
Abstract 

Comparative study of fossil-bearing fuvi ’ deposits in the Eocene Willwood Formation of northern Wyoming and 
the Miocene Chinji Formation of northern PaRA3tan indicate how tectonic and climatic processes operating at different 
scales controlled physical and chemical features of floodplain environments and affected preservation of the 
paleontological record. 

The architecture of Willwood Fm. floodplain deposits represents a combination of avulsion-belt sediment packages 
and overbank sediments that formed alluvial ridges. The architecture of the Chinji Fm. floodplain deposits was 
controlled by widely distributed crevasse-splay deposition and floodplain topography. Similarities in individual 
paleosol-bounded overbank sequences from the two formations indicates that the internal structure of such deposits 
can be independent of channel belt proximity to areas of aggradation. Chinji Fm. paleosols have little vertical zonation 
and show no consistent pattern of lateral change in relation to major channels. while overbank paleosols in the 
Willwood Fm. exhibit considerable soil horizon development and a pattern of increasing maturity from alluvial ridge 
to distal floodplain. The “pedofacies model” of Bown and Kraus ( 1957) based on such lateral trends in the Willwood 
paleosols is not applicable to the Chinji Fm. 

Plant and animal fossils are abundant in the Willwood overbank deposits, with vertebrate remains concentrated in 
paleosol A horizons. Plant remains are rare in the Chinji Fm. and vertebrate fossils occur primarily in channel fills 
rather than in paleosols. These differences relate to contrasting patterns of floodplain deposition and to levels of 
oxidation that controlled penecontemporaneous recycling of organic material, particularly in paleosols. Different 
large-scale climatic and tectonic controls on temperature and rainfall, water table fluctuations, and soil biota are 
proposed to account for the differences in organic preservation. Large and small-scale environmental processes also 
affected spatial and temporal resolution of the organic record, resulting in important ditferences in the paleoecological 
and evolutionary information that can be reconstructed from the two sequences. 

1. Introduction 

The Miocene Chinji Formation in the 
Himalayan foredeep basin and the Eocene 
Willwood Formation in the intracratonic Bighorn 
Basin (Fig. 1) consist of alluvial deposits with 
strikingly similar appearance. Both formations 
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record sediment aggradation in basins adjacent to 
rising mountain belts, both are dominated by 
red-hued fluvial overbank deposits with abundant 
paleosols, and both are richly fossiliferous. Despite 
broad similarities, these formations have many 
important differences in their paleoenvironmental 
and organic records. Previously published descrip- 
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Fig. 1. Location maps l’~r the Pakistan Neogene (A) and Wyoming Paleogene ( B) sequences. drawn to the same scale. Shaded 
areas are the presently exposed areas of the sedimentary basins. 

tions suggest that the two formations represent 
different stylec of f&+!::in :$gg&;itiuii, w-ith 

varying patterns of overbank sedimentation 
represented in the development of crevasse- 
splays, minor channels, levees and sheet flood depos- 
its (Bown and Kraus, 1987; Kraus, 1987; 
Behrensmeyer, 1987; Willis, I993a). The organic 
record differs as well; plant fossils are common in 
the Willwood Fm. and nearly absent from the 

Chinji Fm.. and Willwood paleosols preserve 
abundant vertebrate remains while Chinji paleosols 
do not (Wing, 1984, 1987; Bown and Kraus, 
198 1 b; Raza, 1983; Behrensmeyer, 1987; Badgley 
et ai., 1992). 

The purpose of this paper is to compare the two 
formatiox in order to better understand the rela- 
tionship between fluvial depositional processes, 
fossil preservation, and the paleoecological record. 



m. share many 
priate for such a 

comparative study (Table II ). They are similar in 

thickness, span comparable time intervals of about 
3 Ma, and both have fossil records that are well 
known in terms of taxonomic composition of 
faunas or floras, temporal framework, taphonomy, 
and sedimentological context. Moreover, in both 
examples, overbank strata include numerous, later- 
ally continuous paleosol units representing tempo- 
rarily stable land surfaces. The architecture of the 
overbank deposits, the physical and chemical char- 
acteristics of the paleosols, and the organic records 
^f +hn two formations provide comparative 
$e~&ironmental and taphonomic evidence at 
different scales. Lateral and vertical facies char- 
acteristics document the spatia! heterogeneity of 
floodplain sub-environments, including crevasse 
splays, minor channels, levtes, and ponded areas 
and their relationship to major fluvial channels. 
At a finer scale, paleosol features provide evidence 

for habitats occupied y the floodplain biotas, and 

the sed~l~~e~~tary contexts of orga 
the overbank deposits indicate d rences in time- 
averaging and other taphonomic features that 
affect paleoecological interpretations. 

The Siwaiik Group of Pakistan provides a record 
of fluvial deposition associated with continental 
collision, uplift of the Himalayas, and foredeep 
subsidence. Much of the sedimentological and 
taphonomic research reported here pertains to the 
Potwar Plateau of northern Pakistan, which is 
similar in size to the Bighorn Basin (Fig. 1). The 
Potwar exposures of the Siwalik Group thus pro- 
vide a relatively small sample of a fluvial system 
that stretched along the entire Himalayan front. 

Table I 
Summary of paleogeographic, chronostratjIr;E;lhi~. hthological, and paleontologic~l features of the Chinji Fm. of the Pakistan 
Neogene sequence and the Willwood Fm. of the Big Horn Basin Paleogene sequence. Quantitative information from the Chitl.ji Fm. 
is from Behrensmeyer, 1987; Barry et al., 1991; Willis, 1993b. Quantitative information for the Willwood Fm. is from Bown. 1980; 
Bown and Kraus. 1981a; Bown and Kraus, 1987; Kraus. 1987; Gingerich, 1982: Bown and Kraus. 1993; Kraus and Astan, 1993 

Chinji FIN. Willwood FIN. 

General features 
Paleo-latitude 
Age Range 
Thickness 

Overall sediment accumulation rate 
Estimated paleotemperature 

25-30”N 45.- 46”N 
3.2 m.y. (14-10.8 Ma) 3.0 m.y. (55-52 Ma) (southern BHB) 
665 m 770 m (south) 
(Gabhir Kas) 850 m (north) 
0.21 m/1000 yr 0.21 m/1000 yr (0.35 in north) 
not known, but lo- 15°C MAT ( Lower) 
latitude sub-tropical 15- 18°C MAT ( Upper) 

Overbank deposits 
Color, primary deposits 
Cn!r\r @c,,!r; _ ._ a’_ . , -* 
Dominant Pithology 
Overbank sequence thickness 

(between paleosols) 
Thickness between major 

channel sandstones 
Floodplain width 
Paleosol thickness 
Estimated maximum time for paleosol 

formation 

gray, brown, red 
red, orange. brown 
siltstone. sandy siltstone 
7.3k3.2 m 

37 m+29 

100 km between rivers 
l-3 m 
13,000-23.000 yr 

green-gray, gray 
gray, red, purple, orange 
mudstone. siltstone, claystone 
3--6 m (simple 

pedofacies sequence) 
15-40 m (compound 
pedofaciessequence) 

15-20 km= width of l/2 alluvial ridge 
1.5 m (stage-l ) to 3-5 m (stage-5) 
lO,OOO- 16,000 yr ( 15.300-25,600 for 
avu!sion-belt deposits) 



The Siwalik Group as a whole ( Fig. ?A) is 
characterized by kilometer-scale alternations of 
coarse and fine-grained rocks. The Kamlial, Nagri, 
and Soan Formations are sand-dominated, while 
the Chinji and Dhok Pathan Formations are com- 
posed primarily of mudstone ( Fatmi, 1973; Willis, 
1993b; see also Willis and Behrensmeyer, this 
issue). These textural alternations represent long- 
term shifts in the positions and/or sizes of major 
channel belts within the basin (Willis, 1993a). 
Throughout the sequence, fossils are more 
common in the fine-grained formations and in 
mud-dominated portions of the coarse-grained 
formations (see Bartels et al., this issue). Rates 
of (compacted ) sediment accumulation, which 
have been calculated using magnetostratigraphy, 
increase from 0.1 O-0.30 m/l 000 yr in the Mamlial 
and Chinji Fms. to 0.30--0.50 m/l000 yr in the 
Nagri Fm. and above (Johnson et al., 1985; 
Behrensmeyer, 1987 ). 
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Early sedimentological work on the Potwar 
Plateau was aimed at providing stratigraphic and 
chronologic framework for the abundant verte- 
brate fossils (Pilbeam et al., 1979; Johnson et al., 
1982), which include remains of the hominoid 
primate Siw~pitlzecz~~s (Pilbeam et ai., 1977). 
Subsequent studies focussed on the broad lateral 
and vertical relationships of the Auvial channel 
and overbank facies of the Chinji, Nagri, and 
Dhok Pathan Fms. ( Behrensmeyer and Tauxe, 
1982; Behrensmeyer. 1987; Willis, 1992; Khan, 
1993). Preliminary work on a limited sequence of 
paleosols provided a general interpretation of envi- 
ronmental conditions in the Dhok Pathan Fm. 
( Retallack. 1991). Carbon isotopic signals in pedo- 
gcnic carbonate throughout the sequeilce show a 
marked change from C3- to C4-dominated vegeta- 
tion between about 7 and 5 Ma. (Quade et al., 
1989: Quade and Cerling, this issue). Over the past 
decade, detailed sedimentological research in the 

BIGHORN BASIN SEQUENCE 
Wyoming - Montana, U.S.A. 

Ma. 

50 

52 
I 

54 - 

56 - 

58 - 

60 - 

62 - 

64 - 

66 -- 

Formatior, 



Dhok Pathan and Nagri Fms. and e 
the Chinji Fin. has documented lateral 
ciatioms and pedogenesis within th 
fossil-bearing floodplain deposits ( 
1987, 1989; Willis, 1992; Behrensmeyer et al., 1992: 
Willis and Behrensmeyer, in press). This work plus 
previously unpublished information on the Chinji 
Fm. overbank facies provide the basis for the 
following discussion. 

The Chinji Fm. overbank deposits consist of 
three dominant lithofacies: ( 1 ) laterally extensive, 
bedded, calcareous mudstones with varying 
degrees of bioturbation, ( 2) ribbon. shoestring. 
and tabular sand bodies (following the terminology 
of Friend et al., 1979). and (3) leached, heavily 
bioturbated, massive silty-clay to silty-sand beds. 
Repeated sequences of these three facies occur 
every 5-10 m. A typical paleosol-bounded over- 
bank sequence, as defined here, consists of well- 
bedded calcareous mudstones (facies 1) with later- 
ally discontinuous sand bodies (facies 2 ) that 
directly overlie a paleosol and extend upward 
through the next well-developed paleosol (facies 
3) ( Fig. 3). The mudstones become increasingly 
bioturbated upward. with consequent loss of pri- 
mary bedding structures. Zones of weak pcdogenic 
modification may alternate with bedded sediments 
in the middle to upper part of the overbank 
sequence. The capping paleosol is unbedded, 
brown to red-orange in color (Munsell Hues 
S- lOR, 5- 1 OY R ), and may have some or all of the 
following features: clay cutans, slickensides, gray 
or red mottling, sesquioxide nodules, CaCO, nod- 
ules, and discrete burrow and root traces ( Fig. 3). 
In contrast to the calcarous fine-grained sediments 
that represent unaltered parent alluvium in this 
fluvial system, the paleosols lack matrix carbonate 
for most of their thickness; we attribute this to 
pedogenic leaching of carbonate from the upper 
soil zone. The thickness of the leached zone is a 
measure of maturity in modern soils (Birkeland, 
1984; Retallack, 1990) and is assumed to be a 
rough indicator of relative maturity in the Chinji 
paleosols. CaCO,-cemented mudstones and con- 
centrations of carbonate nodules often occur 

immediately below the leached zone, forming a 
resistent bench on the outcrop profile. 

The features of Chinji paaeosols are not easily 
matched with the standard soil groups (Soil Survey 
Staff, 1975 ) but have a nunlber of features in 
common with modern soils of the Gangetic plain 
in eastern India ( Agarwal and Mukerji, 195 1 ). 
These soils, locally known as “bangar” soils, occur 
on areas of the alluvial plain where deposition has 
ceased. They are characterized by leaching of 
CaCO, from the upper solum, concentrations of 
semi-indurated to indurated CaC03 nodules in the 
lower solum, and some clay illuviation the middle 
or upper zones of the soil. On coarser, better 
drained substrates there may be complete leaching 
of calcium carbonate and no nodules. Iron occurs 
as nodules or dispersed within the upper parts of 
these soils, which generally are dark gray in color. 
Except for the color difference, bangar soils are 
reasonable modern analogues for at least some of 
the Cliinji paleosols. 

Petrographic evidence shows that carbonate 
nodules in the paleosols are diverse in shape, 
internal morphology, and relationship to the 
surrounding matrix. Irregular micritic nodules 
millimeters to a few centimeters in diameter that 
have diffuse boundaries and a granular or patchy 
internal fabric are assumed to be pedogenic. These 
often follow root traces or burrows. Other nodules 
of similar external morphology have distinct 
boundaries and clear internal lamination and 
appear to have formed from bioturbated carbon- 
ate-rich muds. These typically occur lower in the 
soil profile but are mixed with the pedogenic 
nodules, and the two nodule types are difficult to 
distinguish based on hand specimens. 

The paleosol zone that lacks matrix CaCO, 
probably represents mineral A or B/Bt horizons 
as defined in modern soils (Birkeland, 1984), but 
there are no consistent patterns of mineral or clay 
translocation within the leached zone and the 
thickness of this zone is laterally variable 
( Behrensmeyer and Willis, 1992). Given disrupted 
internal fabrics and highly variable vertical distri- 
butions of sesquioxide and CaC03 nodules, it 
appears that intense bioturbation could be partly 
responsible for preventing the formation of clear 
soil horizons, other than the leached zone and the 



Lower Chinji Fm. 
Section H 

Fig. 3. A representative overbank sequence (Section LC-H ) from the lower Chi*lji Fm. 1.0 km W of Gabhir Kas, Potwar Plateau, 
showing the vertical change in sedimentary features associated with the lower btzdded facics (facies I ), the middle disrupted facies 
(facies 2). and the capping paleosol (facies 3). Black bars indicate that the feature is present, stippled bars indicate that it is 
uncommon, and white that it is absent. 

underlying concentrations of pedogenic carbonate 
nodules (Bk). Lateral variation in the Sk horizons 
suggests that carbonate accumulation was con- 
trolled by local drainage conditions. As evidence 
for this, the Bk zone typically disappears when 
paleosols are traced laterally over a sandy channel 
fill and reappears where the substrate returns to 
silt or clayey silt. Petrographic evidence, magnetic 
mineralogy, and lateral tracing of paleomagnetic 
isochons (Tauxe and Badgley, 1984, 1988; McRae, 
1989, 1990) indicate that much of the iron oxida- 
tion within paleosols occurred penecontempora- 
neously to within a few thousand years after burial. 

Overbank sequences may fine or coarsen upward 
or show no clear vertical trend in texture. Sand 
bodies occur as laterally extensive tabular sheets 
or as wedges, ribbon or shoestring channel fills 
with clearly defined erosional margins, or as a 
combination of these patterns (e.g., incised chan- 
nels with sandy lateral “wings”) (Fig, 4A,B). 

Contacts between tabular sandstones and under- 
lying paleosols often are horizontal (i.e., a rela- 
tively Rat surface in the original depositional 
setting) and show little evidence of erosion, but 
ribbon and shoestring sand bodies may cut several 
meters into underlying deposits. 

Abandoned channels (especially those over 
1 .O km in width; Behrensmeyer, 1987) may contain 
all three overbank facies, although heavily biotur- 
bated mudstones and paleosols (facies 3) are more 
common and bedded calcareous mudstones (facies 
1) are less common than in typical floodplain 
situations. Inclined heterolithic stratification (IHS: 
Thomas et al., 1987), intraformational conglomer- 
ates with reworked iron oxide and CaC03 nodules, 
and vertebrate remains also are typical of Gne- 
grained channel fills. Such features provide the 
most useful evidence for the channel-fill nature of 
these deposits, because channel edges are difficult 
to detect when mudstone fill abuts against an 
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Fig. 4. A. Representative cross-section through Chinji Fm. overbank deposits, showing irregular, paleosol-bounded. overbank 
sequences. Sandstones are stippled, mudstones are white, and vertical tick-marks indicate major paleosols. B. A typical overbank 
sequence, measured 160 m E of the log shown in Fig. 3. CS- crevasse-splay, black vertical bar indicates leached zone. C. A 
representative log through superimposed overbank sequences between two major channel sand bodies in the lower Chinji Fm. 
(Willis, 1993b: Appendix, meter 290-370). PS= paleosol. Litholouic bar: C= clay, Z= silt, S= sand. 

erosional bank formed of similar fine-grained over- 
bank facies. 

( Fig. 4A,!3). Within an overbank sequence, minor 

Individual overbank sequences can be traced 
sand sheets and sandy channel fills commonly (but 

laterally for several kilometers, and they gradually 
not always) occur at the thickest point within the 

thin and end where bounding paleosols converge 
overbank sequence and grade laterally into thinner 
mudsrones. Individual paleosols have been traced 



up to 15 km in continuous outcrops, and associ- 
ated overbank deposits generally do not thicken 
or coarsen laterally toward major sand bodies.. 
indicating that they were not formed by levee- 
topping sheet flood aggradation from the main 
channels (“true overbank” deposition of Kraus 
and Alsan, 1993). Over distances of a few kilome- 
ters, the leached zone of a Chinji paleosol may 
thin and its nodule content decrease until it pinches 
out in a stack of bedded, bioturbated mudstones. 
In situations where the upper contact is non- 
erosional, this trend can be interpreted as repre- 
senting decreasing pedogenic maturity along a 
stable land surface that passed into a topographi- 
cally lower area of active sedimentation. Cut-banks 
of major sand bodies may truncate up to 15 m of 
overbank deposits representing several overbank 
sequences ( Fig. 4B). Careful documentation of 
over 50 paleosols shows that there is no trend 
toward decreased maturity near the paleochannels 
(in a vertical or lateral sense) or increasing matu- 
rity at considerable distances from these channels. 

The architecture of the Chinji Fm. can be char- 
acterized three-dimensionally as i:. styi;cxe of 

superimposed wedges or lobes formed by the over- 
bank sequences, with minor sand bodies represent- 
ing crevasse-splay channels and sheets, and larger 
sand bodies representing the major Lhannel belts 
( Fig. 4) ( Behrensmeyer, 1989; Willis, 1992, 1993a). 
It appears that the Chinji floodplains aggraded 
primarily during phases of crevasse-splay activity, 
which may or may not have accompanied avulsion 
of a major channel (e.g., Smith et al. 1989; Willis 
and Behrensmeyer, 1994). Initially, pulses of 
aggradation filled topographically low, perhaps 
seasonally flooded areas ( Fig. 5). Laminated over- 
bank sediments accumulated rapidly at first but 
then slowed, allowing increasing disruption of 
primary bedding and pedogenesis upward until the 
crevasse-splay lobe or lobes stablized above the 
local water table and a capping paleosol formed. 
This process resulted in a mosaic of floodplain 
environments, including permanent or seasonal 
swamps and lakes and topographically higher and 
drier land surfaces where soils were well-developed 
( Fig. 5). The components of this mosaic lack a 
consistent lateral relationship to the major channel 
belt deposits, i.e., dry and wet areas were not 

Reconstruction of Chinji Formation Paleoenvironments 
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Fig. 5. Plan-view reconstruction of the Chinji Fm. alluvial plain. Ponded areas are shaded. 



predictably near or far from the active channels. 
The thickness of an overbank s 
given site was controlle 
the floodplain and by tl 
ment no longer could accumulate, i.e., the point 
where avulsion shifted deposition to another area. 
We assume that, within the relatively short time 
intervals of 1 03- 10’ yr represented by each over- 
bank sequence, basin subsidence did not vary 
enough spatially or temporally to have much 
influence on lateral differences in the thicknesses 
of these sequences. 

The vertebrate fos:il record in the Chinji Fm. 
occurs primarily in cverbank deposits, although 
some abraded remains have been recovered from 
the major channel sandstones. Both microverte- 
brates (c 5 kg) and larger animals up to several 
thousand kg are represented, often in somewhat 
different depositional circumstances (see Bartels 
et al., this issue). In the overbank context, verte- 
brate fossils typically are within or on the margins 
of small-scale abandoned channels filled with fine 
to coarse-grained sediment (Table 2) ( Raza, 1983; 
Behrensmeyer, 1987; Badgley et al., 1992 1. Fossil 
occurrences in paleosols are rare, consisting of 

fragme~itar~l remains and occasional dense 
of associated skeletal parts suggesting 

m-row fills. Small gastropods occasionally are 
preserved in the leached zones of Chinji paleosols, 
usually as internal molds (steinkerns), and bivalves 
occur uncommonly in channel fill deposits. 
Qstracods have been found in association with 
concentrations of micromammals (S.M. Raza, 
pers. comm., 1992). In general, however, the skele- 
tal record for invertebrates is remarkably sparse. 

Plant fossils are extremely rare in the Chinji 
Fm., consist;ng only of poorly preserved logs in 
the major sandstones and rare leaf impressions in 
fine-grained mudstones and calcareous siltstones. 
Preliminary palynologica 1 reconaissance indicates 
that there is little preserved pollen. Free carbon 
from degraded plant remains is rare in the paleo- 
sols, generally ~0.2%. In spite of the near-absence 
of a direct paleobotanical record, carbon isotopes 
in the paleosol carbonates and vertebrate teeth 
provide evidence that vegetation on the aliuvial 
plain was predominantly of the C3 photosynthetic 
pathway (forested or wooded habitats, and per- 
haps some C3 grasslands: Quade et al., 1989; 
Quade et al., 1992; Morgan, 1994). Qncolites up 
to several cm in diameter occur in some of the 
larger channel fills, where they are concentrated 
by fluvial reworking in sandy lag deposits. 

Taphoncmic contexts for organic preservation in the Chinji and Willwood Formations. Key: -= very rare to absent. (4-I = 
unconin~on, + = present, + + = common 

Macroplant Microplant Invertebrate Vertebrate lchnofossil 

Chinji Formatiolr 
Channel lag + bar 
Abandoned channel fill 
Levee 
Floodplain: poorly drained 
Floodplain: well-drained 
Crevasse-splay 

(t-1 - - + ++ 

(+I - (+I ++ ++ 
_ - _ (+I + 
- - -. (+I ++ 
_ - (+) (+) ++ 
_ - (+I (+I + 

Willwood Formation 
Channel lag + bar 
Abandoned channel fill 
Levee 
Floodplain: poorly drained 
Floodplain: well-drained 
Crevasse-splay 

+ _ - (+I + 

++ ++ (+I (+I + 

++ + (+I (+I + 

++ ++ (+) + + 

(+I - + ++ ++ 
3 3 + + + 



Ichnofossils representing roots and invertebrate 
burrows are abundant in the overbank and channel 
deposits but have not yet been studied in detail. 

Chinji Fm. bone accumulations in channel fills 
are interpreted as time-averaged, attritional accu- 
mulations (Raza, 1983; see Bartels et al., this 
issue). The evidence for this is partly sedimentolog- 
ical and partly taphonomic. Interbedded coarse 
bar deposits and fine-grained units with biotur- 
bated zones indicate alternating periods of sedi- 
mentation and incipient soil development in 
many of the fossil-bearing channel fills. During 
pauses in sedimentation, autochthonous vertebrate 
remains could accumulate in the abandoned chan- 
nel environment; these would be incorporated into 
the substrate or buried (with or without transport) 
when the channel was active or when overbank 
flooding introduced fine-grained sediments into the 
topographic depression formed by the channel. 
Reactivated channels were confined within pre- 
existing channel belts and probably did not rework 
overbank sediments outside of this context. Hence 
there would have been minimal input of bones 
eroded from older overbank deposits. Most bones 
recovered from the channel fill deposits are mini- 
mally abraded, also indicating that they were not 
subjected to multiple cycles of reworking. 

According to the above model, each episode of 
bone preservation in a channel fill would represent 
a relatively short time interval, on the order of 
lOO?s to 1000”s of years. This estimate is supported 
by an overall rate of sediment accumulation for 
the Chinji Fm. of 0.14-Q. 19 m/l000 yr and the 
maximum period of time represented by each 
w&developed paleosol, which is calculated at 
23,000-13,000 yr (Table 1; Behrensmeyer, 1987). 
This time span is derived by dividing the overall 
time interval for a particular thickness of strata, 
which is based on paleomagnetic correlations to 
the Global Polarity Time Scale, by the number of 
pafeosols included in this sequence of strata, 
Actual time intervals represented by paleosols 
would be less than this, on average, because some 
time would be needed to accumulate the sediment 
upon which the soil is developed in each overbank 
sequence. The amount of time represented by most 
channel fill deposits, which are capped by well- 
developed paleosols, should be considerably less 

than the maximum estimate of 23,000 yrs for an 
entire overbank sequence. 

The abundance of vertebrate fossils in aban- 
doned channels may also relate to preferential use 
of such low-lying areas by living animals, especially 
during times of water scarcity (Behrensmeyer, 
1987). Increased vertebrate mortality in and 
around waterholes is well-documented in recent 
ecosystems (Haynes, 1985a,b, 1988), and this can 
be caused by increased predator activity as well as 
deaths resulting directly from drought or starva- 
tion. In the Chinji Fm., there is no evidence for 
mass-mortality events other than occasional dense 
accumulations of fish remains in abandoned 
channels and in calcareous purple mudstones 
interpreted as hydromorphic soils. The latter may 
be analogous to calcareous “bhat” soils of low- 
lying areas of the Gangetic plain (Agarwal and 
Mukerji, 1951). 

The scarcity of bones and invertebrate shells in 
the paleosols is probably the result of post-burial 
destruction rather than a low supply of such 
remains in the original ecosystem. Animal remains 
undoubtedly were buried in the substrates of the 
topograpically higher Chinji overbank environ- 
ments, but most did not survive to become fossil- 
ized. Post-burial destruction could have been 
partly due to rapid oxidation of organic compo- 
ncnts combined with the pedogenic process of 
ferrolysis, in which alternating wet and dry condi- 
tions, plant decomposition, and iron oxidation 
result in the periodic release of hydrogen ions 
( Brinkman, 1970; Gerrard, 1987), leading to acidic 
conditions unfavorable for bone preservation. 
Intense bioturbation and recycling of nutrients 
also could have contributed to the destruction of 
skeletal remains. 

3. The Willwood Formation of northern Wyoming 

The Pakistan Neogene deposits formed at the 
junction of colliding continents. In contrast, the 
Cretaceous to Eocene rocks of the Bighorn Basin 
resulted from the formation of a mid-continental 
basin between mountain ranges that arose during 



the latter part of th 
1980; Willis and 
Stratigraphic and s 
covered most of the basin. 
Siwalik succession, much of the geologic work 
has been done in association with paleontological 
collecting. 

The Bighorn and Clarks Fork Basins fiiled with 
several thousand meters of elastic sediments during 
the Paleocene and Eocene, after regression of the 
Cretaceous sea toward the southeast (Bown, 1980; 
Hickey, 1980) ( Figs. 1 B, 2B). The Paleocene Ft. 
Union Fm. consists of 600 m (southeast) to over 
3000 m (northwest) of drab mudstones and sand- 
stones with lignites and coals (Bown, 1980). 
Deposition occurred in a variety of fluvial and 
lacustrine environments. The overlying Willwood 
Fm., which varies in thickness from 880 m in the 
north to 770 m in the south, is predominantly fine- 
grained and is distinguished by bright red, orange 
and purple colors associated with pedogenically 
modified sediments. Average compacted sediment 
accumulation rates were originally reported at 
0.22-0.35 m/lo3 yr but now have been recalculated 
at 0.3-0.6 m/lo3 yr (Table 1) (Gingerich, 1982; 
Kraus, 1987; Kraus and Aslan, 1993; Bown and 
Kraus, 1993 ). 

Sedimentological study of Paleogene ftissil- 
bearing strata in the Bighorn Basin has focused 
primarily ori the Willwood Formation, which spans 
the time between about 55 and 52 Ma (Wing et al., 
199 1). In addition to research on the overall 
stratigraphy and tectonic setting (Neasham and 
Vondra, 1972; Hickey,, 1980; Bown, 1980) and 
the channel deposits ( Kraus, 1980; Kraus and 
Middleton, 1987), considerable work has been 
done on the overbank deposits. This includes 
investigations of the sedimentary context and floral 
record of plant-bearing carbonaceous shales 
( Wing, 1984; Farley, 1990) as well as sedimento- 
logical and taphonomic studies of vertebrate- 
bearing overbank deposits and paleosols (Bown 
and Kraus, 198 1 a,b, 1987; Winkler, 1983; Kraus, 
1987; Kraus and Bown, 1988; Bown and Bear, 
1991; Aslan, 1990; Bown and Kraus, 1993; Kraus 
and Aslan, 1993). Willwood Fm. paleosols of 
differing maturity and their associated deposits 
provide the basis for the Bown and Kraus “pedofa- 

k deposits. The term “ped- 
ontiguous bodies of 

distance (during formation) fro 
high sediment accumulation” 
1987: p* 599). 

Recent work on oxygen isotopes from pedogenic 
carbonate nodules and vertebrate tooth enamel in 
the Wyoming Paleogene succession (Koch et al., 
1992; Koch et al., this issue) indicate that the 
climate varied from warm in the late Paleocene to 
relatively cool (MAT lo-20°C ) in latest Paleocene 
to earliest Eocene, to warm again in the late Early 
Eocene (Table 1). Leaf-margin analyses of paleo- 
temperatures are consistent with this evidence, 
indicating relatively cool and equable climatic con- 
ditions in the earliest Eocene (i.e., for much of the 
Willwood Fm.) and warmer conditions for the rest 
of the early Eocene (Wing and Greenwood, 1993). 

3.2. Overbank deposits of the Willwood Formation 

Overbank deposits, which we regard as including 
crevasse-splay, levee, sheet-flood, pond, and minor 
channel deposits, in the Willwood Fm. consist of 
bedded mudstones and fine sandstones that 
alternate with intervals showing variable degrees 
of pedogenic modification. A series of five paleosol 
stages is used to characterize the continuum of 
features associated with increasing soil maturity 
(Bown and Kraus, 1987; Kraus and Bown, 1988) 
( Fig. 6a). These features include mottling (yellow, 
orange, red), development of clear A and B hori- 
zons and sub-horizons, CaC03 and sesquioxide 
glaebules or nodules, root traces, rhizoliths, and 
burrows. Chemical and textural analyses of vertical 
trends also show illuviation of clays, iron, and 
manganese in the B horizon (Bown and Kraus, 
198la). The combined thickness of the A and B 
horizons is of greatest importance in assigning a 
paleosol to a particular stage (Bown and Kraus, 
1993). The least mature, stage-l paleosols have 
mottling, incipient CaCO, glaebules, and no 
differentiation of soil horizons, while the most 
mature, stage-5 paleosols have thick, clearly 
differentiated Ae (a zone in A that is leached of 
iron and manganese), Ao (a zone in A with 



48 

Willwood Formation Overbank 

I 5 4 2 1 c- Psleosol stage 1 

4 
Increasing Short-term 

Sediment Accumulation rate 

Increasing Soil Maturity 

~ 

CH 

Fig. 6. A. Simplified diagram of pedofacies model for the Willwood Fm.. modified from Bown and Kraus ( 1987). B. A representative 
simple pcdofacies sequences (NE l/4, NW l/4, Sec. IS, T 56, R 101 W, Park County, Wyo.; Kraus, 1987: p. 604). Numbers indicate 
paleosol stages, other abbreviations as in Fig. 4. The lower part of this sequence meets stratigraphic criteria for an avulsion-belt 
deposit ( Kraus and Aslan, 1993). C. A representative compound pedofacies sequence between major channel sandstones (NE l/4, 
NE l/4, SW l/4, Sec. 20, T 56, R 101 W, Park County, Wyo.; Kraus, 1987: p, 608). Block diagram shows step-wise avulsion of the 
channel belt before it returns to the same position on the floodplain (modified from Kraus, 1987). Note: a Willwood Fm. paleosol- 
bounded “simple overbank sequence” of Bown and Kraus ( 1987) is equivalent to the paleosol-bounded overbank sequence of the 
Chinji Fm. described in this paper, 

concentrated organic carbon) and B horizons. 
CaCO, and illuvial clay accumulations in the B 
horizon are most pronounced in stage-3 and 
decline in more advanced stages (Bown aad 
Kraus, 1987). 

The “simple pedofacies sequence” ( Fig. 6b; 
Kraus. 1987; Kraus and Bown, 1988) is described 
as the most basic unit of the Willwood Fm. 

overbank deposits. These sequences are 3-6 m 
thick (Table 1) and consist of a bedded, sandy or 
silty basal unit OS-3 m thick, a variable middle 
zone that commonly has stage-l or stage-2 
paleosols alternating with bedded sediments, and 
a capping paleosol. This paleosol has a well- 
developed profile, usually stage-2 or stage-3 matu- 
rity but occasionally more advanced (stage 4-5). 



The middle zone of the simple pe 
may be absent, in which case 
deposits are overlain by mudstones with a single, 
stage-2 to stage-3 paleosol profile. The next over- 
bank cycle begins with another bedded, sandy unit, 
which often rests conformably on an organic A 
horizon at the top of the preceding cycle. The 
most mature soils are associated with “true” over- 
bank deposits at some distance from the main 
channels, which were the source of incremental 
additions of fine-grained sediment ( Kraus and 
Asian, 1993 ). Overbank deposits proximal to 
paleochannels have more preserved bedding and 
Eess mature paleosols; pedogzilic disruption of bed- 
ding and paleosol maturity increase away from 
channels toward the more distal floodplain settings 
(Fig. 6a), where some mature paleosols may have 
hydromorphic features (e.g., gleying) indicating 
water-logging, possibly associated with perched 
water-tables ( Kraus and Aslan, 1993). 

The architecture of the Willwood “true” over- 
bank deposits (as defined by Kraus and Aslan, 
1993) is formed by fine-grained sediment bodies 
that occur on both sides of major and tributary 
chamlel belts and that extend parallel to these 
belts. These sediment bodies thin and fine laterally 
away from the alluvial ridge, forming wedges in 
cross-sectional view- ( Fig. 6a; Bown and Kraus, 
1987) as a result of overbank sedimentation events 
being more frequent proximal to the active chan- 
nel. According to this model, stage-l soils should 
occur primarily in proximal alluvial ridge settings 
and stage-5 soils in the distal floodplain, with other 
stages distributed sequentially inbetween over 
distances of approximately 20 km (Table 1). 
Although the entire pedofacies sequence has not 
been traced along one continuous horizon from 
stage-l to stage-5 (Bown and Beard, 1990), lateral 
transitions between one stage and the next have 
been documented (Bown and Kraus, 1987: p. 598). 
Lateral patterns are complicated by local effects 
of substrate and floodplain topography ( Bown and 
Beard, 1990; Aslan, 1990; Kraus, 1992) and by 
interbedded avulsion-belt deposits ( Kraus and 
Aslan, 1993), and the pedofacies model is meant 
to apply at a scale of kilometers to 10’s of kilome- 
ters within the “true” overbank deposits (Bown 
and Kraus, 1987; Kraus and Aslan, 1993). 

pedofacies sequences made up of 
5-40 m of simp ofacies sequences OCCUI 
etween channel ones ( Fig. 6C ) ( Kraus. 

he compound sequences ideally show ver- 
tical change from low to high soil maturity, repre- 
senting the transition from proximal alluvial ridge 
to distal floodplain, followed by continued change 
back to low soil maturity representing the return 
of proximal alluvial ridge deposits ( Kraus, 1987 ). 
This relatively symmetric pattern results from “a 
river combing back and forth across its floodplain 
in discrete steps” ( Kraus, 1987: p. 607; Fig. GC). 
Variations in the pattern indicate that channels 
avulsed in both large and small lateral steps. 
Ribbon sandstones deposited by small tributary 
streams may directly overlie mature paleosols. 
while multistoried silent sandstones representing 
large rivers typically overlie immature levee depos- 
its, suggesting greater stability and longer avulsive 
steps for tributary versus major channel belts 
( Kraus, 1987). The documented stratigraphic 
intervals of 15-40 m for compound sequences 
imply 40,000 to 200,000 years for a channel to 
return to a given position, based on estimated 
rates of sediment accumulation (Table 1). Rapid 
deposition during avulsion events is thought to be 
responsible for some discrete packages of crevasse- 
splay units and immature paleosols (Kraus and 
Aslan, 1993 ). Intervening sequences of finer- 
grained sediments and more mature paleosols repre- 
sent overbank sedimentation of well-establi:;hed 
channels between avulsions. 

Systematic changes in floodplain deposits and 
paleosols in the Willwood Fm. imply a relatively 
predictable distribution of overbank enviromnents 
as a fuection of distance from the channels. 
Autocyclic fluvial processes (i.e., processes intrinsic 
to the fluvial system rather than external climatic 
or tectonic controls) are responsible for the vertical 
stratigraphic sequences over 10’s of meters that 
record increasing and decreasing soil maturities 
associated with step-wise channel avulsion across 
the alluvial plain. In contrast, larger-scale vertical 
changes in paleosol maturity over hundreds of 
meters, or “pedofacies megasequences,” are related 
primarily to tectonic processes affecting rates of 
basin filling. Slower rates mean more mature soils 
and vice versa (Kraus, 1987; Bown and Kraus, 



1993). The position of the northern and southern 
study areas in relation to the basin’s axis of 
subsidence also affected the composition of flood- 
plain deposits. In the north, on the axis of subsi- 
dence for the early Eocene, sandstones are 
common and paleosols reach only moderate stages 
of maturity. In the south, approximately 50 km 
from the basin’s axis, tributary channels are 
common and paleosols reach advanced stages of 
maturity (Kraus, 1987; Kraus and Bown, 1988). 

Bown and Kraus ( 198 1 a) originally suggested 
that mature Willwood soils (stages 4 and 5) might 
be spodosols, based on comparisons of color and 
mineral zonation with modern soils (Soil Survey 
Staff, 1975). Like spodosols, the Willwood soils 
have an epipedon rich in organic carbon and 
aluminum and iron oxides in the lower solum, but 
the presence of calcrete glaebules in the lower 
solum is unusual for this soil type, which forms 
under acidic conditions in modern environments. 
Carbonate translocation and precipitation is 
attributed to alternating wet and dry conditions 
early in pedogenesis (Bown and Kraus, 1987). 
Regardless of which modern soil type they might 
represent, Willwood soils are thought to have 
formed in an equable sub-temperate to suba tropical 
climate, with initial pedogenesis taking p/acf; on 
land surfaces with moderate to good drainage and 
alternating wet and dry conditions controlled by 
~u~tu~tin~ water tables ( Bawn and Kraus, 198 la). 
The preservation of gray, carbon-rich A horizons 
in the Willwood paleosols, the dominantly gray 
hues of the primary overbank deposits, and the 
presence of beds with carbonized plant remains 
indicate that oxidation was not intense enough to 
remove organic carbon in the later phase of pedo- 
genesis. This could relate to cool and equable 
temperatures (i.e., no hot-dry season) (Wing and 
Greenwood, 1993), a water-table with only 
moderate seasonal fluctuations or locally perched 
watertables where clay translocation impeded 
drainage, a relatively equable rainfall regime, or a 
combination of all these variables. Paleobotanical 
evidence indicates that prolonged periods of frost 
or drought were not part of the Willwood climatic 
regime in spite of the evidence for relatively 
Cool mean annual temperatures (Wing and 
Greenwood, 1993). 

3.3. Tlze organic record 

Many types of organic remains are preserved in 
the Willwood Fm. (Table 2). Macroplant fossils 
and palynomorphs occur in gray carbonaceous 
shales associated with fine-grained overbank 
deposits that formed in abandoned channel and 
wet floodbasin environments (Wing, 1984; Farley, 
1989, 1990). The flora represents forest and swamp 
communities. The plant record occurs throughout 
the Willwood Fm. and is present though not 
equally well preserved in all parts of the basin 
(Wing, 1984; Farley, 1989). Much of the vertebrate 
fossil record occurs in the A horizons of the 
Willwood paleosols ( Bown and Kraus, 198 1 a,b; 
Winkler, 1983; Radgley and Gingerich, 1988 ). 
Bones and teeth, mostly of mammals less than 
10 kg body weight, are abundant and well- 
preserved in this context. Willwood paleosols also 
preserve snails and calcified Celtis seeds ( Winkler, 
1983; Badgley and Gingerich, 1988 ), as well as a 
diverse assemblage of ichnofossils attributed to 
oligochaete worms, insects or spiders, and verte- 
brates ( Bown and Kraus, 1983). Oncolites and 
stromatolites have not been reported in the 
Willwood Fm. Unionid pelecypods occur in cre- 
vasse splay sandstones (C. Badgley. pers. comm., 
1993). Further discussion of the taphonomy of the 
Willwood Fm. is given in Bartels et al. (this issue). 

Skeletal remains are widely distributed later- 
ally along individual Willwood paleosols (Bown 
and Kraus, 198 1 b), implying that a considerable 
number of animals died over a wide area on 
successive land surfaces. There is no evidence for 
mass mortality events, and the skeletal assemblages 
are interpreted as resulting from attritional deaths 
over extended periods of time. Remains that sur- 
vived early post-mortem destructive processes (e.g., 
carnivory, scavenging, trampling, weathering) 
were buried in the upper soil zone by bioturbation 
or the addition of small increments of sediment to 
the floodplain surface (Bown and Kraus, 198lb) 
and persisted there, apparently in spite of continu- 
ing pedogenesis. Early permineralization and 
encrustation by iron and carbonate deposits could 
have contributed to the survival of the skeletal 
remains ( Aslan, pers. comm., 1993). Willwood 
vertebrate fossils are thought to have accumulated 



over uch of the time of soil formation 
and 
therefore could represent time-averaging for 
periods up to 10’ years in stage 3-5 paleosols. 

The paleosol-bounded overbank sequences in 
the Willwood and Chinji Formations are broadly 
similar. Both begin vertically with bedded mud- 
stones or sandstones and grade upward into more 
bioturbated, pedogenically modified sediments 
capped by a well-developed paleosol. Silt-grade 
siliciclastic material dominates the overbank 
deposits in both formations, although available 
textural analyses indicate that the Willwood sedi- 
ments include more clay (Bown and Kraus, 198 1 a; 
Aslan, 1990; Kraus and Aslan, 1993 ). The range 
of thicknesses of overbank sequences overlaps, but 
these are somewhat thinner in the Willwood Fm. 
( 3-6 m) than in the Chinji Fm. (4- 11 m) ( Table 1). 
Mature paleosol thickness is slightly greater in the 
Willwood Fm. (3-5 m) compared with the Chinji 
Fm. (2-3 m). In both formations, the lower con- 
tacts of the overbank sequences are primarily non- 
erosional and represent crevasse-splay deposit ion. 
Overall rates of sediment accumulation are similar 
for the Willwood Fm. in the southern Bighorn 
Basin and the Chinji Fm. (Table 1 ), implying that 
overbank sequences represent about 1 O,OOO-50,000 
years in both cases. Although the sedimentary 
successions indicate that the Paleocene-Eocene 
basin was generally underfilled, while the Neogene 
basin was overfilled (Willis and Behrensmeyer, this 
issue), during the times of active aggradation it 
appears that both areas were close to an even 
balance between these two states. When the rate 
of basin filling balanced or slightly exceeded subsi- 
dence, some areas of the alluvial plain were ele- 
vated enough above the water table to develop 
well-drained paleosols. The Chinji bedded mud- 
stones are less pedogenically modified than those 
of the Willwood, however, with fine lamination 
and minimal evidence of bioturbation characteriz- 
ing the lower part of each overbank sequence. 

mudstones retain less primary stratifica- 
icating a different balance 

in the rate and peri ity of sediment accumula- 
tion versus the intensity of biological activity ;and 
other soil-forming processes. The vertical distance 
between paleosols is less in the Willwood, suggest- 
ing that lower rates of accumulation allowed more 
thorough pedogenic modification of each over- 
bank sequence. The estimated amount of time 
for mature paleosol development is less in the 
Willwood Fm. than in the Chinji Fin. ( IO-16 kyr 
VS. 13-23 kyr: Table 1 )q however, implying that 
the physical and chemical effects of the soil- 
forming processes relate more directly to the nature 
and intensity of these processes than the time 
period over which they operated. 

Some of the differences between the overbank 
deposits of the two formations can be related to 
the scale and sedimentation style of the two fluvial 
systems. The drainage area and major channels of 
the Siwalik system (both main and tributary chan- 
nels) were larger (Willis and Behrensmeyer. this 
issue), and thicker individual overbank sequences 
(up to 11 m) suggest that there were deeper topo- 
graphic depressions on the Siwalik floodplain than 
in the Bighorn Basin system. Flood events carried 
large volumes of sediment via crevasse splays into 
low-lying areas of the Chinji floodplain, and initial 
filling cf floodplain depressions was rapid enough 
to prevent significant bioturbation ( Willis and 
Behrensmeyer, 1994). Sediment input rates may 
have been slightly lower than subsidence rates 
during these periods of aggradation, contributing 
to channel instability and the dominance of cre- 
vasse-splay sedimentation. In contrast to the Chinji 
floodplain setting, situations in which S-10 m of 
fine-grained sediment accumulated rapidly in topo- 
graphic lows were less common on the Willwood 
floodplain, although avulsion-belt sequences are 
now thought to represent such deposits ( Kraus. 
1992; Kraus and Aslan. 1993 ). Floodplain sedi- 
mentation in the Willwood alluvial system included 
significant aggradation during large-scale crevasse- 
splay events, but between such events, alluvial 
ridges were formed through levee aggradation and 
crevasse-splay activity proximal to the major than- 
nels. Overbank sedimentation events associated 
with alluvial ridge formation typically resulted in 



decimeter- to meter-thick beds separated by 
periods of subaerial exposure with root penetration 
and incipient soil formation ( brjwn and Kraus. 
198 1 a; Kraus, 1957 ) s Floodplain sedimentation 
therefore appears to have differed in the two 
systems because Willwood channels were stable 
enough between times of avulsion for crevasse- 
splay activity to build alluvial ridges, while Chinji 
channels apparently shifted too frequently to allow 
significant alluvial ridge formation. 

The most obvious difference in the overbank 
sequences from the two areas is the development 
of the capping paleosols. Progressive stages of 
pcdogenic development are recognized in the 
Willwood Fm., but a similar sequence of immature 
to mature paleosols is not obvious in the Chinji 
Fm, Moreover, Chinji paleosols have fewer clear 
diagnostic soil horizons. This plus the lack of 
organic matter makes assignment of the paleosols 
to modern soil types difficult. The features of 
modern “bangar” and “bhat” soils of the Gangetic 
plain ( Agarwal and Mukerji. 1951 ) suggest these 
modern soils may serve as analogi~cs for some of 
the Chit@ paleosols. Lateral changes occur in 
Chinji paleosols from the central parts of large 
~r~v~~ss~~spi~~y lobes to their margins, but thcsc 
changes take place over distances of a few kilome- 
ters and are small compared with documented 
lateral trends in the Willwood pateosols ( Bown 
and Beard, 1990). Neither the vertical or the lateral 
patterns in paleosol development in the Chinji Fm. 
match the pedofacies model for the Willwood Fm. 

The difI’erenccs in paleosol development can be 
examined in terms of Auvial setting. climate, 
vegetation, and local drainage conditions. The 
Willwood Fm. formed approximately 20” latitude 
farther north than the Chinji Fm. in what is now 
10e temperate zone. Soil features and paleontologi- 
~~1 evidence in the Willwood indicate that the 
pak!oclitnate was humid sub-tropical ( Bown and 
Kraus, 1981a; Wing et at., 1991 ), and the mean 
temperature probably was similar to or slightly 
cooler than that for the Chinji Fm. (Wing et al. 
199 1; Wing arld Greenwood, 1993; see also Wing 
and Hickey. this issue; Koch et al., this issue). The 

modern alluvial soils that appear similar to those 
of the Chinji Fm. occur in areas with about 140 cm 
annual rainfali and a MAT 01’ 25 ‘C ( Agan-wal and 
Mukerji, 1951). The moisture regime in bot;l 
basins would have been affected by the amount of 
discharge from the source areas and by direct 
precipitation on the floodplains. Rainfall appa- 
rently was sufficient in both cases to sustain perma- 
nent woodlands or forests over much of the 
floodplain ( Wing, 1987; Quade et al., 1989; Quade 
and Cerling, this issue: Wing and Hickey. this 
issue). 

In the Chinji Fm., the red color, scarcity of free 
carbon, and magnetic mineralogy indicate that 
paleosols were subject to periods of intense oxida- 
tion. most of which appears to have occurred 
during or shortly after soil formation. Monsoonal 
condirions in the sub-Himalayan belt would have 
caused seasonal fluctuations in the water tables of 
the alluvial plain and intense evapotranspiration 
in the sedimentary basin during the dry season. A 
prolonged dry season would have helped to 
promote oxidation of organic materials, and the 
periods of intense flooding would have contributed 
to channel instability. Buildup of overbank 
sequences occurred primarily during flood cycles. 
Paleosols that developed on crevasse-splay surfaces 
would have changed as these surfaces bccamc more 
cmorgcnt relative to seasonal high stands of‘ the 
water table, with decreased production of iron 
sequioxide nodules and increased flushing of car- 
bonate from the upper soil profiles. Drainage 
continued to be good throughout the period of 
soil development, perhaps in part because clay was 
not abundant in the Chinji sediments and illuvia- 
tion in the Bt horizon was insufficient to cause 
perched water tables. 

In contrast, the preservation of gray, carbon- 
rich A horizons in the Willwood paleosols. the 
dominantly gray hues of’ the primary ovti&nk 
deposits. and the presence of beds with carbonized 
plant remains indicate substantially less oxidation 
in the Bighorn Basin overbank environment, A 
climate promoting equable temperature and mois- 
ture conditions in the Willwood environment 
would have led to more moderate levels of oxida- 
tion favorable for the preservation of organic 
carbon ( Retallack, 1984, 1990). Relatiyiely equable 



rainfall directly 
plain could have 
area discharge and prevented long periods of 
drying of the land surcdces; perched water tables 
and generally subdued topography on the 
Willwood floodplains also could have contributed 
to equable moisture conditions in the soils. 

If these hypotheses are correct, then climate. 
tectonics, and to a lesser extent sediment texture 
acted together to control organic preservation in 
the two sequences. Tectonic processes set the 
relative height of the basin-wide water tables, 
while temperature and rainfall regimes as well 
as drainage conditions in the so& controlled 
levels of oxidation and other curficial processes 
that affected organic remains in the overbank 
environments. 

5. Taphonomic and paleoecologic implications 

Vertebrate remains are abundant in the organic 
A horizons of the Willwood paleosols but rare to 
absent in the Chinji paleosols. Given the amount 
of ion translocation needed to t’orm the mature 
paleosols in the Willwood Fm., it is unclear how 
the abundant bones preserved in the Ao horizons 
of these soils survived destruction by acid dissolu- 
tion and bioturbation. If bones accumulated in the 
Ao horizon throughout the period of pedogenesis 
( Bown and Kraus, 198 1 b; Bown and Beard, 1990), 
then this implies that these remains were not 
adversely affected by the pedogenic leaching that 
mobilized soil cations and clay particles, perhaps 
because conditions were favorable for early per- 
mineralization. Explaining the near-zbscnee ef 
skelek&emain in the Chinji paleosols is somewhat 
easier. High levels of biological activity in the 
Chinji soils would have helped to destroy bones 
through recycling of their organic and inorganic 
components and through physical disruption and 
mixing of the soil matrix. Acidic conditions in the 
upper zone that was leached of carbonate could 
have contributed to bone destruction, and alternat- 
ing wet and dry conditions associated with ferro- 

rinknian. 1970: errard. 1% I ) ah co&j 
bate promoted oxidation o 
acid dissolution of vertebra reover. 
the preservation of fossils in the Chinji abandoned 
channels, where the moisture regime would have 
been relatively stable and oxidation rates lower, 
and where sediment accumulation was rapid, indi- 
cates that survival of bones depended on their 
being protected from the zones of greatest 
pedogenic activity (chemical or biological ) 
( Behrensmeyer, 1988 ). 

There may also be pre-death biases reflected in 
the abundance and distribution of fossil remains 
in the Willwood versus the Chinji Fm. §ince many 
of the Willwood species were smaller in body size 
than those of the Chinji. it is possible that the 
overall production of skeletal remains was greater 
because annual mortality rates are higher for 
smaller animals ( Western, 1980; Behrensmeyer, 
1982) and population sizes usually are larger as 
well. Whether this had any significant effect on the 
abundances of preserved bones in paleosols would 
depend. however, on vertebrate population densi- 
ties on the two alluvial plains ;LiiJ the relative 
intensity of gre-burial destructive processes such 
as carnivory and weathering in the two systen~s. 
There also may have been a greater tendency fol 
animals to congregate and to die around remaining 
sources of water and forage during dry seasons in 
the Chinji ecosystem, i.e., near large- and small- 
scale abandoned channels where most of their 
remains are preserved. 

The paleosol versus channel-fill taphonomic 
modes for vertebrate preservation represent 
dif&;~:nt types of time-averaging and stratigraphic. 
completeness within the overbank sequences. In 
the Chinji Fm., channel fills represent sporadic 
episodes of accumulation, tranqport, and burial of 
skeletal remains derived mainly from the aban- 
doned channel sub-environments. If each episode 
occurred with minima! rev:orking of older bones 
from preexisting deposits, time-averaging would 
be on the order of 100’s to 1000’s of years 
( Fig. ‘/A). The preserved faunas thus could repre- 
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Fig. 7. Compurutive schematic diagram showing overbar,k sequences and palcosols of the Ehinji and Willwood Fms. in relation to 
the hypothesized completeness of the sedimcntologicaI and paleontological record. Black bars indicate the interval over which 
scdimcnt or fossils acculln&ited. The total time spantled by each sequence is estimated at 10.000 to 23.000 yr (see text. Table 1 ). 
For discussion of relative complctcness in text. cuch intcrv;\l on the right hand scale rcprcqcnts 1000 yr. for a total time span of 
10,000 yr. Key to sculu at base of columns: g= gravel. s- sand. z = silt. (*= clay. 

sent whatever ecological conditions occurred in 
the abandoned channel setting over such time 
intervals. In the Willwood Fm., fauna1 remains are 
thought to have been continuously time-averaged 

in soils representing up to lo4 years (stage 4-S 
paleosols) ( Bown and Kraus, 1981 b; Bown and 
Beard. 1990). and thus would reflect changes in 
the local ecology during the progression of a soil 



from stage I to the most mature stage achieved ill 
a particular fossilif33sus stratum. 1e ecological 
signature in the preserved fauna should be strong- 
est for habitats associated with the nms~ mature 
paleosol stage, since this stage presumably would 
represent the longest period of time both for soil 
development and bone accumulation. IIt is possible, 
however, that diagenetic processes were more 
effective at preserving bones in earlier phases of 
soil formation. 

Based on Sadler’s original definition of strati- 
graphic completeness (Sadler, 198 1 ) and the inter- 
pretations given above, the overbank sequences of 
the Willwood Fm. should be more complete at the 
10” yr level than those of the Chinji, because the 
Willwood sequences sample a greater percentage 
of lo3 yr time intervals represented by periods of 
initial sediment accumulation (40% of the lo3 yr 
intervals compared with 10% in the example in 
Fig. 7 ). This is a consequence of somewhat slower 
and more sporadic aggradation in the Willwood 
overbank environment, as evidenced by more fre- 
quent early-stage paleosols in a typical overbank 
sequence. However, floodplain channels such as 
those in the Chinji Fm. provided renetied opportu- 
nities for sedimentation during the time interval 
spanned by an overbank sequence. potentially 
resulting in greater completeness at the 10” yr level 
(e.g., 50% of the 10” yr intervals could be repre- 
sented; Fig. 7A). The higher freqency of channel 
fill deposits in the Chinji Fm. implies that strati- 
graphic completeness at this level of resolution 
could exceed that of overbank sequences in the 
Willwood Fm. ( Fig. 7 ). 

Completeness of the fossil record differs mark- 
edly from that of the stratigraphic record in the 
Willwood Fm. but not in the Chinji Fm. This 
is because fossil accumulation in the Willwood 
occurred mainly during long time intervals of 
paleosol formation when sedimentation had 
slowed or ceased altogether. Paleontological com- 
pleteness at the lo3 yr level thus could exceed 
stratigraphic completeness for the Willwood Fm. 
(40-60%; Fig. 7B). In contrast, the preservation 
of fossils in the Chinji Fm. depended mainly on 
episodes of sedimentation in channel fills, and the 
!03 yr level of paleontological completeness is less 

than or comparable to stratigraphic cornpkteness 

.5.3. 

Given the differences between the architecture 
of the two formations’ overbank sequences, it is 
reasonable to reconstruct the Chinji alluvial plain 
as a complex mosaic of low and high areas that 
did not closely parallel the active channels. In 
contrast, the Willwood alluvial plain appears to 
have been a dominated by linear alluvial ridges 
that paralleled the channels. According to the 
Willwood pedofacies model, there was a unidirec- 
ticnal trend of increasingly mature paleosols. with 
some variation depending on local drainage 
conditions, over the 15-20 km distance from a 
major alluvial ridge to the distal floodplain. This 
undoubtedly provided important ecological gradi- 
b-nts that affected the spatial distributions of many 
Eocene plants and animals. Different habitats rep- 
resented by the Willwood sediments and faunas 
( Bown and Beard, 1990) might have been more 
continuously interconnected along the systems of 
alluvial ridges, helping to promote greater overall 
stability of plant and animal populations through 
time intr3-vals of 10’ - 10’ yrs. In contrast, over the 
iO0 km distance between major channe!s on the 
Chinji alluvial plain (equivalent to a floodplain 
width of 50 km), the iack of marked alluvial ridges 
and the patchwork of low and high area,s would 
have provided a more spatially variable (patchy) 
ecosystem for the Neogene biota. Marked seasonal 
fluctuations in the water table also would have 
made the temporal distribution of resources in this 
environment less predictable. Although both the 
Eocene and Neogene faunas would have been 
displaced to some extent by seasonal flooding, it 
is possible that the Chinji floodplain was subject 
to more long-distance migrations of animals and 
also to colonization by plants that could ihrive in 
frequently disturbed habitats. 

The differing patterns of preservation for verte- 
brate fossils in the Willwood and Chinji Fms. have 
important implications for the paleoecological sig- 
l?ifc,-acc$ _sf *I- L1le pieserved faunas. The Willwood 
paleosol faunas represent samples of the communi- 
ties that existed on floodplain surfaces at varying 



distances from the alluvial ridges (Bown and 
Kraus, 198 1: Bown and Beard, 1990). The fossil 
bones and teeth are autochthonous, or nearly SO, 
and should accurately represent the spatial distri- 
bution of the original populations unless these 
distributions are blurred by the elects of time- 
averaging. In contrast, fossil remains in the Chlnji 
Fm, preferentially sample animais that frequented 
small-scale or abandoned floodplai:l channels and 
other low areas, as well as those that died rhere 
during limes of ecological stress. Although the 
abandoned channels wei e characterized by rela- 
tively low-energy or intermittent flow, many of the 
skeletal remains were transported short distances 
prior to burial (See Bartels et al., this issue). The 
fossil record of the Chinji Fm. therefore provides 
a parautllochthonols or allochthonous record t!lat 
is biased toward greater representation of animal 
species that frequented specific areas of the ovcr- 
bank environment. 

Habitats associated with Chinji abandoned 
channels could have changed during the 1 02- I O-3 
yr intervals of time-averaging, causing faunal 
mixing because of vegctatiod shifts in the deposi- 
tional site, e.g,. a succession from wetter to drier- 
adapted plants or from more to Iess disturbed 
conditions, with associated animal species, as the 
chunncl depressions filled with sediment. In the 
Willwood, cl~angcs in hbit;lt boundarks during 
the NY 10’ yr interval of soil fcmir~tion ds0 c~iild 
have cuuscd mixing of faimal renwins from 
ditkrcnt sub-comt~~unities. Eocene habitat bound- 
aries were stable enough during the periods of 
fossil accumuk~tion, however, that some dit~erences 
in original species distributions apparently were 
preserved ( Bown and Beard, 1990). 

6. Conclusion 

The comparative analysis of the Wilhvood and 
Chin_ii Fms. clarifies similarities and difyerences in 
two terrestrial fossil-bearing sequences and 
demonstrates how direrent processes of overbank 
sediment&ion and pedogenesis affect fossil preser- 

wion and paleoecological information. 
Preservational dift’erences between the Willwood 

and chin_ii Fms. resulted from physical and biolog- 

ical processes operating at diKerent scales. Large- 
scale climatic controls on temperature, rainfall, 
and water-table fluctuations were important in 
pedogrnesis and the destruction or preservation of 
organic materials, and large-scale tectonic pro- 
cesses affected the sizes and stability of major 
channels as well as water table fluctuations. 
Smaller-scale processes of floodplain aggradation 
were responsible for the frequency and distribution 
of overbank channels, areas of active deposition, 
and emergent areas of soil formation on the allu- 
vial plain, thereby controlling the specific sites 
where fossiis accumuiated and were buried. The 
WilIwood and Chinji Fms. have generally compa- 
rable overbank sequences, app:lrrnt!y because of 
similarities in the way floodplain deposition occurs 
in episodes of crevasse-splay or avulsion-belt 
activity combined with varying proportions of 
levee progradation and sheet flooding. However. 
because of differences in soil tnoisture and perme- 
ability, oxidation rates, and perhaps also soil biota, 
the Willwood Fm. has a rich fossil record preserved 
in carbonaceous mudstones and paleosols that cap 
the overbank sequences, while the Chinji Fm. has 
abundant fossils only in environments such as 
abandoned channels that were not subject to 
intense peneconteinporaiieoiis recycling of organic 
materials. 

The Chinji fossil record is primarily associated 
with abandoned channel tills, but many of the 
preserved organisms probably did not spend most 
of their Iives in this environment. Paleoecological 
information such as species richness, which is 
based on the vertebrate assemblages, is “decou- 
pled” from paleoenvironmental information that 
can be inferred from Chinji Fm. paleosols and 
their isotopic record. This means that although we 
can reconstruct the scale and lateral variability of 
the Chinji Fm. overbank environment and show 
that it was vegetated by forest or woodland, we 
cannot show how the animals were distributed 
across the land surface because of the taphonomic 
bias against preservation of vertebrates in the 
paleosols. This contrasts with the paleontological 
record of the Willwood Fm., where autochthonous 
fossil assemblages are preserved in the paleosols 
and are associated with paleoenvironmental infor- 
mation that can be derived from these paleosols. 



In this instance, it a 
different vertebr:lte spe 

ear 990). 
mean that ii~fori~latio~~ on spatial pale 
is entirely ‘lacking in the Chinji Fm.. 
because it is possible to compare faunas in different 
types of channel fills or from place to place across 
the basin as a whole. 

The final issue to consider is what effects differ- 
ing taphonomic and paleoecological circumstances 
:&ght have on the evolutionary record of faunas 
in the two sequences. Willwood paleosols provide 
a time-averaged sample of populations that would 
combine specimens representing short-term mar- 
phological changes over IO”-- 10’ yrs, so variability 
in quantitative features such as molar length might 
be somewhat greater than for a population repre- 
senting any given poinr in time. The Willwood 
fossil assemblages should be comparable in this 
respect, however. and because they occur through- 
out the formation, they provide samples well- 
suited for documenting long-term morphological 
trends (Gingerich. 19S0. 1982; Rea et al., 1990; 
Behrensmeyer, 1982: Badgley and Gingerich, 
1988). Such samples also are appropriate for 
recording extinction and immigration events within 
the habitats rcpresentcd by the fauna1 assemblages. 
Because of this fine-scale association of faunas ;\nd 
habitats, however, individual assemblages mighI 
not record immigration or speciation ew~ts occur- 
ring in habitats that are not we&represented by 
the paleosol assemblages. In the Chinji Fm., poten- 
tial eflnects of habitat specificity in the faunas are 
at least somewhat countered by taphonomic pro- 
cesses that mixed species from different habitats, 
and perhaps also by ecological processes such as 
migrations that redistributed faunas over the 
floodplain. This spatial and temporal mixing 
should make Chinji fossil assemblages more suit- 
able for recording basin-scale immigration and 
extinction events ( Barr:; et al., 1990, 1991 ). The 
smaller population samples provided by the Chinji 
channel-fill assemblages and the somewhat unpre- 
dictable stratigraphic oc&rrence of this context 
makes them less ideal for following detailed evolu- 
tionary trends in vertebrate lineages. 

The emphasis in the preceding discussions has 

There is. howev 
tl!at may be reflected in these differences. The 
combined evidence suggests that the Eocene over- 
bank environments were relatively stable during 
periods of fossil accumulation, as were the associ- 
ated vegetational habitats and faunas, whereas the 
Chinji overbank environments and biotas were 
subject to a less equable temperature and water 
table regime. This could have resulted soley from 
differences in basin-scale tectonics and climate, but 
it might also reflect global-scale differences in the 
climates of the Eocene versus the Miocene. Further 
compilrative work on the paleoenvironments and 
taphonomy of other Paleogene and Neogene fossil- 
bemiring sequences will be necessary to test this 
hypothesis. 
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