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AsstracT:  Floodplain paleosolsin time-equivalent strata of the Willwood For-
mation differ in terms of paleodrainage and degree of pedogenic development.
Ancient soils were more poorly drained and more strongly developed in one
area compared to a second area about 45 km away. This differencein drainage
is attributed to parent material. The more poorly drained paleosols formed in
an area with less permeable, clay-rich floodplain deposits. In the stratigraphic
interval that accumulated more slowly, paleosols are more strongly developed,
less numerous, and thicker than in the morerapidly accumulating stratigraphic
interval. These differences are attributed not only to different sediment accu-
mulation rates, which are commonly considered to control the degree of ped-
ogenic development, but also to differencesin avulsion frequency.

A simple model is offered to show how paleosols change with varying basin
subsidence rates and the relationship between avulsion frequency and accu-
mulation rate. When avulsion frequency increases more rapidly than sediment
accumulation rate, an increase in subsidence rate causes strongly developed
paleosols to be overlain by a stratigraphic interval with paleosols that are less
well developed, thinner, and more densely spaced. When avulsion frequency is
not related to accumulation rate, as early models of alluvial architecture as-
sumed, an increase in subsidence rate produces a stratigraphic section in which
strongly developed paleosols are overlain by paleosols that are less well devel-
oped, thicker, and more widely spaced. Study of the thickness and degree of
development of floodplain paleosols can be used together with more traditional
studies of alluvial architectureto provide a clearer understanding of the factors
that influenced the stratigraphic architecture in a particular alluvial basin.

INTRODUCTION

Floodplain paleosols vary at several spatial and temporal scales (Kraus and Aslan
1999). Microscale lateral variations in paleosol morphology over distances of tens
to hundreds of meters result from short-lived, local processes associated with indi-
vidual overbank floods. Mesoscale changes, defined by variations over hundreds to
thousands of meters away from a channel onto the adjacent floodplain (e.g., catenas
and ‘‘pedofacies’), reflect autogenic processes such as crevassing and overbank
aggradation in loca flood basins. Macroscale changes over kilometers to several
tens of kilometers reflect |larger-scale processes, such as river channel avulsion and
broader patterns of floodplain drainage. Basin-scale paleosol variability is generally

controlled by allogenic processes such as regiona climate change and tectonic ac-
tivity.

Spatial variations in paleosols have generally been anayzed a the scale of a
channel and its associated floodplain (e.g., Bown and Kraus 1987; Besley and Field-
ing 1989; Zaeha 1997). Although severa studies have examined paleosol variability
at larger spatial scales (e.g., Platt and Keller 1992; Joeckel 1995; McCarthy et al.
1997), such studies are difficult without widespread exposures and a means of de-
fining time-equivalent deposits in different locations in the basin. Despite such prob-
lems, Kraus and Aslan (1999) suggested that larger spatial scales of paleosol vari-
ability potentially could be used to assess autogenic and allogenic factors controlling
the distribution of facies and facies architecture in aluvia basins.

This paper is part of a long-term study of diverse floodplain paleosols in the
Willwood Formation in the Bighorn Basin of Wyoming. Past work related mesoscale
and macroscale paleosol variations to development of fluvia landforms and depo-
sitional processes. Bown and Kraus (1987) and Kraus (1987) defined mesoscale
pedofacies: lateral changes in paleosols attributed to decreasing accumulation rates
away from a channel. Kraus and Adlan (1993) and Kraus (1996) documented mac-
roscale variations defined by vertical aternations between meters-thick avulsion-belt
deposits (interbedded sandstones and mudstones with weakly developed paleosols)
and finer-grained intervals of overbank deposits with well-devel oped paleosols.

This paper documents basin-scele paleosol variability in the Willwood Formation.
Paleosols are first described and interpreted in terms of ancient soil drainage and
degree of development. Paleosols in two parts of the Bighorn Basin with markedly
different sediment accumulation rates are compared to examine larger-scale controls
on the formation of different kinds of paleosols. Finally, asimple model is presented
that relates temporal changes in floodplain paleosols to aggradation rates, avulsion
frequency, and aluvia architecture. The model shows how analyzing the thickness
and degree of development of floodplain paleosols can contribute to understanding
what factors influenced the stratigraphic architecture in a particular aluvia basin.

Geological Setting

The aluvia Willwood Formation was deposited throughout the Bighorn Basin
during early Eocene time (Fig. 1). Deposition was associated with structural devel-
opment of the basin, and sediment was supplied by basin-margin uplifts including
the Bighorn and Beartooth ranges (e.g., Neasham and Vondra 1972). Formation of
the Absaroka Mountains postdated the deposits described here (Bown 1980).
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Fic. 2—Stratigraphic sections in the two study areas showing the stratigraphic
levels and thicknesses of the various paleosols and major sandstone bodies. The
paleosols shown are the more strongly developed type; they are separated by het-
erolithic intervals with mudrocks showing weak pedogenesis and small sandstone
bodies. Although only some paleosols can be traced laterally in McCullough Peaks,
those in Elk Creek can be traced because of excellent exposures. Vertica scae is
the same for both cross sections; horizontal scale is schematic. See Fig. 3 and
Appendix 1 for locations of stratigraphic sections. MP1 and G1, etc. indicate par-
ticular paleosols in McCullough Peaks; EC1, EC2, etc. indicate particular paleosols
in EIk Creek section.

Elk Creek

Fic. 3—Simple topographic maps of the two study areas showing locations of
paleosol sections discussed in the text. Heavy lines outline margins of the major
sandstone bodies shown in cross sectionsin Fig. 2. Arrows show summary paleoflow
directions. See Appendix 1 for detailed locality information for paleosol sections.

This study examines Willwood paleosols in the McCullough Peaks and Elk Creek
areas of the basin (Fig. 1). An interva ~ 70 m thick in McCullough Pesks is
compared to an interval ~ 40 m thick in Elk Creek (Fig. 2). Both intervals are well
exposed over areas of ~ 10 km? (Fig. 3) and have minimal structural deformation,
with dips of 3° or less. A combination of lithostratigraphy, biostratigraphy, and
magnetostratigraphy shows that the study intervals are both earliest Eocene in age
(Bown et a. 1994; Clyde 1997). Wing et al. (1999) recently revised age estimates
for the Willwood Formation in both areas, showing that the two study intervals are
approximately coeval. The stratigraphic data also show that strata in the study in-
terval at McCullough Peaks accumulated nearly twice as fast as strata in the Elk
Creek interval: 0.56 m/ky versus 0.3 m/ky (Wing et a. 1999).

Willwood plant fossils suggest that mean annual temperature (MAT) reached
18°C during earliest Eocene time (Wing et a. 1999). Following the warm period,
MAT dropped to ~ 11°C. The study sections accumulated after this cool period, as
the climate warmed again towards a MAT of ~ 18°C. Other paleobotanical studies
suggest that precipitation during this time was seasona (e.g., Wing 1981).

Depositional Setting

The Willwood Formation is a mudrock-dominated fluvial succession that can be
subdivided into three major facies (e.g., Kraus and Aslan 1993; Kraus 1996). Thick,
laterally extensive sheet sandstones are up to 1.5 km wide and 10 m or more thick
(Figs. 2, 3) (Weissmann 1988; Dykstra 1999). These sheet sandstones have been
interpreted as the deposits of meandering trunk rivers (e.g., Weissmann 1988; Dyk-
stra 1999). The two other facies, which are each meters thick and which are inter-
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Fic. 4—Schematic diagram of Willwood floodplain deposits. A) Two kinds of
floodplain deposit are recognized on the basis of paleosol properties. Fine-grained
deposits with well-developed paleosols are interpreted as overbank deposits. Het-
erolithic deposits with weakly developed paleosols are interpreted as avulsion de-
posits. B) At the scale of tens of meters, the two kinds of floodplain deposit are
interbedded to form cycles of weak/strong pedogenesis. Maor channel sandstones
form the top and bottom of the vertical section of floodplain deposits. Those sand-
stones appear and disappear because of channel avulsion. Letters to the side of
column A indicate soil horizons. Bw = weakly differentiated B horizon.

bedded, are (1) heterolithic deposits that consist of ribbon sandstones surrounded by
mudrocks with weakly developed paleosols and (2) fine-grained deposits, on which
moderately to strongly developed paleosols formed (Fig. 4). Weak pedogenic mod-
ification of the heterolithic depositsindicates rapid sedimentation, and those intervals
have been interpreted as avulsion deposits that formed on the floodplain by cre-
vassing of the trunk river during avulsion (e.g., Kraus and Adlan 1993; Kraus 1996).
The more strongly developed paleosols indicate that the fine-grained parent materials
accumulated relatively slowly and episodically, and those materials have been attri-
buted to deposition from overbank flooding of the trunk river. Paleosols that devel-
oped on the overbank deposits are the magjor focus of this study.

METHODS

Morphologic features in the paleosols, including colors, nodule type, and grain
size, were described in the field. To standardize field assessment of grain size, rep-
resentative samples were analyzed quantitatively using laser diffraction with the
Malvern Longbed Mastersizer. Each field unit was aso described in the laboratory
using a hinocular microscope. Colors were described from fresh, dry samples.

Clay mineralogy of the < 2 um fraction of samples was determined using a
Scintag X-ray diffractometer with a Cu target. Each sample was analyzed following
ar-drying, glycolation, and heating to 550°C. Semiquantitative estimates of the
abundances of the various clay minerals were made using the computer-determined
areas under the (001) peaks of the glycolated samples and the weighting factors of
Cook et a. (1975). Major oxide weight percents of representative paleosol samples
were determined using X-ray fluorescence of whole-rock samples. Thin sections of
representative samples were examined for micromorphologic features.

FLOODPLAIN PALEOSOLS

Quantitative grain-size analyses show that parent material in the McCullough
Peaks study section was coarser than that in Elk Creek (Table 1). Particularly dra-
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TasLE 1.—Quantitative grain size data for fine-grained Willwood deposits.

Average Percent Percent No. of
Location Clay Content Claystones Mudstones Samples
McCullough Peaks 55% 21% 69% 61
Elk Creek 8% 81% 19% 83

matic is the average clay content of 78% in Elk Creek versus 55% in McCullough
Peaks. Mudrocks from the two study areas show similar clay mineralogy. Smectite
is the dominant clay mineral (averaging 50% of al samples) and is accompanied
by illite (38%) and kaolinite (9%). Individual profiles show no distinct trends, and
the different kinds of paleosols show no significant differencesin clay mineralogy.

The paleosols are dominated by gray, red, purple, and yellow-brown as both
matrix and mottle colors, where matrix color is the dominant color of a bed, and
mottles are small areas of a different color (e.g., Sprecher 2001). Gray includes light
olive gray (5Y 6/1) and light greenish to greenish gray (5GY 8/1 to 6/1). Most
yellow-brown units and mottles are moderate yellow-brown (10YR 5/4) to dark
yellowish orange (10YR 6/6). Less commonly yellow-brown refers to light brown
(5YR 6/4) to pale brown (5YR 5/2). Red includes hues of 5R and 10R. Most com-
mon are dusky red (5R 3/4) and dark reddish brown (10R 3/4), athough pae red
(5R 6/2) and grayish red (10R 4/2) are present. Purple includes hues of 5P and 5RP
with values and chromas of 6/2 to 4/2.

On the basis of color patterns and other pedogenic features, three different kinds
of paleosols are recognized in the two study areas.

Type | Paleosols

Morphology and Geochemistry.—Type | paleosols dominate the McCullough
Peaks section (Fig. 2). They consist of a gray or yellow-brown mudstone above a
red mudstone (Fig. 5). The red mudstone grades downward into a coarser unit that
forms the base of the profile. Type | profiles are relatively thin, ranging from 80 to
130 cm thick.

Both gray and red beds contain gray mottles that are irregular in shape to elongate
and branching (Fig. 6A). Red rims, commonly << 0.1 mm thick, surround the mot-
tles. Some gray mottles have a purple inner halo and ared outer halo. Y ellow-brown
mottles, most ranging from several millimeters to 1 cm in diameter, are present in
both gray and red beds (Fig. 6B). Some of those in the red beds have red haloes
that are more heavily stained than the surrounding matrix. In reflected light, thin
sections show small (<< 0.1 mm) flecks of red hematite scattered through the yellow-
brown mottles but absent from gray mottles. The red particles are densely packed
in the red rims of mottles. Small (< 0.8 mm in diameter) yellow-brown nodules
are present in some red beds (Fig. 6C). Gray haloes surround yellow-brown nodules
as well as some of the yellow-brown mottles (Figs. 6B, 6C). Carbonate nodules
(usually < 3 mm in diameter) are found in about half of the red beds examined.

Digtinct burrows are typically sparse, but, where present, are characterized by
crescentic-shaped, aternating color bands, commonly in red, gray, and yellow-brown
(Fig. 6D). Burrow diameters range from 0.2 to 3 mm, and burrow orientations range
from horizontal to vertical. Most thin sections show such intense crescentic fabric
that individual burrows have been obscured.

Some red beds show dlickensides that, in the field, appear as shiny, clay-lined
fractures that intersect to form concave-up, dish-shaped structures with amplitudes
of ~ 0.5 m and spacings of ~ 1 m. The presence of large slickensides appears to
depend partly on grain size, because they are generally lacking in mudstones with
less than ~ 60% clay. The dlickensides are not related to any tectonic features.

Clay weight percent decreases downwards through the profiles, as does TOC
weight percent, except for an increase in the lower part of the red horizon (Fig. 5).
Many red profiles show an increase in *‘clayeyness’ (molecular ratio of Al,O4/
S0O,) in some part of the red horizon. Iron content (measured as Fe,0;) increases
downward from the gray into the red bed, as does the Fe/clay ratio, indicating some
downward movement of both clay and iron.

Base loss, or the ratio of alumina to bases (CaO, MgO, K,0, and Na,0) is one
measure of the intensity of weathering because it reflects hydrolysis (e.g., Retallack
1990; Mora and Driese 1999). As weathering increases, bases are depleted, and the
ratio increases. Values of base loss for the representative Type | profile increase
downwards from the overlying avulsion deposits. They reach a maximum value of
~ 1.5 about 40 cm from the top of the profile, before declining. The unusua rise
in base loss towards the bottom of the profile corresponds to a drop in clay content
and probably reflects parent materia rather than weathering.

Interpretation.—The gray bed is interpreted as an A horizon on the basis of its
higher TOC and lower iron content compared to the underlying red bed, which is
interpreted as the B horizon. The red color indicates that the B horizon was at least
moderately well drained and oxidizing (e.g., Kaempf and Schwertmann 1982,
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Fie. 5.—Morphologic, textural, and chemical
data for a representative type | paleosol profile.
A = A horizon; B = B horizon; C = C
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grained deposits showing weak pedogenic
development and interpreted as avulsion
deposits. Paleosol G2 at location 3 in
McCullough Peaks. See Fig. 2 for stratigraphic
position of G2 and Fig. 3 and Appendix 1 for
location of section.

Schwertmann 1993); however, the mottles, nodules, and slickensides indicate that
type | soils underwent seasonal wetting and drying. The mottles and yellow-brown
nodules are redoximorphic features, which resulted from changes in the redox con-
ditions of the soil in response to fluctuations in soil saturation (e.g., Vepraskas et
a. 1992; Vepraskas 1994). Gray mottles and haloes are a kind of iron depletion,
which formed when the soil was saturated and iron was reduced and removed from
an area (e.g., Duchaufour 1982; Fanning and Fanning 1989). Many were probably
root channels or burrows, which are especialy prone to the reduction and removal
of iron oxides because organic material was present (e.g., Schwertmann 1993). Re-
duced iron and manganese can be leached from the soil or precipitated in more
oxidized areas of the soil as mottles and/or nodules. The red rims around gray and
yellow-brown mottles and the yellow-brown nodules represent iron concentrations,
formed by the reprecipitation of iron in better-oxidized areas. The burrows are at-
tributed to earthworms, which, in modern soils, commonly leave vermiforms like
those seen in the thin sections (FitzPatrick 1993).

The gray color of the A horizon or the yellow-brown A horizon found in other
Type | paleosols probably reflects reducing conditions related to seasona wetness
and to the higher organic content in the upper part of the profile (e.g., Macedo and
Bryant 1987, 1989). Red soilsin the tropics and subtropics commonly have ayellow
A horizon above a red B horizon (e.g., Kaempf and Schwertmann 1982), and the
yellow-brown colors are characteristic of red soils with intermediate drainage (Ma-
cedo and Bryant 1987). Macedo and Bryant (1987, 1989) attributed this phenomenon
to the selective dissolution of hematite caused by weak reduction related to seasonal
wetness and the high organic content and roots in the upper part of the profile.
Similarly, the yellow-brown mottles in the B horizon, especially those with heavy
red rims, suggest that hematite was preferentially removed from some areas of the
B horizon, leaving behind only goethite. Local removal of hematite, but not goethite,
indicates weakly reducing conditions, suggesting that periods of seasonal wetting
were short (e.g., Stolt et al. 1994).

Following Duchaufour’s (1982) classification, the type | paleosols are Fersidlitic
soils, which are usually characterized by yellow-brown A horizons and red B ho-
rizons due to rubification (reddening due to hematite formation). Fersialitic soils,

which have no direct equivalent in the Soil Survey (1975, 1998) classification, are
characterized by 2:1 clays (smectites) and slickensides, especialy if smectiteisabun-
dant. Although most of the type | paleosols differ from Fersidlitic soils in that no
Bt horizon formed and iron and clay did not typicaly co-migrate, those processes
may have been inhibited by the relatively high clay content of the Willwood paleo-
sols. Fersidlitic soils commonly form in climates with MAT between 13 and 20°C
and seasonally spaced rainfall (Duchaufour 1982), conditions that characterized the
Bighorn Basin when the paleosols formed. The relatively thin soil profiles, and base-
loss values that are only somewhat higher than for the overlying avulsion deposits,
are consistent with fersialitic weathering, which is comparatively weak.

Type |1 Paleosols

Morphology and Geochemistry.—Type Il paleosols are present in both study
areas but dominate the Elk Creek section. Profiles range between 150 and 200 cm
thick and commonly consist of a yellow-brown or gray bed underlain by a purple-
red couplet or a red—purple-red sequence (Fig. 7). About half of the red and purple
beds with clay content > 60% show dlickensides that define pseudoanticlinal struc-
tures ranging from 0.5 m to nearly 1 m in height and from 2 to 3 m in spacing.
Type Il paleosols can change laterally to a type |1l paleosol, which lacks a red bed
(Fig. 2).

The yellow-brown bed contains gray mottles with red rims. Underlying red units
have yellow-brown mottles and nodules, and gray mottles with haloes of a deeper
red than the matrix are common. Red units regularly contain small carbonate nod-
ules, and thin sections show the presence of micro-accumulations of calcite (Fig. 8).
Some micro-accumulations are nodular and range from ovoid to irregular in shape
with long axes less than ~ 0.5 mm long. Other accumulations are elongate with a
long dimension < 1 mm. Most consist of micrite or microspar with crystal sizes of
~ 0.05 mm, athough some examples have coarser spar in the center of the accu-
mulation. Most are present within gray mottles, but some are present in the red
matrix.

Thin sections show that purple matrix is characterized by widely dispersed red
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Fic. 6.—Photomicrographs of paleosol features. A) Elongate gray mottle (G) with red rim shown by arrows. Dark strands in the center of the mottle may be remnants
of aroot. Plane-polarized light. B) Yellow-brown mottle (Y) surrounded by gray halo (G). Plane-polarized light. C) Yellow-brown nodule surrounded by a gray halo (G).
Plane-polarized light. D) Burrow with crescentic, alternating color bands in red, yellow-brown, and gray. Plane-polarized light.

microspheres (< 5 wm in diameter), whose color indicates that they consist of
hematite, and the absence of any yellow-brown stain except as distinct mottles or
nodules. Purple units contain both yellow-brown and gray mottles. The gray mottles
are depleted in Fe,O5 and MnO relative to the purple matrix, and the yellow-brown
mottles are enriched in Fe,0O; and MnO relative to the purple matrix (Kraus and
Adan 1993). Many yellow-brown mottles and nodules are present as small clusters
of several mottles and/or nodules that are separated from one another, and from the
surrounding purple matrix, by gray depletion zones. Some purple beds have yellow-
brown mottles with red rims, and thin sections show that some purple beds contain
scattered, crescent-shaped red mottles whose shape indicates they were once part of
burrows (Fig. 9). In addition, some purple beds contain microscopic carbonate nod-
ules or irregular accumulations of micrite in gray mottles.

An unweathered exposure beneath a sandstone ledge provides an unusual oppor-
tunity to examine the relationship between purple and red paleosol units (Fig. 10).
A prominent feature of the upper red bed in this example is that it contains large,
downward-branching soil channels that are dominantly purple, athough with gray
centers. The purple-colored soil channels progressively enlarge and merge down-
wards to form the underlying purple unit. Laterally, the purple bed shows an increase
in red mottles and, over the ~ 10 m of the exposure, it changes to a red bed with
large purple soil channels.

Most, athough not all, gray or yellow-brown beds at the tops of profiles show
higher TOC contents than lower parts of the profiles (Fig. 7). Clay weight percent
decreases downward through profiles; however, the measure of clayeyness shows
little if any downward trends. Iron content (measured as Fe,O,) usually shows weak
downward increases, as do Fe/clay ratios, suggesting only weak downward move-
ment of iron. Most type |1 paleosols show initial down-profile increases in base loss.
Maximum base-loss ratios reach higher values than for type | paleosols, usualy
between 1.75 and 2.0, and higher values (> 1.5) are maintained to a greater depth
than in type | paleosols.

Inter pretation.—The down-profile geochemical trends and the color patterns in
the paleosols indicate that much of the iron movement in the profiles was intrahor-
izonal rather than interhorizonal. No Bt horizons can be recognized; down-profile
clay movement was probably inhibited by the high clay content, and thus low per-
meability, of the parent material (e.g., Duchaufour 1982).

The red part of the B horizon indicates that rubification was an important soil
process. Various features suggest that purple beds originaly had more abundant
hematite and that they were partly leached of hematite because of iron reduction
and removal, but not to the degree that gray beds were bleached. First, thin sections
show that red microspheres are widely dispersed in purple matrix and mottles, dense-
ly packed in red matrix and mottles, and absent in gray areas, suggesting that those
three colors are the result of variations in hematite concentrations. Second, within a
purple bed, the purple matrix has higher values of Fe,O5 than gray zones, but lower
values of Fe,0; than yellow-brown mottles. Third, expansion of purple soil channels
downward into a red bed suggests that beds became purple over time as a result of
bleaching along soil channels (Fig. 10). Finally, red mottles are present in the purple
matrix but only as small relicts that show signs of leaching (Fig. 9).

Severa features indicate that purple colors resulted from surface-water gleization.
First, the purple color is associated with iron reduction and mobilization that took
place along soil channels, which is characteristic of surface-water gley (e.g., Fanning
and Fanning 1989). Second, in the field example described above, the purple soil
channels descend from a higher unit, also suggesting surface-water gley (e.g., Wright
et a. 2000).

The various paleosol horizons can be assigned to different surface-water gley
stages established by PiPujol and Buurman (1994). Early gley stages show incipient
development of gray mottles or bleached zones and faint iron-rich rims around those.
As gleying continues, the bleached zones enlarge and the red rims intensify. Even-
tualy, by stage 5, the depletion channels have expanded to the point that the iron-
rich rims show significant dissolution, as seen in the purple beds of stage Il paleo-
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sols. Consequently, the upper, purple part of the B horizon shows strong surface-
water gleying, and it is designated as a Bg (gleyed B) horizon. The intensity of
gleying decreases in the lower part of the B horizon.

The high clay content of the paleosols, the dominance of smectite in the clay
fraction, and the presence of well-developed slickensides indicate that the paleosols
are vertic paleosols (e.g., Soil Survey Staff 1975, 1998; Duchaufour 1982). Modern
Vertisols form where parent materials are rich in 2:1 clays, as a result of deposition
or authigenesis. Alternating episodes of soil wetting and drying produced the slick-
ensides (e.g., Yadon and Kamar 1978; Wilding and Tessier 1988). Although
marked dry and rainy seasons are needed for the shrink-swell processes, Vertisols
develop under a wide range of moisture conditions. The redoximorphic features that
are so prominent in type |l paleosols are characteristic of Aquerts, which may be
dry for only a few weeks each year (e.g., Buol et a. 1997). At the same time, the

Fic. 8—Gray depletion channel (G) with thick red rim (R). Small, micrite ac-
cumulation (C) is present in the center of the depletion. Plane-polarized light.

location.

dry season was sufficient to produce microscopic calcite accumulations in some
purple beds. The microscopic accumulations resemble the type C6 calcite accumu-
lation of PiPujol and Buurman (1997), which they attributed to formation in seasonal
climates during the dry season. Episodic rains introduce water into the soil channels,
and, if the water contains calcium carbonate, micrite precipitates when the soil dries.

The high clay content of Vertisols can itself contribute to the poor drainage of
these soils. In addition, water infiltration depends not only on the length of the wet
season but also on how rainfall is spaced (e.g., Wilding and Tessier 1988; Wambeke
1992). If the rainy season begins with heavy rains, water can descend through soil
channels and reach the lower part of the profile. In contrast, if the early rains are
light, the upper part of the solum may become saturated such that soil swelling

LRI, ..o NN 1.0mm
Fic. 9.—Photomicrograph of a purple mudrock showing relict red mottles (ar-

rows). The crescentic shape indicates that the red, hematitic areas are remnants of
a burrow. Yellow-brown mottles (Y) also present in purple matrix. Plane-polarized
light plus reflected light.
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Fic. 10—Lateral change from a purple bed (Bg2 horizon) to a red bed over a
distance of ~ 10 m. Purple soil channels descending from overlying B1 horizon
have expanded and merged to create the purple bed. Type Il paleosol (EC3) from
Elk Creek at location 5. Bg = gleyed B horizon; B1, B2, etc. indicate subdivisions
of the B horizon based on different morphologic properties. See Fig. 5 for key to
symbols, Fig. 2 for stratigraphic position of EC3, and Fig. 3 and Appendix 1 for
location of section. See text for detalls.

closes the soil channels. In that case, the lower part of the solum may remain dry
and surface-water gley conditions can be established.

The strong surface-water gleying represented by the Bg horizon indicates that
stage Il paleosols were more poorly drained than stage | paleosols. The base-loss
trends and values indicate that type Il paleosols were also more strongly weathered
than type | paleosols and, together with the thicker paleosol profiles, suggest that
the type Il paleosols represent a longer period of pedogenic development than type
| paleosals.

Type 111 Paleosols

Morphology and Geochemistry.—In Elk Creek, Type Il paleosols localy
change to type I11 paleosols. In addition, two paleosolsin Elk Creek (EC4 and EC6
in Fig. 2) are type I1l paleosols over most of their exposed latera extent but change
locally to atype Il paleosol. A type |1l paleosol profile consists of agray bed above
a purple bed or a yellow-brown and purple sequence (Fig. 11). Profiles range from
~ 150 cm to nearly 300 cm thick.

Gray beds at the top of the profile contain red-rimmed, gray mottles and yellow-
brown mottles. The purple beds resemble those in the type |1 paleosols in the pres-
ence of abundant yellow-brown mottles and nodules. Large slickensides similar to
those in type Il paleosols are also present in the clay-rich purple beds; however,
neither carbonate accumulations nor relict red mottles are found. In most examples,
the purple bed of a type 111 profile grades downward into yellow-brown units con-
taining gray root mottles with red haloes or compound haloes with an inner purple
and outer red zone. Locally, paleosol EC6 is a compound paleosol with two type
11 profiles (Fig. 11).

M.J. KRAUS

Profiles commonly show a TOC maximum in the uppermost gray bed, and TOC
decreases downward into the purple unit and remains low (Fig. 11). Clay weight
percent decreases downward through profiles, and a measure of clayeyness shows
little if any trend in most profiles. In most examples, the upper gray bed is depleted
in iron (measured as Fe,O;) compared to purple and yellow-brown units below,
which are relatively enriched. Most profiles show no correspondence between down-
profile iron and clay trends. Base-loss values are high (values of ~ 2.0) compared
to the other kinds of paleosols, and they remain high to a considerable depth.

Interpretation.—Liketype || paleosols, type |1l paleosols are interpreted as vertic
paleosols on the basis of their high clay content, dominance of 2:1 clays, and local
presence of well-developed slickensides. Type Il paleosols lack the lower red B
horizon characteristic of type Il paleosols, suggesting that the entire B horizon was
strongly gleyed. In addition, the absence of relict red mottles and calcite microac-
cumulations, which are present in the purple Bg horizon of many type || paleosols,
suggests that conditions were too wet to form calcite or to preserve any red areas.
Thus, the entire B horizon underwent intense surface-water gleying, and type 11
paleosols represent more poorly drained conditions than either type | or type Il
paleosols. Lateral changes between type Il and type Ill paleosols are attributed to
local changes in drainage on the ancient floodplain (Figs. 3, 10).

The unusually thick and laterally persistent type Ill paleosol towards the top of
the study interval (EC6) is attributed to a lengthy episode of paleosol development
compared to other paleosols at either study location. The high base-loss values and
depths to which those values extend are consistent with more prolonged pedogenesis.
This paleosol may have formed on a more distal part of the floodplain, where its
lower topographic position resulted in a hydromorphic paleosol and slower sediment
accumulation rates produced a more strongly developed paleosol than the type 11
paleosols in this section.

CONTROLS ON PALEOSOL VARIATIONS

McCullough Peaks is dominated by type | paleosols; type Il paleosols are present,
and type |1l paleosols are absent (Fig. 2). Although type Il paleosols dominate the
Elk Creek study section, type |11 paleosols are present as are sparse type | paleosols.
Differences between the two areas are attributed to differences in drainage and de-
gree of soil development.

Drainage Variations

Judging from paleocurrent data showing northwest drainage during early Eocene
time (Fig. 1), the better-drained paleosols in McCullough Peaks were down paleo-
slope from the more poorly drained paleosols that characterize Elk Creek. This
suggests that down-basin slopes did not control basin-scale paleosol variations. The
floodplain deposits in Elk Creek are finer grained than those in McCullough Peaks
(Table 1), implying that the variations in drainage are linked to variations in grain
size and, thus, in permeability. The surface-water gley features that are so charac-
teristic of the Elk Creek paleosols are consistent with the clay-rich parent material
and the development of perched water tables. The paleosols in McCullough Peaks
contain less clay, and this is reflected in the absence of significant surface-water
gley attributes.

Degree of Soil Development

The presence of more strongly developed paleosols in the Elk Creek area is con-
sistent with slower rates of sediment accumulation there compared to McCullough
Peaks (e.g., Kraus and Bown 1986; Wright 1992). The different degree of soil
development is also attributed to different frequencies of channel avulsion in the
two areas. Because an avulsion deposit is several meters thick and was deposited
rapidly (on the order of 102 years), its deposition terminated formation of the pa-
leosol below (Fig. 4). Thus, the time available for paleosol development was the
time between successive avulsion deposits. Judging from the sediment accumulation
rates of 0.56 m/ky for the section in McCullough Peaks and 0.3 m/ky for the section
in Elk Creek (Wing et a. 1999), section 3 in McCullough Peaks (70 m) and section
4in Elk Creek (38 m) represent approximately equal amounts of time. Both sections
consist of a series of paleosols with no major channel sandstones, and both are a
similar distance from laterally equivalent mgjor sandstone bodies. The McCullough
Peaks section has more paleosols (12) than does the equivalent section in Elk Creek
(9 paleosols), each of which is separated by avulsion deposits. Consequently, for
the time represented by the two stratigraphic sections, avulsion deposits were more
frequent in McCullough Peaks, and paleosols there are less strongly developed.

Because avulsion deposits are spatialy limited, individual deposits did not cover
the entire floodplain, and the time between avulsion deposits is not identical to
avulsion frequency. Nonetheless, the number of avulsion deposits through a strati-
graphic interval should depend on avulsion frequency, and paleosol development
should be related to avulsion frequency.
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ALLUVIAL ARCHITECTURE

The relationship between degree of paleosol development and frequency of avul-
sion seen in the two study areas has implications for models of aluvial architecture
(AA models), which examine the primary controls on the proportion and stacking
patterns of channel sandstones in avulsion-dominated fluvial systems. In those mod-
els, the floodplain deposits are merely background for the channel sandstones; no
lithologic or pedologic details are provided. In light of the Willwood paleosols, a
simple model is offered here to show how paleosols change with varying basin
subsidence rates and how the paleosols can help decipher the architecture of indi-
vidual alluvial successions.

Early AA models showed that subsidence rates are a mgjor control on the degree
to which channel sandstones are connected (Allen 1978; Leeder 1978; Bridge and
Leeder 1979). When subsidence rates (sediment accumulation rates) are low, sand-
stone bodies show numerous interconnections and the ratio of fine-grained deposits
to sandstone is low (Fig. 12A). As subsidence rates increase, connections between
sandstone bodies diminish and the ratio of fine-grained deposits to sandstone in-
Creases.

Those early models assumed that avulsion frequency remained constant as sub-
sidence rate (accumulation rate) changed; however, later models related avulsion
frequency to accumulation rate. Avulsion was assumed to occur when the channel
belt aggraded to a critical height above the floodplain (e.g., Bryant et a. 1995; Heller
and Paola 1996; Mohrig et a. 2000). This critical relief developed by differential
sedimentation in the channel belt relative to that on the floodplain; thus, higher
aggradation rates cause avulsion frequency to increase. Bryant et al. (1995) proposed
that avulsion frequency is proportiona to r, wherer is accumulation rate and b is
an exponent that can vary from 0 to greater than 1. Those authors and Heller and
Paola (1996) demonstrated that the alluvia architecture, as expressed in the thick-
ness and connectivity of channel sandstone bodies, depends on the relation between
avulsion frequency and sediment accumulation rate. If avulsion frequency changes

Fic. 11.—Morphologic, textural, and chemical
data for two representative type IIl paleosols,
which, in this example, are verticaly stacked
profiles. Above the strongly developed profiles
are fine-grained deposits showing weak
pedogenic development and interpreted as
avulsion deposits. The paleosols represent EC6
at location 2 in EIk Creek. Ag and Bg = gleyed
A and B horizons, B1 and B2 indicate
subdivisions of the B horizon based on different
morphologic properties. See Fig. 5 for key to
symbols, Fig. 2 for stratigraphic position of EC6
and Fig. 3 and Appendix 1 for location of
section.

linearly with the rate of sediment accumulation (b = 1), the sandstone bodies show
no change in connectivity or spacing in response to an increase in accumulation rate
over time (Fig. 12B). The ratio of fine-grained deposits to sandstone also remains
unchanged. If avulsion frequency increases more quickly than accumulation rate (b
> 1), an increase in sedimentation rate produces greater connectivity among sand-
stone bodies and a decrease in the ratio of fine-grained deposits to sandstone (Fig.
12C).

A simple model is proposed that relates paleosol maturity and abundance to
changes in basin subsidence for the three different relationships between avulsion
frequency and accumulation described above (Fig. 13). The model mirrors those of
Bryant et al. (1995) and Heller and Paola (1996); however, the fine-grained deposits,
rather than the sandstone bodies, are emphasized. The model considers a fluvial
section where accumulation rates increased twofold (the upper two-thirds of the
section is two times thicker than the lower third). Paleosols change predictably
upward through the section depending on how avulsion frequency changed in re-
sponse to the up-section change in accumulation rate.

For the simplest case, b = 1, avulsion frequency increases linearly with accu-
mulation rate (Fig. 13A). Because the upper part of the section is twice as thick as
the lower part of the section, twice as many avulsions took place asit was deposited.
Twice as many paleosols are present in the upper section (6 vs. 3); however, those
paleosols are more weakly developed than those in the lower part of the section. At
low values of b (b << 1), avulsion frequency is effectively constant, and the lower
and upper parts of the cross section have an equal number of paleosols (Fig. 13B).
Paleosols in the upper, more rapidly deposited part of the section are thicker and
more weakly developed because the rapid accumulation rates resulted in the depo-
sition of more fine-grained sediment between avulsions. If avulsion frequency in-
creases more rapidly than sediment accumulation rate increases (b > 1), the number
of paleosols in the upper part of the section is more than twice the number present
lower in the section (7 vs. 3; Fig. 13C). Those paleosols are thinner because, with
more frequent avulsion, less fine-grained sediment is deposited on the floodplain
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Fic. 12—Models of alluvia architecture that predict how interconnectedness of
sandstone bodies changes as sediment accumulation rate increases and for different
relationships between avulsion frequency and accumulation rate. A) Early models
assumed that avulsion frequency did not change as accumulation rate increased (i.e.,
b < 1). B) Avulsion frequency changes linearly with accumulation rate (b = 1).
C) Avulsion frequency increases more rapidly than accumulation rate (b > 1). See
text for details. Modified from Heller and Paola (1996).

between successive avulsion deposits. The cross section suggests that paleosol spac-
ing also becomes denser as accumulation rate increases.

Paleosol models can help constrain parametersin AA models. Careful analysis of
the paleosols in different parts of the stratigraphic column should provide clues as
to the loca relationship between avulsion frequency and sediment accumulation
rates (i.e., the value of b). Study of the thickness and degree of development of the
paleosols together with analysis of the thickness and multistory character of the
sandstone bodies should provide a clearer understanding of what factors influenced
the stratigraphic architecture in a particular aluvia basin.

CONCLUSIONS

Two time-equivalent stratigraphic intervals in the Willwood Formation contain
floodplain paleosols that differ in terms of drainage and degree of development.
Drainage variations over tens of kilometers are commonly attributed to topographic
or climatic variations. Willwood vertic paleosols, which were poorly drained, formed
in the study area where floodplain sediments were clay rich.

The two study areas had strongly contrasting subsidence rates. More numerous,
thinner, and more weakly developed Fersidlitic paleosols dominate the more rapidly
subsiding study area. These differences are attributed to more rapid sediment ac-
cumulation rates and more frequent avulsion in the rapidly subsiding study area.

A simple paleosol architecture model shows how floodplain paleosols vary in
response to changes in basin subsidence and to variations in the relation between
avulsion frequency and sediment accumulation rates.
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Fic. 13.—Three models that predict paleosol thickness, degree of development,
spacing, and numbers for different relationships between avulsion frequency and
accumulation rate (i.e., for different values of b). The upper part of each section had
an accumulation (subsidence) rate that was two times as fast as in the lower part of
each section. A) Avulsion frequency changes linearly with accumulation rate (b =
1). B) Avulsion frequency is effectively constant as sediment accumulation rate
increases, b < 1. C) Avulsion frequency changes more rapidly than accumulation
rate (b > 1). Dashed lines represent time lines. See text for details. Sandstone part
of diagrams modified from Heller and Paola (1996).
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