans-Eurasian”
distribution (cyclopygids, Nankinolithus).
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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Fic. 12. Distribution of the trilobites Dalmanitina (Dalmanitina) and Dalmanitina (Mucronaspis) 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; Karyo ez al., 1970;
LeLesuus, 1970) or a part of the Euroasiatic
province (Karjo & Kraamann, 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 Percé 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 (Mucronaspis); Fig. 12). The tri-
lobite assemblage has been claimed to extend
eastward to Kazakhstan (AroLLonov, 1974),
southern China (SHENG, 1964), and Aus-

tralia (WHitTiNGTON & HucHEs, 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 (BavLpis & Brasco, 1975).
The Hirnantia assemblage of brachiopods
is characterized by Hirnantia sagittifera,
Kinnella, Eostropheodonta, Plectothyrella,
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 (Lespixr-
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
(Holorhynchus, Proconchidium). Upper-
most Ordovician beds characterized by these
pentamerids have a wide distribution, from
the eugeosynclinal Caledonian deposits in
Visterbotten, northern Sweden, and western
and parts of the central Balto-Scandian belts
over Ural Mountains to southern Tien Shan
(Nik1Forova & SapeLnikov, 1973) and
Kazakhstan. In Kazakhstan the uppermost
Upper Ordovician limestone facies have
yielded at least seven different pentamer-
acean genera (SAPELNIKOV & RuUKAVIsH-
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 (Eoconchidium)
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-
lichas, 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 (AmspEN,
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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, Dicoelosia, 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 (Mucronaspis) 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-
chyaspis” 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 (Burman, 1964, 1971; SKEVINGTON,
1969, 1973, 1974; Boutsx, 1972; Mu, 1974).
Generally two Arenigian and Llanvirnian
provinces are distinguished.
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Fic. 13. Distribution of some graptoloids in the Llanvirnian 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 ez 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-1li Mountains).

The graptolite fauna of the Atlantic (or
European; Burman, 1971) province occurs
in Scandinavia (e.g., Scania, Oslo region in
Norway, Vastergotland and Jimtland 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 (Cugrpa,
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, Apiograptus,
Oncograptus, and Cardiograptus. A profu-
sion of various forms of Isograptus 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
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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 BerestroM (1971, 1973), SWEET et
al. (1971), Barnss et al. (1973), SwEET &
BeresTrOM (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 (SwWEET e 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 (Hglonda Limestone in
the Trondheim region, BeresTrROM, 1971),
Korea, Siberian platform, and northeastern
Siberia. In the latest middle Ordovician the
fauna temporarily invaded parts of Balto-
Scandia (BeresTROM, 1971; SwEET & BERG-
STROM, 1974).

Conodont faunas of the North Atlantic
province (BeresTrGM, 1971; Anglo-Scandi-
navian-Appalachian Province, SWEET et al.,
1959; FEuropean Province, BErcsTROM &
Sweer, 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 (BEeresTROM,
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 Atantic affin-
ities has been described from Precordilleran
Argentina (SErracLI, 1974).

In Australia, collections from New South
Wales and Queensland show North Ameri-
can Midcontinent affinities (SWEET & BErc-
sTROM, 1974), whereas Lower Ordovician
conodonts from the Canning basin (McTAv-
1sH, 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 BeresTroM (1971) to postu-
late that a separate Australian province may
be recognizable.

In the Early Ordovician simple-cone spe-
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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., Phragmo-
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
clements.

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 WHirTingToN and HucHes
(1972), comparable Ordovician faunas have
occupied shelf slopes, which probably im-
plies that they lived in deeper water than
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 BeresTrOM (1974) and SerpacLI
(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 ez al.,
(1973) and Barnes and Faurarus (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).
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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; APOoLLONOV,
1975) and conodont faunas (Seppon &
SweET, 1971; BARNEs et al., 1973; BarNEs &
FAnrarus, 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 (cf.
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
Bripen et al., 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 (WHrrTINGTON & HuUGHES, 1972,
1973, 1975; BurreTrT, 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
the Ordovician faunas pertaining to con-
tinental 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
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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
(SMrTH et al., 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 (Beur et al., 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. BuRrerT
(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 al., 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 HarLanp, 1972b). This
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indicates that the Mediterranean fauna lived
mainly in cold water (SpyELpnAEs, 1961;
Havuigex, 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 (SkevineToN, 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
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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
SerpacL1 (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; SeyeLDNAES, 1961; SKEVINGTON, 1974)
and lithological (LinpstrOM, 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 (WHrITTINGTON, 1966; WHITTINGTON
& HucHss, 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 (Karjo & Kraamann,
1973). Extinction affected also brachiopods
(Clitambonitacea and Porambonitacea, as
well as many families), cephalopods (En-
doceratoidea, with the possible exception of
the enigmatic Humeoceras), 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
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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 zonmation 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 (Sweer & BEercstrom, 1974),

It has been suggested that the major event
causing the faunal change from Ordovician
to Silurian was the Late Ordovician glaci-
ation (SHEeeHAN, 1973; Berry & Boucor,
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 (WarTTING-
ToN & HucHgs, 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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Introduction—Biogeography and Biostratigraphy

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
(Boucor, 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 Boucor, 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
Boucor, 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 (Boucor,
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 Adantic, 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 Boucor, 1975, for extensive treat-
ment).

The initial Silurian faunas of the lower
Llandoverian are essentially relict continu-
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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 (Boucor, 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 Boucor, 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 Boucor, 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

Introduction—Biogeography and Biostratigraphy

evident in the Silurian (see Boucor, 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 (Boucor, 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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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 (Boucor, 1975). For
example, worldwide correlation in the con-
fines of the evolving Eocoelia community
(sensu Boucor, 1975, not ZiecLer, 1965)
is very precise as compared with the Pen-
tamerus community (sensu Boucor, 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
kernel of ecostratigraphic correlation pre-
cision.

At the present time, biostratigraphic sub-
division of the Silurian is based upon the
modified ELLEs and Woop graptolite zones
as used by Berry for those regions yielding
graptolites in reasonable abundance (in
Berry & Boucot, 1970; Berry & Boucor,
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eds., 1974; see also Burman, 1970). The
widespread Silurian shelly faunas com-
monly lack graptolites in sufficient numbers
to make them useful for zonal purposes.
In shelly beds recourse at the present time
1s had to brachiopods as discussed in Berry
and Boucor (1970). For the Llandoverian
and Wenlockian, the latter only in North
America above the lower Wenlockian, 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
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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 &
Boucor, 1967) as contrasted with the broad
platform expanses. The stratified geosyn-
clinal rocks of the Silurian are predom-
inantly of terrigenous, nonvolcanic nature
except for the Ural-Kazakhstan geosyncline,
which includes 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 & Boucor,
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
to reinforce the conclusions based upon
lithofacies distributions.

6) All of this information indicates that
the present-day Northern Hemisphere con-
tinental areas were regions upon which
marine faunas faced few obstacles to dis-
tribution insofar as land is concerned in
breaking up current or temperature pat-
terns. Boucor (1974) discussed most of
the possible Silurian continental relations.
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North America during the Silurian was
characterized by the presence of a wvast
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
areas (Michigan basin and Hudson Bay
basin) containing 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
mass 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-
cort, 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 & Boucor,
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

& Boucor, 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 & Boucor,
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.
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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 (Boucor, 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
& Boucor, 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
& Boucor, 1967, as extending from the
Yenissei River east into the Chegitun re-
gion of Chukotka, i.., 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 & Boucor, 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
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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, & Boucor, 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 Boucor (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 (Boucor, 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 Boucor, 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 difh-
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
C;-C; 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
preate 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
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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 (Boucor, 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
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were strongly controlled in their distribu-
tion by a variety of factors. For the late
Llandoverian in Britain, ZiecLer (1965)
has demonstrated a correlation of brachio-
pod distribution with depth; ZiecrLer and
Boucot (in Berry & Boucor, 1970) have
shown the same for North America; and
Berry and Boucor (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. Boucor (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 Farly 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 (Boucor, 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 (Boucor, 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 marine
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Silurian of the world. Their most common
occurrences are in the bivalve-graptolite-
rich platform mudstones of the Eurafrican
platform (see Berry & Boucor, 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
litdle 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 Boucor,
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 Berpan & MarTINSSON, in
Berry & Boucor, 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-
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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 Camarocrinus 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 (BEerry
& Boucor, 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 Boucor, 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 Kvrar-
PER, BERRY, & Boucor, in Berry & Boucor,
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
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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
litle 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, LaureLp, & Boucor, 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-
L1aM LonspaLe that corals from the lime-
stones of South Devon were intermediate
in typs between those then known from
the Silurian rocks of the Welsh Borders
and those from the Mountain Limestone
[ Mississippian] that led, in April, 1839, to
the founding of the Devonian System by
Apam Sepewick and Robperick MurcHison
(1839a, p. 259, 354; 1839b, p. 121; Lons-
paLk, 1840, p. 721). This correlation be-
tween the marine rocks of Devon and the
Old Red Sandstone of Wales, the Welsh
Borders, and Scotland WiLrLiam Buckranp
hailed as “undoubtedly the greatest change
which had ever been attempted at one time
in the classification of British rocks” (Ger-
KiE, 1875, p. 269). After spending four
months of the summer and autumn of 1839
on the Continent, SEpewick and MuRrcHI-
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 Epwarbs
(in Harram, 1973) and one on Devonian
fish by Havsteap and Turner (in Harram,
1973). Invertebrates of the Old Red Sand-
stone facies are similar to those reviewed
for the Western Hemisphere by Norris
(this volume, p. A4218), 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 (Ereen, 1964). Some difficul-
ties result from different uses of the last two
terms (Brouwer in Oswarp, 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 ScamipT, RABIEN,
Kress, 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 Kress
(1974) distinguished the Schwelm facies
as a bank or biostrome regime in which
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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 Ilberg 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 lberg 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
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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 Kalk-
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 Curupil (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 ( Warre, 1950; Earp, 1973) may corre-
late with the base of the Pridolian and of
the M. wltimus Zone (WestoLL in Housk,
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 (Nikirorova &
PREDTECHENSKIY, 1968; Sokorov, 1972) the
new boundary falls within the Borschov,
and in other regions similar corrections

will be needed. The final report of the
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STAGES USED |FRANCE
HERE BELGIUM GERMANY CZECHOSLOVAKIA
TOURNAISIEN
WOCKLUM
DASBERG
. FAMENNIAN FAMENNIEN basBeERe
o NEHDEN
a
a
> FRASNIAN FRASNIEN ADORF
z w GIVETIAN GIVETIEN GIVET
z a SRBSKO
- :
u 2 EIFELIAN COUVINIEN EIFEL CHOTEC
DALEJE
EMS
1AN ZLICHOVIAN
EMSIAN (KOBLENZ)
& COBLENCIEN RAGIAN
2 SIEGENIAN SIEGEN
Q
GEDINNIAN GEDINNIEN GEDINNE LOCHKOVIAN

Fic. 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 Gedinnjan-Siegenian bound-
ary in relation to the Lochkovian-Pragian
boundary of Czechoslovakia (PhisyL &
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 (KurtscHer & Scumipt,
1958, p. 57 et seq.; ErBEN & ZaGora in

OswaLp, 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
circurnspection.

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 (Ersen,
1962, p. 95) has been used and thought to
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correspond to the Czech Zlichov-Daleje
boundary, a correlation disputed by Carcs
and others (1972). The type Givetian
(ERRERA, MAMET, & SARTENAER, 1972) in
northern France raises less problems since
the conodont relations have been established
by Burtynck (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 (CuLuPA¢ in OswaLp, 1968a, p. 117),
North Africa (Horrarp, 1974), and which
has been recognized in North America also
(Housg, 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 (WarerLot, 1957,
p. 199-205) in Belgium and at the base of
the Pharciceras lunulicosta Zone of Ger-
many (KuTscuer & Scumipt, 1958, p. 309),
a level which seems to fall within the
conodont Polygnathus varcus Zone (Housk,
1973a; Bensaip, 1974; BouckAERT & STREEL,
1974). Unfortunately, when the primary
work on Frasnian conodonts was done on
the Adorf type sections (ZiecLer, 1958,
1962, 1966) the correlation with the gonia-
tite Zzonation established by WEDEKIND
(1913) at that locality was misaligned and
it still seems that the la limestone of
WepekIND is placed too high; it is more
likely to be represented by the new Phar-
ciceras-bearing level described by KuLLman
& ZizcLer (1970). The result of this error
has bzen 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
(House, 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
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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 ez al., 1972);
the German boundary may be near the base
of the upper P. triangularis Zone (Buccisch
& CrauseN, 1972).

The Devonian-Carboniferous boundary
has been defined at the Wocklumeria-
Gattendorfia Stufen boundary following the
Heerlen Conference decision (JonoMaNs &
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 Hoénnetal (Scuinpeworr, 1937; Vou-
RINGER, 1940; AustiN et al., 1970). While
there are detailed problems at this level
(AvrserTI ¢ 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 Gartendorfia Stufe
agrees approximately with the Tniu-Tnyy,
boundary or lies within Tnp, (ConiL &
Pireet, 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
bsen 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 OSTRACODE ZONES
Prionoceras sp. Protognathodus
Cymaclymenia euryomphala
WOCKLUMERIA Wocklumeria sphaeroides | |7 T T — T T — —
Kalloclymenia subarmata Spathognathodus costatus
= Maternetla hemisphaerica
<
- Gonioclymenia  speciosa and Maternella dichotoma =z
g CLYMENIA ~ <
/ thus styriacus -
> | FAMENNIAN i 4 z
w ] [=]
= Platyclymenia annulata . Frankiinella intercostata >
PLATYCLYMENIA | Prolobites delphinus Scaphignathus velifer g
- - Entomozoe(R)serratostriata
Pseudociymenia sandbergeri N Franklinella intercostata
Palmatolepis marginifera Interregnum o
o« CHEILOCERAS [ Poradocerss pompeckl | ¢ is rhomboid £t Riserratostriate o
w Cheiloceras curvispina Palmatoleo - Entomozoe(N)nehdensis o
o almatolepis crepida Ungaretia sigmaoidale o
Q.
Palmatolepis triangularis
p=] Crickites holzapfeli 9! Entomozoe (£ }varwostriata
Palmatolepis gigas Wcicatricosa € barrandi
FRASNIAN | MANTICOCERAS - - Interregnurmn
Manticoceras cordatum Ancyrognathus_triangularis Waldeckella cicatricosa
Polygnathus Y tricus - - .
Pharciceras (unulicosta S hermanni- P eristalus | Weicatricosa Eforleyr Interr- |
Franklinella torley: m
Maenioceras terebratum Polygnathus varcus
E GIVETIAN MAENIOCERAS Maenioceras molarium w
[=] Cabrieroceras crispiforme feriodus obliquimarginatus s
o Polygnathus kokeliana 9
= EIFELIAN | sANARCESTES Pinacites jugleri Spathognathodus bidentatus z
Anarcestes lateseptatus
leriodus  cormiger
Ul nkenbach,
Selianarcestes wenkenbachi non - laterrereserd GRAPTOLITE ZONES
EMSIAN lcriodus - Polygnathus
=z ANETOCERAS Mimagoniatites  zorgensis  “icriodyus biiatericrescens S.5.- z
5 Sp. steinhornenss - Polygnathus 5
ke
g Anet h » leriodus h. curvicauda - Monograptus yukonensis g
> netoceras PUNSrueckianum | yeriodus huddiei s.s. Monograptus falcarius >
W | SEGENIAN M T T T T T T T T T e o P T =TT — o
o ; (=]
feriodus h curvicauda -
rectangularis si angustoides Monograptus hercynicus o
5 Ancyrodelioides- Ic pesavis w
=
% GEDINNIAN » Monograptus praehercynic-| o
pur} feriodus w. postwoschmidt! us | a
lcriodus  woschmidti s.s. | Monograptus uniformis

Fic. 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 worr (1923, 1937), Scumipr (1921, 1924,
to illustrate several of these schemes. Cor- 1950), MaTern (1931a,b), Crausen (1969,
relation between columns should be re- 1971), Bensamp (1974) and others. These
garded as an approximate guide only. In mostly concern the German succession. Re-
this section reference will be made to some views have been given by House (1962,
of the more substantial biostratigraphic 1973b) and in the revised Treatise Part L,
works that have formed the basis for these Mollusca 4 (in preparation).
zonations. The conodont scheme has developed over
As for the period up to the close of the the last fifteen or so years, and it now pro-
Cretaceous, the ammonoid succession has vides the most detailed subdivision avail-
been regarded as giving the Devonian able for the Upper Devonian. The major
orthochronology, that of the preceding works are by BiscHorr & ZikcLer (1957),
graptolites giving out in the Siegenian ZiecLer (1958, 1962, 1966, 1971), WiTTE-
where the ammonoids appear. The gonia- kNt (1965), Kress & ZiecLEr (1965),
tite and clymenoid zonations result largely Krapper & ZiecLer (1967), Burtynck
from the works of Wepekinp (1908, 1913, (1970), and Carcs (1969). A general re-
1914, 1917) followed by that of Schinpe- view of the European conodont sequence
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STAGES STUFEN TENTACULITED ZONES | W-EUROPE ABRACHIOPOD | USSR BRACHIOPOD
(INCLUDED WITH THE —‘
CARBONIFEROUS
WOCKLUMERIA N THE USSR)
z
«
z CLYMENIA Adoifia talasica i
o -
> | FAMENNIAN z
w Ptychomaletaechia letiensss g
(=] Lerorhynchus (Zigania) W
PLATYCLYMENIA ursus and =)
Ptychomaletoechta
turanica
Pt dumonts o
« CHEILOCERAS PPI gonthieri: Zitimia polonica and E
t omaliust
w Eoparaphorhrnchus Cyrtospirifer spp [N
a entiformis etc p=]
g Cartorhynchus tumida
Hypothyriding cuboides Hypothyridina cubordes
(FOR DETAILED ZONATION | ¢y rtospirifer mataiser and Theodossta anossoft
FRASNIAN | MANTICOCERAS SEE LYASHENKO 1965 Cyrtospirifer orbelianus
ETC) Cyrtospirifer spp
Cyrt i tentieut Mucrospirifer novosibiricus
yrtospiriter tenticulum Uchtospirifer murchisonianu
Medrospirifer mediotextus | Euryspirifer cheehiet
E GIVETIAN MAENIOCERAS | yowakia otomaria Stringocephalus burtint Stringocephalus burtin w
o Undispirifer undiferus Bornhardtina langurica -QJ
Q a
> Nowakia sulcata Spinatrypa kelusiana Lazutkinia mamontovensis E
EIFELIAN | AnarCESTES xg:gzg Q,%’;{:.?MS Spinacytia ostiolatus
Nowakia cancellata Euryspirifer intermedius Megastrophia uralensis
Nowakia barrander Paraspirifer cultryugatus Eospirifer superbus
EMSIAN Nowakia praecursor Euryspirifer paradoxus Paraspirifer ? gurjevkensis z
z s Nowakia zlichovensis
S ANETOCERAS Acrospirifer pellico Latonotoechia latoma 5
z z
(=3 (=}
|.|>.l Nowakia arcuata ;
Q | SIEGENIAN Acrospirifer primaevus Spirigerina supramarginalis| ©
Paranowak:a intermed:a etc
@ Paranowakia bohemica x
w Delthyris dumontianus g
g GEDINNIAN 8
-~
Tentaculites ornatus Howellella group Howeliella group
Fic. 4. (Continued from facing page.)
. . . v .
is given by ZiecLer (1971). Russia. Boudex (1964) followed this
It was not recognized until 1960 that scheme for the Prague area and Harz, and
graptoloid graptolites extend up into the Laroeux (1969) for southern Europe and

Lower Devonian when Lochkovian grapto-
lites were found associated with Rhenish
type brachiopods in the Kellerwald (Jacer,
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. Lyasuaenko (1953, 1959) in European

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 Rasien
(1954, 1956, 1960, 1970), BLUMENSTENGEL
(1959), and Groos-UrreNorpe & UFrre-
Norpe (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 Boucor (1975), but
since he does not define his stage units
there are problems in his collation. Never-
theless, the work of Boucor 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 Ruborr and Emma Ricurer (especially
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1926, 1950, 1952) provide a biostratigraphic
foundation, and this work has been con-
tinued by Avsertt (1968, 1973). WepE-
KIND, using corals, established a series of
zones for the German Middle Devonian
(WepekinD, 1924-25; WepekiND & VoLr-
BRECHT, 1931-32), and Birenueme (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. Oswacp, 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. NarLwkiN 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 (Soxko-
Lova, ed., 1962) and a regional stratigraphy
(Sokorov, 1960). Australia has been re-
viewed in a series of Devonian correlation
charts (Strusz, 1972; Pickert, 1972; Ros-
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 =z
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 (Kozrcwskr,
1929; NikiForRovA & PREDTECHENSKIY,
1968). A fuller marine sequence is typical
for the Devonian in its development 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 bel,
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

A193

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
Tibestt 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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Fic. 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. Crarke
in 1913, but since this could be confused
with Australasian faunas, Ricuter (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
castern 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 (Boucor,
Jonunson, & TaLexT, 1969; Boucor, 1974).

This provincialism is best shown by
benthonic organisms, notably brachiopods
and corals, and probably reached its acme

in the Emsian (Boucor, 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
(Boucor, 1960; Jounson & Boucor in Har-
LayM, 1973). Near the beginning of the
Siegenian appear genera such as Anoplo-
theca, Bifida, Meganteris, Multispirifer, Pra-
doia, Rhenorensselaeria, and others. The
stratigraphically useful spiriferids of the
Siegenian and Emsian have been mono-
graphed, especially by Sorre (1953, 1971).
Notable studies on Lower Devonian bi-
valves are by Mamrieux (1937) for the
Ardennes and Brusnausen (1895) for the
Schiefergebirge. Trilobite faunas include
Acastella and Warburgella in the Gedin-
nian, and common phacopids, Treveropyge
and Burmeisteria in the Siegenian and
Emsian (Acuserti, 1968; Ricurer & Ricu-
TER, 1954).

The Bohemian facies of Czechoslovakia
is best known through the detailed studies
of CurupAl (1957, 1959, 1960, and in Os-
waLD, 1968a), who gave stratigraphical pre-
cision to many of the faunas monographed
by Barranpe. Cururil (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 uniformis and Warburgella
rugulosa rugosa. Scyphocrinites is abun-
dant just above and below the boundary.
The Lochkovian carries a rich fauna of
brachiopods including Howellella, Plecto-
donta, stropheodontids, and spiriferids
(Haviiéek, 1959), and trilobites such as
proctids and scutellids. Merostomes, phyl-
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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 (Boudek, 1964),
and this work has been extended by Lax-
peux {1969) to southern Europe and North
Africa. In Czechoslovakia (CurupAZ in
OswaLp, 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 (Ersen, 1953b, 1960).

The basinal shale facies bearing grapto-
lites extends well up into the Lower De-
vonian (Jarcer, 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
(LarpEUX, 1969) are increasingly important
upward in the succession. It is in the Sie-
genian Hunsrick-Schiefer of this facies that
goniatites appear (Ersen, 1966), particu-
larly Anetoceras, 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 (Ereen, 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. Fucus (1971) has made
such a study of the upper Siegenian and
lower Emsian factes of the Eifel and recog-
nized a seaward sequence of communities
dominated by Mutationella, Trigonorhyn-
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chia-Subcuspidella, Rhenorensselaria, and
Acrospirifer, followed by a deeper water
community of rarer brachiopods, bivalves
and orthocones. Boucor (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 Navwvk,
RzroNsnITSKAYA, & Markovskiy (1973)
and Boucor (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 Boucor);
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
tacies 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 (Jounson & Boucor in Hairawm,
1973). The goniatite faunas of the Urals
and Novaya Zemlya are very close to Euro-
pean groups (BocosLovskiy, 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

Introduction—Biogeography and Biostratigraphy

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 Leprocoelia, 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 (Hamapa in OswaLp,
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; KurLLmany, 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 (Staurrer in OswaLb,
1968a), and Lower Devonian graptolites
from Maymyo, Burma, and Thailand (Jas-
GER, STEIN, & WoLFrarT, 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 (Savacg,
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, Isorthis 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 I 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 Hirt, include large numbers of en-
demic elements. The corals and conodonts
(PHiLip & Pepper, 1967) have formed the
basts 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 TeLForp
(1975), who considered the sequence of
taunas 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
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by SuirLey (1938), as Gedinnian by Bou-
cot, CasTer, Ives, & Tarent (1963), and
WricHT (in Oswarp, 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, Pleurothyrells, 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 (Nogris, herein p.
A218). The North African Devonian, on
the other hand, is clearly of Old World
province type.

The Bokkeveld fauna of South Africa
(Reep, 1925; Boucot, CasTEr, Ives, & TAL-
ENT, 1963) appears to be of early Emsian
age. Characteristic brachiopods are Aus-
tralospirifer, Australocoelia, 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 (SavL, Boucor, & Fivks, 1963) and
rare mutationellid terebratulids ( AnpERSON,
Boucor, & Jonnson, 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
province.

The North African Lower Devonian of
Morocco and Algeria (HoLLarp & LEGRAND
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Fic. 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 Oswarp, 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-
fined 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 Horrarp (1968, 1974), and
work by specialists on various groups is in
progress, and some on brachiopods (Dror,
1971), cricoconarids (LarpEux, 1969), and
trilobites (ALsErTI, 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 Oriver (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



Devonian in the Eastern Hemisphere

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
glant Stringocephalus and its relatives (Bou-
cot, JoHNsON, & STRUVE, 1966) and of
Amphipora (Duncan in Croup, 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 (Harrano ez 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 (Housg,
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 LrcomprE
(1970) and Tsien (1971) for the Ardennes,
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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-
#iff, and Rasenriff with crinoid meadows
(Subturbulent Zone); Riibenriff (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 Riiben-
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; Boucor, 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 (Sorig, 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-
ceratites gracilis boundary (of ErBEn in
Exrsen, 1962, p. 65) with a level in the
Emsian, then it is the occurrence of Sel-
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GROUPS EIFELIANI|GIVETIAN |FRASNIAN [ FAMENNIAN

PORIFERA Receptaculitidae _-— -7

COELENTERATA Coenitida
Heliolitida ?
Petraiidae ?
Streptelasmatidae
Halliidae _
Zaphrentidae
Phacellophyllinae
Stauriidae
Spongophyllidae ?
Chonophyliidae
Ptenophyilidae
Stringophyliidae
Goniophyllidae
Digonophyllidae
BRACHIOPODA Orthacea
Plectambonitacea  ——
Rhynchotrematidae ?
Pentameracea
Uncinulidae
Camerophorinidae ?
Lyssatrypidae
Parafereliidae
Atrypidae
Dayiacea
Rhynchospiriferinidae =
Cyrtiidae —t
Fimbrispiriteridae
Spinocyrtiidae
Costispiriteridae ?
Stringocephalidae
TENTACULITIDA Tentaculitidae
Homoctenidae
Unioconidae
Nowakiidae
Stytiolinidae
NAUTILOIDEA Discosorida ?
Barrandeoceratida

AMMONOIDEA Agoniatitacea
Tornoceratacea
Pharciceratacea
Gephuroceratacea —_—
Clymeniina
TRILOBITA litinacea
Harpina
Calymenina
Cheirurina —
Phacopina
Lichida ?
Odontopleurida
OSTRACODA Leperditiidae ?
Isochilinidae
Beyrichiidae ?
Richinidae
Pribylitidae
Primitiopsidae
Aechminidae
Arcyzonidae
Pachydomellidae
Barychilinidae
Beecherellidae
ECHINODERMATA Rhombifera
Diptoporita —
Machaeridea -
Ophiocistioidea -1

-

>

—?

Fic. 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 Scummr (1926) and
widely followed. The upper Eifelian fauna
with Pinacites jugler: is distinct and quite
widely spread in Europe, occurring in the
Chote¢ Limestone in Czechoslovakia. The
Cabrieroceras crispiforme fauna makes the
best marker for the basal Givetian; this
occurs in the Kafak 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
WepekinD 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 WepekIND supposed,
and taxonomic revisions have eliminated
many of his names (MrwbpreToNn, 1959;
BireNnEDE, 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-
tordes henni posthumus and the appearance
of Pholonyx philonyx, Schizoproetus onyx,
and Longiproetus cultrijugati. In higher
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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 Avsert1 (1971},
and a general review is given by Larpeux
(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).

ASTA

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)
pseudobaschkirica, Megastrophia wuralensis,
Carinatina, Janius, 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 Stringocephalus, Born-
hardtina, Uncinulus, Schnurella, and Em-
manuella, but in the Alway-Sayan the
occasional exotic form Indospirifer from
the east, and rare endemics such as Urella
occur (NarLivkiN, RzHONsNITskAYA, and
Markovskry, 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 (BocosLovskiy in NaLvkiN, 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 OswaLp, 1968b).
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Paleogeographic distribution of corals, on
the other hand, has been reviewed by Du-
BaTOLOV & Spasskiy (in Oswarp, 1968b)
and by Seasskiy and others (in Navwvkin,
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 NavLvkin,
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
Towaphyllum 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 Grasau (1931-33) and
Tien (1938), the work on Yunnan corals
by Wanc (1948) and the revisions by
HaMmapa (in OswaLlp, 1968a) seem to be
the main sources confirming the general
picture. But Seasskry and others (in NaLrv-
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 Kurimann (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)
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and Durkoor (1970) have reported a varied
fauna of brachiopods and corals from Af-
ghanistan, which have a close link with
European and Uralian faunas. Reep (1908)
recorded both Calceola and Anarcestes from
northern Burma (Anperson, Boucor, &
Jounson, 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 (GosserrT,
1966), and Boucor, Jomnson, & 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 (TEr-
cuErt, 1974), little has been described;
however, Stringocephalus and Stringophyl-
lum have been reported from the Canning
basin (Prckert, 1972). This section 1is
therefore concerned only with eastern Awus-
tralia.

The formal biostratigraphic subdivision
of Pamwir & Pepper (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 | (of Grypophyllum cf.
G. denckmanni) and Fauna K (of “Endo-
phyllum” schlueteri) have been correlated
with the European Polygnathus wvarcus
Zone (Kvrapper, PHiLP, & 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 Hmr (1957) and Seasskriy and
others (in NaLwvkin, 1973) pointed out, and
has been emphasized by Pepper, 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
(HorLarp & Lecranp in OswaLp, 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 Horrarp (1974). The
levels are characterized, in sequence, by
Sellanarcestes wenkenbachi, Anarcestes late-
septatus lateseptatus, then A. lateseptatus
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plebeius with Pinacites jugleri. The P. jug-
leri faunas Horrarp referred to the upper
Eifelian, as in Germany, and he has dis-
proved the earlier date assigned by Souey
(1969). A widespread fauna containing
Cabrieroceras crispiforme 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. crispiforme levels seem to
correlate exactly with the New York Wer-
neroceras Bed.

Among brachiopods, too, typical Euro-
pean forms are well represented (Dror,
1964, 1971), but the coral records of Helio-
phylium and Phillipsastrea are of particular
interest (Le Marrre, 1947, 1952). The
former is taken, with otherwise endemic
eastern North American forms (OvLiveg,
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 (Scrurron, 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 (Jonn-
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 1s
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 meteonte
landing in the Devonian “Pacific” could
have set up a tidal wave giving near in-
stantaneous extinction. House (1973a,b),
on the other hand, has pointed out the
critical relation between the disappearance
of reef carbonates and these extinctions.
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Fic. 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 (Cly-
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 knolllike 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 OswaLp, 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 (OrcHarp, 1974;
ScrutTon, 1968). Boucor (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.  Crickites 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 Wepexkino (1913). The
conodont sequence was established by
ZiecLer (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 Kress and Rasiew
(1964) and this is reproducible in other
European areas.

One particularly unusual facies, the two
Kellwasserkalk bituminous limestones, were
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recognized by Buccisca (1972) over wide
areas of Europe and in North Africa. These
carry a remarkable fish fauna and gonia-
tites, orthocones, and even coprolites with
conodont assemblages (Lancg, 1968). Buc-
ciscH 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,
& Markovskry, 1973) and goniatite faunas
(BocosLovskiy, 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 Housg, 1977).

EUROPEAN FAMENNIAN

The almost complete absence of biohermal
carbonates 1s 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 endophyilids, one genus of cystiphyl-
loids and the earliest known heterophylloids
from the early Famennian, and this is the
best European Famennian coral fauna
known. The limited stromatoporoid fauna
of the Etroeungt (Lt Martre, 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 Oswarp, 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
proetids 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 Wocklumeria 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 ZiecLEr
(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 (Ausrin,
et al., 1970; VOHRINGER, 1960; ZIEGLER,
SANDBERG, & AvsTIN, 1974). The boundary,
in the German (and Heerlen and Shefheld
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-
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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 NALIVKIN,
RzuonsNITSKAYA, & 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 (DusatoLov & Spasskry
in NaLvkIN, 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
(BocosLovskiy, 1971) and, although only
briefly described, the conodont sequence has
broad similarities (KuaLymsapzua & 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, & MarKowsk1y, 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,
RzuonsniTskAYA, & Markovskry (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 BocosLovskiy
(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 (Cuaxg,
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. Cnanc
(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, Beloceras, 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 Yunnanells suggest that
only Frasnian is involved. This is of some
importance because the type species of
Cyrtiopsis is from this region, and in North
America this genus has been taken as a
Famennian guide. According to the review
by Seasskriy and others (in Narmvkin,
1973), the Frasnian coral fauna is broadly
similar to that of Asia and Australia. The
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plant Leptophloeum is widespread in more
terrestrial facies in China, Japan, and also
eastern Australia (Hamapa in OswaLp,
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 (Reep,
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
Cyrtosymbole (Waribole) from Malaya
(Koavasui & Hamapa, 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 (Ros-
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 Leprophloenm 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
conodonts. McKerLrar (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,”  Cyrtospirifer, and Tentico-
spirifer, 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; Pickerr, 1960).

The remarkable Frasnian reef sequences
of the Canning basin (PLayrorp & 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; Prrersen, 1975)
this is at specific level, as it is for the
conodonts (Druce, 1969; GLENISTER &
Krapper, 1966), brachiopods (VEEVERs,
1959a,b), and phyllocarid crustaceans and
other groups (BrunToN e al., 1969). Fizz-
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.
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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 (PerTER, 1959,
1960), which replicate the standard succes-
sions. Goniatite faunas near the Middle-
Upper Devonian boundary have been de-
scribed by Bensam (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 (Housg, 1973a). The rare en-
demic form Petteroceras is in a fauna mostly
conspecific with German forms. This area
has also contributed to the correlation of
conodont and ammonoid zonations near the
Frasnian-Famennian boundary, and Buec-
ciscH & 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 Furope 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 (OLvER, 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 Devonian. 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 Bripen, DrEwry, & Smrta (1974), and
the same authors in Hucnes (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 (Kuramov
in Oswarp, 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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Fic. 9. Global reconstruction for the Devonian using paleomagnetic evidence. The Emsian distribution

of Malvinokafiric province brachiopods is shown by open circles. The Frasnian distribution of the goniatite

Manticoceras is shown by black circles. Note that southcast 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 World
province, the Rhenish-Bohemian subprov-
ince is clearly tropical (Housg, 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 Boucor, 1975, and elsewhere). Cor-
dilleran links with Europe north of the
Old Red Sandstone continental area, and
with Arctic Siberia, pose fewer problems.

Auempts 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 (Burrerr, 1972;
Riping, 1974), others to the south (ANDEr-
soN, 1975). But the review by Kress &
Wacuenporr (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.
Riping (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-
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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 sufhciently 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. Tt 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
Sepcwick 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 bE VERNEUIL, whose views were
made known by HarL (Cooper ez al., 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 Frieno 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 (Borrino & FuLLacar,
1966) and the top of the Devonian in Vic-
toria, Australia (McDovucaLL ez al., 1966),
were 413 =5 my and 363 =6 my, re-
spectively.

More recently the International Geo-
chronological Commission (TUGS, 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 Jounson (1970c,
p. 2088, fig. 6), SmitH ez al. (1973, fig. 12),
and others. Jounson 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 (Jounson & Dascn, 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 (Jomnson &
Boucor, 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.

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

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 Cordil-
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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 (Sanrorp & 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 (BurLer, 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 (Frienp, 1961) and on
Bear Island (Hovrtepanr, 1919) which,
along with the Greenland deposits, are
interpreted as remnants of the Old Red
Sandstone continent (Housg, 1968b).

SOUTH AMERICA AND
FALKLAND ISLANDS

The distribution (Fig. 1) and paleogeog-
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raphy of Devonian rocks of South America
and the Falkland Islands (Fig. 2 to 5)
have been described by Weexs (1947),
HarrincTon (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 Parnafba and Sao Francisco basins of
eastern Brazil, and the Parani 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 Harringron (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 Boucor 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
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(Woopwarp, 1921) have been collected
from central Victoria Land. A Lower De-
vonian marine fauna has been described
by Boucor ez al. (1963) and by Doumani
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, Azrypella, 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 (Curupig, 1972, p. 111, 113; Mec-
Laren, 1972). The base of the Gedinnian
coincides with the base of the Lochkovian
(in NaLwrkin, 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

(BerpaN et al., 1969).

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 Boucor and Jonn-
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 Boucor and Jounson (1967, 1968)
also in those areas where the rensselaeriid
zones are poorly represented or absent.

Notable rugose coral assemblages were
reported by Oriver (1968) in the Helder-
berg (Gedinnian and lower Siegenian) and
middle Onesquethaw (Emsian). Rugose
coral genera occurring in stromatoporoid

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 (Orwver, 1968).

Few corals are known from the lower
part of the Onesquethaw (Esopus), but the
small assemblage contains the oldest known
“Billingsastraca” (=Asterobillingsa) (OLr-
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
stmilar to that of the brachiopods (Ormis-
ToN, 1972). Gedinnian endemic genera in-
clude Cordania, Roncellia, Neoprobolium,
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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 Ieriodus (=Pedavis) pesavis faunas of
Nevada are recorded from New York
(Krapper e 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 (Krapper et al., 1971, p. 292).

Monograptids are rare in the Lower De-
vonian of the Appalachian succession
(Jounson & Mureny, 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),
Trematospira Zone (upper Siegenian), Ac-
rospirifer kobehana Zone (upper upper Sie-
genian), Eurckaspirifer pinyonensis Zone
(lower Emsian), and Elythyna beds (upper
Emsian) (Jonnson, Boucor, & Mureny,
1968; JounsoN & Boucor, 1968; JonNson,
1975).

Important forms from the lower Gypidula
pelagica beds include the lowest Cyrtina
and Schizophoria, leriodus woschmidti, and
monograptids representing the Monograp-
tus uniformis Zone (JouNsoN & MurpHy,
1969). The widely distributed index trilo-
bite, Warburgella rugulosa, occurs in upper
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Gypidula pelagica beds, above beds with
M. uniformis (Avperti et al., 1971) and
above beds containing I. woschmidt; (Joun-
soN, Boucor, & Murpry, 1973, p. 11).

Succeeding beds contain two graptolite
zones, Monograptus prachercynicus and M.
hercynicus (JounsoN & 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 Sparhognatho-
dus johnsoni are closely associated and
treated as one fauna (Jomnson & Murrny,
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 & Murrny, 1972; JoHNsoN,
1975). The Spinoplasia Zone contains a
shelly fauna of Appalachian affinity (Jomn-
soN, 1965, p. 374) dated as late Helder-
bergian (Port Ewen).

An interval above the Spinoplasia Zone
has been referred to by Jounson (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 (JouNson,
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
(Jonnson, 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 cf. 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 Krarper (1969) has out-
lined the associated conodonts. The four
brachiopod faunal units in ascending se-
quence comprise: Gypidula cf. G. pelagica,
Spirigerina, Gypidula sp. 1-Davidsonia-
trypa sp., and Sieberella cf. S. weberi-
Nymphorhynchia pseudolivonica.

In the Gypidula f. G. pelagica unit the
brachiopod genera Cyrtina and Schizo-
phoria appear at or near the base, and the
conodonts Icriodus woschmidii and Ozarko-
dina remscheidensis occur together in the
unit, an association similar to that known
from Nevada.

The Spirigerina unit is characterized by
Spirigerina cf. S. supramarginalis, Toqui-
maella kayi, and Ogilviella rotunda. It is
correlated with the Quadrithyris Zone of
Nevada, which Jounson (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 (Krapper, 1969).

The Gypidula sp. 1-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 Trematospira
Zone of Nevada (Krapeer, 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 (CuurkiN & Brass, 1965, 1968), in
the Canadian Arctic Islands (THorsTEINS-
soN in BErpaN ef al., 1969), and elsewhere.

The Sieberella cf. 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 cf. C. bathur-
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stensts, 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 cf. S. weberi-
Nymphorhynchia pseudolivonica unit cor-
relates with the lower part of the richly
fossiliferous carbonate and shale Michelle
Formation (Norris, 1968a, 1968b; Lubpvic-
sEN, 1970). Brachiopods in the Michelle
include Cortezorthis cf. C. cortezensis, Cari-
napyga lowery: and Schizophoria cf. S. ne-
vadensis, which suggest a correlation with
the Eurekaspirifer pinyonensis Zone of Ne-
vada of mid-Emsian age (Lupvresen, 1970).
Important trilobites in the formation in-
clude Lacunoporaspis norrisi (most abun-
dant) and Ricticuloharpes cf. R. reticulatus
{Ormiston, 1971). Conodonts in the Mi-
chelle studied by FAuracus (1971) were as-
signed to the Polygnathus dehiscens fauna.
The dacryoconarid fauna of the Michelle
was correlated by Lupviesen (1970, 1972)
with the Guerichina strangulata Zone of
late Pragian (early Emsian) age. The am-
monoid Teicherticeras lenzi described by
House (in House & PeppEr, 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 Krapper (in
Pernry 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. cf. M. thomasi,
and M. yukonensis (THORSTEINSSON in BEr-
DAN ¢t al., 1969; THorsTEINsSsoN in Mec-
Grecor & UveNo, 1972},

The lower Gedinnian trilobite, Warbur-
gella rugulosa canadensis, has been de-
scribed by Ormuston (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 (Boucor
et al., 1960; Berban et al., 1969). From the
same island, the brachiopod Togquimaella
kay: 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 Quadrithyris Zone
of Nevada. Brachiopods of the Quadrithyris
Zone were recognized by Jounson (1975)
also on Prince of Wales and Cornwallis
Islands.

From the lower part of the Bathurst
Island Formation on Bathurst Island,
Uyeno (in McGrecor & Uveno, 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 (McGrecor & Uveno, 1972; Uyveno
& Mason, 1975). Polygnathus dehiscens,
suggesting an early Emsian age, occurs in
the lower part of the formaton; and P.
perbonus and other conodonts indicating
a middle to late Emsian age occur in the
upper part of the formation and in the

Introduction—Biogeography and Biostratigraphy

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 Kraprer, 1969) from the
lower 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 (Jornson, 1971b, p. 3268).
Brachiopods described by Brice and
Mears (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
Orwmiston (1967) from the Eids Formation
include Platyscutellum brevicaulis, Cornu-
proetus tozeri, Harpes cf. 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 RuboLr RicHTER
(1941) and Ruporr 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, Parani basin of Brazil
(Crarkg, 1913), Bolivia (WoLFART &
Voces, 1968), and the Falkland Islands
(CLARKE, 1913; SHirLEY, 1964). All of the
Lower Devonian (Gedinnian to Emsian)
is represented in Bolivia according to
WorrarT and Voces (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 Boucor (1963), and
others. Characteristic brachiopod genera in-
clude Leprocoelia, Megakozlowskiella, Eo-
devonaria (arcuata) type, Prionothyris, Am-
phigenia, Pentagonia, and others (Boucor,
Jounson, & TaLenT, 1968). The associated
corals were studied by Scrurron (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 Jounson (in Scrutrton, 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 Boucor et al. (1963) and
Doumant 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.
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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 (Boucor, Jornson,
& TaLenT, 1968). The Appohimchi sub-
province of the Fastern Americas realm
extended in North America from Gaspé
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 (Boucor, Jonnson, &
Tavent, 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 Emstan, 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 (Boucor,
Jounson, & Tarent, 1968; Boucor, 1975).

Beginning approximately in late Emsian
or early 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, WoLrarT and Voces
(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

Introduction—Biogeography and Biostratigraphy

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 (Housg, 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 (Housg,
1962), and Teicherticeras (House & Pep-
DER, 1963) and Anetoceras (Norris, 1968a)
occur separately in the northern Yukon.

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 (Boucor, 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 (Ovr-
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 (Krapper, 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 Fifelian ammonoid Foordites in the
upper part of the Nedrow (Krarpegr, 1971,
p. 60). The succeeding Polygnathus robus-
ticostatus fauna is characterized by the

name-giver and P. angusticostatus, as well
as rare occurrences of P. linguiformis lin-
guiformis « 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. afl. 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 Kraprer (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 (Housg, 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
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the Ludlowville Formation (CoorEr &
WartHIN, 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 CooprEer
and PueLan (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 wvarcus) are known in the
Skaneateles Formation of New York and
in the lower part of the Traverse Group of
Michigan, and elsewhere (Krapper 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
(Krareer 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 RhAyssochonetes aurora
and “Stropheodonta” tulliensis; the Apulia
abounding in Hypothyridina venustula,
Schizophoria tulliensis, and R. aurora; and
the West Brook, containing a great variety

A235

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 (Krapper
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. Coorer and Ovriver considered
the Tully brachiopods and corals to be
Middle Devonian types (CoopEr, 1968; Or-
iR ez 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.
Kraprper and ZigcLer (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 (Kvrapper ez al., 1971, p.
286).

WESTERN NORTH AMERICA

A number of zonal schemes have been
proposed by various authors including
Jounson (1966), Jomnson and Boucor
(1968), and others for the Middle Devonian
succession of western United States.

A zonal sequence based on brachiopods
proposed by Jounson and Boucor (1968,
p. 69) for the Middle Devonian of central
Nevada includes the following in ascending
sequence: the Leptathyris circula Zone
with cricoconarids identified by Boudex
including Nowakia otomari, Variatellina
pseudogeinitziana, and Striatostyliolina stri-
ata; the Warrenella kirki Zone with Cabrie-
roceras cf. C. crispiforme in the lower
faunule; beds with Warrenella franklini
associated with Leiorhynchus castanea, Para-
stringocephalus, Subrensselandia, Mimatrypa
cf. M. insquamosa, and Schizophoria mc-
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farlani; and Warrenella occidentalis Zone
containing Schmidtognathus hermanni-Poly-
gnathus cristatus Zone conodonts identified
by KrappEr, indicating a late Givetian age.

The two brachiopod faunal units above
the Warrenella kirki Zone were later sub-
divided by Jounson (1970c, p. 2089) into
three units comprising, in ascending se-
quence, the Leiorhynchus castanea Zone,
the RhAyssochonetes aurora fauna, and the
Leiorhynchus hippocastanea Zone.

The Leptathyris circula Zone with its
basal Pentamerella Subzone contains a large
brachiopod fauna described by Jomnson
(1966, 1970a). An interval containing
abundant two-hole echinoderm ossicles oc-
curs at the base of the zone in some sections
of Nevada (Jounson, 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 Jounson (1971a),
is characterized by Spinulicosta muirwoodi,
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
(Jounson, 1971a, p. 304-305).

The Leiorhynchus castanea Zone of Ne-
vada is characterized by Parastringocepha-
lus cf. P. dorsalis, Subrensselandia nolani,
Warrenella cf. W. franklini, Polygnathus
varcus, and other fossils (Jomnson, 1969;
1970c, p. 2087). It was dated by Jounson as
pre-Taghanic Givetian.

The succeeding Rhyssochonetes aurora
fauna includes R. awurora solex, Leiorhyn-
chus sp. aff. L. mesacostale, and Polygnathus
varcus. It is correlated with the Lower
Taghanic of New York (Jounson, 1970c,
p. 2087).

The Leiorhynchus hippocastanea Zone
contains Warrenella occidentalis, Hadro-
rhynchia sandersoni, abundant Emanuclla
cf. 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 (Jonn-
soN, 1970c).

Introduction—Biogeography and Biostratigraphy

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, Gastero-
coma? bicaula, “Schuchertella” adoceta, and
Radiastraea verrilli.

The very large and distinctive ostracode,
Moeclleritia canadensis (CopeLanp, 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 (Uyveno & 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 Jounson & 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), Cavrp-
weLL (1971), Lenz and Pepper (1972),
Pepper (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. verrili, and Taimyrophyllum
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triadorum are diagnostic of the zone (Pep-
DER, 1975, p. 572). Conodonts in the zone
suggest an Eifelian, probably early Eifelian,
age (Uveno in Lenz & Pepper, 1972), and
Eifelian goniatites have been recorded by
House and Pepper (1963) in the strati-
graphically lower Funeral Formation.

The “Carinatina” dysmorphostrota Zone
contains a rich fauna including Spinatrypa
borealis, S. andersonensis, S. cortacea; and
the corals Radiastraea tapetiformis, Taimy-
rophyllum stirps, Aphroidophyllum howelli,
A. meek:, and Mackenziephyllum insolitum
(PeppER, 1975, p. 572). Conodonts identi-
fied by Uveno (in Lenz & Pepper, 1972)
from the zone indicate an Eifelian age.

Upper Middle Devonian (Givetian)
zones, or “hemerae,” recognized by Crick-
may (1966) in western Canada comprise:
Desquamaria (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
Peoper (1975) for Givetian strata of the
central Mackenzie valley area is as follows,
in ascending sequence: Letorhynchus cas-
tanea, Ectorensselandia laevis, Stringocepha-
lus 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 (Uyveno in Sanrorp & Norers,
1975) are dated as late Eifelian and prob-
ably younger.

Stringocephalus, a guide fossil for the
Givetian, is widely distributed in western
North America (Boucor, JounsoN &
StruvE, 1966, p. 1358, fig. 2) and was dis-
covered recently in Indiana of the mid-
continent area (CoorEr & 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,
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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 (Pepper, 1975,
p. 574).

The Grypophyllum mackenziense Zone
occurs in the upper reefal part of the Ram-
parts Limestone and 1is approximately
equivalent to the Emanuella vernilis Zone
of the Slave Point Formation of the Great
Slave Lake area and the Desquamatia (1.)
independensis Zone of the Swan Hills For-
mation of northern Alberta. Conodonts of
the Schmidrognathus hermanni-Polygnathus
cristatus Zone of late Givetian age occur
with both the Lejorhynchus 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-l.
curvirostratus-l. introlevatus assemblage and
Polygnathus  linguiformis  linguiformis,
which Uveno (in McGrecor & Uveno,
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-
Grecor & UvEeno, 1972, table 1). Brachio-
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Fic. 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 part of Warrenella kirki (late Eifelian or
the formation were correlated by Brice and ~ Givetian), respectively. OrmisToN 1967)
Meats (1977) with the Nevada zones of has indicated that the Blue Fiord trilobite
Leptathyris circula (Eifelian) and lower 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 McGrecor
& UyeNo, 1972) include a form close to
Icriodus corniger and Eognathodus bipen-
natus, indicating an Fifelian 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 Uyveno (in Mc-
Grecor & Uyeno, 1972) from the lower
part of the Bird Fiord Formation of
Bathurst Island are nondiagnostic. How-
ever, Icriodus cf. 1. 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. Swtringocephalus 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
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of the Eastern Americas and Old World
realms continued to be pronounced (Joun-
soN & Boucor, 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 (Jounson & Boucor, 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. Fifelian ammonoids recorded
from North America include Gyroceratites
(Lamelloceras) and Anarcestes from the
Northwest Territories (House & PEeDDER,
1963). Foordites from the New York
Onondaga Limestone and from Virginia
(Housk, 1962), and Foordites and Cabriero-
ceras from the Columbus Limestone of
Ohio (Sweer & 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-
beiforme (Housk, 1964). From the North-
west Territories Wedekindella, Maenioceras,
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Agoniatites, Tornoceras, and Cabrieroceras
are recorded (House & Pepper, 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 (Housg,
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 (Housg, 1962). From this distribu-
tion House (1964) suggested that there
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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. Lranza (1968) dated
the new species as Late Devonian but, ac-
cording to W. W. Nassicuuk (pers. com-
mun., October, 1973), the suture line of
the new form closely resembles that of
Tornoceras uniangulare aldense (Housk,
1965a), which occurs in the Middle De-
vonian (Givetian) Alden Marcasite of New
York State.

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 (Rickarp, 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 Schmidzo-
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 (Rickarp, 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

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 (Rickarp, 1973, 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 cf. C. hol-
zapfeli (House & KircHcasser in Rickarp,
1975). Probeloceras strix is a new zone
described by KircHcasser (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
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Group with C. chemungensis and C. per-
latus as important species; and C. angust-
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
(Houst in Rickarp, 1975). Opinions dif-
ter 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 (Rickarp, 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 Kvarper ez al. (1971) referred
the upper Hanover to the upper zriangu-
laris Zone.

Ammonoids and conodonts are rarer in
the upper Upper Devonian (Chautauquan
Series) and correlation with the Famennian
of Europe becomes increasingly more difhi-
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 (Rickarp,
1975).

The ammonoid Chetloceras amblylobum,
associated with conodonts of the Palmato-
lepis crepida Zone, occurs in the Gowanda
Shale. The youngest ammonoid zone,
Sporadoceras milleri, present in Pennsyl-
vania, occurs in the lower part of the Brad-
ford Stage which correlates with part of
Zone dolll of Europe (OLiver ez 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 doVI (OvL1ver ez 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
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been proposed for the abundantly fossilifer-
ous Frasnian rocks of western Canada by
a number of workers including Crickmay
(1966), Maurin and Raasca (1972), Mc-
Laren (1954, 1962), Raascu in Dooce
(1966), Warren and Sterck (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 Uveno (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. FEleutherokomma disappears late
in the C. wvariabilis 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 walcorts, and T heo-
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 BeLvea and Mc-
Laren (1962). The fauna of the T. keene:
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 PooLk et al. (1968), Joun-
soN (1970c), Baars (1972), and others.
Brachiopod zones used by PooLe ez 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: Cyrrospirifer mimetes, Basili-
corhynchus basilicum, Cyrtospirifer nor-
manduvillana, C. sp., C. cf. 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. maclaren: 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.
walcott; in Nevada and Utah.
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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 & Pepper, 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 PooLrk er al. (1968) in south-
western United States comprise in ascending
sequence: Cyrrospirifer 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 cf. E.
impennis, and “Allanaria” allani; 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, T heodossia, and
others (Krovan & Emsry, 1971).

Marine Famennian megafossils of the
Canadian Arctic Islands have been sum-

marized by McLaren (in KEerr, McGRrEGOR
& 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

(McGrecor & Uveno, 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 (Harrine-
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 (Harrincron, 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 (Jomnson, 1970c),
resulting in a single cosmopolitan brachio-
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pod fauna in the marine areas of North
America and elsewhere during the Frasnian
(JounsoN & Boucor, 1973). Important
widespread brachiopod genera of this fauna
include Calvinaria, Cariniferella, Devono-
productus, Douvillina, Eleutherokomma,
Hypothyridina, Nervostrophia, “Spirifer”
of the orestestype, Tenticospirifer, and
Theodossia (Jounson & Boucor, 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 Croup, 1959, p. 948, fig. 12);
and similar evidence showing intermingling
of coral genera was cited by Oriver (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 (Housg,
1967).

The principal brachiopod genera that sur-
vived the extinction at the end of the Fras-
nian and continued into the Famennian
include: Artribonium, Aulacella or Rhi-
pidomella, “Chonetes” or Retichonetes, Cru-
rithyris, Cupularostrum or Ptychomaletoe-
chia, Cyrtina, Cyrtospirifer, Productella,
Schizophoria, and Steinhagella (JouNsoN &
Boucor, 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 (JounsoN & Boucor, 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 (Housg, 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 (MirLer, 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 (Housk, 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 (Mic-
LERr, 1938, p. 115, 116), Michigan, lowa,
Utah, New Mexico, Missouri, Ohio, Vir-
ginia, and especially New York. These
occurrences form a link with those along
the northern Siberian coast (Housg, 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 & Pepper, 1963), and
is apparently almost as widespread as Man-
ticoceras geographically, but is sparser nu-
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merically (Housg, 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 (Housk,
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 Wocklumeria zones known 1n
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 (Housg, 1962),
and also from Alaska (SasLe & Durtro,
1961). None of the North American oc-
currences can be dated certainly as latest
Famennian, and all may well be mid-
Famennian in age (Housg, 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

(Sanrorp & Norris, 1975), in Montana and
Wyoming (SanpsErs, 1961), in Arizona
(TercHERT & ScHork, 1958), in the Rocky
Mountains of Alberta (Artken, 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 Prery-
gorus and Eurypterus, ceratiocarid crus-
taceans, and the arthropod Estheria.
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INTRODUCTION

The name Carboniferous was introduced
by Conveeare and PHiLiips (1822) for the
English succession that included the Old
Red Sandstone, Mountain Limestone, Mill-
stone Grit, and Coal Measures. Later Sepc-
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
factes 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 Congrés de
stratigraphie et de géologie du Carbonifére,
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 Congrés International de
stratigraphie et de géologie du Carbonifére
(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
Carboniferous-Permian boundary (1952) in
placing 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-
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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
(GEeorGE, 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 (Hub-
soN, 1945; Ramseorrom, 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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groups. Sce Figure 7 for ranges of stratigraphically important genera of conodonts. The megafloral zones
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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 (WacNERr,
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
(L1aBEUF & 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 Mar-
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 Towa, 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 al., 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-
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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)
1s 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 Towa)
(Moozre et al., 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
(Gorpon, 1974). The type section of the
Desmoinesian was deposited to the north
in Towa, 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 ef
al., 1961), southern Urals, and greater Don-
etz basin (Avzenverg, 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 Evwor 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 ¢t 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 T'riassic 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 (Hir, 1957; CampBELL & McKELLAR,
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1969; CampeeLL et al., 1969; Roserrs,
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 (HiLr, 1948, 1957, 1973; CampPBELL &
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 from 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 a
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 Anzhra-
coceras and FEoasianites, which are similar

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, Spirifer, and Ali-
spivifer. 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 Tubardo glacial beds
in Brazil and Uruguay. The coals of the
Parand 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
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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
& Woobranp, 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
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 (Evnor 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 dificult 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
umes 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.
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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), RevrLiNger (1960, 1962, 1963,
1969), Lirina (1963, 1964, 1965, 1970,
1973) Mamer (1962, 1968), Mamer and
Skrpp (1971), Sanpbo, MaMmert, and Durtro
(1969), ConiL (1964), Conir and Lys
(1968), and ConiL, PaprotH, 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 Sepraglomospir-
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 Septaglomo-
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 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.

increase

Zone 10 is of earliest Visean age. The
important faunal elements in North Amer-
ica are Tournayella, Eoforschia of the group
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E. moclleri, 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-
staffella, primitive Eostaffella, 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. krestovnikouv:
and Planoarchaediscus. In Eurasia Forschia
(first appearance), Lituotubella, Eotextular-
ia, Latiendothyra, Dainella, Eoparastaffella,
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. moelleri, Palaeotextularia of the
group P. consobrina, Globoendothyra, Eo-
endothyranopsis of the group E. spiroides,
Tetrataxis, Propermodiscus, Archaediscus
of the group A. krestovnikovi, and Plan-
oarchaediscus. In Eurasia, diagnostic faunal
constituents are: Forschia, Forschiella (first
appearance), Lituotubella, Haplophragmel-
la, Eotextularia, Cribrostomum, Climacam-
mina of the group C. prisca, Endothyra of
the group E. prisca, Dainella, Eostaffella,
Vissariotaxis (first appearance), Permodis-
cus and  Archaediscus of the group A.
chernoussovensis (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, Tetrataxis, Propermo-
discus, Archaediscus of the group A. kres-
tovnikovi, Archaediscus of the group A.
moelleri, Archaediscus of the group A.
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chernoussovensis 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 compres-
sus. In Eurasia, important genera include
Forschia, Lituotubella, Haplophragmella,
Cribrostomum, Climacammina of the group
C. prisca, Endothyra of the group E. prisca,
Dainella, Eostaffella, Valvulinella, Vissario-
taxis, Omphalotis, Endostaffella, 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, Cribrostomum,
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 crassus. In BEurasia, For-
schia, Forshiella, Haplophragmella, Endo-
thyra of the group E. prisca, Endothyranop-
sis compressus, Pseudoendothyra, Eostaffella,
Mediocris, Valvulinella, Vissariotaxis, Ar-
chaediscus of several groups, and Plano-
archaediscus karreri are important.

Late Visean Zone 16i (early Chesterian)
is characterized by common to abundant
Cornuspira, Palaeotextularia of the group P.
consobrina, Climacammina of the group C.

Fic. 2. (Continued from facing page.)
America (mainly western part). [Thick lines indicate abundant, thin lines common, and dashed lines
rare or questionable occurrences. Numbered foraminiferal zones and data from Mamet & Skipp (1971);
Ross, n.]
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Fic. 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, Palacotextularia of the group P. long-
iseptata, Climacammina of the group C. pa-
tula, Endothyra bowmani, Endothyranopsis
crassus, Globoendothyra globulus, Pseudo-
endothyra, Eostaffella (= 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 Neoarchaedis-
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 Neoarchaed:-
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), Janischewskina, Valvulinella,
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, Palaco-
textularia of the group P. longiseptata,
Climacammina of the group C. patula,
Endothyra of the group E. bowmani, Pseu-
doendothyra, Eostaffella, Tetrataxis, Archae-
discus of the group A. krestovnikovi, Arch-
aediscus of the group A. chernoussovensis,
Archaediscus of the group A. latispiralis,
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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, Eostaffellina,
“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 foraminifers 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, Eostaffella, Novella (primi-
tive), Pseudostaffella, Schubertella, Semino-
vella, Verella, Eofusulina, Ozawainella, and
Profusulinella. The early Bashkirian in the
Donetz basin and southern Ural Mountains
can be divided on the basis of fusulinaceans

Yic. 3. (Continued from facing page.)
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-
Iinella, 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-
KAva, 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-

Introduction—Biogeography and Biostratigraphy

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,
lowanella, 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 Da‘xina and Jigulites
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” (ie., 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 Revrrineer (1970),
Mamer and Skier (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