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Abstract

Interest in pre-Quaternary paleosols has increased over the past decade, in large part, because they have proved to be
beneficia in solving diverse geological problems. The majority of paleosols are described from continental deposits, most
commonly from alluvial strata. Criteria for recognizing these paleosols have been extensively described; however,
classifying them has proved more complicated. Pre-Quaternary paleosols are generally classified according to one or more
modern soil classification systems, although one new classification has been proposed exclusively for paleosols to avoid
problems using the modern soil classifications. In addition to taxonomic classification, paleosols can be categorized
according to the interplay among deposition, erosion, and the rate of pedogenesis when they formed. Paleosols can be
solitary if they formed during a period of landscape stability following the development of an unconformity. Such paleosols
are commonly thick and extremely well developed. More commonly, paleosols are vertically stacked or multistory because
they formed in sedimentary systems undergoing net aggradation. If erosion was insignificant and sedimentation was rapid
and unsteady, compound paleosols generally formed. If the rate of pedogenesis exceeded the rate of deposition, composite
paleosols developed. Thick, cumulative paleosols indicate that erosion was insignificant and that sedimentation was
relatively steady. Both autogenic and allogenic processes can influence depositional and erosion patterns and, thus, affect the
kinds of soils that form. Consequently, paleosols can help to interpret the history of sediment deposition and the autogenic
and allogenic processes that influenced a sedimentary basin. Paleosols are also helpful in stratigraphic studies, including
sequence stratigraphic analyses. They are used for stratigraphic correlations at the local and basinal scale, and some workers
have calculated sediment accumulation rates based on the degree of paleosol development. In addition to their stratigraphic
applications, paleosols can be used to interpret landscapes of the past by analyzing paleosol—landscape associations at
different spatial scales, ranging from local to basin-wide in scope. At the local scale, lateral changes in paleosol properties
are largely the result of variations in grain size and topography. At the scale of the sedimentary basin, paleosols in different
locations differ because of basinal variations in topography, grain size, climate, and subsidence rate. Paleosols are used to
reconstruct ancient climates, even to estimate ancient mean annua precipitation (MAP) and mean annual temperature
(MAT). Ancient climatic conditions can be interpreted from modern soil analogs or by identifying particular pedogenic
properties that modern studies show to have climatic significance. Stable carbon and oxygen isotopes are also used to
interpret ancient climate, and some effort has been made to estimate MAT from isotopic composition. On the basis of
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modern soil analogs, paleo-precipitation has been estimated from the depth at which calcic horizons originally formed.
Finally, paleosol carbonates have been used to estimate ancient atmospheric CO, values. © 1999 Elsevier Science B.V. All

rights reserved.
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1. Introduction

A paleosol or fossil soil is a soil that formed on a
landscape of the past. Soils form because of the
physical, biological, and chemical modification of
sediment or rock exposed at the earth surface. Most
paleosols are found in sedimentary rocks, and, al-
though first studied in the Quaternary record, they
are now commonly recognized in strata as old as
Precambrian. Soils and paleosols can form because
of lengthy episodes of landscape stability, in which
case they may eventualy mark a stratigraphic di-
astem or unconformity; they can aso form in terres-
trial depositional systems that are aggrading as long
as the rate of sedimentation does not overwhelm the
rate of pedogenesis. Soils and paleosols thus reflect a
complex interplay among sedimentation, erosion, and
non-deposition.

Paleosols have been described from a variety of
continental depositional settings including eolian
(e.g., Soreghan et al., 1997), paustrine (e.g., Tandon
et al., 1995; Wright and Platt, 1995; Tandon and
Gibling, 1997), and deltaic (e.g., Fastovsky and Mc-
Sweeney, 1987; Arndorff, 1993). Paleosols are also
found in margina marine strata (Lander et al., 1991;
Wright, 1994) and can appear in marine strata if
sea-level fell to expose marine sediment (e.g., Driese
et a., 1994; Webb, 1994). Padeosols are most com-
monly described from the aluvia record; conse-
quently, they provide many of the examples dis-
cussed in this paper. To constrain the scope of this
review article, discussion centers on, but is not lim-
ited to, paleosols that formed in clastic sedimentary
successions that are Phanerozoic but pre-Quaternary
in age. Furthermore, because paleosol studies ex-
panded during the 1990's in terms of their number,
sophistication, and kinds of geologic applications,
most of the examples discussed here are taken from
these recent investigations.

The current interest in pre-Quaternary paleosols
has arisen because paleosols have proven remarkably
useful for examining an array of geological prob-

lems, and the major goa of this paper is to examine
some of the exciting areas of geological research that
benefit from analysis of paleosols. First, deposition
is central to the development of sedimentary pale-
osols, and processes that control the rate and continu-
ity of sediment accumulation influence the degree of
pedogenic development. Consequently, paleosols can
help to interpret the history of sediment deposition
and the allogenic processes that influenced the sedi-
mentary basin. Paleosols are also used in strati-
graphic analyses, and one of their more recent appli-
cations is to sequence stratigraphy. Some workers
have also used paleosols to calculate short-term sedi-
ment accumulation rates, both qualitatively and
quantitatively.

Other geologic applications of paleosols range
from landscape reconstruction to paleoclimatic stud-
ies. Paleosols provide detailed insight into ancient
landscapes and landscape evolution because the spa-
tial distribution of different paleosols reflects the
particular landforms on which they formed and the
geomorphic processes operating in the ancient land-
scape. The paleoclimatic importance of paleosols
stems from studies of Quaternary soil development,
which have shown that some pedogenic features can
be quantitatively related to soil-forming factors such
as climate. Paleosols are being used not only to
interpret ancient climatic regimes but, in some cases,
to estimate paleo-precipitation and paleo-tempera-
ture. Paleosols are also proving helpful in better
understanding the composition of the ancient atmo-
sphere and atmospheric changes over geologic time.
Finally, paleosols have importance for studying the
advent and evolution of terrestrial plants and ani-
mals.

Because criteria for recognizing paleosols and for
distinguishing pedogenesis from diagenesis have been
described in detail, the reader is referred to those
sources (e.g., Retallack, 1991, 1997b; Wright, 1992a;
Pimentel et al., 1996) rather than providing a synop-
sis here. One of the noteworthy advances of the last
decade is that paleosols are increasingly recognized
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in cores based on various morphologica and geo-
chemical features (e.g., Leckie et al., 1989; Lander et
al., 1991; Platt and Keller, 1992; Caudill et 4.,
1997). Paleosols even have been identified on the
basis of wireline log signatures athough this ap-
proach is difficult (Ye, 1995). Classifying paleosols
has received far less attention than recognizing them,
and this paper begins by discussing the classifica
tions commonly used for paleosols and the strengths
and weaknesses of these classifications.

2. Classifying paleosols

Most paleosol workers use one or more modern
classification systems including United States Soil
Taxonomy (Soil Survey Staff, 1975, 1998) and the
FAO (1974) classification. The classification of
Duchaufour (1982) has been used by some (eg.,
Besly and Fielding, 1989; Kraus, 1997). One classi-
fication, that of Mack et al. (1993), is specific to
paleosols, although it is based on modern soil classi-
fications.

The U.S. classification and the FAO classification
are taxonomic systems that use profile characteristics
to classify the soils. The U.S. system relies on
diagnostic horizons that are identified on the basis of
properties such as texture, color, amount of organic
matter, presence of particular minerals, cation ex-
change capacity, and pH. The FAO classification
resembles the U.S. system in using diagnostic hori-
zons, however, as Duchaufour (1982) pointed out,
the FAO system is less complicated. Furthermore, it
recognizes hydromorphic soils as a mgjor group, the
Gleysols, whereas soil saturation is only considered
at the sub-order level in the U.S. system (Table 1).
This difference is important with paleosol classifica
tion because floodplain paleosols are common and,
like their modern counterparts, many are hydromor-
phic (e.g., Fastovsky and McSweeney, 1987; Bedly
and Fielding, 1989; Arndorff, 1993; Kraus and Aslan,
1993). Duchaufour also argued that the U.S. and
FAO systems suffer by not considering the soil
environment more heavily. He proposed an environ-
mental classification in which soil properties are
considered in terms of the particular processes of soil
formation that operate under particular environmen-
tal conditions. Although this classification uses the
diagnostic horizons found in the U.S. and FAO

Table 1

Comparison of the Mack et al. (1993) classification of paleosols
and Soil Taxonomy (Soil Survey Staff, 1975, 1998). Some groups
in the Mack classification have eguivalents in Soil Taxonomy;
others, such as Calcisols and Gypisols, do not. The Duchaufour
(1982) classification is also shown but not compared to the other
two

Mack et al. Soil survey Duchaufour
staff

Protosol Entisol I. Slightly developed soils
Inceptisol

Vertisol Vertisol I1. Desaturated humic soils

Histosol Histosol I11. Calcimagnesian soils

Gleysol not a great IV. Isohumic (steppe) soils
order

Excluded Andisol V. Vertisols

Oxisol Oxisol V1. Brunified soils

Spodosol Spodosol VII. Podzolised soils

Argillisol Alfisol VIII. Hydromorphic soils
Ultisol

Calcisol no direct IX. Ferisidlitic soils
equivalent

Gypisol no direct X. Ferruginous soils
equivalent

No direct Aridisol XI. Ferralitic soils

equivalent

Excluded Mollisol XIl. Salsodic soils

No direct Gelisols

equivalent

systems, it differs from those in that it emphasizes
that classification cannot rely on individua horizons.
Rather, all the horizons in a particular paleosol are
geneticaly related and must be used together in
classification. The Duchaufour classification is inter-
pretative in that the attributes of the soil horizons are
used to interpret the processes and environmental
conditions of soil formation. The processes are then
used to classify the soil. For example, his Division Il
soils are characterized by the formation of sesquiox-
ides. Within this division, the kind of weathering and
the degree of weathering serve to distinguish three
classes. Fersidlitic soils, Ferruginuous soils, and
Ferrallitic soils (Table 1).

One drawback to using the U.S. or FAO systems
is their dependence on soil properties, such as cation
exchange capacity or amount of organic matter, that
are not preserved in paeosols. Modern classifica
tions aso rely on knowledge of the climatic condi-
tions under which a soil formed. Primarily because
of these problems, Mack et al. (1993) proposed a
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classification just for paleosols. This system relies on
the presence of stable minerals and morphological
properties that tend to be preserved as a soil is
transformed to a paleosol. Some of the major soil
groups in the Mack classification are identical to
those in U.S. classification (Table 1). Some cate-
gories in the U.S. scheme were excluded because of
difficulties in recognizing them in the ancient record.
For example Aridisols were excluded because this
taxonomic class relies on knowledge of the soil
moisture regime. Several new categories were pro-
posed, some of which have approximate equivalents
in the U.S. scheme (e.g., Protosol). Others, such as
Cdlcisols, which are distinguished on the basis of a
calcic horizon, have no direct equivalent. Gelisols
were added to Soil Taxonomy after development of
the Mack et al. classification (Soil Survey Staff,
1998). These are soils that have permafrost within a
particular depth or have gelic materials, which are
the result of cryopedogenic processes.

The Mack et al. (1993) system has been received
with some favor because it is designed for field
identification of paleosols and because it makes pale-
osol classification more objective and simpler and,
thus, achievable to a broader group of geologists.
Despite these advantages, the system has flaws,
which Retallack (1993) outlined. One concern is
that, because of its restriction to paleosols, the use of
this classification will weaken the communication
between soil scientists and paleopedologists. A sec-
ond concern is that, because paleopedologists rely on
modern soil analogs to interpret ancient environmen-
tal conditions, the environmental value of paleosols
will be diminished by a classification that is specific
to paleosols.

Why classify paleosols? In general, scientific
classifications serve to organize information and to
foster effective communication about a particular
subject. Classifications also provide guidelines for
future studies in a particular subject by emphasizing
what factors or properties are important. With pale-
osols, we want a classification system or systems
that accomplish these goals. But, because paleosols
are studied in order to help interpret past conditions
and events including climates, depositional condi-
tions, and paleoecological changes, Retallack (1993)
is right that the classification must be firmly tied to
modern soil systems. The U.S. and FAO classifica

tions do have drawbacks for paleosol classification,
primarily the fact that these are taxonomic classifica-
tions that rely on too many features that are com-
monly absent in the ancient record. In many ways,
the Duchaufour (1982) classification is more easily
applied to paleosols because of its focus on process
rather than modern soil properties. Morphological
and geochemical properties that are preserved in the
rock record are usually sufficient to determine the
soil forming processes that occurred and then to
classify the paleosol. Another advantage of the
Duchaufour classification is that it recognizes soil
intergrades, which are soils that occur between two
classes. For many paleopedol ogists, the major deter-
rent to using the Duchaufour classification is proba-
bly that many of the soil categories are so dissimilar
from the commonly used U.S. categories and the
names themselves are so different (Table 1). Yet, if a
researcher can get beyond the unfamiliar terminol-
ogy, the process-oriented approach of this system
can be effective for classifying paleosols.

3. Paleosols and time

The kind of paleosol that forms in the sedimen-
tary record depends on how rapidly the sediment
accumulated, whether that accumulation was steady
or discontinuous, and, if pauses occurred, their dura-
tion. Sediment accumulation varies through time,
producing different kinds of paleosols upward
through a vertical succession (Fig. 1). Sedimentary
paleosols form a continuum, at one end of which are
multiple paleosols, which formed in relatively thick
and conformable stratigraphic successions because
aggradation was relatively continuous (Fig. 1B). But
various autogenic processes (those that are inherent
to the depositional system) and alogenic processes
(those that are externa to the depositional system)
produce episodes of landscape stability or erosion.
Depending on the particular process and the time-
scale over which it operated, stratigraphic gaps of
various magnitudes (e.g., diastems and unconformi-
ties) will develop in the stratigraphic succession.
Many of these surfaces will be marked by thick and
very strongly developed paleosols, which are the
other end member in the paleosol continuum (Fig.
1A). The following sections provide a more detailed



M.J. Kraus / Earth-Science Reviews 47 (1999) 41-70 45

A "C
~100 m
Older Sedimentary Rocks ““‘“_
\ 4 “-“‘
< v >
KEY

mmmm multiple paleosols

]
paleosol

strongly-developed

<= fluvial channel sandstone

~——— incised valley
| s

% unconformity with intensely-weathered paleosol

Fig. 1. Schematic diagram showing the range of paleosols that can form in a thick vertical section depending on whether sediment
accumulation was steady or discontinuous, and, if pauses occurred, their duration. (A) A thick and strongly weathered paleosol formed on an
unconformable surface because of a lengthy period of landscape stability and soil development. (B) A thick sequence of multiple paleosols
formed on floodplain deposits because erosion was insignificant and sedimentation was steady. (C) A moderately long pause in
sedimentation related to valley incision produced a paleosol that is more strongly developed than the multiple paleosols but not as intensely
weathered as the paleosol at the unconformity. This paleosol has partly overlapped one of the underlying multiple paleosols.

description of paleosols of different temporal magni-
tudes and the processes by which they form.

3.1. Paleosols in aggradational systems

Paleosols can be classified according to the bal-
ance between sediment accumulation and the rate of
pedogenesis (e.g., Morrison, 1978; Marriott and
Wright, 1993; Wright and Marriott, 1996) (Fig. 2). If

erosion is insignificant and sedimentation is rapid
and unsteady, compound paleosols usually form (Fig.
2A). These are weakly developed, vertically stacked
profiles that are separated by minimally weathered
sediment. If the rate of pedogenesis exceeds the rate
of deposition, vertically successive profiles may
partly overlap, giving rise to composite paleosols. In
contrast, if erosion isinsignificant and sedimentation
is steady, thick cumulative soils can form (Fig. 2B).
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Fig. 2. Vertical profiles of sediments and soils (paleosols) reflecting varying rates of pedogenesis and sedimentation for (A) non-steady and
(B) steady depositional conditions. In (C), sedimentation was interrupted by a period of erosion. Compound paleosols are likely when
sedimentation is non-steady. Weakly developed cumulative profiles form when sedimentation is steady but rapid; better developed
cumulative profiles form when sedimentation rates are slow relative to rates of pedogenesis. With erosion, a scour surface either separates
two distinct paleosols or is incorporated into the paleosol. See text for more details. Ag= gleyed A horizon; Bg = gleyed B horizon;
Bw = B horizon showing color or structure development but little if any illuvial accumulation; Bt = B horizon showing accumulation of
clays; Btj = incipient development of a Bt horizon; Cg = gleyed C horizon (after Morrison, 1978; Bown and Kraus, 1981; Marriott and
Wright, 1993).
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These profiles reflect the deposition of successive,
thin increments of sediment accompanied by pedoge-
nesis.

Using fluvia systems as an example, channel
deposits may show little evidence of pedogenesis or
may contain compound soils because sedimentation
is so rapid (e.g., Marriott and Wright, 1993; Kraus
and Adan, 1999). As the channel migrates laterally
over time, composite or well-expressed soils with Bt
horizons may form in the upper deposits. Overbank
deposition is usually steady but slow, commonly on
the order of 1-10 mm/year (e.g., Walling et al.,
1992), and overbank deposits tend to thin and de-
crease in grain size away from the active channel
(Guccione, 1993; Marriott, 1996). As a result, com-
pound soils with weakly expressed profiles tend to
form on natural levees (Fig. 3A), whereas cumula-
tive profiles develop in floodbasin areas distal to the
active channel (Fig. 3B). Compound soils can also
form in crevasse deposits because of rapid and un-
steady deposition (Fig. 3C).

Autogenic and allogenic processes that operate
over intermediate time-scales (10% to 10* years) can
produce relatively lengthy pauses in deposition as
well as local erosion, both of which can influence
soil development. An example of the effects of an
autogenic mechanism is provided by avulsion in a
fluvial system. By causing channels to shift their
positions on the floodplain, avulsion can terminate
sedimentation on a particular part of the floodplain
for periods of time that are probably on the order of
102 years, which is the periodicity of avulsion (e.g.,
Bridge and Leeder, 1979). A well-developed pale-
osol can form in floodplain areas cut off from sedi-
mentation by this autogenic process. In the Paleo-
gene Willwood Formation, episodic avulsions have
produced stratigraphic intervals that are meters thick
and that have two kinds of paleosols: (1) relatively
well developed cumulative paleosols, which formed
on floodbasin deposits and (2) very weakly devel-
oped compound or cumulative paleosols, which
formed on the sediment deposited by the avulsion of
the trunk channel (Kraus and Adlan, 1993; Kraus,
1996; Kraus and Gwinn, 1997) (Fig. 3B). Vertical
paleosol sequences show aternations of the weakly
developed and more strongly developed paleosols,
and no alogenic controls need be invoked to gener-
ate such an aternation.

Turning to extrinsic mechanisms, climatic changes
can also influence soil development at an intermedi-
ate time scale by initiating and terminating sedimen-
tation. Many Quaternary loess successions show a
vertical alternation between pedogenically-unmod-
ified sediment and relatively well developed pale-
osols (e.g., Kukla and An, 1989; Frakes and Sun,
1994; Pecsi, 1995). In fact, these aternations provide
a loess-paleosol stratigraphy (e.g., Pecsi, 1995). The
paleosols are believed to have formed during periods
of reduced sediment input associated with more hu-
mid climates (Fig. 4). During drier times, sediment
input overwhelmed pedogenesis, and no soil formed.
Although few pre-Quaternary examples of loessite
and loess-paleosols have been described, an excep-
tion is provided by Soreghan et a. (1997) who
observed alternations between paleosols and unmodi-
fied loessite horizons in the Late Paleozoic Maroon
Formation. In this example, the paleosols show sig-
nificantly higher magnetic susceptibilities than do
the loessite horizons, which aids in their recognition.
As with the Quaternary cases, the paleosols were
linked to more humid climatic conditions and the
unaltered loessite layers to drier climates (Fig. 4).

Although some processes merely halt sedimenta-
tion, other intermediate-scale mechanisms cause inci-
sion. Mechanisms like climate change can produce
truncated soil profiles due to erosion of the upper
part of a developing soil (e.g., Marriott and Wright,
1993) (Fig. 2C). In the sedimentary record, episodes
of truncation are eventualy followed by renewed
sedimentation. If that sedimentation is slow and
steady, a cumulative-truncated profile can result;
however, if sedimentation is so rapid that the trun-
cated soil becomes buried, a compound-truncated or
composite-truncated set can develop (Marriott and
Wright, 1993). In the former, the truncated paleosol
is separated by unweathered sediment from an over-
lying paleosol; in the latter, the older, truncated
paleosol and the younger paleosol partially overlap.
In a study of upper Silurian and lower Devonian
paleosols, Marriott and Wright showed how these
different kinds of paleosols can be used to under-
stand the complex processes that operate in ancient
fluvial systems. They compared and contrasted two
stratigraphic sections, one dominated by cumulative
paleosols and one with numerous truncated pale-
osols. They inferred that the first section had a stable
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floodplain that underwent slow but relatively contin-
uous deposition. The other section had an unstable
floodplain subject to periods of erosion, which might
have been triggered by changes in climatic condi-
tions or vegetation cover.

In fluvial systems, climatic change can aso cause
floodplain incision and terrace development. Al-
though common in Quaternary fluvial systems, pre-
Quaternary incised floodplains and terraces are often
inferred, rather than directly observed (e.g., Wright,
1992b). This is presumably a problem of scale.
Many outcrops are probably too lateraly restricted
to alow large cut-and-fill features to be recog-
nized. Paleosols may be especially useful for recog-
nizing ancient episodes of incision and terracing
(Figs. 1C and 3D). For example, in a study of
Eocene-Oligocene alluvial paleosols, Bestland
(1997) recognized several episodes of terrace forma-
tion, because each is marked by a strongly developed
paleosol indicating lengthy pauses in sedimentation.
As discussed in a later section, paleosols are also of
value for recognizing incised valleys and terraces
that resulted from eustatic changes.

Finaly, Retallack (1998) has recognized sawtooth
patterns of development in sequences of paleosols.
The paleosols in the sequence show a gradua up-
ward increase in their degree of development until a
major decline in development occurs. He provides an
excellent discussion of the mechanisms that could
produce this kind of pattern including: tectonic activ-
ity, sea-level fluctuations, and climatic changes.

3.2. Paleosols associated with unconformities
Unconformities usually represent significant hia-

tuses that may last millions or even tens of millions
of years. They form when a period of landscape

degradation and/or an episode of landscape stability
is followed by sediment deposition. At least some
period of landscape stability is needed for a soil to
develop on the unconformable surface. In some ex-
amples, paleosols marking regional unconformities
are exceptionally thick and well developed, indicat-
ing lengthy periods of soil development and land-
scape stability (Fig. 1A). For example, a Paleogene
Oxisol described by Abbott et a. (1976) is 30 m
thick and this profile thickness was regarded as a
minimum because the upper contact is an erosional
surface.

The formation of unconformities is controlled by
allogenic factors such as sea level fluctuations, global
or regiona climate change, and regional tectonics,
processes that influence geomorphic systems over
time intervals of 10°-10" years (e.g., Summerfield,
1991). For example, the thick Paleogene paleosol
described above formed on a tectonically-generated
unconformable surface (Abbott et a., 1976), and
Driese et al. (1994) and Webb (1994) documented
paleosols that mark unconformities developed on
limestones exposed during regressions in the Late
Paleozoic. Although Driese et al. found that the
subsequent transgression partially eroded the soil
that developed, enough was preserved to distinguish
the unconformity. As described in a later section,
paleosols are being increasingly used to identify
sequence boundaries and to subdivide a particular
stratigraphic succession into sequences.

Unconformities are commonly regional in scale,
and they can be highly irregular surfaces along which
the amount of missing time varies considerably (e.g.,
Wheeler, 1958). Consequently, the paleosol associ-
ated with an unconformity can show lateral changes
on aregional scale, and those changes can be used to
interpret lateral variations in topography and missing

Fig. 3. (A) Levee deposits with weakly developed paleosols. Although the rock shows reddening and root traces, relict bedding is apparent
and indicates that sedimentation was so rapid that the parent material did not undergo mixing or homogenization. Lens cap at top of photo is
6 cm in diameter. (B) Alternations of strongly developed cumulative paleosols (S) and weakly developed compound paleosols (W). The
cumulative paleosols are distinguished by gray A horizons overlying thick red B horizons; they formed on floodbasin deposits. The weak
paleosols have pale colors and formed on what Kraus (1996) interpreted to be avulsion deposits. Ridge containing the paleosols is 18 m
high. (C) Two vertically stacked compound paleosols formed on what are interpreted as distal crevasse splay deposits. The paleosols show
reddening but are separated by rock that shows little pedogenic modification and is represented by white bands. The upper compound
paleosol (orange and underlying white band) is 47 cm thick and the lower is 50 cm thick. (D) Floodplain incision. Well-developed red
paleosols have been scoured and the scour filled with more weakly developed grayish paleosols. The scour cuts approximately 10 m down
into the red paleosols. All examples from the lower Eocene Willwood Formation, Bighorn Basin, Wyoming.
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Fig. 4. Schematic diagram showing succession of steps that produce aternations of unmodified loess and paleosols in thick sequences of
loessite. Formation of the paleosols has been attributed to reduced sediment input related to more humid climates. During drier periods,

sediment input is sufficient to inhibit pedogenic development.

time along the ancient landscape. A good example,
described by Joeckel (1995), is a Pennsylvanian
paleosol that changes laterally from a thick and
well-developed profile to a thinner profile with
weaker pedogenic development. Joeckel used the
paleosol changes to understand topographic varia-
tions and differences in exposure time across the
Pennsylvanian landscape.

3.3. Stratigraphic analysis

Recognizing that many individual paleosols are
morphologically distinctive and are redly extensive,
Quaternary geologists have long used them as strati-
graphic markers for subdividing Quaternary deposits
and for local and regional correlations (e.g., Rich-

mond, 1962; Morrison, 1967; Pecsi, 1995). Although
geologists working in Tertiary and older rocks also
have a relatively long record of using paleosols to
solve stratigraphic relationships, prior to about 1980,
the focus was on the stratigraphic significance of
strongly developed paleosols that marked uncon-
formities (e.g., Ritzma, 1955; Schultz et al., 1955;
Abbott et al., 1976). More recent studies demonstrate
the utility of paleosols for subdividing thick conti-
nental successions into genetic sequences and solv-
ing local and even global correlation problems. They
also show that pedogenic carbonates are a potentially
important new means of absolute dating continental
rocks and that floodplain paleosols can be a useful
component of sequence stratigraphic models and field
studies.
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The Bozeman Group is a thick continental succes-
sionin MT, USA, which spans the Cenozoic. Hanne-
man and Wideman (1991) and Hanneman et 4.
(1994) showed that problems with the stratigraphic
relations of this group could be clarified using cal-
cretes to delimit basin-wide unconformities and thus
to subdivide the succession into five sequences. Of
particular interest is that Hanneman et al. (1994)
integrated surface geologic, seismic, and well log
data and showed that the calcretes produced bright
seismic reflections that could be traced in the subsur-
face. This study not only highlights the potentia of
paleosols for solving stratigraphic problems, but also
shows that, in some cases, paeosols can be recog-
nized in the subsurface using data other than core
data and the paleosols can then be used for regional
correlations. Similarly, Ye (1995) used paleosols to
correlate Miocene strata in the subsurface and to
constrain the position of a petroleum reservoir. The
paleosols were identified in cores primarily on the
basis of color, the presence of roots and calcrete
nodules, and mineralogy. Although Y e was aso able
to use log characteristics to distinguish paleosols
from rock that was not pedogenically modified, in
contrast to Hanneman et al., he found it very difficult
to identify, and thus correlate, individual paleosols
from log characteristics alone.

Going beyond local or regional correlation using
paleosols, a study by Koch et al. (1992) showed that
some paleosols have the potential to make global
correlations. A sharp decrease in the *C /**C ratios
of biogenic marine carbonates has been well docu-
mented at approximately the Paleocene/Eocene
boundary and has been attributed to global marine
warming (e.g., Shackleton, 1986; Zachos et al.,
1993). Koch et al. were able to use pedogenic car-
bonates to identify this sharp isotopic change in
Paleogene alluvia rocks in the Bighorn Basin of
Wyoming and, thus, to correlate the continental
record to the marine isotopic record. Through this
correlation, they showed that the P/E boundary in
the marine record corresponds to a particular bios-
tratigraphic boundary in the Bighorn Basin and were
then able to relate changes in mammalian faunas at
this boundary to global climate change.

As anyone working in the stratigraphic record is
aware, direct absolute dating of the sedimentary
record is difficult. Yet, recent work indicates that

U/Pb dating of pedogenic carbonates offers a new
approach to obtaining absolute dates for continental
rocks (Rasbury et al., 1998). Those authors estimated
the U—Pb ages of pedogenic carbonates from Penn-
sylvanian—Permian strata. Because they argued that
those strata were deposited rapidly and show no
evidence of later diagenetic modification, they con-
cluded that the time of formation of the calcretesis a
proxy for the time of deposition of the strata that
enclose them. This technique is potentialy powerful
because pedogenic carbonates are found in numerous
stratigraphic successions throughout the Phanerozoic.

Finally, various authors have emphasized the se-
guence stratigraphic importance of paleosols, both
from a modeling approach (e.g., Wright and Mar-
riott, 1993) and, more commonly, through field stud-
ies (e.g., Aitken and Flint, 1996; McCarthy and
Plint, 1998). Wright and Marriott (1993) developed a
model that predicts how the degree of pedogenic
maturity and soil drainage of coastal plain paleosols
varies at different times in the sea level cycle. Their
model suggests that, during sea-level lowstands, ma-
ture and well-drained soils should form on terraces
that are produced by channel incision because the
water table drops and the floodplains receive no
sediment (Fig. 5). When sea level first begins to rise,
hydromorphic soils develop because baselevel is ris-
ing. As sea level continues to rise, accommodation
spaceis created and floodplain sedimentation israpid,
leading to weakly developed paleosols. Later, during
early highstand, the rate of aggradation begins to
decrease and more strongly developed soils should
form. Finally, when highstand is fully achieved,
accommodation space is low. Mature soils form;
however, their preservation potential is probably low
because aggradation rates are so low that sediment
reworking by channel combing is intense.

A key feature of the Wright and Marriott model is
that, contrary to other models of sequence stratigra-
phy, it predicts that the highest rates of aggradation
are characteristic of the transgressive systems tract
(TST), and that, because of low accommodation
space, the highstand systems tract (HST) had low
rates of aggradation. Consequently, abundant over-
bank deposits with weakly developed paleosols
should characterize the TST, whereas lower amounts
of overbank deposits with well-developed paleosols
are typical of the HST. In contrast some field studies
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Fig. 5. Schematic diagram showing Wright and Marriott (1993) model of pedogenic development related to the sea-level cycle. (A) The
lowstand systems tract (LST) is characterized by channel incision and strongly developed and well-drained paleosols that form on terraces.
(B) Early in the TST, hydromorphic paleosols may form because base level is rising; channel sandstones may overlap because
accommodation space is till low. (C) Increased accommodation space in the TST produces rapid sediment accumulation and weakly
developed soils. (D) The HST is characterized by low accommodation space, thus, well-developed paleosols (modified from Wright and

Marriott, 1993).

(e.g., figure supplied by M. Uliana and L. Legarreta,
cited in Shanley and McCabe, 1994) have shown that
the HST, rather than the TST, is dominated by
overbank deposits and that paleosols are most com-
mon in the HST. Shanley and McCabe (1994, p.
562), suggested that this discrepancy may have arisen
because the Wright and Marriott model ‘‘takes no
account of the basinal position of systems tracts nor
the importance of recognition of the landward equiv-
alent of marine condensed intervals’. Nonetheless,
the model shows that paleosols are an important area
of future research in sequence stratigraphy.
Sequence dtratigraphic field studies generally
stress the importance of paleosols for identifying
interfluvial sequence boundaries and for distinguish-
ing incised valey fills from major channel sand-
stones. For example, Aitken and Flint (1996) found
paleosols to be critical for identifying interfluvia

sequence boundaries in Pennsylvanian rocks, be-
cause, beyond the incised valley fills, the boundaries
are subtle features. The paleosols, which developed
on delta plain deposits, are typically hydromorphic
or gleyed paleosols; however, the presence of com-
posite paleosols indicates that many of the soils were
initially well drained when water tables were low,
and then they underwent a secondary gleyed stage
when the water table rose in response to transgres-
sion. Despite their potentia value in identifying se-
guence boundaries, paleosols like these probably have
low preservation potential because the ensuing trans-
gression can obliterate them (Aitken and Flint, 1996).
Interfluvial sequence boundaries with associated pa-
leosols have also been described from entirely fluvial
successions (e.g., Leckie et al., 1989). The presence
of numerous, closely spaced paleosols in the Creta
ceous strata suggested to Leckie et al. that sediment
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supply to the floodplain was cut off and they at-
tributed this to channel incision caused by lowered
base level.

Despite the progress using paleosols to recognize
interfluvial sequence boundaries, McCarthy and Plint
(1998) noted that more attention should be paid to
details of the paleosols. In particular, those authors
showed how examining the micromorphologic at-
tributes of the paleosols in conjunction with field
morphology and stratigraphic relationships leads to a
more complete understanding of the sequence of
events that produced paleosols at a sequence bound-
ary. In a study of Cretaceous paleosols that formed
on coastal plain deposits, they found that grey soil
colors and the presence of siderite and preserved
organic matter indicated that the soils first formed
under poorly drained conditions (Fig. 6A). The pres-
ence of clay coatings and various ferruginous fea
tures suggest that drainage then improved, and
papules (fragmented clay coatings) and pedorelicts

indicate that the interfluves underwent an episode of
erosion (Fig. 6B). They attributed these features to
lowered base level, which caused the channels to
incise and water tables to drop. Silty layers directly
above the sequence boundary within the paleosols
reflect renewed sedimentation on the interfluves be-
cause base level rose again. Finaly, wet soil indica
tors, present above the sequence boundary, show that
water tables also rose, although multiple organic-rich
beds indicate that water tables fluctuated somewhat
(Fig. 6C).

Although sea level fluctuations are an important
control on coastal plain rivers and the devel opment
and morphology of paleosols associated with those
rivers, the current opinion is that sea-level effects
probably do not extend inland more than about 100—
150 km from the shoreline (e.g., Shanley and Mc-
Cabe, 1994; North, 1996). In alluvial systems more
distant from the sea or in closed basins, climate and
regional tectonic activity are the major controls on
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Fig. 6. Schematic diagram showing sequential development of an interfluve paleosol that marks a sequence boundary. (A) Siderite and grey
soil colors show that initial soil drainage was poor. (B) Base level dropped, the floodplain was incised, and the water table dropped. Clay
coatings and ferruginous nodules formed in the better-drained soil. (C) Base level rose and new sediment was deposited. The water table
also rose, producing hydromorphic features including multiple organic horizons. See text for more details (modified from McCarthy and

Plint, 1998).
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rivers (e.g., Blum, 1994; Blum and Vaastro, 1994),
and paleosol development reflects those effects rather
than sealevel fluctuations.

3.4. Sediment accumulation rates

Sediment accumulation rates are generally calcu-
lated by dividing the thickness of a particular strati-
graphic section by its known or estimated time span.
Sediment accumulation rates estimated for continen-
tal dstratigraphic successions are usualy severely
time-averaged because radiometric dates are not
available or widely spaced in time and because the
temporal resolution of paleomagnetic dating or conti-
nental biostratigraphy is generaly relatively coarse
(e.g., Kraus and Bown, 1993). Because the develop-
mental history of a sedimentary paleosol reflects the
rate of pedogenesis relative to the total time of soil
development and how steady or unsteady that depo-
sition was (Fig. 2), the kind of paleosol that develops
is a good indicator of sediment accumulation rates
for thin stratigraphic intervals. The relative degree of
pedogenic development is used as a proxy for the
relative rate of sediment accumulation, and, as dis-
cussed in a later section, paleosols have been used to
compare and contrast sediment accumulation rates,
in a qualitative sense, in different parts of a deposi-
tiona basin (e.g., Atkinson, 1986; Platt and Keller,
1992) and through time (e.g., Kraus and Aslan,
1993; Kraus, 1997; Soreghan et a., 1997; examples
in Kraus and Aslan, 1999).

In addition to this qualitative approach, several
workers have attempted to use paleosols to quantita-
tively estimate short-term sediment accumulation
rates, using somewhat different approaches. In a
semina paper on this topic, Leeder (1975) compiled
ages of Quaternary calcretes to establish ages of
formation for particular stages of calcrete develop-
ment. The ages were then incorporated into a model
for estimating floodplain accretion rates. Retallack
(1983, 1984) also took a quantitative approach to
accumulation rates by estimating development times
for different kinds of paleosols through analogy to
modern soils.

Bown and Kraus (1993) and Kraus and Bown
(1993) took a different approach. On the basis of
morphologic criteria including the combined thick-
ness of the A and B horizons, geochemica trends

within a paleosol profile, and degree of clay translo-
cation, those workers assigned floodplain paleosols
in the Paleogene Willwood Formation to seven stages
of pedogenic development. Bown and Kraus (1993)
constructed a composite stratigraphic section extend-
ing from the base to the 600-m level of the formation
from numerous measured sections and then subdi-
vided the composite section into 25-m-thick inter-
vals. The paleosols found within a particular 25-m
interval were assigned to a stage of development and
then averaged to yield a relative degree of pedogenic
maturity for each interval (Fig. 7A). The relative
amount of time represented by each interval was
then estimated from the relative degree of develop-
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Fig. 7. (A) Plot of relative degree of pedogenesis vs. meter level
in composite section of the lower Tertiary Willwood Formation.
Relative degree of pedogenic development was calculated for
25-m-thick intervals by assigning paleosols in each interva to a
stage of pedogenic development outlined by Bown and Kraus
(1993). (B) That information was combined with the absolute age
of the 600-m-thick section to estimate sediment accumulation
rates for each 25-m-thick interval. See text for more details
(modified from Bown and Kraus, 1993; Kraus and Bown, 1993).
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ment for each interval. For example, the lowest 25-m
interval has the highest relative degree of maturity at
12.0 and occupied 9% of the total time represented
by the total section (Fig. 7A). Because absolute ages
had been established for the lower and upper bound-
aries of the 600-m-thick section, the time span for
each 25-m interval could be caculated. From that
calculation, the sediment accumulation rate for each
25-m-thick interval was estimated (Fig. 7B). Kraus
and Bown (1993) then used these short-term accu-
mulation rates to examine up-section changes in
sedimentology and paleontology.

Using paleosols to estimate sediment accumula-
tion rates in a quantitative fashion suffers from sev-
eral limitations. The Leeder (1975) and Retallack
(1983, 1984) approach assumes that times of forma-
tion of modern soil analogs can be reliably deter-
mined. The pitfalls of this assumption for calcretes
have been thoroughly discussed by Wright (1990).
He concluded that this approach is not justified
because Quaternary calcretes actually show consider-
able variability in their rates of formation depending
on loca rainfal and the availability of airborne
carbonate dust.

A second potential problem is erosion or slow
sedimentation rates, which can generate composite
paleosols. With erosion, accumulation rates can be
underestimated. If the paleosols are composite, as
they are in numerous stratigraphic successions, accu-
mulation rates can be overestimated. Finally, Retal-
lack (1998) has pointed out that studies like those of
Bown and Kraus (1993) and Kraus and Bown (1993)
assume that there are no major discontinuities in the
paleosol section and that all of the time contained in
a vertical section is represented by paleosols. He
noted that this is probably an unrealistic assumption
for sratigraphic sections that span several millions
of years.

4. Paleolandscape reconstruction

In the Quaternary record, soil—-landscape studies
are important for interpreting landscape evolution
(e.g., McFadden and Knuepfer, 1990). Similarly, in
pre-Quaternary strata, pal eosol—landscape studies can
help in reconstructing ancient landscapes (e.g., Bown
and Kraus, 1987; Bedly and Fielding, 1989; Platt and

Keller, 1992). Paleosol /landscape studies focus on
the spatial distribution of different kinds of paleosols
and the different landscape elements and processes
that produced those paleosols. The study of Joeckel
(1995), described above, is a good example of using
lateral changes in a paleosol associated with an
unconformity to analyze regional topographic varia-
tions along a specific degradational landscape. Fur-
thermore, thick sedimentary sequences with multiple
paleosols provide a record of land surfaces over time
so that landscape changes and evolution can be
examined.

Pal eosol—landscape associations can be studied at
different spatial scales that range from local (eg., a
channel and associated floodplain, an eolian dune
and associated interdune) to basin-wide in scope
(eg., a drainage system, a sand sea). At the local
scale, latera changes in paleosol properties are
largely the result of local variations in grain size and
topography. At the scale of the sedimentary basin,
paleosols in different locations differ because of
basina variations in topography, grain size, climate,
and subsidence rate. The following discussion pro-
vides examples of how paleosols have been used to
interpret landscapes of the past, starting at the local
scale and building to the basin-wide scale. For a
more thorough discussion of paleosol—landscape as-
sociations at different spatial and temporal scales,
see Kraus and Aslan (1999).

4.1. Local landscape reconstruction

Pal eosol—landscape associations at this scale have
been studied primarily in alluvial rocks (e.g., Bown
and Kraus, 1987; Kraus, 1987, 1997; Bedy and
Fielding, 1989; Platt and Keller, 1992). Catenas and
pedofacies are common paleosol —landscape associa
tions that develop at the scale of the channel and
associated floodplain. The two are not mutualy ex-
clusive, and floodplain paleosols can show a combi-
nation of the two.

In a catena, better-drained soils form on channel-
marginal deposits (levees, crevasse splays) because
the deposits are elevated relative to the surrounding
floodbasin and usually consist of relatively perme-
able fine sands and silts (Fig. 8). The soils may show
evidence of oxidized conditions, including brown A
and Bw (weathered or structural B) horizons and
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Fig. 8. Schematic diagram showing a paleocatena, which developed because of changes in grain size and topography away from the ancient
channel. A moderately or well-drained soil generally forms on the levee, although subsurface horizons can be gleyed (Bg horizon) because
of proximity to the ground water table. Poorly to very poorly drained soils are more typical of the floodbasin (modified from Kraus and

Aslan, 1999).

sparse organic matter. Grey soil colors are more
abundant lower in the profile (Bg and Cg horizons,
which are gleyed B and C horizons) because it is
closer to the ground water table and more prone to
reduced conditions (e.g., Duchaufour, 1982). Away
from the channel, the soils become progressively
more poorly drained because the topographic posi-
tion is lower and the sediment is finer-grained and
less permeable. Waterlogged, reduced conditions fa-
vor the accumulation and preservation of organic
matter in an Ag (gleyed A) horizon and the develop-
ment of athick, grey Bg horizon with many redoxi-
morphic features. Fluctuations of the water table also
produce intersecting slickensides in the clayey sedi-
ments.

Ancient catenas have been described from Paleo-
gene fluvial rocks (e.g., Fastovsky and McSweeney,
1987) and from Jurassic deltaic plain deposits (e.g.,
Arndorff, 1993). Those catenary relationships have
been used to reconstruct the ancient floodplain land-
scape. Arndorff, for example, found that the distribu-
tion of different paleosols reflected their position on
the deltaic plain. Relatively well drained, light brown
pal eosols with a yellowish to orange subsurface hori-
zon formed on sandy natural levees and crevasse
splays. In contrast, dark-colored silty claystones in-
terpreted as gleyed aluvial soils formed in the back-
swamps.

Pedofacies focus on lateral changes in the degree
of pedogenic development with increased distance
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from the ancient channel (Bown and Kraus, 1987).
Bown and Kraus observed weakly developed pale-
0sols on channel-marginal deposits and increasingly
well developed paleosols away from the channel
sandstone (Fig. 9). These changes were primarily
attributed to sediment accumulation rates, which tend
to decrease away from an active channdl (e.g., Guc-
cione, 1993). Pedofacies have aso been inferred
from cores on the basis of the degree of paleosol
development and the proportion of sandstone present
(Platt and Keller, 1992) (Fig. 10). Weakly developed
paleosols (stage 1 of Platt and Keller) were found in
cores dominated by meander belt sandstones (25% of
total core thickness) and crevasse-splay sandstones
(30% of core thickness). Cores where sandstones of
any kind were less common were interpreted to be
distal to magjor channels. These were dominated by
more strongly developed paleosols (stages 2-3), as
predicted by the pedofacies model.

Proximal

Floodplain

Although pedofacies relationships have been rec-
ognized in these and other ancient alluvial sequences
(e.g., Wright and Robinson, 1988; Smith, 1990), the
pedofacies model, as it is currently understood, does
not satisfactorily explain lateral relationships in al
floodplain paleosol successions (e.g., Wright, 1992b).
Kraus (1997) and Kraus and Adlan (1999) have
discussed limitations of the pedofacies model. In
addition, North (1996) pointed out that the pedofa-
cies model may be appropriate only for thick, aggra-
dational successions that are dominated by compos-
ite and cumulative paleosol profiles.

Paleosols in other sedimentary environments also
show lateral changes that reflect different locations
in the depositional landscape. Although studies of
pre-Quaternary paleosols associated with eolian en-
vironments are sparse, Quaternary deposits provide
numerous examples. Loess deposits become thinner
and finer-grained away from source areas, and these

Levee
Channel

cumulative composite
paleosol paleosol
Continuous Sedimentation Episodic
Slow Rapid
KEY
e nodules peds with
clay films pm—

v bioturbation
58

features > slickensides

stratification

Fig. 9. Schematic diagram showing pedofacies relationships. Compound paleosols tend to form adjacent to the channel because
sedimentation was rapid and episodic. Farther from the active channel, more strongly developed, cumulative paleosols formed because
sedimentation was slow and steady (modified from Bown and Kraus, 1987).
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See text for more details (modified from Platt and Keller, 1992).

lateral changes in parent material produce lateral
changes in the cumulative soils that form on the
loess (e.g., Smith, 1942; Ruhe, 1983). For example
McDonald and Busacca (1990) found that, with in-
creasing proximity to the sediment source, a single
soil bifurcated into two well-developed soils. Halli-
day (1990) also documented lateral variations in
soils developed on eolian deposits and attributed
these primarily to variations in the grain size of the
sediment, although local thickness variations also
played a role.

Catenas and pedofacies are produced by varia
tions in topography and grain size related to land-
scape position. Modern soil studies show that
compositional differences are linked to grain size
differences and suggest that those compositional dif-

ferences also influence soil development. In fluvial
systems, for example, sands and coarse silts that
accumulate in channel-marginal environments
(levees, splays) tend to be dominated by quartz,
feldspar, and lithic fragments (e.g., Schumacher et
al., 1988). In contrast, clay and fine silt, which
typicaly accumulate in distal floodbasins, consist
primarily of clay minerals such as smectite, illite,
kaolinite, and chlorite. Aslan and Autin (1998) con-
cluded that, in Mississippi River floodplains, these
depositionally controlled compositional differences
had a greater impact on the chemistry of alluvial
soils than did weathering processes. Similarly, with
Quaternary loess deposits, compositional changes,
including an increase in clay minerals, are found
with increasing distance from source areas, (e.g.,
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Smith, 1942; Kleiss and Fehrenbacher, 1973). These
studies indicate that compositional variations associ-
ated with different parts of the depositional land-
scape should also be considered when analyzing and
interpreting pal eosols.

4.2. Basinal landscape reconstruction

At the basin scale, analyzing paleosol /landscape
analysis can provide information about global or
regional climate change, sea level fluctuations, and
regional tectonics. At a truly basina scale, Alonso
Zarza et al. (1992) described Miocene paleosols that
developed in a spectrum of depositional settings,
including alluvial fans, lake margins, and river flood-
plains. Stratigraphic intervals approximately 100 m
thick were examined in two contrasting areas of
the Madrid Basin. Paleosols in the two areas differ,
and those differences were related to local climatic
conditions and sediment accumulation rates. Con-
sequently, the authors could use the paleosols to
interpret basinal variations in climate and basin sub-
sidence, which controlled sediment accumulation
rates.

In fluvial basins, changes in the kinds of paleosols
have been documented in the direction of regional
paleoslope. For example, in the Eocene Capella For-
mation, Atkinson (1986) observed more mature and
better-drained paleosols proximal to the source area.
Over a distance of nearly 30 km down paleoslope,
progressively less mature and more poorly drained
paleosols were found. Atkinson attributed these
changes to a decline in topographic relief and in-
creased accumulation rates away from the source.
Over an even greater downslope distance (~ 75 km),
Platt and Keller (1992) also documented an increase
in the maturity and hydromorphy of floodplain pale-
osols (Fig. 10). Consistent with the increased matu-
rity, the stratigraphic interval thins downslope, indi-
cating slower sediment accumulation in more distal
parts of the alluvia basin.

McCarthy et al. (1997) recognized floodplain pa-
leosols of varying degrees of pedogenic development
and related the paleosols to landscape position on a
basina scale. In this Lower Cretaceous example, the
paleosols formed in a foreland basin adjacent to the
epicontinental seaway that developed in North Amer-

ica during that time. Not surprisingly, the authors
asserted that pedogenic development should be di-
rectly dependent on floodplain stability and that the
tectonic hinge zone is the most stable area of the
landscape. Consequently, they argued that ancient
hinge zones can be located by examining regional
patterns of paleosol development.

Finally, a study of early Eocene fluvial rocks
shows that basinal variationsin grain size, related to
the basin geography, can aso produce different kinds
of paleosols (Kraus and Gwinn, 1997). Padeosols in
the northern part of the Bighorn Basin are better
drained than paleosols 75 km to the south, in the
central part of the basin. The differences were at-
tributed to grain size differences, and those, in turn,
were linked to basin position, in particular, distance
from a local sediment source. Because the northern
area is directly adjacent to a local sediment source,
the sediment is coarser and more permeable, produc-
ing better-drained paleosols. The southern area is
more distal to any of the sediment sources around
the basin, resulting in clay-rich sediment that pro-
duced waterlogged soils.

Despite their potential for helping interpret the
history of alluvia basins, studies of paleosol variabil-
ity at the basin scale are few, in part, because they
are time and labor intensive. Kraus (1992) demon-
strated that these difficulties can be overcome by
including remote sensing analysis of satellite or air-
borne spectral data in a field and laboratory study of
paleosols. Remote sensing is potentialy valuable
because it can provide data not easily obtained on
the ground and gathers some data more efficiently
than field study. Y et, remote sensing is rarely used to
solve basic stratigraphic or sedimentologic problems.
Because remote sensing imagery is becoming more
readily available and because data analysis now can
be done on personal computers, this tool should be
more widely used in future paleosol studies, where
exposures are good.

5. Interpreting paleoclimates

Paleosols are used both to interpret the paleocli-
matic regime and to quantitatively estimate ancient
mean annual precipitation (MAP) and mean annual
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temperature (MAT). Ancient climatic conditions can
be interpreted by classifying the paleosols and using
modern analogs to infer the paleoclimatic regime or
by identifying particular pedogenic properties that
modern studies show to have climatic significance.
Stable carbon and oxygen isotopes are also used to
interpret ancient climate and some effort has been
made to use isotopic composition to estimate MAT
(e.g., Mack et al., 1991; Koch et a., 1995). Findly,
the depth at which calcic horizons originally formed
has been used to estimate paleo-precipitation. The
following sections provide overviews of these ap-
proaches as well as their limitations.

5.1. Modern soil analogs

The paleosol literature provides numerous exam-
ples of the classification approach to paleoclimatic
interpretation. For example, Mack (1992) used alu-
vial paleosolsto interpret a climate change across the
Lower Cretaceous—Upper Cretaceous boundary in
New Mexico. Older red, calcic paeosols, interpreted
as Aridisols, were attributed to semi-arid or arid
conditions. These are overlain by Inceptisols and
Alfisols that have somber colors and lack carbonate,
suggesting a subhumid or humid climate. Similarly,
Bestland (1997) used paleosols to interpret a climate
change across the Eocene—Oligocene boundary. The
older paleosols were interpreted as ‘ Ultisol-like' pa
leosols that formed under humid, subtropical condi-
tions, whereas the younger smectitic paleosols were
judged to be *Alfisol-like' and indicative of humid,
temperate conditions.

In a more unifying approach to paleoclimatic
interpretation, Mack and James (1994) generated a
paleosol analog to the Soil Map of the World (eg.,
FAO, 1974), which links modern soils to particular
climatic zones. Using the Mack et al. (1993) pal eosol
classification (Table 1), they suggested that highly
weathered paleosols, such as Oxisols and Argillisols,
should be characteristic of wet equatorial paleocli-
mates in which MAP and MAT are high and have
little seasonal variation. Argillisols, Spodosols, and
Gleysols are more apt to formin humid (MAP > 1000
mm) midlatitude climates, whereas Calcisols are in-
dicative of a dry (MAP <1000 mm) subtropical
paleoclimatic zone. One caveat to this globa ap-

proach is that it is not appropriate for paleosols that
formed prior to the advent of vascular plants.

The second approach to climate reconstruction—
focusing on a particular soil property or group of
properties—is based on Quaternary soil studies,
which have shown that particular features, including
clay and carbonate accumulations and the depth of
soil oxidation can be quantitatively related to soil-
forming factors, including climate (e.g., Bockheim,
1980; Harden and Taylor, 1983; Birkeland, 1984).
Molecular weathering ratios (e.g., silica/sesquio-
xides or bases/alumina) provide a good illustration.
In some cases, the ratios indicate intense leaching of
base cations and the loss of silica, which are charac-
teristics of modern soils that formed in humid, tropi-
ca climates (e.g., Arndorff, 1993; Retallack and
German-Heins, 1994; Gill and Yemane, 1996). Clay
mineralogy has also been used to detect and interpret
a climatic change. Robert and Kennett (1994), for
example, found that clay minerals on the Antarctic
continent showed a dramatic increase in smectite
(and corresponding decrease in illite) during the
latest Paleocene. The clay change corresponds to a
well-documented isotopic shift that marks the latest
Paleocene thermal maximum (e.g., Zachos et 4.,
1993). Robert and Kennett concluded that the in-
crease in smectite was the result of increased chemi-
cal weathering as a result of warmer temperatures
and greater rainfall at that time.

In some cases, the paleosols are parts of cy-
clothems in which alternations of particular kinds of
paleosols are linked to climatic cycles. Good exam-
ples are provided by the wet/dry cycles linked to
pedogenically-unmodified sediment and paleosols in
loess and loessite. In some, the cyclic climatic
changes are linked to either sealevel changes or
tectonic activity. For example, working in Lower
Permian cyclothems of the U.S. mid-continent, Miller
et al. (1996) described cyclic changes from vertic
paleosols to Alfisols with calcic horizons and at-
tributed these to fluctuations between semi-arid /sub-
humid conditions and humid monsoonal conditions.
In a subsequent study (McCahon and Miller, 1997),
these paleosol / climate cycles were linked to glacially
controlled sealevel changes. The change to in-
creased precipitation followed by a rapid change
back to arid conditions was attributed to gradual
regression caused by glacial activity followed by a
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Fig. 11. Schematic diagram showing development of paleosol cycles described by Tandon and Gibling (1994). (A) Hydromorphic paleosols
formed during marine highstand when climates were wet. (B) Climates remained humid as bayfill deposits accumulated. (C) Calcareous
paleosols formed because of change to dry conditions during lowstand and early transgression.

rapid transgression. Tandon and Gibling (1994) de-
scribed Carboniferous cyclothems that are 20 to 30
m thick and that show an alternation between hydro-
morphic paleosols, including Histosols, and calcare-
ous paleosols. They invoked a climatic change from
humid to strongly seasonal conditions to explain the
paleosol cycles, and they too concluded that the
climatic cycles were linked to sea-level fluctuations
(Fig. 11). Relatively humid climates accompanied a
marine highstand, and conditions became drier dur-
ing the lowstand and early transgression.

5.2. Depth to calcic horizon
A particular soil property that has been used to

estimate MAP is depth to a calcic horizon in soils
containing a zone of calcareous nodules. This tech-

nique has been developed by Retallack (1994) who
expanded on earlier efforts by Jenny (1941) to link
MAP (mean annual temperature) to depth to the
calcic horizon. Jenny produced a scatter plot of data
obtained from soils on the Great Plains of the US, to
which Retallack added data from calcareous soils
found in different soil-forming environments all over
the world. The empirical relationship he determined
from the modern soils was then applied to calcareous
paleosols of Eocene and Oligocene age to estimate
pal eo-precipitation. The advantages to this approach
are obvious. Many paleosols contain calcareous nod-
ules, and this approach provides an expedient means
of estimating paleo-precipitation.

Nonetheless, as Retdlack (1994) indicated, this
approach has several potential problems. First, depth
to the calcic horizon varies with atmospheric CO,
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(Cerling, 1991, 1992). Cerling (1991) and others
(e.g., Driese and Mora, 1993) have shown that levels
of CO, in the atmosphere have varied over time and
have differed significantly from the modern levels
under which the empirical curve was constructed
(see Section 6). A second potential problem is that
MAP can be underestimated if the upper part of a
paleosol has been truncated. Retalack (1994) has
suggested ways to avoid these two problems, and the
reader is referred to his discussion.

A more contentious problem is the effects of
sediment compaction, especialy if the rocks have
undergone significant buria. Retallack (1994) has
tended to calculate depth to the carbonate horizon
after decompacting the strata using the compaction
curves of Baldwin and Butler (1985). Yet, several
studies suggest that these curves are not appropriate
for paleosols and, in fact, that many paleosols are
little affected by compaction. In an innovative study,
Caudill et al. (1996) used vertical micro-cracks in
Paleozoic Vertisols to show that the paleosols under-
went no more than 10% compaction despite the
depth of burial. Caudill et a. concluded that, because
Vertisols have initiadl bulk densities that are quite
high, they undergo little compaction with burial. In
their case, they calculated 650 mm of precipitation
on the basis of depth to the carbonate horizon in the
Vertisols, which is comparable to the precipitation
under which modern Vertisols form. Evidence from
both modern and ancient floodplain deposits also
indicates that, because paleosols require surface ex-
posure, they underwent significant dewatering and
compaction prior to burial (Nadon and Isser, 1997).
These studies suggest that depth to the calcic horizon
can be used directly to estimate MAP as long as
problems with truncation and paleoatmospheric CO,
can be reconciled.

5.3. Isotopic analysis

For a thorough discussion of the factors control-
ling the isotopic composition of soil minerals and the
problems encountered in interpreting isotopic com-
positions, the reader is referred to Cerling and Quade
(1993). In brief, the 50 value of soil carbonate
depends on the isotopic composition of the meteoric
waters from which it precipitated. The isotopic com-
position of the meteoric waters s, in turn, influenced

by the mean annual temperature (MAT) (Cerling,
1984; Cerling and Quade, 1993). Furthermore, the
carbon isotopic composition of modern soil carbon-
ates tends to be higher in warmer areas because the
kind of vegetation (C; vs. C, plants) is temperature
dependent. C; plants, which include most trees,
shrubs, and cool-season grasses, produce soil carbon-
ate §°C values around —27% whereas C, plants,
which include most of the summer grasses and
sedges, produce a value around — 12%. On the basis
of studies that show a major change from C; to C,
vegetation between 8 and 7 Ma (Cerling, 1992
Cerling et a., 1993; Quade et al., 1994, 1995; La
torre et al., 1997), most paleoclimatic interpretations
of pre-Miocene paleosols assume that the vegetation
consisted entirely of C, plants. Because of these
relationships between isotopic composition and tem-
perature, paleosol carbonates have been analyzed to
reconstruct paleoclimates (e.g., Mack et a., 1991;
Koch et d., 1995). Other soil minerals, particularly
clay minerals, are also potentially useful (e.g., Stern
et a., 1997).

Reconstructing paleoclimates using the isotopic
composition of paleosol minerals suffers from sev-
eral problems. First is climatic overprinting, which
can occur if sediment accumulates very slowly and
the pedogenic carbonate precipitates under more than
one climatic regime (Cerling, 1984). In those cir-
cumstances, the carbonate will contain an isotopic
mix. Second, the oxygen isotopic composition of soil
minerals is more prone to diagenetic modification
than is the carbon isotope composition. Studies of
Late Paleozoic pedogenic carbonates by Driese and
Mora (1993) and Eocene carbonates by Cerling
(1991) showed little if any diagenetic ateration of
the carbon isotopes;, however, the 50 in both ex-
amples was depleted as a result of recrystallization.
To understand more thoroughly the effects of diage-
nesis on oxygen isotopes, Mora et al. (1998) ana-
lyzed the isotopic compositions of pedogenic calcite
and illite in three vertic paleosols that underwent
different burial depths and burial temperatures. Their
results clearly demonstrate that the oxygen isotopes
in this example were affected by burial diagenesis
and are not appropriate for paleoenvironmental and
paleoclimatic interpretations.

Cognizant of the limitations to oxygen isotopes,
Mack et al. (1991) used the isotopic composition of
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Permian pedogenic carbonates to interpret a climatic
change over the 18 m.y. that the stratigraphic inter-
val spanned. In particular, Mack et a. modified the
approach of Cerling (1984), which was devised for
environments dominated by C, plants, to examine
Permian carbonates, which formed in a C; plant
world. They found that 8O values increase up-sec-
tion, from which they concluded that MAT increased
from 15°C to 30°C. They also concluded that precipi-
tation decreased as the temperature rose. §"°C aso
increased up-section, an isotopic change that the
authors attributed to a decrease in plant productivity,
and a change that they suggested is consistent with
increased temperatures and decreased precipitation.
An important aspect of this study is that Mack et al.
did not analyze the isotopes in isolation; rather they
evaluated the reliability of their isotopic conclusions
in light of paleomagnetic data, which provided the
paleolatitudina position of the study area, and macro-
and micromorphological properties of the paleosols.

Koch et al. (1995) developed a different approach
that is based on empirical equations, developed by
Friedman and O’ Neil (1977), that relate soil tempera-
ture to the 8O value of pedogenic carbonate and
the 620 value of the soil water from which the
carbonate precipitated. The Paleogene Willwood
Formation was used to demonstrate this method. To
estimate the 620 values of the Paleogene meteoric
waters, Koch et al. measured the 80O values of
apatite from fossil teeth (which are abundant in the
Willwood paleosols) and aragonite in fossil freshwa-
ter bivalves, because the oxygen in biogenic minerals
comes primarily from meteoric waters. Then, they
combined the estimated 8O values of meteoric
waters with measured 80O values of pedogenic
carbonates from the same stratigraphic levels to de-
termine ancient soil temperatures. Because Brady
(1990) showed that, at depths more than about 30 cm
in the soil profile, air temperatures are similar to soil
temperatures, the calculated soil temperatures were
used to estimate MAT. The MAT values ranged
between about 0°C and 35°C, temperatures that are
reasonable when compared to MAT values estimated
for the Willwood Formation on the basis of plant
fossils. The authors, however, acknowledged that the
results were mixed and that this technique suffers
from significant problems, which they discussed in
detail. Because the Willwood Formation accumu-

lated rapidly (e.g., Kraus and Bown, 1993), climatic
overprinting should not have been a problem. More
problematic with the Willwood paleosols is diage-
netic overprinting because, as mentioned above, Cer-
ling (1991) found the Willwood carbonates to be
depleted in §™O due to recrystallization.

Because pedogenic carbonate are not found in all
soils, Stern et a. (1997) explored the possibility of
reconstructing paleoclimates using 8O values from
clay minerals, which, like carbonates, have been
shown to reflect the isotopic composition of meteoric
waters (see Refs. in Stern et al., 1997). They mea-
sured the isotopic compositions of smectite and
kaolinite from strata deposited between ~ 12 Ma
and 2 Ma as part of the Siwalik succession in
Pakistan. When plotted against time, 8O values for
smectite showed similar trends to those obtained
from pedogenic carbonates in the same strata by
Quade et al. (1989). Both data sets show increases in
80 a ~7.5 Ma, and Stern et al. attributed the
isotopic shift to a climatic change, probably either
the result of increased evaporation caused by drier
climates or the development of a rainshadow caused
by uplift of the Tibetan plateau. In contrast, the
kaolinite isotopes showed no significant trend up-
ward through the section, and the authors suggested
this may reflect contamination with detrital kaolinite.
Nonetheless, their results indicate that the isotopic
composition of pedogenic clay minerals shows con-
siderable promise for paleoclimatic reconstruction
with the same cautions that apply to pedogenic car-
bonate.

5.4. Limitations

Some workers have put forth caveats to the inter-
pretation of paleoclimates from paleosols. The major
caution is the impact of hydrologic conditions in the
depositional area. In a study of Paleogene aluvia
rocks in Portugal, Pimentel et al. (1996) found early
diagenetic groundwater alteration features that mimic
hydromorphic soil features such as pseudogley mot-
tling and calcic horizons. Pimentel et a. provided
criteriafor distinguishing between the diagenetic and
pedogenic features, however, they cautioned that the
diagenetic features could be mistaken for pedogenic
features and lead to incorrect paleoclimatic interpre-
tations. The features do not have climatic signifi-
cance in this case.
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Although Caudill et al. (1996) concluded that
calcareous Vertisols might provide an excellent tool
for estimating ancient MAP, Aslan and Autin (1998)
have suggested that caution should be used when
estimating paleo-precipitation from the depth of cal-
cic horizons, even in Vertisols. They observed calcic
zones (Bk and Ck horizons) in Mississippi River
floodplain soils, many of which are Vertisols. Apply-
ing the Retallack equation to both natural levee soils
and backswamp soils, they calculated MAP between
545 and 908 mm, figures that seriously underesti-
mate the actua MAP of 1500 mm. Aslan and Autin
concluded that the position of the calcite was not
controlled by the climate. Rather the depth to calcite
in these soils is controlled by water-table levels and
that calcite precipitates from ascending, not descend-
ing, groundwaters during the wet season. Conse-
quently, they suggested that paleosols that formed in
aggradational floodplain settings are more likely to
preserve information on floodplain sedimentation and
paleohydrology than on paleoclimates.

A similar concern about carbonates formed from
ascending vs. descending waters was sounded by
Slate et al. (1996). Those authors compared and
contrasted the morphology and isotopic compositions
of carbonates that formed in well-drained paleosols
and hydromorphic paleosols. They emphasized that
the Cerling model should be restricted to soil carbon-
ate that formed in the vadose zone because only here
are all oxidized carbon species in isotopic equilib-
rium. Carbonates from hydromorphic paleosols are
unsuitable for isotopic analysis because ascending
ground waters probably contaminated their isotopic
composition. This paper is also important because it
provides criteria for distinguishing between soil car-
bonates that formed in well-drained paleosols from
those that formed in hydromorphic paleosols. Simi-
larly, Pimentel et a. (1996) concluded that carbon-
ates in Paleogene alluvia rocks were the product of
groundwater diagenesis, although the carbonates re-
sembled those resulting from pedogenesis. The au-
thors warned that such carbonates have no particular
climatic interpretation, nor should they be used to
estimate sediment accumulation rates on the basis of
their degree of development.

Finally, depending on the nature of the exposure
and amount of data available, it may be difficult to
distinguish climatic controls from other mechanisms

that can produce vertical changes in paleosol proper-
ties. The uncertainty that may exist is demonstrated
by a study of Lower Carboniferous paleosols by
Wright et al. (1991). An upward change from cal-
crete-bearing Vertisols to paleosols interpreted as
ferrolytic Vertisols indicates a change in soil mois-
ture from better drained to more poorly drained
conditions. The ferrolytic paleosols also contain an
unusual clay assemblage that was attributed to in-
tense leaching. The authors suggested that either a
change in loca drainage conditions (an intrinsic
mechanism) or a climate change to more prolonged
precipitation could have been responsible. Although
they favored the climatic interpretation, they admit-
ted that this interpretation was tenuous because it
was based on only two paleosol profiles from only
two locdlities.

6. Interpreting ancient atmospheres

6.1. Isotopic analysis

Cerling (1991, 1992) provided a model for esti-
mating ancient atmospheric p(CO,) by showing that
the isotopic composition of soil carbonate is directly
related to soil CO,, which depends on the concentra-
tion of CO, in the atmosphere. As noted above, the
carbon isotopic composition of soil carbonates is
also sensitive to the kind of vegetation (C; vs. C,
plants). The model assumes that the pre-Miocene
vegetation consisted entirely of C; plants, because
various isotopic studies (Cerling, 1992; Cerling et
a., 1993; Quade et al., 1994, 1995; Latorre et a.,
1997) have shown a mgjor change from C; to C,
vegetation between 8 and 7 Ma. Also of importance
for paleosols studies is the depth of the pedogenic
carbonate because §>CO, values become more neg-
ative downward in a soil profile to a depth of ~ 20
cm.

Using paleosol carbonates and the Cerling model,
atmospheric CO, values have been estimated for
various times in the Phanerozoic (Fig. 12). In a study
of pedogenic carbonates of Late Silurian through
Pennsylvanian age, Mora et al. (1996) concluded that
atmospheric CO, levels were high for the Late Sil-
urian (32005200 ppm V), then steadily declined
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Fig. 12. Changes in atmospheric CO, based on isotopic analyses of paleosol carbonates. Paleozoic values are ranges from Mora et al.
(1996); Late Cretaceous value from Ghosh et al. (1995); other values from Cerling et al. (1992).

through the Paleozoic (700-2050 ppm V for the
Devonian; 450—1000 ppm V for the Mississippian;
450-800 ppm V for the Pennsylvanian). By Permian
time, atmospheric CO, levels dropped to 150—-200
ppm V (Mora et al., 1996). Retallack (1997a) inter-
preted a smilar drop in atmospheric CO, from
paleosols. This significant decline was linked to the
expansion of land plants and to the globa climate
change that produced extensive late Paleozoic glacia
tion (Mora et al., 1996).

Cerling (1991) determined that atmospheric
p(CO,) then rose during the Late Triassic to Early
Jurassic (2000—-3000 ppm V). Following high Early
Cretaceous atmospheric CO, (2500—3300 ppm V),
values then fell through the Cenozoic. In a study of
pedogenic carbonates from central India, Ghosh et
al. (1995) concluded that p(CO,) in the Late Creta
ceous atmosphere was 800—1200 ppm V. Levels fell
further in the Cenozoic with 600 ppm V estimated
from Eocene paleosols, and 400—700 ppm V deter-
mined from Miocene paleosols (Cerling, 1991). The
current value is approximately 300 ppm V.

6.2. Limitations

To yield reliable p(CO,) estimates, the carbonate
collected from paleosols must be of indisputable
pedogenic origin and cannot have undergone post-
pedogenic modification. Wright and Vanstone (1991)
emphasized that groundwater carbonates pose a po-
tential problem to this method. Groundwater carbon-
ates have different isotopic compositions than over-
lying pedogenic carbonates but they can be difficult
to distinguish from true pedogenic carbonates. An-

other problem associated with groundwaters is that,
with continued sedimentation, a soil becomes buried
and moved below the water table. Consequently,
carbonate that first formed in the rooted zone can be
overprinted by groundwater precipitation. Burial dia-
genesis is aso a potentia problem, athough studies
of lower Eocene paleosols (Cerling, 1991) and Devo-
nian pedogenic carbonates (Driese and Mora, 1993)
both show that the §"*C of paleosol carbonates was
only minimally affected by diagenesis.

The particular soil environment in which the car-
bonate precipitated can also affect its isotopic com-
position and, thus, the p(CO,) value it yields. In a
study of Devonian Vertisols, Driese and Mora (1993)
examined carbonate from two different sources in
the paleosals: rhizoliths and pedogenic nodules. They
found that the nodule carbonates were isotopically
heavier than the rhizolith carbonates. The authors
attributed this to the depth at which the carbonates
precipitated. The nodules precipitated in the zone of
soil cracking, and, because Vertisols commonly de-
velop cracks of 1 m in depth, atmospheric CO, may
have penetrated deep into the developing sail, result-
ing in nodules with isotopic values that overestimate
atmospheric CO,. The rhizoliths formed deeper in
the soil profile and apparently below the zone of
cracking. Consequently, the authors concluded that
they provided a more accurate estimate of paleoat-
mospheric CO, than the nodules.

Finally, as noted above, the proportion of C; or
C, vegetation influences the 83C values of paleosol
carbonates. The Cerling model (1991, 1992) assumes
that C, vegetation did not appear until late Miocene
time. This assumption has been questioned by Wright
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and Vanstone (1991) who argued that both paleob-
otanical studies (e.g., Spicer, 1989) and heavy iso-
topic values obtained from pre-Miocene pedogenic
carbonates (e.g., those of Mora et al., 1991) indi-
cated that the early vegetation contained C, as well
as C, plants. The reader is referred to discussion and
reply on this topic (Cerling et al., 1992).

And what of the change to vascular plants in the
early Paleozoic? As mentioned earlier, Mora et al.
(1996) suggested that atmospheric CO, levels
dropped markedly during mid to late Paleozoic time
in response to the expansion of terrestrial vegetation.
On the basis of an isotopic study of goethite taken
from Ordovician ironstones, Yapp and Poths (1994)
suggested that the productivity of pre-vascular plants
was similar to that of modern plants. Thus, they
believe that, when using the isotopic analysis of
paleosol carbonates to estimate paleoatmospheric
levels of CO,, no assumptions or corrections need to
be made.

7. Summary

It now appears that soil development, due to the
episodic nature of sediment accumulation, is a nor-
mal part of the continental sedimentary regime and
that many ancient continental deposits contain verti-
cally stacked or multistory paleosols. Because sedi-
mentary rocks comprise 75% of the rocks exposed at
the Earth surface (Pettijohn, 1975), and because
many of those rocks formed in terrestrial environ-
ments subject to pedogenic modification, paleosols
are abundant in the geologic record. Their geologic
history is also lengthy, extending well back into the
Precambrian (e.g., Driese et al., 1995).

The study of pre-Quaternary paleosols and the
ways in which the paleosols are being used to help
solve various geologic problems have grown in the
past decade. Because many ancient soil profiles are
easily recognized, exposed over broad areas, and
formed almost instantaneously in terms of geologic
time (in the range of 2000—30,000 years), they offer
a nearly ideal method of correlating deposits in the
continental realm, both at alocal and at aregional or
basinal scale. Paleosols are dtill an under-utilized
aspect of sequence stratigraphy, and thisisan areain

which future research should focus. Continental suc-
cessions with multistory paleosols can aso provide a
continuous record of ancient climatic conditions and
climatic changes through time. Additionally, pale-
osol—landscape analysis can produce a clearer, more
complete picture of the environmental conditions and
processes operating in ancient continental basins. In
particular, recognizing and analyzing paleosol vari-
ability at different spatia and temporal scales is
important for evaluating how landscapes evolved
over time and for assessing the relative significance
of autogenic and alogenic controls on landscape
evolution.
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