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ABSTRACT: The lower Eocene Willwood Formation of the Bighorn Basin, northwest Wyoming, consists of  about 770 m of alluvial 
rocks that exhibit extensive mechanical and geochemical modifications resulting from Eocene pedogenesis. Willwood paleosols vary 
considerably in their relative degrees of  maturity; maturity is defined as stage of  development as a function o f  the amount  of  time 
required to form. Five arbitrary stages are proposed to distinguish these soils of  different maturities in the WiUwood Formation. 
Stage 1 soils, the least mature, are entisols; stage 2 and stage 3 soils are intermediate in maturity and are probably alfisols; and stage 
4 and stage 5 soils, the most mature, are spodosols. These stages are not only time-progressive elements of  an in situ maturation 
sequence for Wiliwood soil formation, but, in the lateral dimension, they are also usually distributed sequentially. 

Study of  Willwood paleosols indicates that an inverse relationship exists between soil maturity and short-term sediment accu- 
mulation rate. The least mature Willwood paleosols formed in areas of  relatively high net rates of  sediment accumulation on l) 
channel, levee, and crevasse-splay sediments of  the proximal alluvial ridge, and 2) deposits filling large and small paleovalleys formed 
by major episodes of  gullying (lowered baselevels). In contrast, the fine-grained sediments of  the distal floodplain, where net sediment 
accumulation rates were relatively low, experienced development of  much more mature softs. Soils of  intermediate maturities occur 
in the order of  their stage on intervening proximal floodplain and distal alluvial ridge sediments. Adjacent bodies of  sedimentary 
rock that differ in their ancient soil properties because of  distance from areas of  relatively high sediment accumulation are denoted 
by the new term pedofacies. 

The remarkable sequence of paleosols in the Wftlwood Formation clearly illustrates several important principles of  soil-sediment 
interrelationships in aggrading alluvial systems that have broad application to other deposits. This is especially true in view of the 
widespread distribution of paleosols in nearly all ancient fluvial rocks. Further study of  Willwood paleosols will not only enable 
precise lateral correlation of  coeval alluvial sediments, and thereby fluvial sedimentary events, from the distal to the proximal realms 
of the floodplain but  will also contribute to increasingly informative evaluations of the nature, tempo, and mode of alluvial succession. 

INTRODUCTION 

Most sedimentary basins adjoining mountainous re- 
gions throughout the world contain thick sequences of  
alluvial rocks. In the Rocky Mountain region of  the west- 
ern United States, alluvial deposits yield or are associated 
with significant reserves of  coal, uranium, subsurface 
water, oil shale, gas, and trona, and knowledge of their 
geometries and origins is important economically as well 
as for academic interest. Many of these alluvial sequences 
are also dominated volumetrically by fine-grained clastics 
(silt, clay, and mud) that were deposited on ancient flood- 
plains. Despite the commonly overwhelming percentage 
of floodplain as opposed to channel alluvium, floodplain 
sediments have habitually been ignored in both fluvial 
sedimentologic studies of  the rocks themselves, and in 
more general modeling of alluvial systems. 

Though few sedimentologists deny the potentially im- 
portant role of  floodplain sediments in evaluating ancient 
stream deposits, the realistic utility of these rocks in re- 
search has been hampered considerably by lack of field 
and laboratory methodologies to examine them. Sand- 
stones deposited by channel systems generally contain 
large- and small-scale primary sedimentary structures that 
yield a great deal of  information about the streams that 
formed them. Homologues of  these sedimentary struc- 
tures occur in modem stream-channel deposits and are 

' Manuscript received 15 April 1986; revised 23 September 1986. 

quite amenable to modeling, both empirically by flume 
experiments and quantitatively by means of  statistical 
analysis of  facies ordering. In contrast, floodplain sedi- 
ments are finer grained and commonly lack well-pre- 
served sedimentary structures. Moreover, modern ex- 
amples of  overbank sediment are commonly obscured by 
vegetation, and both individual and composite deposi- 
tional units in the overbank sequence are not only difficult 
to recognize in the field, they are nearly impossible to 
correlate laterally for any distance, or to relate to coeval 
channel deposits with any precision. 

Soil survey studies and examinations of  Quaternary 
soils have continued apace for more than a century, and 
paleosols have long been recognized in Tertiary alluvial 
rocks of  the western United States (e.g., Schultz et al. 
1955). However, as discussed elsewhere (Kraus and Bown 
1986), their potential contributions to sedimentologic 
studies were overlooked due to the long-prevailing phi- 
losophy that paleosols are rarely preserved phenomena 
that 1) mark some major unconformities (e.g., Ritzma 
1955, 1957; Pettyjohn 1966; Abbott et al. 1976), or 2) 
simply record pauses in what is otherwise a more or less 
continuous record of sediment accumulation (e.g., Allen 
1974; Behrensmeyer and Tauxe 1982). Moreover, much 
of the philosophy of paleosols was developed by Quater- 
nary workers who commonly described soil development 
in basically degrading regimes. It now appears that most 
ancient alluvial sequences contain numerous sequential 
(multistorey) paleosols (Chalyshev 1969; Bown and Kraus 
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FIG. 1.--Map of the Bighorn Basin in northwestern Wyoming, showing study area (shaded). 

1981a; Retallack 1983a, b; Kraus and Bown 1986) and 
that soil development, due to the very episodic nature of  
accumulation of alluvial sediment, is a normal part of  the 
fluvial regime (Kraus and Bown 1986). Because many 
ancient alluvial soil profiles are easily recognized, exposed 
over broad areas, and formed almost instantaneously in 
terms of  geologic time (in the range of 2,000-30,000 years), 
they offer a nearly ideal method of correlating deposits 
(and thereby sedimentary events) from the less active 
interchannel areas to the more active areas on and sur- 
rounding the alluvial ridge. 

The 770-m-thick lower Eocene Willwood Formation 
in the Bighorn Basin of  Wyoming (Figs. 1 and 2) is an 
exceptionally well-exposed alluvial deposit spanning about 
3.5 Ma (Bown 1982) and containing numerous super- 
posed profiles of alluvial paleosols. Earlier studies of  these 
soils were largely concerned with their recognition and 
description (Neasham and Vondra 1972; Bown 1979; 
Bown and Kraus 198 l a) and their classification (Bown 
and Kraus 1981a), as well as with the implications of  
alluvial paleosols in general for problems of  time reso- 
lution in alluvial stratigraphy (Kraus and Bown 1986). 
The exposure of  individual Willwood paleosols over wide 
areas in Bighorn Basin badlands (Fig. 2) has encouraged 
the examination of additional paleosol parameters that 
are more closely related to the alluvial system in the ge- 
netic sense and which are consequently of greater value 
to sedimentologists. These include temporal sequencing, 
lateral and vertical variability, and the corollary tempo- 

ral, lateral, and vertical relations of  the paleosols to dif- 
ferent components of  the ancient alluvial system. 

In this paper we 1) present a brief resume of the nature 
of  the soils and their maturation sequence, and 2) discuss 
the lateral relations and variability ofWillwood paleosols 
and their relations to Willwood channel deposits. Part II 
(Kraus 1987) examines vertical sequences of  Willwood 
paleosols and their relation to fluvial sedimentary events. 

GENERAL ASPECTS OF WILLWOOD PALEOSOLS 

Paleosols in the Willwood Formation are recognized 
on the criteria outlined by Neasham and Vondra (1972), 
Bown (1979), and Bown and Kraus (1981a). The most 
striking aspect of  these paleosols in the field is distinctive 
color banding imparted to them by the redistribution and 
differential concentration and hydration or dehydration 
of  ferric iron compounds in different parts of  the profiles. 
Parent materials of  Willwood paleosols consisted exclu- 
sively of  alluvium that was dominantly mud (silt and clay) 
but included some sand layers. Although colored sandy 
units exist, they are rare; and it is the muds that are 
characterized by intense variegation with hues of  yellow, 
orange, red, purple, and blue. 

At least provisionally, more mature Willwood paleo- 
sols appear to be related to the order of  soils comprising 
the spodosols (Soil Survey Staff 1975). This assignment 
is based on the presence of: 
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1) a well-developed A horizon that is generally made up 
of an eluviated (leached) albic zone (Ae horizon) and 
one or more organic-rich zones (Ao horizons, or epi- 
pedons); 

2) a well-developed B horizon that is enriched in finely 
disseminated, interstitial, hydrated or dehydrated ses- 
quioxides of  iron and aluminum and, occasionally, 
oxides of manganese. These constituents, the soil plas- 
ma, locally occur as glaebules (Brewer and Sleeman 
1964). One or more argillic (Bt) or calcareous (Bca) 
zones may or may not be present; and 

3) a spodic zone, that is rich in organic carbon and alu- 
minum and iron oxides. The spodic zone generally 
formed in the lower part of  the A horizon or in the 
underlying upper part of  the B horizon. In Willwood 
soils, the spodic horizon is commonly deep purple in 
color. 

The A horizons of Willwood spodosols vary in thick- 
ness from about 10 cm to more than 1.5 m and in color 
from light ashy gray to bluish gray. Epipedons tend to be 
very dark gray. The most mature spodosols possess a 
complex B horizon that is generally purple near the top 
and grades downward to dark red, light red, and some- 
times orange or yellow. The B horizons attain a maximum 
thickness of approximately 3 m. Because soils form very 
rapidly and to great depths on alluvial parent materials, 
C horizons, or zones of relatively unaltered parent allu- 
vium, rarely survived Willwood pedogenesis and are al- 
most never associated with the most mature spodosols. 
The A horizons of Willwood spodosols commonly con- 
tain immense lags of fossil vertebrate remains (Bown and 
Kraus 1981b) and numerous rhizoliths. A host of inver- 
tebrate trace fossils are variously distributed throughout 
the solum (Bown and Kraus 1983). 

Retallack (written comm., 1982) has properly ques- 
tioned the identification of Willwood paleosols as spo- 
dosols, preferring assignment to alfisols because of the 
relatively abundant nodular calcium carbonate (incipient 
calcrete) present in the lower parts of most profiles. Al- 
though the presence of calcium is believed to inhibit de- 
velopment of  the spodic horizon, that horizon can form 
once carbonates have been leached from the upper part 
of  the solum (Soil Survey Staff 1975). For the Willwood 
paleosols, it appears likely that most incipient calcrete 
development was related to the prevailing early Eocene 
alternating wet and dry seasons (Bown 1979) and that 
CaCO~ translocation was accomplished relatively early 
in soil genesis. At present, the exact classification of  the 
most mature Willwood paleosols is moot; they are either 
spodosols with the unusual attribute of calcium carbonate 
accumulations, or alfisols with the equally unusual de- 
velopment of spodic horizons (see Soil Survey Staff 1975, 
p. 96). 

WILLWOOD SOIL MATURATION SEQUENCE 

The attributes of the spodosols described briefly above 
are broadly characteristic of only the most obvious and 
best-developed examples of Willwood paleosols. Clearly, 

FIG. 2.--Exposures of the Willwood Formation on the north side of 
Sheep Mountain, Bighorn Basin, showing mudstone-dominated archi- 
tecture and stressing the great vertical and lateral control available for 
studies of spatial variability in paleosols of the Willwood Formation. 
About 275 m of the upper part of the formation is illustrated. 

if all of the soils in the Willwood Formation were similar 
in character, they would be of limited value in under- 
standing the complex lateral and vertical relationships 
between channel and overbank deposits. However, soil 
formation is a near-surface phenomenon occurring 
through time, and certain soils have had more time to 
develop than other soils of  the same type. The detailed 
morphological and geochemical differences among these 
soils can be used to establish their relative maturity, where 
maturity of a particular kind of soil is defined as the 
relative length of  time required to form the soil if all other 
variables (e.g., parent material, moisture, temperature, 
vegetation) remain relatively constant. 

Closer examination of  Willwood paleosols reveals that 
the obvious, well-developed examples comprise only a 
small percent of the whole paleosol spectrum. The re- 
mainder consists of numerous soils that resemble the very 
well-developed soils to varying degrees and some that 
appear to lack any similarity whatsoever. By first ex- 
amining soils with the most obvious and thickest profile 
development and working backwards through the more 
similar to less similar soils, it is evident that nearly all 
Willwood paleosols were on the way to becoming the 
same kind of  soil, hut they simply represent different 
stages of development (i.e., represent different maturation 
stages). The most mature (stages 4 and 5) are relegated, 
with the qualifications observed above, to the spodosols. 
Following Retallack (written comm., 1982), some of the 
less mature varieties, in which spodic horizons have not 
had the time or opportunity to develop (stages 2 and 3; 
Figs. 3C, D, 4, 5A), probably are alfisols; that is, soils 
with an ochric epipedon, an argillic horizon, and mod- 
erate to high base saturation. They are distinguished from 
the spodosols by the absence of a spodic horizon above 
the argillic horizon (Soil Survey Staff 1974, p. 96). The 
least mature Willwood soils are entisols that sometimes 
have an ochric epipedon, but have few if any well-devel- 
oped horizons (Figs. 3A, B, 4, 5A). 

The maturation stages 1 through 5 (Figs. 3-5) were 
proposed by Bown (1985a, b) as a tentative scheme for 
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identifying near end members (stages 1 and 5) and land- 
marks in between (stages 2-4) in a continuous, nondis- 
crete, and intergraded developmental sequence of Will- 
wood soil formation. As such, it is extremely difficult or 
impossible to specify a particular maturation stage for 
each individual paleosol, even though it is possible to 
relate these paleosols to their closest counterparts in the 
maturation sequence. Identifying the maturation stage of 
different paleosols is important for two reasons. First, 
establishment of  a general maturation sequence permits 
lateral changes in Willwood paleosols to be easily iden- 
tified, and then soils of  different maturity can be related 
to their position on the alluvial plain, specifically prox- 
imity to the channel. Second, when vertical sequences of  
multistorey paleosols are examined, successive (tempo- 
ral) changes in soil maturation can be documented and 
used to determine changes in short-term sediment ac- 
cumulation rates (see Kraus 1987) and/or climatic succes- 
sion. Because most geologic time in alluvial regimes rep- 
resents soil formation (i.e., neither active sediment 
accumulation nor active erosion took place; Kraus and 
Bown 1986), almost all ancient alluvial sequences contain 
a paleopedologic record of alluvial activity in both time 
and space, in addition to the record provided by channel 
deposits. Paleosols are also excellent general indicators 
of paleoclimate and thereby offer a method of attaining 
climatic controls independent of  frequently inadequate 
paleontologic means. For analysis of  the lower Eocene 
Willwood Formation and its lateral and vertical succes- 
sions of  paleosols, it is useful to elaborate on the matu- 
ration sequence that was originally outlined by Bown 
(1985a, b). 

Stage-1 Paleosols 

As observed above, the parent material for all Will- 
wood paleosols was alluvium; coarser alluvium (sand and 
sandy silt) near the stream channels, and finer alluvium 
(mud with some fine sand) more distal to the channel 
belt. Where relatively unmodified, parent material is gray 
or greenish gray in color, commonly retains original strat- 
ification, and generally shows some bioturbation by in- 
vertebrates or plants (rhizoliths). Stage 1 (Figs. 3A, B; 4, 
stage 1; 5A) represents the development of  an entisol in 
which orange or yellow mottles first appeared. These mot- 
tles consist of  zones enriched in hydrated ferric iron ox- 

ides (limonite, goethite, lepidocrocite) that sometimes co- 
alesced to form tabular orange or yellow beds (Fig. 3A, 
B). Where present, these beds have diffuse upper and 
lower contacts and commonly are streaked or mottled 
with light red (Figs. 3B; 4B; stage 1). Red areas are zones 
of  local dehydration of  ferric iron compounds which 
probably formed during episodic lowering of the ground- 
water table. Glaebules rich in manganese (MnOz) some- 
times occur near the bottom of stage-I paleosols, and 
small to large calerete ( C a C O 3 )  glaebules also developed 
at this very early stage. 

Bioturbation of  stage-1 paleosols is generally intense 
and as great as that observed in more mature soils. This 
is probably because continual pedogenesis destroyed or 
obfuscated the burrows themselves and only the last few 
generations of  burrows are ever well preserved. Eda- 
phichnium lumbricatum (Bown and Kraus 1983), an 
earthworm trace fossil (Fig. 6), is especially abundant. 
Zones rich in organic carbon are first observed in stage 
1; however, these do not seem restricted to any particular 
part of  the solum. All textural horizons appear to be de- 
positional (sedimentary relict) in origin and are distin- 
guished from the Bt horizons of  more mature soils by 
their retention of relict bedding. In the upper 200 m of  
the Willwood Formation in the southern Bighorn Basin, 
stage-1 paleosols are commonly pink rather than yellow 
or orange (Fig. 3B) and contain 1-4-cm-thick streaks of  
dark red color. However, like soils of  this stage lower in 
the formation, there is no distinct horizon formation. 

The presence of  abraded CaCO3 glaebules in lag de- 
posits of  many Willwood channel sandstones attests to 
the lower Eocene origin of  these structures (Bown and 
Kraus 1981a, fig. 5). Abundant glaebules in stage-I and 
stage-2 paleosols indicate that much of  the carbonate ac- 
cumulated very early (probably most was formed by stage 
2 or early in stage 3; Fig. 3C, D), allowing later devel- 
opment  of  the spodic horizon so characteristic of  the more 
mature paleosols (some stage 3 and all stage 4 and 5 soils). 
Glaebular C a C O  3 is as abundant in some stage-1 and 
stage-2 paleosols as in any later stage (Fig. 3C). 

Stage-2 Paleosols 

Stage-2 Willwood paleosols differ from those of  stage 
1 principally in the first obvious, though incipient, ho- 
rizon formation in the profile. An eluvial Ae horizon is 

t ---  

FIG. 3.--Relationship of  Willwood paleosol maturation stages to areally differing parts of  the floodbasin. A) Levee deposits in middle part o f  
Willwood Formation with immature stage-I paleosols (ip) situated in scour (base marked by arrow) cut into sequence of  mature paleosols (mp). 
cs = carbonaceous shale. B) Levee deposits in upper part o f  Wiliwood Formation upon which stage- 1 paleosols are developed. C) Sequence of  
dislai levee deposits with several stage-1 palcosols, punctuated by A, upper B (B), and lower B Co) horizons of  a s~ge-2 paleosol (alfisol). Note 
lag of  abundant calcium carbonate glaebules at man's feet. D) Proximal floodplain deposits showing stage-3 paleosol (alflsol) development. Note 
accumulation of  calcium carbonate nodules and segregation of  B horizon into purple, clark red, and light red components. Bar is 5 feet (1.52 m). 
E) Stage-4 paleosol (spodosol) developed on distal floodplain sediments. Note increased thickness of  A horizon and purple component of  upper 
B horizon. Bar is 5 feet (1.52 m). F) Stage-5 paleosol (spodosol) on distal floodplain alluvium. Note great thickness of  A horizon and purple upper 
B horizon (b), and division of  A horizon into a clearly defined eluvial (Ae) horizon and organic carbon-rich epipedons (Ao). G and H) Schematic 
(G) and actual (H) examples of relative soil maturity in scours. G depicts a palcogully system excavated in a sequence of  relatively mature 
floodplain soils and filled with younger floodplain deposits upon which relatively immature soils developed. In H a crevasse channel (c) is cut 
into floodplain deposits with relatively mature paleosols (rap). Levee deposits filling the top of  the crevasse scour are characterized by immature 
(Stage-1) soil development (ip). I) Three successive stage-4 paleosols (spodosols) separated by crevasse splay sands, constituting unaltered soil 
parent materials (p). B horizons shown by arrows. Bar is 5 feet (1.52 m). 
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commonly present in some part of  the upper solum (gen- 
erally at the top; Figs. 3C, 4B), and is underlain by a 
reddish upper B horizon (Fig. 3C) or by a gleyed and then 
a reddish upper B horizon (Fig. 4B, stage 2). The reddish 
zone was formed by continued accumulation of  iron ox- 
ides below the Ae horizon, coupled with prolonged better 
drainage of the upper part of  the developing profile. Better 
drainage permitted increased dehydration of the iron ox- 
ides; however, color boundaries separating the incipient 
A horizon and different colors of the B horizon remain 
diffuse. In some stage-2 paleosols, the upper part of  the 
B horizon consists of  an upper dark red zone and a lower 
light red zone, reflecting dehydration of discrete parts of  
the profile containing different amounts of  translocated 
iron (Fig. 4B, stage 2). 

An orange or yellow lower B horizon, rich in Fe and 
AI oxyhydrates, is invariably present beneath the redder 
upper B horizon. The color probably reflects the prox- 
imity of  the groundwater table at the t ime of formation. 
Small Fe and Al-rich glaebules are distributed throughout 
the B horizon (Fig. 5A) and calcrete glaebules (where 
present at all) approach their maximum abundance at 
one or several levels in the lower B horizon. Calcrete 
development is generally more significant by stage 2 than 
originally thought by Bown (1985b, p. 22). Zones rich in 
translocated clay (Bt horizons) are first recognizable in 
stage 2, and these zones commonly underlie zones rich 
in CaCO3 glaebules. In many instances, the formation of  
clay-rich pans beneath calcretes is consistent enough to 
suggest that the buildup of pedogenic carbonate was re- 
lated to the inability of  the carbonate to move downward 
out of the system past the impermeable pans. Continued 
carbonate accumulation was perhaps facilitated by lateral 
groundwater movement  (see, e.g., Brammer 1968). Else- 
where, however, CaCO3 glaebules are abundant through- 
out the profile (including the A horizon). Instances of  this 
rather more pervasive dispersion of  soil carbonate were 
possibly caused by an apparent rise of  the water table 
through the sediments as they accreted (see discussion of 
hydromorphic soils, below) and reflects superimposed 
(composite) soil profiles (Bown and Kraus 1981 a, fig. 10). 

Stage-2 paleosols vary considerably in the nature and 
thickness of  B-horizon development. Whereas most Will- 
wood paleosols at this stage of maturity possess very thin 
(5-20 cm), reddish upper B horizons above considerably 
thicker yellow or orange lower B horizons (Fig. 3C), some 
stage-2 paleosols are characterized by little or no A ho- 
rizon and about equally thick upper (red) and lower (yel- 
low or orange) parts of  the B horizon. As will be discussed 
further, proximity to the coeval channel belt affects the 
type of  soil encountered; this B horizon variability could 
well be related to subtle differences in the parent alluvium. 

Stage-3 Paleosols 

Stage-3 paleosols (Figs. 3D, 4B, 5A) are distinguished 
from those of stage 2 by the first well-defined profile ho- 
rizon formation and by the first important buildup of soil 
plasma constituents and illuvial clay in the evolving B 
horizon. The A horizon had invariably formed by this 

stage, although generally only the Ae is present. Its contact 
with the upper part of the B horizon is diffuse. The upper 
part of  the B horizon, marked by dark and light red tabular 
zones (Fig. 3D), is now considerably thickened because 
it expanded markedly downward at the expense of  the 
yellow or orange lower B horizon. All of  the B is enriched 
significantly in translocated Fe and A1 sesquioxides, much 
of  which is now in the form of  glaebules. As in stage 2, 
these compounds are largely dehydrated in the upper part 
of  the B and largely hydrated in the lower part, although 
considerable mottling exists at contacts. Textural hori- 
zons (where present) are more obvious and are exempli- 
fied by extensive slickensiding, clay trains, cutans on skel- 
eton grains, and clay-lined rugs. 

The uppermost part of  the B horizon displays a purple 
color in stage 3 (Figs. 3D, 4B), although exposure of fresh 
surfaces reveals that this color is imparted by purple mot- 
tles in red mudstone. Weak spodic zones are sometimes 
developed in the purple upper B horizon. Although purple 
color was originally attributed to an admixture of  organic 
carbon in the upper B horizon or to the large grain size 
of  interstitial hematite (Bown 1985b), further analyses 
indicate that neither of  these parameters alone necessarily 
produced purple color. Nonetheless, purple pigmentation 
invariably developed first in the upper part of  the plasma- 
enriched profile and increased in importance in later mat- 
uration stages. 

It appears that near maximum calcrete accumulation 
in the lower solum was accomplished early in stage 3. 
Calcrete glaebules attained their maximum size (8 cm 
long in diameter) and abundance in certain stage-2 and 
stage-3 paleosols. Although additional carbonate buildup 
occurred in maturation stages 4 and 5, it was probably 
minimal. In no instance does carbonate accumulation 
exceed the stage II of  Gile et al. (1966). 

Stage-4 Paleosols 

The eluvial A horizon (Ae), in some cases developed 
as early as stage 2, is quite thick in stage-4 Willwood 
paleosols (Figs. 3E, 4B, 5A). Organic carbon also accu- 
mulated to a noticeable extent in some stage-4 soils, where 
it may form vague epipedons. Eluviation of clay from the 
A horizon was virtually complete by this stage, and, as a 
result, the Ae horizon is significantly coarser than sub- 
jacent horizons. Correspondingly, diffuse clay-rich zones 
up to 40 cm thick are present in the red and yellow parts 
of  B horizons, and these do not appear to be appreciably 
thicker or richer in stage-5 soils. 

Paleosols of  maturation stage 4 also differ from those 
of stage 3 in the downward thickening of the purple up- 
permost B horizon at the expense of  the top of the un- 
derlying dark red upper B (Figs. 3E, I, 4B). Likewise, the 
bottom of  the dark red portion of the upper B horizon 
thickened downward, in this case at the expense of the 
top of the lower light red part of the upper B, as well as 
the yellow or orange lower B. In many stage-4 paleosols 
of  the upper 300 m of the Willwood Formation, all of  
the lower B horizon is light red and few areas of  visible 
hydrated iron oxides remain in the profile. There is an 
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overall decrease in the degree o f  mottling in B horizons 
from stage-3 to stage-4 paleosols, but all horizons are 
mottled to some extent. 

Accumulat ions o f  iron and aluminum oxides in the B 
horizon appear to have reached their peaks early in stage 
4, and this is commonly  accompanied by an increase in 
the size and variety o f  Fe and Al-rich glaebules. That 
these oxides continued to accumulate significantly after 
the carbonate buildup passed its peak is indicated by 
nodular  encrustations o f  hematite on many  calcrete glae- 
bules in stage-4 and stage-5 paleosols. 

The most  notable advance in soil development  between 
stages 3 and 4 is the appearance o f  a well-defined spodic 
horizon (Fig. 4B, stage 4), which is typified by the asso- 
ciation o f  a luminum oxides with organic carbon, gener- 
ally accompanied by a significant proport ion o f  iron ox- 
ides. They are invariably formed in the zone bounded by 
the A/B contact at the top and by the base o f  the upper- 
most  purple B horizon. Spodic zones appear in certain 
advanced stage-3 paleosols, but there they are irregular 
and impersistent. In Willwood paleosols, spodic horizons 
may be single or multiple and vary from a few centimeters 
to more than 25 cm in thickness. It is on the basis o f  
spodic horizon development  that stage-4 and stage-5 (and 
some stage-3) Willwood paleosols are assigned to the Spo- 
dosol Group; stage-2 and most  stage-3 paleosols are prob- 
ably alfisols. Classification o f  these ancient soils is there- 
fore a function o f  their positions in the maturat ion 
sequence, as was implied by Hut ton (195 l) and Rieger 
and Juve (196 l) for soils formed on Recent loess and by 
Mohr  et al. (1972) for tropical red, brown, and yellow 
soils. 

Stage-5 Paleosols 

By definition, stage-5 Willwood paleosols (Figs. 3F, 4B, 
5B) represent the most  mature stage o f  paleosol devel- 
opment  in the Willwood Formation.  Whereas stage 4 
marks the first epipedon development, the first good spodic 
horizon formation, and the maxima for translocation o f  
clay and soil plasma, stage 5 is distinguished from stage 
4 principally by stronger epipedon development  (good 
Ao horizons, Fig. 3F) and by greatly increased thicknesses 
o f  the A and uppermost  B horizons. In some stage-5 
paleosols, orgmaic carbon accumulation in the A horizon 
is 0.8 percent dry weight and imparts a streaky charcoal 
color to the epipedon (Fig. 3F). The stage-5 A horizon 
appears to have gained some o f  its thickness (up to 1.5 
m) by further leaching of  minor  units o f  sediment de- 
posited on the soil surface. In consequence, there are 
zones in some stage-5 A horizons which are relatively 
rich in hydrated iron oxides although the great incidence 
of  organic carbon prevents red pigmentation. Nonethe-  

FiG. 6.--Specimens of the trace fossil Edaphichnium lumbricatum 
(Bown and Kraus 1983), fecal-pellet-filled burrow casts of an earthworm 
abundant in stage-1 and stage-2 paleosols developed on levee deposits 
in the Willwood Formation (natural size). 

less, an appreciable amount  o f  hematite does occur in 
mature soil A horizons in the form of  reddish purple 
nodules that streak red (Variety #7 o f  Bown 1979). Gen- 
erally, these form encrustations on fossils or around other 
organic remains. A horizons of  Willwood paleosols, es- 
pecially the more mature varieties, are commonly  rich in 
vertebrate remains that accumulated through time on the 
surfaces o f  the ancient soils (Bown and Kraus 198 lb). 

In certain stage-4 and stage-5 paleosols, the A horizons 
show dark yellow streaks (Fig. 3I). This local coloration 
is attributed to postpedogenetic modification caused by 
the introduction o f  iron into the A horizon during the 
development  o f  younger soils. The eluviated mature A 
horizon is coarser than the underlying B horizon and 
probably acted as a conduit  for groundwater as water 
tables were elevated following additional sedimentation. 
Iron arrived in the soluble ferrous state and was oxidized 
and hydrated following withdrawal o f  subsurface water 
f rom that part o f  the column. 

Thick albic A horizons (up to about 90 cm) formed in 
stage-5 paleosols by downward expansion into the purple 
uppermost  B horizon. This was probably accomplished 
by partial reduction o f  the concentrated ferric iron oxide 
in the presence o f  organic carbon, and removal  o f  some 
of  the iron by near-surface water gleying (see section on 
hydromorphic  soils, below). A horizons that seem to have 
increased their thicknesses in this manner  exhibit zones 
containing pipes or  balls o f  purple- and gray-mottled 
mudstone in the upper part o f  the purple mudstone, now 
comprising the basal A horizon as well as the uppermost  
part o f  the B horizon (AB). 

4--- 

FIG. 5. -- Diagrams illustrating A, incidence of soil coloration, #aebules, and trace fossils in maturation stages 1-4 of Willwood paleosois; and 
B, incidence of these attributes with respect to the distributions of mobilized iron, aluminum, manganese, organic carbon, and clay in a stage-5 
Willwood spodosol. A = A horizon; (Ao) = ¢pipedons in A horizon; 13 = B horizon; Bca = calcrete in B horizon; (Bg) = gleyed B horizon; Bt = 
clay enrichment in B horizon; Bfe = iron enrichment in 13 horizon (maximum); C = C horizon; Cca = calcrete in C horizon; Cg = gleyed C 
horizon; Eb = eluviated (albic) zone in A horizon. 
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The purple bed is also very thick in stage-5 paleosols, 
sometimes 1.5 m or more (Fig. 3F). The thickness was 
generally caused by progressive downward expansion of  
purple coloration into former red zones; however, in cer- 
tain stage-5 soils that underwent a great deal of incre- 
mental profile buildup through depositional additions, 
the purple color expanded upward as well. The red moiety 
of  the upper B horizon is also thicker in stage 5, and it 
is only in rather wet soils (identified by large numbers of 
MnO2 glaebules and pervasive mottling of the lower so- 
lum) that a yellow or orange lower B horizon was retained 
(Figs. 3F, 4B, 5B). 

Whereas coloration at the A/B and B/b (upper and 
lower B horizons) boundaries is diffuse and is accom- 
panied by thick, strongly mottled zones in stages 2-3, 
these horizons of stage-4 and especially stage-5 paleosols 
are typified by much sharper color boundaries. Though 
some interhorizon mottling is always present at these 
contacts, it is generally restricted to zones only a few 
centimeters thick. This phenomenon reflects less mottling 
in general within the B horizons of  more mature Will- 
wood soils and the purple and dark red moieties of the 
B horizons of stage-4 and stage-5 spodosols locally con- 
tain no visible mottles whatsoever. 

The succession of major developments in the evolution 
of  Willwood soil profiles is briefly summarized as follows: 

Stage 1.--No horizon formation; yellow or orange mot- 
tling, occasional development of yellow or or- 
ange beds with reddish streaks; color contacts 
diffuse; CaCO3 accumulation initiated. Inter- 
preted as entisols (Figs. 3A, B, 4A, 5A). 

Stage 2.--First incipient horizon formation; Ae present 
but thin; red B horizon, sometimes darker red 
at top; color contacts diffuse; significant clay 
and plasma translocation initiated; CaCO3 ac- 
cumulation rapid (where present). Interpreted 
as abfisols (Figs. 3C, 4B, 5A). 

Stage 3.--Marked horizon formation; Ae present and rel- 
atively thick; B horizon purplish at top, dark 
and/or light red in middle, yellow or orange at 
bottom; incipient, impcrsistent spodic zones 
sometimes present at top of B horizon; color 
contacts diffuse; significant plasma transloca- 
tion, much concentrated as glaebules; clay 
translocation near peak (late stage 3); CaCO3 
translocation at peak (early stage 3). Interpreted 
as alhsols-spodosols (Figs. 3D, 4B, 5A). 

Stage 4.--Profound horizon formation; Ae thick and first 
Ao distinguishable; eluviation of  clay from Ae 
complete and declining elsewhere; all parts of 
B horizon thickened greatly; Al and Fe ses- 
quioxide translocation at peak; overall decrease 
in mottling and color contacts more discrete; 
well-defined spodic horizon(s). Interpreted as 
spodosols (Figs. 3E, I, 4B, 5A). 

Stage 5.--Profound horizon formation; Ae horizon thick 
and Ao horizon(s) well developed; A and upper 
B horizons much thicker than in stage 4; mot- 
tling less important, rare in many B horizons 

and color contacts sharp; very well defined and 
thick spodic horizon(s). Interpreted as spodo- 
sols (Figs. 3F, 4B, 5B). 

Other Soils 

The Willwood Formation consists of  a great many dis- 
crete, three-dimensional packages of sediment, tens to 
hundreds of meters thick, that intergrade with one another 
both vertically and laterally over different areas of  the 
Bighorn Basin (Bown 1979; Wing and Bown 1985). In- 
ternally, these packages differ considerably in parameters 
such as mud/sand ratio, sandstone geometry, carbona- 
ceous shale occurrence and geometry (Wing 1980), and, 
naturally, characteristics of  their contained paleosols. 
Bown (1979) named two such homotaxic packages the 
Sand Creek facies and the Elk Creek facies and, although 
this study is based primarily on those two named pack- 
ages, it appears to be applicable to other, perhaps less 
clearly understood suites ofWillwood paleosols (see Kraus 
1987). Even though nearly all Willwood paleosols in the 
study area seem to fit one of the maturation stages defined 
earlier, a few examples deserve additional consideration. 
Hydromorphic (Gley) Paleosols. - -As  observed above, the 
lower portions of  the B horizons of  many Willwood pa- 
leosols are enriched in hydrated iron and aluminum ox- 
ides and exhibit pervasive mottling. This phenomenon 
simply reflects the proximity of that lower part of  the 
solum to the ancient groundwater table. However, certain 
paleosols show strong mottling in the upper part of  the 
B horizon as well, even in stage-4 or stage-5 examples in 
which the extent of mottling is generally less. Moreover, 
extensively mottled (even leached) tabular horizons are 
also known in the upper part of the solum in some Will- 
wood soils. These mottled areas and/or horizons of  mot- 
tles and leaching are commonly associated with accu- 
mulations of calcium carbonate glaebules that have 
rounded surfaces, in contrast to the sharp, rugose surfaces 
of  most of  these structures. Brammer (1968) noticed sim- 
ilar rounded calcrete glaebules in Recent Indo-Gangetic 
alluvium and attributed their development to partial de- 
calcification in saturated alluvial soils in the presence of 
decomposing organic matter. 

More or less continuous saturation of the Willwood 
paleosols (gleying-- see Bridges 1978; Buurman 1980) is 
also suggested by the mottling in which red iron oxides 
were partly reduced and removed in solution in the pres- 
ence of organic carbon. This process produced gray mot- 
tles and, in areas of  only partial iron depletion, the yellow 
hydrated iron oxides limonite and lepidocrocite. Mc- 
Keague (1965), Moore (1974), and Meyer (1976) also 
believed that such mottling is primary and forms under 
only periodic hydromorphic soil conditions (pseudogley- 
ing), in which mottled parts of  the solum undergo alter- 
nating phases of  wetting and drying (Robinson 1949). The 
effect of wetting is redistribution of organic carbon in the 
soil, commonly along ped boundaries or root channels, 
such that local areas of  reducing conditions are formed 
(e.g., Bloomfield 1951; Page 1964; Freytet 1971; Moore 
1974). Mottling confined to the B horizons of  the Will- 
wood paleosols probably resulted from groundwater gley- 
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ing or pseudogleying, whereas in instances in which the 
A horizon is also affected, the involvement of  surface 
water gleying or pseudogleying may be indicated (but see 
discussion of yellow zones in A horizons of  stage-5 pa- 
leosols, above). 

Extensive mottling that is restricted to a few specific 
paleosols in a vertical sequence of otherwise similar pa- 
leosols almost certainly reflects generally wetter soil con- 
ditions. The varying dampness of  the Eocene soils doubt- 
lessly influenced the composition and distribution of the 
ancient flora and fauna. At some fossil localities in the 
lower part o f  the Willwood Formation, in which hydro- 
morphic soils are prevalent, the vertebrate fauna contains 
an unusually high representation of  Arfia (Creodonta), 
Esthonyx (Tillodontia), Diacodexis (Artiodactyla), Ho- 
mogalax (Perissodactyla), Ectocion (Condylarthra), is- 
chyromyid rodents, lizards, Allognathosuchus (Crocodil- 
ia), and turtles (Bown 1979). 

Aside from its formation by gleying and pseudogleying, 
processes associated with the normal development of  
Willwood soil profiles under seasonal rainfall (Bown 1979, 
1980; Bown and Kraus 198 la), the mottling seen in nearly 
all Willwood soil profiles still appears too pervasive to 
be explained by typical soil-forming conditions. The 
overall aggradational nature of the Willwood system 
probably placed an important role in producing this phe- 
nomenon. As increments of  sediment were gradually 
added to the alluvial sequence and accommodated by 
basin subsidence, older soil profiles were buried and 
moved below the groundwater table. These buried soils 
probably underwent additional, perhaps lengthy, extra- 
pedogenic hydromorphy when they became horizons of  
groundwater saturation. Because nearly all soil processes 
have been characterized by observations made on mod- 
em soils, there is no adequate term for this phenomenon 
that is defined here as accumulative hydromorphy. 

As noted above, Bown (1979) described two geograph- 
ically distinct packages of  Willwood rocks in the southern 
Bighorn Basin, the Elk Creek and the Sand Creek facies. 
Briefly, the Elk Creek facies is typified by mature paleosols 
with deeply colored purple and brick red B horizons in 
which a great deal of  pedogenic calcrete accumulated. 
These soils are associated with a relatively high propor- 
tion of channel sandstones (ribbons and sheets), cemented 
by calcium carbonate. In contrast, the homotaxic Sand 
Creek facies is characterized by mature soils having light- 
er pastel purple and mottled purple and orange B horizons 
with no calcium carbonate accumulation but with an ap- 
preciably greater proportion of  manganese and hydrated 
iron and aluminum glaebules. Sand is somewhat less 
abundant in the Sand Creek facies, which is dominated 
by thin ribbon sandstones generally lacking in carbonate 
cement. 

Wing and Bown (1985) also described rocks of the Fort 
Union Formation exposed near the town of Basin (Fig. 
1) that are partly equivalent in age to those of  the Sand 
Creek facies and the lower part of  the Elk Creek facies of 
the Willwood Formation. In that area, Fort Union rocks 
are typified by a large volume of unmodified parent al- 
luvium and several stage-1 and a few stage-2 paleosols, 

indicating less complete soil development associated with 
generally wetter soil conditions. Willwood rocks of  the 
Clark's Fork Basin (Kraus 1985, 1987) also differ from 
those of the Sand Creek and Elk Creek facies. It appears, 
therefore, that coeval soil development was variable in 
different geographic areas of  the same basin and that, in 
sum, hydromorphic characters of  Willwood paleosols re- 
sult from a combination of pedogenic, depositional, and 
geographic factors. 
Alfisols. - -As noted above, stage-2 and some stage-3 Will- 
wood paleosols (those which exhibit CaCO3 buildup but 
without spodic horizons) are perhaps best assigned to the 
alfisols. Stage-4 and stage-5 paleosols are probably spo- 
dosols, but they are unusual examples in which CaCO3 
was redistributed prior to development of  the spodic ho- 
rizon. In the Sand Creek facies, where there is no car- 
bonate buildup of any kind, stage-4 and stage-5 paleosols 
are spodosols without qualification. 

Another kind of soil, perhaps also referable to the al- 
fisols, increases in importance through the upper 250 m 
of the Willwood Formation in the study area. The soils 
possess thin to thick purple and brick red upper B hori- 
zons but lack well-defined A horizons and lower B (b) 
horizons. They are invariably rich in lower solum accu- 
mulations of  calcium carbonate glaebules. In the upper- 
most 100-150 m of  the section, these soils generally have 
no purple component to the upper B and consist for the 
most part of  thick, "naked" brick red B horizons. A weak 
spodic horizon or, more commonly, spodic zones, are 
present in some examples where a purple upper B horizon 
exists, but they are never found where this part of  the 
profile is absent. Bown (1979) and Bown and Kraus 
(1981 a) determined that the generally drier character of  
younger Willwood paleosols was probably related to over- 
all basinal drying that accompanied the structural closure 
of  the southern Bighorn Basin by rapid elevation of  the 
Owl Creek Mountains (Fig. l). It follows that the change 
in abundance from mature spodosols to mature alfisols 
upward in the Willwood section is likewise related to 
establishment of  a drier climate. Drier conditions were 
also heralded by a decrease in both abundance and di- 
versity of  fossil primates and insectivorous mammals  (see 
Bown 1980), an increase in diversity among artiodactyls 
and perissodactyls, a decrease and then increase in me- 
gafloral diversity (Wing 1980), and correlative changes in 
sediment deposit geometries (Bown 1979; Wing 1980). 

LATERAL RELATIONS OF WILLWOOD PALEOSOLS 

Lateral Maturation Succession 

We have described how paleosols in the Willwood For- 
mation can be roughly divided into several different types 
and, within the most prevalent group of  these ancient 
soils (the alfisol-spodosol complex) a relative sequence of  
soil maturation is established. But why did all of  the soils 
not go to completion; that is, why are not all Willwood 
paleosols stage-4 or stage-5 paleosols? Clearly, something 
happened to arrest further development along the mat- 
uration sequence. Possible causes seem to be limited to 
climatic change, erosion, and deposition. Appreciable cli- 
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matic change is not suggested by the megafloras; further- 
more, even very rapid climatic change would probably 
merely alter the course of  soil development rather than 
abruptly halt its progress. More importantly, laterally ad- 
jacent Willwood paleosols, which are contemporaneous 
and thus developed under the same general climatic con- 
ditions, vary from stage 1 through stage 5. Erosion is an 
important process for arresting soil development, espe- 
cially in degradational regimes, but this process can hard- 
ly have been a significant factor in an ancient alluvial 
sequence containing hundreds of  well-preserved paleo- 
sols. 

For paleosols of  the Willwood Formation, as well as 
those contained in other thick alluvial sequences, the 
mechanism responsible for arresting soil-profile devel- 
opment is probably deposition. Although it is clear that 
relatively minor influxes of  sediment are rather easily 
incorporated into the upper sola of  developing soil pro- 
files, large increments of  new sediment can bury the 
evolving soil to depths beyond the near-surface physical 
and chemical processes that are responsible for soil for- 
mation. In these instances, the old soil is buried and 
becomes a paleosol, and pedogenic processes start anew 
on the fresh sediment. It follows that in areas where rates 
of  net sediment accumulation are relatively rapid, more 
soil development is halted in relatively early stages of  
maturity and the superposed paleosols are dominated by 
immature forms. The corollary is also true; areas of  the 
alluvial plain characterized by relatively slow sediment 
accumulation rates are typified by more mature soil pro- 
file development. 

Interchannel or overbank environments can be simply 
subdivided into areas of  more active and more passive 
sedimentary activity, depending on whether they are 
proximal or distal to the channel, respectively. Both par- 
ticle size and short-term sediment accumulation rate de- 
crease with distance from the channel belt (Bridge and 
Leeder 1979). The most coarse grained (fine sands and 
silt) and thickest deposits accumulate as levees directly 
adjacent to the channel (see, e.g., Alexander and Prior 
1971), and these are commonly cut by crevasse feeder 
channels also filled by sands and silts (Singh 1972). In 
large part, the deposition of  levees is responsible for de- 
velopment of  the alluvial ridge, or the elevated portion 
of  the alluvial plain occupied by an active channel. Be- 
yond the levees are floodplain areas (sensu Collinson 1978) 
that are characterized by low rates of  sediment accu- 
mulation and dominantly fine-grained sediment (silt and 
clay), although influxes of  coarser sediment are episodi- 
cally brought onto the floodplain by crevasse splays. 

Levee, crevasse-channel, and crevasse-splay deposits 
(Fig. 3A, C, H) comprise a volumetrically significant part 
of  the Willwood Formation. Willwood levee deposits 
consist of  fine or very fine sandstones that are thinly 
interbedded with siltstones. Unless obliterated by bio- 
turbation, small-scale cross lamination is the character- 
istic sedimentary structure. The levee deposits are pre- 
served either laterally to channel sandstones or, more 
commonly,  directly above or below a channel sandstone. 
In some examples, the strata display a primary dip that 

is usually subtle (2 to 4 degrees) but can be as much as 
ten degrees. Levee deposits commonly abound with fossil 
vertebrates, some of  which are very complete and well 
preserved. They are additionally characterized by the egg- 
shells of  birds, abundant trace fossils of  earthworms (Oli- 
gochaeta, Fig. 6), concentrations of  invertebrates (see 
Hanley 1985), and distinctive cylindrical calcite nodules 
that probably replaced the stumps of  trees that grew along 
the channel margin and then rotted (Kraus 1985). 

Willwood crevasse-channel deposits (Fig. 3H) are 
coarser-grained than levee deposits, and characteristic 
sedimentary structures include large-scale cross stratifi- 
cation and horizontal stratification in addition to small- 
scale cross lamination. Other criteria, suggested by Bridge 
(1984) to distinguish crevasse channels, also typify the 
Willwood examples and include a channelized shape, 
coarsening-upward sequences, and paleocurrent trends 
oblique to the flow of the main channel. In addition, 
Willwood sandstones interpreted as crevasse-feeder chan- 
nel deposits commonly contain lag deposits of  inverte- 
brate fossils (see Hanley 1985), and, in some exposures, 
these channels cut through proximal levee deposits. 

Cumulative Willwood levee and crevasse-channel se- 
quences are as much as 15-20 m thick, and both their 
thickness and lateral extent (up to 10 kin) are roughly 
proportional to the sizes of  the associated channel system. 
These deposits form a distinctive alluvial ridge that, be- 
cause of decreasing grain size and sediment thickness away 
from the channel margin, can be subdivided into a prox- 
imal alluvial ridge and a distal alluvial ridge (Fig. 4A). 

Willwood floodplain sequences are dominated by mud- 
stones and siltstones deposited from suspension during 
flooding episodes. The mudrocks are interspersed with 
thin, very fine sandstone units that are tabular and lat- 
erally extensive. These units have undergone intense bio- 
turbation that has masked any sedimentary structures. 
These very fine sandstones probably represent distal cre- 
vasse-splay or distal levee deposits. The proximal and 
distal floodplain regions of  the Willwood alluvial plain 
(Fig. 4A) are distinguished by the degree of  penetration 
of these areas by these fine sandstones. The proximal 
floodplain contains some proportion of  crevasse-splay 
sand, whereas the distalfloodplain is generally devoid of  
these deposits. Floodplains for some of the larger Will- 
wood channel systems often exceeded 20 km in breadth. 

As noted above, certain paleosol profiles in the Will- 
wood Formation are exceedingly rich in fossil vertebrate 
remains (Bown and Kraus 198 lb) and about 600 of the 
most important of  these soil accumulations of  fossils were 
traced laterally to establish their relative stratigraphic po- 
sitions in a master section of  the formation. In the course 
of  this endeavor, the paleosol profiles were observed to 
change gradually, though considerably, in both appear- 
ance and internal character in the lateral dimension. Be- 
cause these changes are repetitive in several sections they 
are highly predictable. Although actual field relations are 
considerably more complicated than those depicted in 
Figure 4A, the general lateral succession of paleosol mat- 
uration stages occurs as illustrated. The least mature soils 
are those of the proximal alluvial ridge and the most 
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mature occur on the distal floodplain. There is a gradual 
and continuous progression from stage-1 through stage-5 
soil maturities on the intervening floodplain. Although 
the relationship of  soil maturity to sediment accumula- 
tion rate is therefore an inverse one, as suggested previ- 
ously by Leeder (1975) for pedogenic carbonates, it seems 
obvious that lateral variability arises from complex, in- 
terrelated factors and not accretion rate alone. In addition 
to the sediment accumulation rate, particle size (Bridge 
and Leeder 1979) produces laterally variable parent ma- 
terial for soil development. Furthermore, soil moisture 
and the type of vegetation and fauna vary with distance 
from the channel. 

Because time must be equalized for accurate correlation 
across the alluvial system, it is consistent that several 
immature soils in a thick deposit of  alluvial ridge sedi- 
ments occupy the same time of  formation as does one or 
a few more mature soils on a thinner sequence of sediment 
on the distal floodplain. This equalization of time im- 
mediately complicates the rather simple schematic por- 
trayal of  paleosol-sediment relationships illustrated in 
Figure 4A; however, it is now possible to correlate rather 
disparate active and passive areas of  the Willwood allu- 
vial plain with some precision. This procedure has im- 
portant implications for elucidating the Willwood allu- 
vial system in the lateral sense (as discussed here) and 
vertically (Kraus 1987). Both are important if we are to 
understand the dynamics of alluvial systems in general 
and their relation to geologic time. 

Initially, Bown (1985a, b) believed that the lateral 
changes in Willwood soils outlined here were related to 
catena development; that is, lateral variability in soils 
resulting from their relative positions on hillslopes (see, 
e.g., Milne 1935; GerTard 1981; Birkeland 1984). How- 
ever, true catenas differ considerably from the lateral re- 
lations characteristic ofWillwood paleosols and most oth- 
er paleosols that formed in thick alluvial successions. 
These relations deserve additional consideration. 

Conclusion: The Pedofacies 

.lust as sedimentary rocks exhibit lateral changes in 
their characteristics, soil properties vary laterally in re- 
sponse to areally differing environmental conditions. Most 
commonly described is the catena (Milne 1935), which 
refers to a lateral continuum of  morphologically different 
soils that have formed on a hillslope and thus reflect their 
specific topographic position. Soil development varies with 
local relief because of different microclimatic and drain- 
age conditions as well as downslope translocation of  soil 
constituents. Because catenas form on hillslopes, inherent 
to the concept is the fact that pedogenic development 
accompanies a geologically lengthy period of  nondepo- 
sition or net degradation. 

In contrast to catenas, cumulative soils receive episodic 
influxes of  sediment (parent material) as pedogenesis pro- 
gresses. Lateral variability also develops in cumulative 
soils, but it has commonly been attributed to parent ma- 
terial variation, including the rate of  parent material ac- 
cumulation and its grain size. Described examples of  lat- 

eral change in cumulative soil properties are best studied 
in loess systems (see references in Ruhe 1973). Recent 
workers (e.g., Kleiss 1973; Kleiss and Fehrenbacher 1973; 
Ruhe 1973) have stressed the complexity of  loess soils 
and the various interrelated factors that doubtlessly con- 
tributed to areally variable soils. These include particle 
size of  the parent material and the amount of  water pass- 
ing through each soil. 

With few exceptions, studies of  lateral change in soil 
properties have focused on soils developed on hillslopes 
or in loess landscapes rather than in alluvial systems. 
Nonetheless, laterally adjacent but morphologically dif- 
ferent paleosols are widespread in the alluvial Willwood 
Formation of Wyoming. The ancient alluvial record usu- 
ally reflects lengthy periods of  episodic sedimentation; 
consequently, most alluvial paleosols are cumulative in 
nature. Furthermore, because most lateral variability we 
see in Willwood paleosols arises from proximity to the 
active channel rather than topographic position, most 
alluvial paleosols are best compared to the loess examples 
cited above rather than to the catena concept. This is not 
to imply that true paleocatenas are not preserved and are 
not recognized in alluvial sequences. Base-level changes 
can produce geologically lengthy episodes of  erosion and 
concomitant landscape changes during the accumulation 
of  an alluvial sequence (Kraus and Bown 1986). I f  soils 
that developed on the resultant local relief are then buried 
due to renewed fluvial sedimentation, the unconformity 
that forms will be marked by a paleocatena. 

Soil workers employ various terms to describe soil vari- 
ability related to the length of  pedogenesis (chronose- 
quence; e.g., Jenny 1941; Vreeken 1975) or to parent 
material (lithosequence; e.g., Miles and Franzmeier 1981); 
however, for describing lateral variability in cumulative 
soils or paleosols, such terms suffer from several draw- 
backs. Use of the term sequence to refer to lateral change 
is confusing because of  the temporal connotations of  that 
word to sedimentologists. Moreover, the facies concept, 
which was formulated to describe lateral change in sed- 
imentary rock units, is perfectly applicable to lateral 
changes in unconsolidated or cemented sediment arising 
from areally different pedogenic processes. Thus, the term 
pedofacies is proposed to denote laterally contiguous bod- 
ies of  sedimentary rock that differ in their contained lat- 
erally contiguous paleosols as a result of  their distance 
(during formation)from areas of relatively high sediment 
accumulation. Pedofacies are bounded vertically by the 
tops and bottoms of  all of  these laterally contiguous soils 
that are developed sequentially in the lateral dimension. 
In the Willwood Formation, areas of  rapid sedimentation 
were the channel belts. Although the term facies has been 
used and misused in numerous ways since its introduction 
(Gressly 1838), the examples of  Middleton (1978) and 
Walker (1984) are followed and pedofacies is used to refer 
to the contained soils or paleosols themselves, rather than 
to an abstract set of  features characteristic of  the soils or 
paleosols. Pedofacies is also used in a stratigraphically 
unconfined sense rather than for subdivisions of  a spec- 
ified stratigraphic unit (see following paper by Kraus re- 
garding uses of  the pedofacies). 
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The facies concept has been applied to soils and soil 
stratigraphy in a very limited sense by workers including 
Richmond (1962) and Morrison (1967). "Soil facies" re- 
fers to lateral changes in geosols, which are the basic 
formal unit of pedostratigraphy and are defined as " . . .  
a body of  rock that consists of  one or more pedologic 
horizons developed in one or more lithostratigraphic, al- 
lostratigraphic, or lithodemic units and [is] overlain by 
one or more formally defined lithostratigraphic or aUo- 
stratigraphic units" (North American Stratigraphic Com- 
mission 1983). This stratigraphically confined definition 
of soil facies greatly restricts utility of  the facies concept 
for soils and paleosols. Recognized geosols are few in 
number and the numerous multistorey paleosols that 
comprise alluvial units such as the Willwood Formation 
do not qualify as geosols. Thus, they are not contained 
in the concept of"soil  facies." As Walker (1984) pointed 
out, Gressly (1838) originally defined facies in a strati- 
graphically unconfined way; thus, there is no historic 
precedent to confine facies stratigraphically in soils or 
paleosols. Furthermore, the facies concept is most useful 
when vertical sequences of  facies can be described and 
used to interpret controls on deposition (e.g., Walker 1984; 
also see Kraus 1987). Only stratigraphically unconfined 
facies can be used in this manner. 

In summary, lateral changes are expected to develop 
in alluvial soils, and these primarily reflect distance from 
the channel belt. The term pedofacies is proposed to de- 
scribe these morphological changes, and it is defined in 
a concrete and stratigraphically unconfined sense. The 
term pedofacies is preferred to soil facies because of the 
stratigraphically confined meaning of  the latter term and, 
thus, its limited geologic utility. 

ACKNOWLEDGMENTS 

We are grateful to Chris Atkinson, Russell Dubiel, Peter 
Friend, Philip D. Gingefich, and V. Paul Wright for their 
comments on the manuscript and to Loretta Ulibarri for 
drafting Figures 1,4, and 5. Virginia Yingling, Scott John- 
son, and Bruce McKenna were able field assistants. Bown's 
research was aided by a G. K. Gilbert professional fel- 
lowship with the U.S. Geological Survey, and Kraus 
gratefully acknowledges the support of  National Science 
Foundation Grant #EAR-8319421. 

REFERENCES 

AaaoTr, P. L ,  M~cx-t, J. A., AND PErEgSON, G. L., 1976, Pre-Eocene 
paleosol south of  Tijuana, Baja California, Mexico: Jour. Seed. Pe- 
trology, v. 46, p. 355-361. 

ALEXANDER, C. S., AND PRIOR, J. C., 1971, Holocene sedimentation 
rates in overbank deposits in the Black Bottom of  the lower Ohio 
River, southern Illinois: Am. Jour. Sci., v. 270, p. 361-372. 

ALLEN, J. R. L., 1974, Studies in fluviatile sedimentation: implications 
of pedogenic carbonate units, Lower Old Red Sandstone, Anglo-Welsh 
outcrop: Geol. Jour., v. 9, p. 181-208. 

BEHRENSMEYER, A. K., AND TAUXE, L., 1982, Isochronous fluvial sys- 
tems in Miocene deposits of northern Pakistan: Sedimentology, v. 
29, p. 331-352. 

BIRKELAND, P. W., 1984, Soils and Geomorphology: New York, Oxford 
University Press, 372 p. 

BLOOMFIELD, C., 1951, Experiments on the mechanism ofgley forma- 
tion: Jour. Soil Sci., v. 1, p. 196-211. 

BOWN, T. M., 1979, Geology and mammalian paleotology of  the Sand 
Creek facies, lower Willwood Formation (lower Eocene), Washakie 
County, Wyoming: Wyoming Geol. Survey. Mem., No. 2, 151 p. 

- - ,  1980, The lower Eocene Willwood Formation of the southern 
Bighorn Basin, Wyoming, and its mammalian fauna: Univ. Michigan 
Papers on Paleont., No. 24, p. 127-138. 

- - ,  1982, Geology, paleontology, and correlation of  Eocene vol- 
caniclastic rocks, southeast Absaroka Range, Hot Springs County, 
Wyoming: U.S. Geol. Survey Prof. Paper, No. 1201-A, 75 p. 

- - ,  1985a, Maturation sequence in lower Eocene alluvial paleosols, 
Willwood Formation, Bighorn Basin, Wyoming: Third Internat. Flu- 
vial Sedimentol. Conf., Abstracts, p. 1 I. 

- - ,  1985b, Maturation sequences in lower Eocene alluvial paleosols, 
Willwood Formation, in Flores, R. M., and Harvey, M., eds., Field 
Guide to Modem and Ancient Fluvial Systems in the United States: 
Third Internat. Fluvial Sedimentol. Conf. Guidebook, p. 20-26. 

BowN, T. M., AND KRAUS, M. J., 1981 a, Lower Eocene alluvial paleosois 
(Willwood Formation, northwest Wyoming, U.S.A.) and their sig- 
nificance for paleoecology, paleoclimatology, and basin analysis: Pa- 
laeogeog., Palaeoclimatol., Palaeoecol., v. 34, p. !-30. 

BOWN, T. M., AND KRAUS, M. J., 1981b, Vertebrate fossil-bearing pa- 
leosol units (Willwood Formation, lower Eocene, northwest Wyo- 
ming, U.S.A.): implications for taphonomy, biostratigraphy, and as- 
semblage analysis: Palaeogeog., Palaeoclimatol., Palaeoecol., v. 34, 
p. 31-56. 

BowN, T. M., AND KRAUS, M. J., 1983, Ichnofossils of the alluvial 
Willwood Formation (lower Eocene), Bighorn Basin, northwest Wy- 
oming: Palaeogeog., Palaeoclimatol., Palaeoecol., v. 43, p. 95-128. 

BRAMMER, H., 1968, Decalcification of  soils developed in calcareous 
Gangetic alluvium in East Pakistan: Pakistan Jour. Soil Sci., v. 4, p. 
8-20. 

BREWER, R., AND SLEEMAN, J. R., 1964, Glaebules: their definition, 
classification, and interpretation: Jour. Soil Sci., v. 15, p. 66-78. 

BRIDGE, J. S., 1984, Large-scale facies sequences in alluvial overbank 
environments: Jour. Sed. Petrology, v. 54, p. 585-588. 

BRIDGE, J. S., AND LEEDER, M. R., 1979, A simulation model of  alluvial 
stratigraphy: Sedimentology, v. 26, p. 617---644. 

BP~DGFES, E. M., 1978, World Soils (2nd ed.): Cambridge, Cambridge 
Univ. Press, 128 p. 

BUURMAN, P., 1980, Palaeosols in the Reading Beds (Paleocene) of  Alum 
Bay, Isle o f  Wight, U.K.,: Sedimentology, v. 27, p. 593-606. 

CHALYSnEV, V. I., 1969, A study of  fossil soils in the Permian-Triassic: 
Dokl. Akad. Sei. U.S.S.R., v. 182, p. 53-56. 

COLLINSON, J. D. 1978, Alluvial sediments, in Reading, H. G., ed., 
Sedimentary Environments and Facies: Oxford, Blackwell Scientific 
Pub., p. 15-60. 

FREYTET, P., 197 l, Paleosols residuels et paleosols anuviaux hydro- 
morphes associes aux depots fluviatiles dans le Cretace superieur et 
l'Eocene basal de Langnedoc: Rev. Geogr. Phys. Geol. Dyn., v. 2, p. 
245-268. 

GERRARD, A. J., 1981, Soils and Landforms: an Integration of  Geo- 
morphology and Pedology: London, Allen and Unwin, 219 p. 

GILE, L. H., PE'rERSON, F. F., AND GROSSMAN, R. B., 1966, Morpho- 
logical and genetic sequences of  carbonate accumulation in desert 
soils: Soil Sei., v. 101, p. 347-360. 

GRESSLY, A., 1838, Observation Geologiques sur le Jura Soleurois: Neue 
Denkschr. Allg. Schweizerische CGesellsch. ges. Naturw., v. 2, p. I -  
l l2 .  

HA.NLEY, J. H., 1985, Paleobiologic criteria for recognition and inter- 
pretation of  crevasse-splay deposits: Third Internat. Fluvial Sedi- 
mentol. Conf., Abstracts, p. 2 I. 

HuTroN, C. E., 195 l, Studies of  the chemical and physical character- 
istics ofa chrono-litho-sequence of  loess-derived prairie soils of  south- 
western Iowa: Soil Sei. Soc. America Proc., v. 15, p. 318-324. 

JEN~rV, I-L~qs, 1941, Factors of  Soil Formation: New York, McGraw- 
Hill, 281 p. 

KLEmS, H. J., 1973, I_,oess distribution along the Illinois soil-develop- 
ment sequence: Soil Sci., v. 115, p. 194-198. 

KLEISS, H. J., AND FFEHRENBACHER, J. B., 1973, Loess distribution as 
revealed by mineral variation: Soil Sei. SOc. America Proc., v. 37, p. 
291-295. 



L A T E R A L  R E L A  T I O N S  O F  A L L  U V I A L  P A L E O S O L S  601 

KRAUS, M. J., 1985, Sedimentology of early Tertiary rocks, northern 
Bighorn Basin, in Flores, R. M., and Harvey, M., eds., Field Guide 
to Modem and Ancient Fluvial Systems in the United States: Third 
Internat. Fluvial Sedimentol. Conf. Guidebook, p. 26-33. 

• 1987, Integration of channel and floodplain suites: II. Vertical 
relations of  alluvial paleosols: Jour. Seal. Petrology, v. 57, p. 602- 
612. 

Kg,~os, M. J., AND BOWS, T. M., 1986, Paleosols and time resolution 
in alluvial stratigraphy, in Wright, V. P., ed., Paleosols: Their Origin, 
Classification, and Interpretation: London, Blackwell, p. 180-207. 

LEEDER, M. R., 1975, Pedogenic carbonates and flood sediment accre- 
tion rates: A quantitative model for alluvial arid-zone lithofacies: 
Geol. Mag,, v. 112, p. 257-270. 

McKEAGOE, J. A., 1965, A laboratory study ofgleying: Canadian Jour. 
Soil Sci., v. 45, p. 199-206. 

MEYER, R., 1976, Continental sedimentation, soil genesis, and marine 
transgression in the basal beds of  the Cretaceous in the east of  the 
Paris Basin: Sedimentology, v. 23, p. 235-253. 

MIDDLETON, G. V., 1978, Facies, in Fairbridge, R. W., and Bourgeois, 
J., eds., Encyclopedia of  Sedimentology: Stroudsburg, Pa., Dowden, 
Hutchinson and Ross, p. 323-325. 

MinEs, R. J., AND Fgm, rZMFJER, D. P., 1981, A lithochronosequence of 
soils formed in dune sand: Soil Sci. Soc. America Jour., v. 45, p. 362- 
367. 

MILNE, G., 1935, Some suggested units for classification and mapping, 
particularly for East African soils: Soil Res., Berlin, v. 4, p. 183-198. 

M o ,  a, E. C. J., VAN BArrEN, F. A., AND VAN SCHtJVLZSaORGH, J., 1972, 
Tropical Soils (3d ed.): The Hague, Mouton, 481 p. 

MOORE, T. R., 1974, Gley morphology and soil water regimes in some 
soils in south-central England: Geoderma, v. 1 I, p. 297-304. 

MoaRisoN, R. B., 1967, Principles of  Quaternary soil stratigraphy, in 
Morrison, R. B., and Wright, H. E., eds., Quaternary Soils: Proc. 7th 
INQUA Congress, v. 9, p. 1-69. 

NEASrtAM, J. W., AND VONDRA, C. F., 1972, Stratigraphy and petrology 
of the lower Eocene Wiliwood Formation, Bighorn Basin, Wyoming: 
Geol. Soc. America Bull., v. 83, p. 2167-2180. 

NORTH AMERICAN STRATIGRAPHIC COMMISSION, 1983, North American 
Stratigraphic Code: Am. Assoc. Petroleum Geologists Bull., v. 67, p. 
841-875. 

PAGE, E. R., 1964, The extractable manganese of  soil: Jour. Soil Sci., 
v. 15, p. 93-102. 

P~rrY~o,N, W. A., 1966, Eocene paleosol in the northern Great Plains: 
U.S. Geol. Survey Prof. Paper, No. 550C, p. C61-C65. 

RETALLACK, G. R., 1983a, Late Eocene and Oligocene paleosols from 
Badlands National Park, South Dakota: Geol. Soc. America Spcc. 
Paper, No. 193, 82 p. 

, 1983b, A paleopedological approach to the interprctation of  
terrestrial sedimentary rocks: the mid-Tertiary fossil soils of  Badlands 
National Park, South Dakota: Geol. SOc. America Bull., v. 94, p. 823- 
840. 

RICHMOND, G. M., 1962, Quaternary stratigraphy of  the La Sal Moun- 
tains, Utah: U.S. Geol. Survey Prof. Paper 324, 135 p. 

RIVGER, S., AND JUVE, R. L., 1961, Soil development in Recent loess 
in the Matanuska Valley, Alaska: Soil Sci. Soc. America Proc., v. 25, 
p. 223-231. 

RITZMA, H. R., 1955, Late Cretaceous and Eary Cenozoic structural 
pattern, southern Rock Springs Uplift, Wyoming: Wyoming Geol. 
Assoc. 10th Ann. Field Conf. Guidebook, p. 135-137. 

,1957, Fossil soil at base of  Paleocene, southwestern Wind River 
Basin, Wyoming: Wyoming Geol. Assoc. 12th Ann. Field Conf. 
Guidebook, p. 165-166. 

ROmNSON, G. W., 1949, Soils--Their Origin, Constitution, and Clas- 
sification: London, Thomas Murby, 573 p. 

RunE, R., 1973, Backgrounds of  model for loess-derived soils in the 
upper Mississippi River Basin: Soil Sci., v. l 15, p. 250.--253. 

SCHULTZ, C. B., TANNER, L. G., AND HARVVV, C., 1955, Paleosois of  
the Oligocene of  Nebraska: Univ. Nebraska State Mus. BulL, v. 4, p. 
1-16. 

SINOn, I. B., 1972, On the bedding in the natural-levee and point-bar 
deposits of  the Gomti River, Uttar Pradesh, India: Sed. Geology, v. 
7, p. 309-317. 

SOlE SURVEY SXAFF, 1975, Soil Taxonomy: U.S. Dept. Agriculture 
Handbook, No. 436, 754 p. 

VREEKEN, W. J., 1975, Principal kinds of  chronosequences and their 
significance in soil history: Jour. Soil ,~i., v. 26, p. 378-394. 

WALr, ER, R. G., 1984, General introduction: facies, facies sequences 
and facies models, in Walker, R. G., ed., Facies Models (2nd cd.): 
Geosci. Canada Reprint Series 1, p. 1-9. 

WING, S. L., 1980, Fossil floras and plant-bearing beds of  the central 
Bighorn Basin: Univ. Michigan Papers on Paleont., No. 24, p. 119..- 
126. 

WtNG, S. L., AND BOWS, T. M., 1985, Fine-scale reconstruction of  late 
Paleocenc-carly Eocene paleogeography in the Bighorn Basin of  
northern Wyoming: SOc. Econ. Paleontologists Mineralogists Rocky 
Mtn. Paleogcogr. Symposium, No. 3, p. 93-106. 


	Integration of Channel and Floodplain Suites, Developmental Sequence and Lateral Relations of Alluvial Paleosols
	

	Integration of Channel and Floodplain Suites, I. Developmental Sequence and Lateral Relations of Alluvial Paleosols

	Text6:     This article is a U.S. government work, and is not subject to copyright in the United States.


