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Abstract Quantifying the history of changes in sea level is an important constraint for modeling 
sedimentary systems. Integration of diagenetic evidence for subaerial exposure with stratigraphic 
evidence of paleotopography is important for determining the history of relative changes in sea level. 
Surfaces of subaerial exposure can develop on marine strata from aggradation of sediment into the 
subaerial realm, from eustatic sea-level falls, or from uplift Surfaces of subaerial exposure that result 
from aggradation alone can be distinguished from those that result from eustatic fall or uplift. If 
exposure surfaces directly overlie strata of subtidal origin or drape significant paleotopography, 
aggradation alone must be ruled out. The minimum relative fall in sea level can be quantified by tracing 
surfaces of subaerial exposure over reconstructed paleotopography or by determining the depth to 
which vadose-zone diagenesis occurred. Paleosols, paleokarst, trends in stable isotopes, calcite cement 
stratigraphy, calcite cement fabrics, and fluid inclusions provide diagenetic records that are useful in 
identifying ancient surfaces of subaerial exposure and determining the position of ancient vadose zones. 
Paleosols can be identified using the preserved records of desiccation and wetting, subaerial processes, 
and plant activity, Studies from the Pennsylvanian Holder Formation of New Mexico illustrate that 
paleosols can be laterally variable in nature and can be used to demonstrate a relative fall in sea level 
of at least 30 m ( I 00 ft). Paleosol features can develop well below the subaerial surface, so caution must 
be used in applying this technique. Paleokarst is another useful record of subaerial exposure. Some 
karstification results in surface landforms, terrarossa paleosols, or vertical voids in which there is a clear 
relationship to an ancient surface of subaerial exposure. The depth of penetration of these karst features 
that developed in the vadose zone can be used as a minimum estimate of relative sea-level fall. For karst 
cavities that cannot be directly associated with a specific surface of subaerial exposure, the age of 
sediment fills or regional distribution of cavities can provide the most direct link to a particular surface 
of subaerial exposure. Whole-rock trends of relatively negative o13C, relatively positive 6180, and a 
baseline shift in i>180 can also reflect ancient surfaces of subaerial exposure. Variability of data from 
the Holder Formation shows that the trends predicted are not the result of stabilization in a homoge­
neous, relatively negative o13C zone but the result of patchy cementation and replacement in a solution 
of heterogeneous carbon isotopic composition. Preservation of the most negative carbon signatures 
depends on sampling the highest volumes of soil-precipitated phases and those in closest proximity to 
organic structures in soils. Calcite cements with meniscus or pendant fabrics preserve a record of vadose 
diagenesis. Vertical pinchout of calcite-cement compositional zones may reflect surfaces of subaerial 
exposure. The lateral variability of such cements in the Pennsylvanian Holder Formation and the 
Lansing-Kansas City Groups of Kansas shows that such cements develop best in paleotopographically 
high settings. Fluid inclusions can provide a record of diagenesis in the vadose zone. Fluid inclusions 
trapped in the vadose zone are marked by variable ratios of vapor to liquid and all-liquid fluid inclusions. 
The distribution of such inclusions in Miocene rocks of Spain demonstrate a relative fall in sea level 
of at least 50-55 m (160-180 ft). 

Accurate modeling of sedimentary systems relies on estab­
lishing appropriate constraints on the variables that affect 
sedimentation. One of the most important variables is the 
history and magnitude of sea-level change. A part of this 
history can be detennined by analysis of the early meteoric 
diagenesis of shallow-water sedimentary rocks. In this article 
we describe techniques by which sea-level history can be 
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detennined through the integration of meteoric diagenesis 
ahd subaerial exposure with sedimentary facies and 
paleotopography. We illustrate the importance, strengths, 
and weaknesses of paleosols, paleokarst, stable isotopic 
signatures, vadose-zone cement fabrics, cement stratigraphy, 
and fluid inclusions as records of subaerial exposure and 
discuss theiruse for quantifying the history ofrelative change 
in sea level. The discussions and case studies are biased 
toward carbonates and our studies of the Carboniferous and 
the Miocene, but we also include some findings on sand­
stones. 
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During a relative fall in sea level, shallow-water marine 
carbonate sediments commonly are exposed subaerially and 
are subjected to diagenesis by meteoric fluids. The unstable 
mineralogy of these sediments and the chemically aggressive 
nature of meteoric water renders carbonates diagenetically 
impressionable so that they typically preserve a record of the 
meteoric fluids. Identification of surfaces of subaerial expo­
sure and the paleotopography along these surfaces help to 
reveal the history and magnitude of relative sea-level falls. 

Determining causes of subaerial exposure 

Surfaces of subaerial exposure on marine strata can result 
from (1) uplift, (2) eustatic fall in sea level, and (3) vertical 
aggradation of sediment into the subaerial realm without 
uplift or eustatic fall. To quantify the history of sea-level 
change, we believe that it is important to distinguish subaerial 
exposure events that resulted from vertical aggradation from 
those events that resulted from eustasy or uplift. 

It is well known that shallow-water carbonate sediments 
can accrete vertically into the subaerial realm without a fall 
in sea level. Modem, shallow subtidal carbonate environ­
ments can be areas of localized active sediment aggradation 
into the intertidal and finally into the supratidal or subaerial 
realm (Enos and Perkins, 1979); such accretion can be 
followed by progradation of tidal flat and subaerial carbonate 
sediments over and into the subtidal environment [e.g., 
Kinsman (1964) and Ginsburg (1971)]. Overall, shoaling­
upward sequences are common features of the ancient strati­
graphic record (Wilson, 1975; James, 1984). Simple aggra­
dation produces a vertical sequence of shallow subtidal to 
intertidal to supratidal strata capped by a surface of subaerial 
exposure. However, a similar sequence also can develop 
from eustatic fall in sea level or tectonic uplift. Therefore, in 
ancient rocks, distinguishing exposure surfaces caused by 
aggradation into the subaerial realm from those surfaces 
caused by eustatic or tectonically induced falls in relative sea 
level is critical. Three types of observations aid in determin­
ing the origin of such surfaces: (I) the vertical sequence of 
facies relative to the subaerial surface, (2) the paleotopography 
over which an ancient surface of subaerial exposure can be 
traced, and (3) the depth to which vadose-zone diagenesis 
penetrates beneath the exposure surface. 

An upward transition directly from marine subtidal strata 
to a subaerial exposure surface suggests a eustatic fall in sea 
level or an uplift (Hardie et al., 1986; Goldhammer et al., 
1987; Goldstein, 1988b). Such a transition cannot be gener­
ated by simple aggradation into the subaerial realm. Even 
subaerial erosion following aggradation (without sea-level 
fall) cannot explain such a transition because subaerial ero­
sion would not cut down into the subtidal facies ( which would 
remain below sea level) without a relative fall in sea level. 

A surface of subaerial exposure that caps marine lime­
stones can be used to determine the amount of fall in relative 

sea level by tracing the exposure surface down the paleoslope. 
Paleotopography can be estimated by determining the thick­
ness of strata that onlap the exposure surface or by estimating 
the paleoslope through the discrepancy between the pre­
served topography or bedding and the geopetal fabrics 
(Playford, 1980) or paleomagnetic indicators (Devaney et al., 
1986). Exposure surfaces that can be traced over significant 
paleotopography must result from eustatic sea-level fall or 
uplift rather than from simple aggradation into the subaerial 
realm. 

In most coastal settings, during subaerial exposure, the 
lowest elevation of the water table is that of sea level. 
Therefore the depth to which the vadose zone penetrated 
beneath a particular surface of subaerial exposure can be used 
to estimate the minimum relative fall in sea level. Exceptions 
to this are arid closed-drainage basins and tectonically de­
pressed regions. With subaerial exposure that results from 
simple aggradation, significant vadose diagenesis should not 
extend more deep! y than the underlying intertidal strata. With 
subaerial exposure that results from eustatic fall or uplift, 
vadose diagenesis may extend more deeply into the underly­
ing strata. The criteria for recognition of vadose diagenesis 
are covered later. 

Determining sea-level history from subaerial expo­
sure 

Paleosols, paleokarst, stable isotopic shifts, records of va­
dose-zone cementation, cement stratigraphic discontinuities, 
and fluid inclusions are important for identifying events of 
subaerial exposure and for locating specific ancient surfaces 
of subaerial exposure. The location of such surfaces over 
paleotopographic relief and on marine sedimentary facies 
provides a useful constraint on quantifying the history of 
relative sea-level change. Determining the depth of vadose­
zone diagenesis provides a further constraint on that history. 
In what follows we summarize various methods for identify­
ing ancient surfaces and events of subaerial exposure and 
provide examples of their application for tracing sea-level 
history. Although it is not a comprehensive summary, its 
purpose is to deal with the most important methods and to 
concentrate on applications to carbonate rocks. 

Paleosols The easiest means for the identification of 
ancient surfaces of subaerial exposure are the recognition of 
paleosols, which are the partial remains of ancient soils. 
Paleosol formation is characterized by plant activity, desic­
cation and wetting, and infiltration and evaporation of mete­
oric water. Horizons containing evidence of such activity 
provide strong support for subaerial exposure. 

Excellent evidence for subaerial exposure are cracks that 
form during exposure. Root penetration (Klappa, 1980a) and 
shrinkage and expansion during early desiccation and wet­
ting result in cracks that commonly are filled with internal 
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Figure 1. Idealized sketch of desiccation cracks in cross section. The scale can vary. Modified from 
Freytet and Plaziat (1982). 

sediment or carbonate cement. During subaerial exposure, 
rapidly percolating vadose water and production of sediment 
through soil processes encourage sediment to move through 
pore networks and to be deposited in early pores. However, 
internal sediment in cracks is by no means diagnostic of 
subaerial exposure. 

The crack patterns resulting from soil processes can be 
diagnostic of subaerial exposure (fig. l) (Brewer, 1964; 
Freytet and Plaziat, 1982). Many such cracks curve around 
grains rather than cut across them because of the lack of 
extensive cementation in the sediment. Such short, curved 
cracks are called curved planes (Freytet and Plaziat, 1982) or 
circumgranular cracks (Swineford et al., 1958) (fig. 2). 
Desiccation and wetting also can produce discontinuous, 
parallel, planar cracks (fig. 3), which are commonly classi­
fied as fenestrae among geologists (Shinn, 1968, 1983) or as 
joint planes among soil micromorphologists (Brewer, 1964 ). 
More extensive cracking may produce a brecciated fabric in 
which partkles can be fitted back together in puzzle-piece 
fashion (autoclastic breccia, skew planes) (fig. 4). Such a 
fabric indicates formation in place. Craze-plane fabrics 
(Brewer, 1964) can be produced by extensive brecciation and 
water infiltration, resulting in a fabric in which clasts can no 

longer be fitted back together (fig. 5) (Mazzullo and Birdwell, 
1989; Wright, 1990). In argillaceous paleosols especially, the 
clasts (peds) produced by crack formation form diagnostic 
patterns, including platy, prismatic, columnar (fig. 6), and 
blocky structures (Retallack, 1988). 

Preserved upright plants provide strong evidence for 
paleosol formation, but preservation of plants in life position 
is unusual. More commonly, root structures (rhizoliths) are 
preserved as evidence of paleosols (Klappa, 1980b). In 
general, rhizoliths are identified as sinuous, cylindrical pores 
filled with internal sediment, later spar, or microcrystalline 
cement (fig. 7). Many rhizoliths are encrusted with multiple 
concretionary layers of microcrystalline calcite or calcite 
spar (rhizocretions) (fig. 8). Rhizoliths can be distinguished 
from most animal burrows by their tightly sinuous shapes, 
their downward or outward taper, their tendency to decrease 
in diameter at branches (fig. 9), and their ability to form 
integrated systems of root structures with thick, vertical 
taproots and shallow lateral roots (Klappa, 1980b). 

Laminated crusts composed of laminae of micrite and 
sparry calcite are common features of calcareous paleosols 
(fig. 10) (Read, 1976; Wright, 1989). These calcrete crusts 
may be concretionary around rhizoliths and may coat or 
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Figure 2. Photomicrograph of calcilc spar filling complex system 
of "curved planes" or "circumgranular cracks" (plane-polarized 
light; Pennsylvanian Holder Formation. New Mexico) . Other crack 
types arc also present. The cracks result from desiccation and 
wetting. Scale bar is 250 µm. 

Figure 3, Pholomicrograph of calcite spar filling discontinuous 

planar cracks that arc subparallel to one another (plane-polarized 
light: Pennsylvanian Holder Formation. New Mexico). Such c racks, 
called joint plan.:s, result from desiccation and wetting. Scale bar is 
300 µm. 

Figure 4. Photomicrograph o f calcite spar filling discontinuous 
planar crack s that lack any prefcm:d orientation (plane-polarized 
light: Pennsylvanian Holder Fonnation, New Mexico). Such skew 
planes produce an autoclastically bn:cciatcd fabric. Scale bar is 
250 µm. 

Figure S. Wcalhercd face of paleoso l outcrop. Pcm1ian Laborcita 
Formation, New Mexico. Arrows indicate where extreme in-place 
crack fonnation has produced a "craze plane" fabric in which clasts 
arc well separated by dark palcosol material. The rest o f the outcrop 
face di splays dark fillings of joint planes and skl!w planes. Scale b~,r 
is 2 cm. 



Figure 6. Outcrop of base of the Oskaloosa Shale Member, Deer 
Creek Limestone (Pennsylvanian), Kansas. Notice columnar struc­
cure produced by formation of paleosol. Scale bar is 5 cm. 

Figure 7. Polished slab of paleosol in Sniabar limestone member 
(Pennsylvanian). Kansas. Dark, millimeter- and submillimeter­
scale rhizoliths arc abundant. Note that some form elongate features, 
some arc branched, and others are reflected as aligned dark bkbs 
resulting from intersection of s inuous cylindrical molds with the 
polished surface . Top centimeter or so consists of laminated crust. 
Horiwntaljoint planes are present in the lower left comer. Scale bar 
is I cm. 
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Figure 8. Photomicrograph of concentric encrustation around a 
root feature called a rhizocrction (plane-polarized light; Pennsylva­
nian Holder Formation , New Mexico). Scale bar is 250 µm. 

Figure IJ, Outcrop of a Permian shale unit in Kansas. This unit has 
been penetrated by numerous roots. Arrow points to branched 
rhizolith in which the decrease in diameter at branches is apparent. 
Scale bar is 2 cm. 
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Figure 10. Polished slab of laminated crust from a calcrcle 
palcosol of lhc Pennsylvanian Holder Fonnation. New Mexico. 
Scale bar is J cm. 

Figure 11. Photomicrograph of grain coated by multiple. diffuse, 
discontinuous carbonate coatings 1ha1 arc in1crscc1cd by 
circumgranularcracks (plane-polarized light; Pennsylvanian Holder 
Fonnarion, New Mexico). Such discominuous coatings are com­
mon features in palcosols. Scale bar is 50 µm . 

replace particles a long bedding, crack, or other surfaces of 
the host sediment. Many have a porous structure that contains 
common root molds. 

In carbonate paleosols grains may have multiple irregular 
coatings of micrite, microspar, or needle fiber calcite (fig. 
11 ). Other coatings (cutans) that arc common in paleosols are 
composed of clay minerals or oxides (Brewer, 1964 ). 

Sediment can be replaced extensive ly by micrite in soil 
environments (Kahle, 1977; James, 1972). Micritization in 
soils tends to destroy the origin.ti fabric of the host rock (fig. 
12). 

}'igure 12. Field photograph of Pennian L.1borci1a Formation, 
New Mexico, illustrating a chert cobbk that has been partially 
allered by soi l formation. Outer rind ofcohble (between arrows) has 
been micri1i1,cd. Scale bar is I cm. 

In many calcareous paleosols calcite has precipitated as 
chalky. isolated, equidimensional or elongated nodules. Such 
"caliche nodules" can be recognized in ancient and modern 
calcareous soils (Esteban and Klappa, 1983). 

Distinctive colors also have been used to identify paleosols. 
Reddish or ornngish color, from precipitation of iron oxy­
hydroxides, is commonly used as an indication of soil fomia­
tion. However. both colors may develop well after subacrial 
exposure from later oxidizing events, and color may be lost 
during later bleaching and reduction. Brown and black colors 
develop from preservation of sulfides and organic matter in 
paleosols. However, such dark colors should not be consid­
ered diagnostic of paleosol formation because they can form 
in other environments (Ward, 1978; Strasser, I 984; Shinn 
and Lidz, I 988). 

Microscopic features associated with soil organic activity 
provide additional suppon for paleosol fom1ation. Alveolar 
textures !e.g., Esteban (I 974) and Goldstein ( 1988b); alvco­
lar-scptal structures of Wrighl( 1986)] are microscopic struc­
tures that divide pores, forming irregular and cellular septae 
(figs. 13 and 14). Most of these structures result from calci­
fication and encrustation of rootlet or fungal structures. 

Tangential needle fibers of calcite (James. 1972) are 
subparallel microscopic fibers of calcite in which the long 
axes of the fibers are parallel to the surface they have 
encrusted or parallel to the long dimension of an alveolar 
structure (fig. 15). They most likely are a calcification of a 
fungal structure associated with soil organic processes (Ward. 
1978; Wright. 1984; Callot et al.. 1985). 

Microcodium (Gluck. I 9 I 2) is a more unusual soil-asso­
ciated structure that is a millimeter- to submillimeter-sized 
aggregate of calcite prisms (fig. I 6). It forms from e ither 
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Figure 13. ldcalizc<l sketch of five different types of alveolar 
texture as viewed in thin section from the Pennsylvanian Holder 
Fom1a1ion iafterGoldstein ( 1988b) j. Black areas arc micrite. shaded 
an;as are marine bioclasts, and white areas an: pore space . The types 
include (I) cquidirncnsional cclb surrounding root molds (R). (2) 
bridges composed of tangential needle fibers of calcill: that occur 
within root molds, (3) alveolar texture sensu stricto. (4) n::gular 
coar.;c cclls. and (5) irregular coarse cells. 

calcification of mycorhizzal associations (K lappa, 1978) or 
other soil-related processes (Freytet and Plaziat, 1982). 

Randomly distributed needle fibers of calcite are rare 
structure~ that are difficult to preserve, but they have been 
described in several ancient paleosols (Solomon and Walkden, 
1985; Goldstein, 1988b). 

Finding palcosol features provides the evidence necessary 
to infer an event of subaerial exposure. However, to use the 
features to constrain sea-level history, the timing of their 
development and the surface along which subaerial exposure 
occum:d must be detennined. It is well known that recent soi l 
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Figure I 4. Photomicrograph of <lark micritic seprae. which are a 
fonn of alveolar texture, a common m icrofabric of calcareous soils 
(plane -polarized light; Pennsylvanian Holder Formation. New 
Mexico). Scale bar is I SO µm. 

Figure 15. Photomicrograph of tangential needle fibers of calcite 
[ central band in photograph (between arrows)!. a common structure 
preserved in calcareous paleosols (plane-polarized light; Pennsyl­
vanian Hol<lt:r Fom1ation, New Mexico). Scale bar is 50 µm. 

features can be superimposed on outcrops of ancient rocks. 
To disprove such recent superimposition on ancient rocks, 
paleosol features should be shown to be early in the diage­
netic sequence and they should predate diagenetic features, 
such as stylolitcs and through-going fracture fills. Moreover, 
a stratigraphic horizon with paleosol features may result from 
subaerial exposure of that horizon or subaerial exposure of 
units higher in the stratigraphic sequence. For instance, 
paleosollikc features can develop at the water table or along 
permeability discontinuities well below the surface of sub­
aerial exposure (Semeniuk and Meagher, 1981; Semeniuk 
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Figure 16. Photomicrograph of Pleis tocene eolianitc from Isla 
Con toy (crossed-polarized light). Notice individual blades o f calcite 
that compose the internal structun: of Microcudium. Photogrnph 
courtesy of William C. Ward. Scale bar is 75 µm. 

and Searle. 1985) and thus can mimic surfaces of subaerial 
exposure. For example, if rhizoliths originating from an 
overlying horizon extend downward to a lower altered hori­
zon, the lower horizon may not represent a discrete surface of 
subaerial exposure; it could simply represent some o f the 
paleosol alteration associated with a surface of subacrial 
exposure higher in the stratigraphic sequence. To distinguish 
lower altered horizons from the actual surfaces of subaerial 
exposure. field relationships must demonstrate the presence 
or absence of a link between the altered horizon and the 
overlying paleosol horizons and must determine whether the 
altered horizon parallels or cuts across stratigraphic surfaces. 

Pe11nsylva11ia11 Holder Formation An example of the 
utility of paleosols in constraining ti1e history of change in sea 
level is from the Pennsylvanian (Virgilian) Holder Formation 
ofsourhem New Mexico (Goldstein.1988b). which consists 
of approximate ly 20 carbonate-siliciclas tic cycles deposited 
on the edge of the Pedemal uplift (Wilson, 1967) (lig. 17). 
The limestone units in the cycles show evidence of shallowing 
upward but for the most part appear to have been deposited 
entirely in the subtidal realm. For many Holder cycles. 
paleosols are developed within the uppem1ost meter of the 
carbonate units (figs. 18 and 19). Rhizo)iths, tangential 
needle fibers of calci te, alveolar texture, irregular coatings on 
grains, micritized grains, cracks from desiccation. and lami­
nated crusts provide good evidence for paleoso ls and thus 
indicate repeated subaerial exposure during deposition of the 
Holder Fonnation. Because most of the paleosols are devel­
oped on subtidal carbonate rocks, simple aggradation into the 
subaerial realm could not have cau~ed subaerial exposure; a 
fall in sea level or tectonic uplift is required. Some paleosols 
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Figure 17. Palcogeographi(; reconstruction of Holder Formation 
study area. The Holder outcrop was studied on the edge of the 
Sacramento shelf between the Pe<lcmal uplift and the Orograndc 
basin I after Meyer ( 1966) 1. 
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Fi~ure 18. Idealized shelf cycle for the Holder Formation. Mod i­
fied from Wilson (1967). 
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Figure 19. Idealized cross sections of typical paleosols developed on the tops of Holder Formation 
limestones. The features sketched are those that would be observed in the field [after Goldstein 
(I 988b)]. 

are laterally continuous and can be traced from the shelf to 
more basinal positions ( fig. 20). Their characteristics change 
laterally in response to different timing of exposure and 
different paleohydrogeologic setting (Goldstein, 1988b) (fig. 
21). For one surface onlapping relationships of overlying 
beds and original topography on biohenns reflect 30-50 m 
(100-160 ft) of paleotopograph y on marine rocks capped by 
a single paleosol, indicating a relative fall in sea level of at 
least 30-50 m ( 100-160 ft) (Goldstein, 1988b ). 

Paleokarst Dissolution of limestone can occur during 
ancient subaerial exposure of carbonate strata. Identification 
of such paleokarst fonnation yields valuable evidence for 
subaerial exposure and provides a further means to determine 
minimum relative falls in sea level. Dissolution of carbonate 
sediment is to be expected in strata subjected to chemically 
corrosive ground water charged with atmospheric or soil CO2 

or mixtures of two different ground waters (Thrailkill, 1968; 
Back et al., 1984; Ford et al., 1988). The key for developing 
the paleokarst method of tracing sea-level change is, first, the 
recognition of karst and, second, the establishment of the 
timing of its formation relative to a particular stratigraphic 
surface of subaerial exposure. Paleokarst must be related to 
the surface of subaerial exposure to detennine magnitude of 

sea-level fall through tracing the depth ofvadose diagenesis 
or paleotopography on the exposure surface. 

Karst cavities can have any shape (Palmer, 1991) but are 
still easy to recognize. They generally cut across the rock 
fabric to some degree. The walls tend to be smooth from the 
solution process. Void walls do not fit together in puzzle­
piece fashion, as simple dilational voids would. Karst lime­
stones commonly produce a rubbly outcrop, resulting from 
smaller cavities that dissect the host limestone. 

Some karst landfonns develop at the surface of subaerial 
exposure or just below a cover of soil. The dissolution at and 
near the subaerial surface sculpts the surface of the carbonate 
rock to produce runnel, pinnacle, trough, pit, and other forms. 
Given adequate outcrops, such forms can be useful in iden­
tifying ancient surfaces of subaerial exposure (Esteban and 
Klappa, 1983; Ford et al., 1988 ). 

In other settings near-surface karst processes develop 
gradational contacts between an underlying bed of limestone 
and an overlying bed of reddish siliciclastic material. The 
limestone may contain small interconnected pockets and 
vugs filled with the siliciclastic material, much of which is 
presumed to be the residue of limestone dissolution. The 
dissolution of host limestone would have occurred near the 
subaerial surface as part of a soil profile and thus represents 
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Figure 21. Model that intcgr.ucs lateral variation of palcosol from a surface of subaerial exposure in 
the Holder Fonnation [after Goldstein ( J 9!l8b)]. East of the shelf edge, the palcosol is well developed 
and contains abundant rhizoliths and laminated crusts. Evidence in palcosols suggests that the water 
table approached the palcosol surface al timi.:s. West of lhc shelf edge, the paleosol is only poorly 
dcvclopcd and brecc ias and leached grains are common. The hydrologic model could explain this lateral 
change. 

Figure 22. Outcrop of the Pennsylvanian Holder Fonnation, New 
Me»ico. Arrows point to margin ofvcnical solution pipe developed 
from kars1ifica1ion in 1he vadosc zone. Pencil is 17.5 cm long. 

subaerial exposure and dissolution (terra rossa paleosol) 
before deposition of the overlying stratigraphic unit 
(Goldhammer and Elmore. 1984). 

In some settings karst is related to near-surface infiltration 
and downward percolation of meteoric water through the 
vadose zone. Such vadosc karstification can cause near­
vertical solutional voids that extend downward from or just 
below the subaerial surface. The vertical, pipe. or stair-step 
shllpe of these caves generally allows them to be distin­
guished from caves formed in the phreatic zone (fig. 22) 
(Wright. 1982: Esteban and Klappa, 1983: Ford et al., 1988). 
These large voids may remain open or be filled with 

speleothems, lhe sediment residue of dissolution. paleosol 
material, or sediment of the overlying bed. For quantifying 
minimum relative fall in sea level , ancient examples of such 
karst would be easy to re late to a particular surface of 
subaerial exposure, because the vertical voids would extend 
upward to or just below the stratigraphic surface at which 
subaerial exposure occurred. Moreover, because the vertical 
voids formed mostly in the vadose zone, the depth to which 
they penetrate can be used as further quantification of mini­
mum relative fall in sea level. 

Other karstification produces cavities in which age and 
origin are unclear, because they do not show an easily 
understood relationship to a surface of subaerial exposure. 
For instance, one might find karst cavities within ancient 
limestones that fonned hundreds of meters beneath the sur­
face of subaerial exposure. Because of the complex variables 
that control karst formation, the shape and position of the 
solution cavities may yield no clues to their timing or envi­
ronment of fonnation. Moreover. some karst cavities develop 
along permeability or lithologic discontinuities so that their 
relationship to a stratigraphic surface mimics one of the 
aforementioned subaerial-surface-related examples (Wright, 
1982; Palmer. 1991 ). Furthem10re, karstification at the water 
table or a laterally continuous mixing zone could confine 
karst to a stratigraphic horizon to mimic subaerial-surface­
related brst. 

There are some other simple criteria that allow paleokarst 
developed at or just below the subaerial surface (surface 
paleokarst) to be distinguished from karst cavities that devel­
oped well below the subaerial surface [as summarized by 
Wright (1982)]. Surface paleokarst might be overlain by 
paleosol or terrestrial sediment: it might be associated with 
features indicative of the vadose zone; it might be truncated 
by overlying beds: overlying beds should not contain solutional 
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Figure 23. Field sketch of karst pocket in the Mississippian Lake 
Valley Limestone of southern New Mexico [after Goldstein (1990)]. 
Note the smooth, rounded walls and closely associated shaly filling 
and speleothems. 

voids that connect to a higher surface of subaerial exposure, 
and overlying beds should not display evidence of collapse 
into the cavities. 

In settings in which the cavities show no clear temporal 
relationship to a surface of subaerial exposure or in which the 
cavities cannot be demonstrated to have formed in the vadose 
zone, it may be difficult to interpret minimum relative falls in 
sea level. To interpret relative falls in such settings, we must 
determine the age of the cavities relative to a stratigraphic 
surface. Commonly, karst voids contain stratified fillings of 
insoluble residue, paleosol, later sediment that has filled in 
from above, fragments of host limestone, and speleothems 
(fig. 23). The age of infilling can be determined 
biostratigraphically through examination of the nonreworked 
fossils contained in the cavity fillings. Careful biostrati­
graphic and petrographic study might be necessary to distin­
guish reworked from nonreworked fossils. Further dating can 
be accomplished by comparing karst-filling lithologies to 
lithologies higher in the stratigraphic sequence; if a Ii tho logic 
match is produced, the cavity predates deposition of a par­
ticular stratigraphic unit and thus may help in determining the 
timing and position of the surface of subaerial exposure. The 
surface of subaerial exposure can be further constrained 
through mapping of paleokarst networks and by relating the 
networks to a stratigraphic surface up-section (Craig, 1988). 
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Figure 24. Schematic diagram of potentially useful patterns of 
0180 and o13C across an ancient surface of subaerial exposure 
[modified from Allan and Matthews (1982)]. 

More complicated petrographic (cement stratigraphy) and 
geochemical (stable isotopes) applications are also useful in 
determining the age of karst formation and thus the timing 
and extent of subaerial exposure (Meyers, 1974, 1988; 
Goldstein, 1990). 

Stable isotope trends Stable isotopic analyses of whole­
rock and microcomponent samples commonly are used to 
identify ancient surfaces of subaerial exposure. The whole­
rock method, developed by Allan and Matthews (1982), 
predicted that stabilization of marine carbonate sediment 
during subaerial exposure could produce a relatively nega­
tive carbon signature from plant-derived soil-gas CO2, a 
relatively positive oxygen signature from evaporation, and 
an overall shift in oxygen isotopic composition because of 
different diagenetic histories across a buried surface of sub­
aerial exposure (fig. 24 ). Finding two or more such signatures 
at an ancient surface was considered sufficient (by Allan and 
Matthews) to identify an event of subaerial exposure. This 
technique has value in identifying subtle surfaces of subaerial 
exposure that otherwise would have been missed (Major and 
Matthews, 1983), in verifying other evidence for exposure 
(Allan and Matthews, 1982), and in identifying surfaces for 
exploratory purposes. 

There are many variables that introduce ambiguity into 
interpreting whole-rock isotope trends, and therefore cor­
roborating evidence of subaerial exposure is desirable. If 
significant mineral stabilization or recrystallization does not 
take place during subaerial exposure, then the predicted 
isotope trends may not develop. The amount of recrystalliza­
tion or mineral stabilization during subaerial exposure versus 
the amount of preserved marine carbonate or later diagenetic 
phase ultimately will affect the isotopic composition of the 
whole rock. Moreover, the carbon isotopic composition 
developed in an ancient limestone that has been subaerially 
exposed might be related to the isotopic composition and 
amount of decomposing organic matter, fractionation to 



more positive values during carbon dioxide degassing, the 
contribution of sediment carbon, and the contribution of 
atmospheric carbon (Fornaca-Rinaldi et al., 1968; Hendy, 
1971; Cerling et al., 1989). Oxygen isotopic trends might be 
related to the isotopic composition of meteoric water, tem­
perature, relative humidity, evaporation, kinetic factors, and 
the degree of preservation of the original sediment signal 
(Fantidis and Ehhalt, 1970; Salomons et al., 1978; Lohmann, 
1982; Meyers and Swart, 1989). Finally, subsequent diage­
netic events can overprint an isotopic signal related to the 
exposure event. 

Isotopic signals in the Holder Formation A study from 
the Pennsylvanian Holder Fonnation of southern New Mexico 
(Goldstein, 1991b) illustrates the utility and potential ambi­
guity of the isotopic technique for identification of surfaces 
of subaerial exposure. Whole-rock samples across paleosol­
capped cycles and microcomponent data from paleosol­
precipitated phases demonstrate the nature of the isotopic 
signals. The stratigraphy of the Holder Fonnation in the study 
area (Toomey et al., 1977) consists of several shoaling­
upward carbonate cycles. The tops of two of the cycles 
contain diagnostic paleosol fabrics, such as laminated crust, 
rhizoliths, alveolar texture, vadose-zone cement, autoclastic 
breccia, and many other paleosol fabrics (fig. 25). 

Soil-formed microcomponents analyzed for their isotopic 
composition include thin layers of vadose-zone cement (rib­
bon spar), laminated crusts, and rhizoliths. The most obvious 
feature of the microcomponent isotopic compositions is their 
variability (figs. 25 and 26). For instance, microcomponent 
data along a narrow stratigraphic interval (top of unit F) show 
wide variability in both carbon (about 3%o) and oxygen 
(about 3%o) isotopic composition. Moreover, the carbon 
signal can be spatially related to the distribution of organic 
matter in the soil. Sample traverses taken adjacent to rhizoliths 
show that the isotopically lightest signatures develop close to 
rhizolith cores and get progressively more positive outward 
(fig. 27). Therefore the isotopic signatures developed during 
subaerial exposure appear to be spatially or temporally het­
erogeneous. 

The overall variability in isotopic composition of soil­
formed microcomponents suggests that compositions di­
verge away from a "meteoric calcite line" (fig. 26) of variable 
o13C and consistent 8180 (Lohmann, 1988). Such divergence 
is most easily explained by a combination of evaporation and 
carbon dioxide degassing, but variations in organic flux, rock 
carbon input, atmospheric carbon input, and climatic varia­
tions are all possibilities. The more negative carbon isotopic 
values provide strong support for subaerial exposure, but 
more positive values appear to be preserved along with them. 

Comparison of whole-rock isotopic compositions to 
microcomponent data may or may not show significant 
deviations. For instance, the top of unit F (fig. 25) shows a 
negative carbon shift in both whole-rock and microcomponent 
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Figure 25. Stable isotopic compos1t1on of soil-formed 
microcomponent and whole-rock samples relative to stratigraphic 
position of two surfaces of subaerial exposure in the Holder Forma­
tion. Letters A through J designate stratigraphic units [detailed 
discussion by Goldstein (1991b)]. 
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Figure 26. Isotopic cornposilionoi soil-formed microcomponcms 
from stratigraphic units F and H (fig. 25). Shaded field approximates 
the position of a meteoric cakitc line at about -5 . .5';+<- 8 180. Diver­
gence 10 the right can be ('Xplained hy a combination of temporal 
variation. such as seasonal changes, evaporation, CO2 degassing. or 
variations in the ratios of components mixed in the ~ys1cm. 

data. On the other hand, the microcomponents on the top of 
unit H {fig. 25) yield a significantly negative carhon shift. but 
no ncga1ive carbon shift is observed in whole-rock data at the 
same horizon. At this horizon lhe whole-rock samples con­
tain only small amounts of the soi l-fanned microcomponents. 
This indicates that whole-rock isotopic s ignatures are not 
retained through stabilization of the host sediment during 
exposure. Apparently. the whole-rock signature is controlled 
by the amount of soil-precipitated phase that is present. High 
wncen1rations of soi l phase yield the whole -rock shift, and 
low concentrations do not. This has important implicalions 
for use of the whole-rock isotope technique. In paleosols a 
heterogeneous distribution ofrhizoliths and laminated crusts 
formed at or wdl below a subaerial surface (even at the water 
table) is well known. Such a distribution could yield verti­
cal ly and laterally variable whole-rock isotopic s ignals of 
questionable relationship to the subaerial exposure surface. 
The isotopic signals would trace the distribution of soil­
precipitated phases rather than the distribution of the ~ub­
aerial surface. 

Whole-rock trends toward more positive 0 180 values are 
largely absent in the Holder Formation samples (fig. 25). 
Although microcomponent data suggest that minor evapora­
tion took place. no heavy oxygen signal is recorded in whole­
rock samples near surfaces of subaerial exposure. Appar­
ently. this is caused by the lack of a significant volume of soi l 
microcornponents formed during evaporation. Whole-rock 
oxygen shifts are also absent across the surfaces. suggesting 
that these closely spaced cycles have experienced similar 
diagenetic histories. 

Although the whole-rock method of isotopic analysis 
probably would not have been sufficiently unambiguous to 

F E D C B A 

-1 

~ -2 b13c 
-3 b°loo -4 PDB 
-5 
-6 b1so 

Figure 27. Isotopic data relative to the posilion of a concrctionary 
rhizolith from unit F (fig. 25). Notice the progressive dccn:asc in 
813C toward center of rhiz.olith (excluding late sparry calcite-rich 
core). (A) Rhizolith core; (B. C) concrctionary coatings; (D) totally 
alter..:d and replaced marine sediment; (E) partially rcpbccd rnarim: 
sediment; (F) marine scdimenl cemented with soi l-precipitaled 
calcite. Scale bar is 2 cm. 

infer subaerial exposure at these surfaces in the Holder 
Formation. the observed whole-rock compositions at expo­
sure surface I would have raised suspicion that further in­
vestigation was necessary. Furthermore. the relatively nega­
tive carbon signatures preserved in the soil-formed 
microcomponents are useful for providing further evidence 
of subaerial exposure. 

Cement stratigraphy When carbonate strata are sub­
jected to subaerial exposure, infiltration of meteoric water 
may result in low-magnesium calcite ccmentation (Bathurst. 
1975: Longman. 1980). Low-magnesium calcite cement can 
provide a record of the history of subaerial exposure. which 
in tum allows inlerpretation of history of sea-level fall. 

Obvious indicators of subaerial exposure are calcite ce­
ments that preserve evidence of cementation in the vadose 
zone. The vadose zone may extend well below a surface of 
subaerial exposure. so care must be taken when relating the 
vadose cements to the exposure surface. Moreover. because 
it is unlikely that the vadose zone extends below sea level. the 
depth below an exposure surface to which vadosc-zone 



Figure 28. Pho1omicrograph oi pcndanl cemenl lhat is apparent 
because of concentrntions ofn uid inclusions (plane-polarized light). 
Inclusion-rich cemcnl hangs beneath crinoid fragmenl. Tcmlina­
tions are smoolh and drop shaped; growlh zont:s thin and pinch oul 
upward around side of crinoid fragment . Arrow poinls lo oulcrmosl 
band of inclusions outlining drop-shapcd 1crmina1ion. ln Mississip­
pian Lake Valley Limcs1one. New Mexico. Scale bar is 250 µm . 

cements extend can be used a~ a constraint on estimating the 
minimum amount of fall in sea level. Calcite cement with 
pendant fabrics (fig. 28) (Purser, 1969; Grover and Read, 
I 978). preferred growth near grain contacts (Meyers. I 974), 
or meniscus fabrics (fig. 29) (Dunham, 1971) provide good 
evidence of cernentation in the vadose zone. 

Cement stratigraphy of compositional growth banding in 
calcite (Meyers. 1974), as revealed by staining. cathodo­
luminescence, ultraviolet fluorescence, back-scattered elec­
tron imaging. and X-ray mapping, can provide a more subtle 
record of subacrial exposure. Vertical changes in the pattern 
of cement zonal ion may be caused by ccmcntation associated 
with buried surfaces of subaerial exposure. Cement zones 
that precipitated from meteoric water recharged during the 
exposure event should not be traceable above the exposure 
surface, but later events should be traceable across it ( Meyers. 
1974; Walkden, 1987; Goldstein, 1988a; Horbury and Adams. 
1989). The position of the ancient exposure surface could be 
identified by locating the stratigraphic position ar which 
cement zones resulting from an exposure event pinch out 
upward (fig. 30). 

Cross-cutting relationships with features formed during 
subaerial exposure (see foregoing discussions on paleosols 
and paleokarst) are essential to show that cement zones are 
related to subaerial exposure events (Goldstein. I 99 I a). 
Merely tracing cathodoluminescent zones relative to strati­
graphic surfaces can be misleading because of the complexi­
ties of paleoaquifer chemistry and flow. For instance, lateral 
and vertical changes in cathodoluminescent pattern may be 
related to such variables as localized sources of iron and 
manganese or change in redox potential related to one of 
many aquifer parameters (e.g., rale of fluid flow relative to 
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Figure 29. Meniscus cement linking ooid grains from Joultcr's 
Cay (Halley and Harris, 1979) (plane-polarized light). Scale bar is 
IOOµm . 

organic reactions) (Grover and Read, 1983; Dombek, 1987; 
Searl, 1988) . The cross-cutting relationships provide an 
adequate means of distinguishing those changes in cement 
zonation related to exposure events from those related to 
compartmentalized flow in the subsurface or those related to 
stratigraphically localized geochemical facies in the subsur­
face. Further detenni nation of the origin of changes in cement 
zonation can be aided by geochemical tracers such as stable 
isotopes and fluid inclusions. 

In some rocks complex pore fluid history has produced 
variable cement zonation that has made lateral and vertical 
tracing of cement zones difficult (Searl, 1988). Jn other 
systems zonation patterns are not observable or are nonunique 
so that identification of surfaces of subaerial exposure is 
difficult. In some settings subaerial exposure may not result 
in significant calcite cementation. For these situations ce­
ment stratigraphy is not an appropriate method for locating 
ancient surfaces of subaerial exposure. 

Holder Formation cement zonation In the Holder For­
mation limestones cross-cutting relationships with paleosol 
features, fissure fillings, early fractures, and clast boundaries 
in intraformational conglomerates relate calcite cements to 
events of subaerial exposure (Goldstein, 1988a). Some cal­
cite zones both predate and postdate the paleosol or paleokarst 
features of a particular horizon, and thus the cement zones are 
shown to have precipitated during subaerial exposure. Those 
cement zones that prec ipitated during the intrafonnational 
events of subaerial exposure are early in the paragenetic 
sequence and predati:: compaction features and tectonic frac­
tures. Vertical tracing of different sequences of those 
intrafom1ational cement zones reflect at least 15 events of 
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Figure 30. Hypothetical correlation of cement zones taken from 
samples vertically in a stratigraphic section. Zonation is somewhat 
idealized. Between samples E and F, the earliest zones pinch out 
upward, recording an event of cementation associated with sub­
aerial exposure. Downward pinchouts of cement zones are related 
to hydrogeologic and geochemical factors of the freshwater aquifer. 

subaerial exposure during which the limestones' underlying 
surfaces of subaerial exposure were cemented with calcite 
(fig. 31). In general, these cement zones cannot be traced 
downward through thick shales and cemented limestones. 
Apparently, they acted as aquitards during exposure and 
prevented cementation in underlying strata. The early ce­
ments are best developed in a shelf-crest setting and tend to 
become less abundant in a basinal or lagoonal direction (figs. 
20 and 31) (Goldstein, 1988a). Thus, locating surfaces of 
subaerial exposure from cement stratigraphy should be most 
applicable in shelf settings. Lateral tracing of one of the 
surfaces exhibiting changes in cement zonation reveals that 
sea level must have dropped 30-S0m (100-160 ft) (fig. 20). 

Many of the siliciclastic sandstone units in the Holder 
Formation contain only small amounts of the early meteoric 
calcite. Subaerial exposure surfaces that exist in the siliciclastic 

units generally have not resulted in calcite cementation of 
those siliciclastics. However, sandstone units that directly 
underlie the limestones that are capped by surfaces of sub­
aerial exposure may contain early meteoric calcite cement 
that correlates with the cement zones of the directly overlying 
limestone. For such a sandstone point-count data from six 
samples show that the meteoric calcite is developed best in 
those sandstones that contain a high content of calcareous 
lithic fragments and bioclasts (fig. 32). This reconnaissance 
work suggests that development of early meteoric calcite 
cement in sandstone was compositionally controlled and that 
subaerial exposure of limestone appears to be required for 
development of meteoric calcite cement in underlying strata 
(Bowman, 1987). Therefore cement stratigraphy of meteoric 
calcite cement should be applicable to sandstones only in 
relatively special situations. 

Calcite cements of the Lansing-Kansas City Groups The 
Pennsylvanian (Missourian) limestones of the Lansing-Kan­
sas City Groups of northwestern Kansas and southwestern 
Nebraska (fig. 33) show that the cement stratigraphic tech­
nique is not universally applicable for locating surfaces of 
subaerial exposure. These units consist of carbonate­
siliciclastic cyclic strata that show evidence of repetitive 
subaerial exposure (Watney, 1980). They were deposited 
within a relatively paleotopographically low area between 
the Central Kansas uplift and the Las Animas arch. Despite 
cyclic subaerial exposure, cement stratigraphic patterns have 
not proven useful in reflecting the events of subaerial expo­
sure. Most of the cathodoluminescent cement zones postdate 
compaction. This observation suggests that calcite cements 
early in the paragenetic sequence postdate at least some 
burial and may be unrelated to cycle-capping subaerial expo­
sure. The sequence of cathodoluminescent zones is traceable 
across multiple cycles (fig. 34 ). Fluid inclusion data indicate 
calcite cementation from low-temperature brines rather than 
from freshwater (fig. 35) (Anderson, 1989). Such evidence 
suggests that calcite cementation took place from brines that 
refluxed through the Pennsylvanian section during deposi­
tion of Permian evaporites. 

Figure 31. Cement stratigraphy for four stratigraphic sections in 
the Holder Formation. Shaded area refers to late cement~; white area 
with lines of internal correlation refers to quantity and distribution 
of early cement associated with surfaces of subaerial exposure. 
Refer to fig. 20 for stratigraphy. In general, the lower half of section 
l can be considered basinal, the lower half of section 2 can be 
considered to have been in a shelf-edge setting, the lower half of 
section 3 can be considered to have been in a shelf-crest setting, and 
the lower half of section 4 can be considered to have been in a 
lagoonal setting. Early cements are developed best on shelf locali­
ties. Each "E" denotes the position of a surface of subaerial exposure 
and the line underneath it reflects the distance below the surface 
through which its associated cement zones can be traced. 
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Figure 32. Percentage of early cement (expressed in percentage 
of meteoric calcite in occluded porosity) versus percentage of 
depositional carbonate (percentage of the depositional grains that 
are carbonate as opposed to siliciclastic in composition). Data are 
from point counts of sandstones and limestones closely underlying 
a surface of subaerial exposure on a limestone (Holder Formation). 
These reconnaissance data suggest that the amount of early cement 
increases with increasing carbonate grains in sandstones (Bowman, 
1987). 

Because the setting of the Lansing-Kansas City Groups 
was in a relatively paleotopographically low area, its setting 
probably was not conducive to development of abundant 
meteoric calcite cement during events of subaerial exposure 
(as observed in the Holder Formation). Thus cement stratig­
raphy in this paleotopographically low setting is not closely 
related to sea-level history. 

Fluid inclusions During precipitation of calcite from a 
fluid, some of the fluid can be trapped within the growing 
crystal. These fluid inclusions can provide useful informa­
tion on the location of the vadose zone and thus can help to 
constrain the amount of fall in sea level. The vadose zone is 
a two-phase system in which both vadose atmosphere and 
water are present in the pores. Cements that grow in the 
vadose zone reflect this system because they include all­
liquid, all-gas, and two-phase inclusions with highly variable 
ratios of gas to liquid (fig. 36) (Goldstein, 1986). The pres­
sure within these inclusions is I atm. Alternatively, fluid 
inclusions trapped in the low-temperature phreatic zone are 
all liquid; fluid inclusions trapped from high-temperature 
fluids have two phases with small bubbles and with consis­
tent vapor to liquid ratios, and fluid inclusions that have been 
naturally overheated may develop small bubbles in some 
inclusions because of volume increase (Goldstein, 1986, 
1990). 

Therefore fluid inclusions trapped in the vadose zone 
remain distinctive by virtue of their combination of one­
phase inclusions and two-phase inclusions with highly vari­
able ratios of vapor to liquid. Burial heating and laboratory 
heating of such populations can cause reequilibration of 

some of the inclusions. Most reequilibration affects origi­
nally one-phase all-liquid inclusions by increasing their 
volume and causing nucleation of small vapor bubbles at 
room temperature. Thus the distinctive variability in the 
vapor-liquid ratio of the vadose inclusion population is 
preserved in rocks that have been naturally heated. Popula­
tions of fluid inclusions with these characteristics can be used 
to trace the location of ancient vadose zones (Goldstein, 
1990). 

Miocene of Spain The Miocene marine carbonate strata 
of southeastern Spain consist of depositional sequences that 
are separated by stratigraphic breaks (fig. 37), some of which 
are of ambiguous origin (Franseen, 1989). The stratigraphic 
breaks can be traced laterally. In one area, Mesa Roldan (fig. 
38), an ambiguous break can be shown to have at least 50-55 
m (160-180 ft) of original depositional relief preserved 
(Esteban and Giner, 1980; Franseen, 1989). If this ambiguous 
break could be demonstrated to be a surface of subaerial 
exposure, then a minimum drop in sea level of 50-55 m ( 160-
180 ft) could be demonstrated. 

Recently, Goldstein et al. (1990) used the distribution of 
fluid inclusions in calcite cement to demonstrate a vadose­
zone signal associated with this stratigraphic break. Lime­
stones within one depositional sequence (DS2, fig. 37) con­
tain common sparry calcite cement. Yet the base of the 
overlying sequence (DS3, fig. 37) is a porous dolomite that 
lacks calcite cement. Such a distribution suggests that the 
calcite cement of DS2 predates deposition of DS3. 

Petrographic examination of the calcite in DS2 reveals 
fluid inclusions that consist of all liquid, all gas, or gas and 
liquid with highly variable phase ratios. Such distributions 
are highly indicative of cementation in a two-phase diage­
netic system such as the vadose zone. Furthermore, by 
crushing the calcite crystals between two glass plates to open 
the inclusions while immersed in a liquid at 1-atm pressure, 
the pressure within the inclusions is shown to be approxi­
mately I atm. This offers further support for a vadose-zone 
interpretation. 

Ice melting temperatures (T m,ice) were determined for the 
inclusions (fig. 39). Most inclusions yielded Tm.ice of0.0°C, 
indicating a freshwater composition. Others yielded T m,ice 

as low as -0.7°C, indicating brackish fluids as saline as 12 
wt% NaCl equivalent (Potter et al., 1978). 

The inclusion data strongly support cementation from the 
vadose zone. The distribution of cements suggests cementa­
tion before deposition of DS3. Therefore the ambiguous 
break between DS2 and DS3 represents an event of subaerial 
exposure. Because the surface covers depositional relief of at 
least 50-55 m ( 160-180 ft), a relative sea-level fall ofat least 
that amount can be interpreted for the boundary between the 
two sequences. Brackish water in some of the inclusions may 
even suggest proximity to the ancient shoreline during the 
event of subaerial exposure. 
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Figure 33. Location of cores from the Lansing-Kansas City Groups [after Anderson (1989)]. 

Conclusions 

The identification of subaerial diagenesis can provide a 
useful record of the history and magnitude of sea-level 
change. Ancient surfaces of subaerial exposure are best 
integrated with other detenninations of paleotopography and 
depth of vadose diagenesis to provide a quantitative record of 
minimum relative falls in sea-level. The following diagenetic 
methods are useful for detennining this history. 

1. Ancient surfaces of subaerial exposure can develop 
from aggradation without eustatic fall in sea level or uplift. 
These surfaces overlie strata that record aggradation through 
intertidal and supratidal environments, are commonly local­
ized, and do not drape significant paleotopography. 

2. If a surface of subaerial exposure caps or vadose 
diagenesis extends down to strata deposited in a nonnal 
marine subtidal environment, eustatic fall in sea level or 
uplift has occurred. 

3. Ancient surfaces of subaerial exposure that drape sig­
nificant paleotopography result from eustatic fall in sea level 
or from uplift. The amount of sea-level fall can be quantified 

by detennining the paleotopographic relief through methods 
such as onlapping relationships and geopetal fabrics. 

4. Paleosols are useful for identifying ancient surfaces of 
subaerial exposure but should be used with caution. They 
may be laterally variable in nature, and paleosol features can 
develop well below surfaces of subaerial exposure. 

5. Paleokarst provides a useful record of subaerial expo­
sure. Karst cavities that show surface topography, grada­
tional development up to a surface, or vertical voids extend­
ing up to a surface are easily related to surfaces of subaerial 
exposure. Depth of vadose karst provides a minimum esti­
mate of relative sea-level fall. For other karst careful studies 
must be conducted to relate timing of karst to specific 
surfaces of subaerial exposure. 

6. Whole-rock trends in stable isotopes are useful explor­
atory techniques for investigating surfaces of subaerial expo­
sure. The development of such signatures is both laterally and 
vertically heterogeneous so that identification of surfaces of 
subaerial exposure is not without ambiguity. The technique 
is best used with corroborating evidence. 

7. Calcite cements that developed in the vadose zone 
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Figure 34. Vertical distribution of cement zones in the Lansing.­
Kansas City Groups. LS designates limestone reservoir units that 
are presented in stratigmphic sequence. Bar patterns identify pack­
ages of cement zones that occur in the numbered order. The length 
of .:ach bar corresponds to the percentage of the pore space (that 
existed before ccmcntation) that is now occluded by the cement. 
Percentages arc averages for each stratigraphic interval and are 
based on visual estimates from I 36 thin sections. No relationship to 
stratigraphic position is observed al this level of derail [after Ander­
son (l989)J. 

(pendant and meniscus fabrics) provide strong evidence of 
subaerial exposure. The depth below surfaces of subaerial 
exposure to which the vadose zone features penetrate can 
provide further quantification of the magnitude of rela tive 
sea-level fall. 

8. Discontinuities in distribution of compositional zones 
in calcite cement can reflect surfaces of subaerial exposure. 
Such cement stratigraphic discontinuities can a lso be related 
to aquitards or local ized geochemistry of aquifers. Geo­
chemical tracers and cross-cutting relationships indicate which 
cement discontinuities are related to events of subaerial 
exposure. This technique is most useful in paleo­
topographically high .~ettings. Siliciclastic strata containing 
s ignificant carbonate detritus and located below exposed 
limestones may also contain zones of meteoric calcite 
cement 

i] ,jWf,9 I I 
-24 ,23 ,22 ·21 -20 ·19 ,18 .17 ·16 -15 

Tm ice C 
■ One-phase fluid ir.clusions 

D Two•pllase fluid inclusions 

Fii:ure JS. Fluid inclusion data from early calcite of the Lansing­
Kansas City Groups. Tm.kc= final melting h:mpcrature of ice. One­
phase all-liquid inclusions indicate cement precipitation at less than 
40-50°C followed by rcequi libration to make some 1wo-pha~.: fluid 
inclusions. One-phase inclusions preserve concentrated brines with 
large freezing point depressions. Therefore the cement precipitated 
from a low-tempcrnturc brine [after Anderson (1989)). 

- \ 
Figure 36. Photomicrograph offluid inclusions trapped in calcite 
that prec ipitated in the vadosc zone (plane-polarized light). Notice 
highly variable ratios of vapor to liquid. Arrows point to fluid 
inclusions that have different ratios o f vapor to liquid. Spcleothcm 
from Carlsbad Caverns. New Mexico. Scale bar is 25 µ m. 

9. Fluid inclus ions trapped in the vadose zone have dis­
tinc tive characteristics. They include a mixture of one-phase 
all-liquid inclusions and inclusions with variable ratios of 
vapor to liquid. The distribution of these inclusions in calcite 
cement provides data on the magnitude of relative sea-level 
fall. 
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