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ABSTRACT
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from leaf-margin analysis of floral assemblages in the Willwood Formation (e.g., Wing et al., 2005). The PETM was coincident with significant changes in both marine and continental biotic communities, including a mass extinction in benthic foraminifera (Thomas, 1998) and a
dramatic turnover in fossil mammal faunas in North America (Gingerich
and Clyde, 2001). The CIE and global warming likely resulted from a
large release of 13C-depleted carbon to the atmosphere (Zachos et al.,
2005). Proposed carbon sources include destabilized methane clathrates
from continental shelf deposits (e.g., Dickens et al., 1995), combustion
of shallowly buried coal or peat (Kurtz et al., 2003), or thermogenic
methane from volcanic and hydrothermal vent complexes (e.g., Svensen
et al., 2004; Storey et al., 2007).
While there is little doubt that temperatures and atmospheric CO2 levels increased substantially during the early Eocene, interpretations differ
as to the effects on the regional precipitation patterns and paleohydrologic
regime. Global climate modeling studies have interpreted increased precipitation in the Bighorn Basin during the PETM interval (Koch et al.,
2003; Shellito et al., 2003; Bowen et al., 2004). Studies of fossil floras
(Wing et al., 2005) and changes in the sedimentology, morphology, and
geochemistry of paleosols through the PETM (Kraus and Riggins, 2007)
suggest sharp declines in precipitation through this time.
Willwood alluvial deposits and paleosols contain a diverse and abundant assemblage of plant, invertebrate, and vertebrate trace fossils (Bown
and Kraus, 1983; Hasiotis et al., 1993; Smith et al., 2008a, 2008b). These
trace fossils likely represent soil biota with specific paleoenvironmental,
paleohydrologic, and paleoecologic habitat preferences (e.g., Wallwork,
1970; Hasiotis et al., 2007). The primary limiting factor on the distribution and diversity of continental organisms in modern environments is
the availability of fresh water (Hasiotis et al., 2007). Changing paleoclimatic and paleohydrologic conditions during the PETM likely influenced
the diversity, distribution, and abundance of soil-dwelling organisms
based on their requirements for or tolerances of different soil moisture
regimes. Terrestrial and freshwater invertebrates, in particular, are sensitive to moisture and temperature conditions because they must avoid desiccation and overheating, extreme highs and lows in soil-moisture levels,
and excess carbon dioxide and hypoxic soil conditions (e.g., Hasiotis,
2007, and references therein). The trace fossils of soil-dwelling organisms
that shared similar sediment moisture requirements and tolerances should
occur together stratigraphically as distinct assemblages or ichnocoenoses.
Thus Willwood ichnocoenoses are important in situ indicators of the paleoenvironment, paleohydrologic regime, degree of pedogenesis, and paleoclimatic setting during the time of their formation.
This paper describes ichnocoenoses—proxies for above- and belowground soil biotic communities—in alluvial deposits of the Willwood
Formation, Bighorn Basin, Wyoming, from before, during, and after the
PETM. The well-studied sedimentology and paleopedology of the Willwood Formation, abundant ichnofossils, and known stratigraphic position
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Vertical changes in distribution, abundance, and ichnodiversity of
ichnocoenoses in alluvial deposits of the Willwood Formation suggest
significantly drier moisture regimes in the Bighorn Basin, Wyoming,
during the Paleocene–Eocene Thermal Maximum (PETM), a transient period of global warming. The Willwood Formation at Polecat
Bench contains an abundant assemblage of ichnofossils, including
various types of rhizoliths and invertebrate trace fossils, such as Naktodemasis bowni, Camborygma litonomos, Edaphichnium lumbricatum,
cf. Cylindricum isp., cf. Planolites isp., cf. Steinichnus, and cocoon
traces. These comprise six distinct ichnocoenoses, which are categorized as dominantly terraphilic, hygrophilic, or hydrophilic based on
the inferred moisture regimes of their most abundant ichnofossil
morphotypes and associated pedogenic features, including other trace
fossils and rhizoliths. The interpreted moisture regimes correlate well
with the paleoenvironments of their host lithofacies, as inferred from
sedimentology and paleopedology. Outside the PETM interval at
Polecat Bench, abundant avulsion deposits and thin, compound paleosols containing hygrophilic and hydrophilic ichnocoenoses suggest
frequent depositional events and predominantly poor to imperfect
soil-drainage conditions. Within the PETM interval, thick, cumulative paleosol profiles with abundant terraphilic to hygrophilic ichnocoenoses suggest significantly improved drainage conditions. Lithofacies and ichnocoenoses above the PETM interval are not significantly different from those below the interval, indicating a return to
pre-PETM moisture regimes. These conclusions support previous
studies that suggest the Bighorn Basin experienced transient drying
during this interval. This study demonstrates that ichnocoenoses and
their ichnopedologic associations can be used to refine paleohydrologic and paleoclimatic generalizations inferred from paleoclimate
models.
INTRODUCTION
The Paleocene–Eocene Thermal Maximum (PETM), a transient episode of global warming, is recorded worldwide in ⬃55 Ma continental
and marine deposits by a ⫺2‰–6‰ carbon isotope excursion (CIE) in
carbonate and dispersed organic carbon sources (e.g., Koch et al., 1992;
Bowen et al., 2001; Bains et al., 2003; Magioncalda et al., 2004). Multiple
lines of evidence suggest that temperatures increased dramatically in the
Bighorn Basin during the PETM. Mean annual temperature (MAT) may
have increased by 3⬚–7⬚C from late Paleocene estimates to ⬃26 ⬚C based
on oxygen-isotope compositions of carbonate nodules (Koch et al., 2003),
tooth enamel and gar scales (Fricke et al., 1998), and Fe oxides (Bao et
al., 1999). These estimates are in general agreement with those derived
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FIGURE 1—Location of the Polecat Bench study area and other exposures of Willwood Formation strata deposited during the Paleocene–Eocene Thermal Maximum
(stars). Modified from Bown and Kraus (1981).

of the CIE at Polecat Bench offer an opportunity to test how soil communities responded to changing paleohydrologic and paleoclimatic conditions through the PETM. Changes in the distribution, ichnodiversity,
and abundance of ichnocoenoses may also help to resolve conflicting
paleoprecipitation and paleohydrologic interpretations for the Bighorn
Basin during the PETM global warming event.
GEOLOGIC SETTING
The basal ⬃100 m of the Paleogene Willwood Formation crop out at
the southern end of Polecat Bench—a Pleistocene river terrace extending
south-southwest from Montana into northern Wyoming (Fig. 1). The
Willwood Formation is a late Paleocene–early Eocene alluvial succession
up to 1400 m thick that was deposited during Laramide structural development of the Bighorn Basin in northern Wyoming (Neasham and
Vondra, 1972; Gingerich and Clyde, 2001). The formation is composed
of three primary lithofacies. The first is massive mudrock interpreted as
overbank deposits on which moderately to well-developed soils formed
(Kraus and Aslan, 1993). These are interbedded with the second lithofacies, heterolithic units composed of thin ribbon sandstone and mudrocks
interpreted as crevasse-splay deposits generated by channel avulsion.
They show weak soil development (Kraus, 1996). The third lithofacies
is composed of thick, multistoried sheet-sandstone bodies interpreted as
the channel deposits of meandering rivers (Kraus and Middleton, 1987;
Kraus, 2001). Thick channel sandstone bodies are present in the study
area at Polecat Bench, though these are outside the measured section
containing the PETM interval (Gingerich, 2001).
Polecat Bench is the most studied location for the PETM in continental
deposits. Isotopic analyses of pedogenic carbonates (Koch et al., 1992;
Bowen et al., 2001) and dispersed organic carbon from bulk rock samples
(Magioncalda et al., 2004) indicate that a ⬃40 m interval of the Willwood Formation at Polecat Bench was deposited during the PETM. The
PETM interval is also distinguished by two distinct mammalian faunas:
the Wasatchian Meniscotherium (Wa-M) and the Wasatchain-0 (Wa-0)
biozones (e.g., Gingerich, 2001, 2003; Magioncalda et al., 2004). The
Wa-M biozone represents the first appearance of Meniscotherium and
starts several meters above the onset of the PETM (Fig. 2). The Wa-M
fauna is replaced by the Wa-0 fauna, which is composed of the first
artiodactyls, perissodactyls, hyaenodontids, and true primates in North
America. The two faunas roughly correspond with the main body of the
PETM interval and represent an abrupt and permanent turnover in North
American fossil mammal assemblages.

FIGURE 2—Composite measured section of the Willwood Formation at Polecat
Bench. Shaded area highlights the Paleocene–Eocene Thermal Maximum interval.
North American Land Mammal Age (NALMA) and biozone information modified
from Magioncalda et al. (2004); ␦13C isotope stratigraphy modified from Bowen et
al. (2001) and Bains et al. (2003).
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METHODS
We excavated an ⬃80 m section in the Willwood Formation from ⬃20
m below to ⬃20 m above the ⬃40 m PETM interval at Polecat Bench (Fig.
2). The stratigraphic position of the PETM interval was based on previous
stable isotope studies (Koch et al., 1992; Bowen et al., 2001). Stratigraphic
units were characterized in the field by color, grain size, sedimentary structures, mottle colors, nodule types and abundance, and slickensides. Colors
were described from fresh, dry samples using Munsell soil color charts (Munsell Color, 2000). All units were measured with a Jacob staff and sighting
level. The stratigraphic position and relative abundance of trace fossils were
recorded for each stratigraphic unit. Burrows were described according to
their architectural and surficial burrow morphology and burrow fill (e.g., Hasiotis and Mitchell, 1993; Hasiotis et al., 1993).
Ichnocoenoses were based on stratigraphically repeating assemblages
of trace fossils identified by both field observations and a cluster analysis
of ichnologic data. Pedosedimentary characteristics of host rocks were
not factored into the construction of ichnocoenoses. Ichnologic data were
modified to form a matrix consisting of the relative abundances of individual trace-fossil types in each stratigraphic unit. Stratigraphic units with
single-occurrence ichnotaxa and rarely occurring ichnofossil types were
not included because cluster analyses define groupings based on most
frequent associations. The final ichnofossil abundance matrix contained
six rows of ichnofossil types and 72 columns of stratigraphic units showing multiple ichna. A hierarchical Q-mode cluster analysis was performed
using the unweighted pair group method with the Pearson correlation
coefficient and was implemented using the software package PAST 1.80
(Hammer et al., 2001). Ichnocoenoses were named based on the predominance of a particular ichnotaxon or associated ichnotaxa. The presence
of rare trace fossils or uncommon associations was not used as a basis
for identifying specific ichnocoenoses. Chi-square tests of independence
(2) were preformed to evaluate relationships between the distribution of
ichnocoenoses and the PETM interval.
Qualitative estimates of drainage conditions throughout the measured
section are based on pedosedimentary characteristics of lithofacies and
the inferred paleohydrologic regime of ichnocoenoses present. Relative
drainage conditions of lithofacies were assessed as poorly, imperfectly,
moderately, or well-drained regimes and assigned a rank of 1, 2, 3, or 4,
respectively, based on the dominant matrix colors, grain sizes, and presence or absence of such pedogenic features as carbonate nodules, ironoxide nodules, or clay slickensides. Individual soil horizons within compound and cumulative paleosols were ranked as separate stratigraphic
units. Estimated drainage conditions from ichnocoenoses were similarly
ranked and based on the morphology of trace fossils compared to modern
trace morphologies in continental environments, inferred paleohydrologic
preferences of the likely trace-making organism, and the presence and
abundance of rhizoliths that suggest better or poorer drainage. Lithofacies
and ichnocoenoses rankings were then averaged together to better constrain the predominant drainage conditions at a given stratigraphic level.
It should be noted that ichnocoenoses drainage estimates are not truly
independent of lithofacies associations because the paleohydrologic regime inferred for some trace fossils, by necessity, is based in part on
their most common lithologic and paleopedologic associations from elsewhere in the Willwood Formation or in other continental deposits. We
used nonparametric Kruskal-Wallis tests (H) to evaluate differences in the
ranked estimated drainage conditions from below, within, and above the
PETM interval. Chi-square and Kruskal-Wallis statistical tests were performed using Minitab Statistical Software (Minitab Inc., 2003).
LITHOFACIES
Willwood Formation deposits at Polecat Bench are composed of two
primary lithofacies: varicolored massive mudrocks and heterolithic units
composed of sandstone and drab-colored mudrocks. The distinction between the two lithofacies is based largely on grain-size differences and
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the presence or absence of such features as mottles, nodules, clay slickensides, rhizoliths, and other trace fossils (e.g., Kraus and Aslan, 1993;
Kraus, 1996; Kraus and Gwinn, 1997).
Massive-Mudrock Lithofacies
Description.—Red, yellow-brown, brown, and purple, 0.3–3.0 m thick
beds of claystone, mudstone, and siltstone, all pedogenically modified to
varying degrees. Primary sedimentary structures are absent, and nearly all
beds contain distinct mottles, carbonate or Fe-oxide nodules, rhizoliths and
other trace fossils of various types and abundances, and clay slickensides.
Interpretation.—The massive-mudrock lithofacies is interpreted as finegrained overbank deposits on which moderately to well-developed paleosols formed (e.g., Kraus and Aslan, 1993; Kraus, 1996, 2002). Most of
the paleosols are composed of several horizons distinguished primarily
by vertical changes in grain size, color patterns, and such features as
mottle color and intensity and presence of carbonate nodules, Fe-oxide
nodules, rhizoliths, other trace fossils, and clay slickensides. Typical paleosol profiles consist of one or more beds of red, yellow-brown, brown,
or purple mudrocks containing distinct pedogenic features and interpreted
as soil B horizons. These may be overlain by gray to green-gray mudstones to sandy mudstones interpreted as soil A horizons. Soil A horizons
are absent in many profiles, however, likely due to truncation or to incorporation into aggrading profiles as B horizons. B horizons generally
grade downward into coarser-grained units forming the base of the profiles and interpreted as C horizons.
Matrix colors and pedogenic features preserved in the B horizons are
used to interpret the hydrologic regime and redox conditions of the original soils. Red, brown, and yellow-brown matrix and mottle colors are
due to a mix of hematite (Fe2O3) and goethite (FeO(OH)), each of which
precipitates under different hydrologic regimes (e.g., Bigham et al., 1978;
Schwertmann and Taylor, 1989; Schwertmann, 1993). In general, the
greater the percentage of hematite, the redder the color and better drained
the original soil or soil feature. Purple colors are produced by sparse and
widely distributed hematite grains in the absence of goethite (e.g., Wright
et al., 2000; Kraus, 2001), whereas gray paleosol features are nearly devoid of both hematite and goethite (e.g., PiPujol and Buurman, 1994).
Purple and gray colors imply imperfectly drained soil conditions and
likely resulted from gleying, the reduction and mobilization of Fe oxides,
under prolonged saturated conditions and in the presence of organic matter (Bigham et al., 1978; Torrent et al., 1980).
Calcium carbonate is present in many paleosols, particularly within the
PETM interval, as nodules or in association with rhizoliths and burrows.
These types of carbonate accumulations indicate at least moderately to welldrained soil conditions during the time of their precipitation (PiPujol and
Buurman, 1997). Iron-oxide nodules, however, form in response to prolonged
soil saturation and indicate imperfectly to poorly drained soil conditions (Vepraskas, 1999). Pedogenic slickensides are common in Willwood paleosols
and are formed by the shrinking and expansion of smectitic clays caused by
seasonal wetting and drying (e.g., Yaalon and Kalmar, 1978).
The degree of paleopedogenic modification was controlled primarily
by variations in the rate and volume of sediment accumulation and drainage conditions during pedogenesis (e.g., Bown and Kraus, 1987; Kraus
and Aslan, 1993; Kraus, 1996, 2002). The paleosol lithofacies is further
divided into separate pedofacies according to the dominant matrix colors
for the purpose of description and paleohydrologic interpretation.
Red Paleosols.—Red (5R–10R) mudstone to sandy mudstone beds (⬍1
m thick) containing common to abundant gray, yellow-brown, and purple
mottles, as well as abundant carbonate nodules, moderately developed
slickensides, and abundant rhizoliths of various types (Figs. 3A–B). Red
matrix colors (hematite), along with abundant carbonate rhizoliths and
nodules, indicate that red paleosols were oxidized and at least moderately
drained most of the time (e.g., Schwertmann, 1993). Pervasive gray and
yellow-brown mottles and clay slickensides suggest these soils experienced seasonal wetting and drying (e.g., Aslan and Autin, 1998).
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FIGURE 3—Measured sections through the different pedofacies at Polecat Bench. A) Red paleosol with multiple B horizons. B) Vertically stacked red paleosols. C)
Vertically stacked yellow-brown and brown paleosol profiles. D) Vertically stacked brown paleosol profiles. A, B, or C ⫽ A, B, or C horizon; BC ⫽ transitional between
B and C horizons; g ⫽ gleyed horizons; k ⫽ carbonate accumulations. Numbers following horizon types indicate subdivisions based on different morphological properties.
Numbers on left ⫽ stratigraphic position in meters from base of composite measured section.

Yellow-Brown Paleosols.—Thin (⬍1 m thick) beds of yellow-brown
(10YR) mudstone to sandy siltstone are commonly interbedded with gray
to green-gray, fine-grained sandstone (Fig. 3C). Gray to diffuse red mottles, yellow-brown nodules, and rhizoliths are common, whereas carbonate nodules and slickensides are rare. Rhizoliths and mottles in bounding
gray sandstones are sparse when present. Yellow-brown matrix colors are
due to goethite, which forms under wetter moisture conditions than hematite in modern soils (Schwertmann and Taylor, 1989). The presence of
goethite, in addition to the sparse carbonate nodules and weakly developed slickensides, suggest that yellow-brown paleosols were less well
drained than red paleosols (Kraus and Riggins, 2007).

Brown Paleosols.—Brown (5YR) mudstone to sandy siltstone beds
(⬍1.5 m thick) are characterized by red and yellow-brown mottles, abundant organic flecks, and locally common rhizoliths (Fig. 3D). Carbonate
nodules and weakly developed slickensides are sparse, when present. A
single brown paleosol horizon is commonly interbedded within profiles
otherwise dominated by red or yellow-brown horizons. Brown matrix
colors, abundant organic matter, and sparse carbonate nodules suggest
soil moisture conditions wetter than red paleosols (Kraus and Riggins,
2007).
Purple Paleosols.—Purple (5P–5RP) claystone to siltstone beds up to
1 m thick characterized by common gray and yellow-brown mottles—
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paleopedogenic development of these deposits suggests that sediment accumulation rates for the avulsion deposits exceeded rates of pedogenesis.
This is consistent with the rapid floodplain aggradation observed in some
modern avulsion-dominated fluvial systems, where up to three meters of
avulsion belt sediments were deposited in 100 years (e.g., Smith et al.,
1989). The sparse carbonate and relatively high organic content of most
avulsion deposits indicate that they were generally poorly drained and
exposed for only brief periods of time (Kraus and Hasiotis, 2006).
Lithofacies above and below the PETM Interval

FIGURE 4—Measured sections through different lithofacies and pedofacies at Polecat Bench (see key in Fig. 3). A) Purple paleosol profile. B) Thick, heterolithic
interval with multiple insipient paleosol profiles suggested by rhizolith and burrow
concentrations. C) Thick, cumulative paleosol profile with multiple B horizons suggests different paleohydrologic conditions and a complex, polygenetic development.
A, B, or C ⫽ A, B, or C horizon; g ⫽ gleyed horizons; k ⫽ carbonate accumulations; ss ⫽ slickenside. Numbers following horizon types indicate subdivisions
based on different morphological properties. Numbers on left ⫽ stratigraphic position in meters from base of composite measured section.

commonly surrounding yellow-brown nodules and rhizoliths—and large,
well-developed slickensides (Fig. 4A). Purple mudrocks are sometimes
interbedded as single horizons within red or brown paleosols. Purple matrix colors, pervasive gray mottling, yellow-brown nodules, and the near
absence of carbonate suggest poor drainage and strongly reducing conditions in these soils.
Heterolithic Lithofacies
Description.—These are laterally extensive, 0.5–3.0-m-thick deposits
composed of medium gray (N5) to green-gray (5GY), fine-grained sandstone interbedded with or fining upward to mudstone (Fig. 4B). Sandstones are mostly massive, though thin relict beds of wavy to crossbedded laminae are present in some units. Sandstones commonly show
faint mottles, sparse calcite nodules, rhizoliths, and other trace fossils,
especially when overlain by paleosols. Incipient pedogenic development
is more common in the mudrocks of this lithofacies and is characterized
by faint yellow-brown or purple mottles, common black organic flecks,
poorly to moderately developed slickensides, and sparse carbonate nodules and rhizoliths. The body fossils of bivalves and gastropods are common locally in heterolithic lithofacies sandstones and mudstones.
Interpretation.—The heterolithic lithofacies is interpreted as the crevasse splays and distributary channels of avulsion belt deposits (Kraus,
1996; Kraus and Wells, 1999). Avulsion deposits are volumetrically important in the Willwood Formation and typically constitute 50%–80% of
fine-grained intervals (Kraus, 2001; Clyde and Christensen, 2003). Weak

Approximately 35% of the measured section below and above the
PETM interval is composed of moderately to well-developed paleosols.
These are typically ⬍1 m thick and consist of one to two red, yellowbrown, brown, or purple soil B horizons. Rhizoliths and other trace fossils
tend to increase in abundance toward the tops of these soil profiles. Paleosols are interbedded with 1–4 m of avulsion belt deposits. Relict bedding, dispersed organic matter, and molluscan body fossils are common
features of avulsion deposits outside the PETM interval, though most
show some degree of paleopedogenic modification. Calcite, as pedogenic
nodules, rhizocretions, and carbonate-filled burrows, is common in red
paleosols and some sandstone beds, though far less abundant than in
PETM interval strata.
The predominance of avulsion deposits (⬃65% of the strata) and thin,
simple paleosol profiles outside the PETM interval suggest that sedimentation was fairly rapid and nonsteady. Paleosols are characteristic of compound soils that form in highly aggradational settings (e.g., Marriott and
Wright, 1993; Kraus, 1999). These simple soil profiles developed on overbank sediments that accumulated gradually—perhaps annually—on the
Willwood floodplain. Relatively frequent avulsion of trunk rivers, however, quickly buried the soils, effectively isolating them from further pedogenesis.
Lithofacies within the PETM Interval
Paleosols constitute ⬃55% of the strata within the PETM interval at
Polecat Bench. These paleosols range from 1 m to 3 m thick and show
at least two, and up to nine, red, yellow-brown, brown, or purple horizons.
The paleosols are generally finer grained than those outside the PETM
interval. Rhizoliths and other trace fossils are more abundant and vertically distributed throughout the thicker paleosol profiles. Soil carbonate
is prevalent throughout but is particularly abundant in red paleosol profiles. Avulsion deposits are more widely spaced vertically than those outside the PETM interval. These deposits also show increased bioturbation
and paleopedogenic modification and far fewer molluscan body fossils.
Thicker paleosol profiles, widely spaced avulsion deposits, and overall
increases in pedogenically modified deposits within the PETM interval
suggest a decrease in the rate of sediment accumulation and longer periods of subaerial exposure on the Willwood floodplain during the PETM
at Polecat Bench. Most paleosols within the PETM interval are characteristic of cumulative soils that form when sedimentation rates are steady
but of low volume relative to the rate of pedogenesis (Marriott and
Wright, 1993; Kraus, 1999). Cumulative paleosols typically contain multiple B horizons that indicate varying moisture conditions based on different matrix colors, pedogenic features, and trace-fossil assemblages
(Figs. 3A, 4C).
ICHNOLOGY
Ichnofossils are described in the order of their relative abundances at
Polecat Bench and numbered as types, beginning with rhizoliths (types
1–5), and then invertebrate trace fossils (types 6–12). Ichnofossil types
are categorized into behavioral groups that probably represent sediment
moisture conditions at the time of trace formation and are based on the
water needs and tolerances of the most likely trace maker, comparisons
of trace-fossil morphology with traces produced in modern continental
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FIGURE 5—Rhizoliths commonly observed at Polecat Bench. A) Rhizohaloes in a red paleosol horizon. Note the transition from gray in the center (Fe depletions) to
purple surrounded by thin, bright red neoferrans (Fe concentrations). B) Type 2a calcareous rhizocretion surrounded by powdery carbonate-filled type 2b rhizocretions. C)
Type 2a calcareous rhizocretions tapering to branched type 2b rhizocretions. D) Carbonaceous roots (arrow) preserved in a purple paleosol. E) Manganiferous rhizocretions
(arrows) weathering out of a heterolithic interval. Note shape and spacing suggestive of large root systems or casts of small trees. F) Sandstone-filled rhizolith (arrow) in
a brown paleosol horizon.

environments, or, in some cases, the paleohydrologic conditions implied
by the most common lithofacies associations (e.g., Hasiotis, 2002, 2004,
2007). These behavioral groups are (1) terraphilic—organisms living
within the vadose zone for which high soil moisture is a limiting factor;
2) hygrophilic—organisms living within the vadose zone for which low

soil moisture is a limiting factor; and 3) hydrophilic—organisms living
below the water table within a soil or living on or below the sediment
surface in open bodies of water. Rhizoliths (types 1–5) are interpreted as
fossil-root traces and, as such, are all considered hygrophilic traces (Hasiotis, 2004), though the various preservational styles of rhizoliths clearly
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suggest the presence of some phreatophytes and different paleohydrologic
regimes (Kraus and Hasiotis, 2006).
Type 1—Rhizohaloes (Fig. 5A)
Description.—Vertical to subvertical; sometimes downward tapering
and commonly branching; yellow-brown, purple, or gray mottles with up
to 300 mm circular cross sections and subvertical lengths up to 1000 mm,
commonly with red or purple rims.
Associations.—Rhizohaloes are nearly ubiquitous in red, yellow-brown,
brown, and purple paleosols, commonly as the only visible biogenic
structure. The largest and most distinct examples are present in red paleosols. Rhizohaloes are associated with calcareous rhizocretions (type
2), sediment-filled rhizoliths (type 5), Naktodemasis bowni (type 6), Camborygma litonomos (type 9), cf. Steinichnus isp. (type 11), Edaphichnium
lumbricatum (type 10), and cf. Cylindricum isp. (type 7).
Interpretation.—The branching patterns and circular cross sections suggest that the mottles are depletion zones resulting from surface-water
gleying within and adjacent to ancient roots (Kraus and Hasiotis, 2006).
Root channels are particularly susceptible to gleying because of the presence of organic matter (e.g., Schwertmann, 1993). As waters move away
from the root channel to better-oxygenated parts of the soil, the mobilized
iron is oxidized and precipitated as neoferrans—red and purple rims associated with mottles and traces. Such redoximorphic features are common in modern soils that experience saturated soil conditions for part of
the year, followed by periods of better drainage and lower water tables
(Bigham et al., 1978; Torrent et al., 1980).
Type 2a–2b—Calcareous Rhizocretions (Figs. 5B–C)
Description.—These represent two types: (1) type 2a includes subvertical,
often downward-tapering and branching, 10–50-mm-diameter tubular structures up to 400 mm long containing solid to powdery calcite, commonly
surrounded by calcareous networks or rhizohaloes (Fig. 5B), and 2) type 2b
includes often downward-tapering, 1–5-mm-diameter structures showing a
high degree of branching, up to 200 mm long, and containing powdery
calcium carbonate, typically within rhizohaloes (Fig. 5C).
Associations.—Both types of calcareous rhizocretions are abundant in
red, yellow-brown, and brown paleosols and in gray and green-gray sandstones that underlie these paleosols. Type 2a rhizocretions are most prevalent in red paleosols and purple paleosols, commonly to the exclusion
of other forms of pedogenic calcite, and in close association with rhizohaloes (type 1), C. litonomos (type 9), N. bowni (type 6), and cf. Cylindricum isp. (type 7).
Interpretations.—Type 2a rhizocretions are interpreted as the primary
roots or taproots of shrubs and other small plants based on their predominantly subvertical orientation and relatively large diameters. Modern
plants, except for monocotyledonous angiosperms, develop taproots to
extend into the upper vadose zone of well-drained soils where soil moisture is high but not saturated (Aber and Melillo, 2001). Type 2b rhizocretions are interpreted as the shallow root systems of smaller vegetation
or smaller-diameter, lateral roots. Calcareous rhizocretions indicate episodic saturation of the ancient soils; that is, as soil drainage improved,
calcite was precipitated within and around the previously saturated root
channels (PiPujol and Buurman, 1997; Kraus and Hasiotis, 2006).
Type 3—Carbonaceous Root Fossils and Trace Fossils (Fig. 5D)
Description.—Vertical to subvertical, filamentous, laterally and downwardtapering, branching black structures, 0.5–2.0 mm in diameter.
Associations.—Root fossils are sparse in brown and purple paleosols
but are more common in the mudrocks of heterolithic deposits in association with sediment-filled rhizoliths (type 5). Carbonaceous rhizoliths
are rare in red paleosols but are sometimes found in the center of type
2a calcareous rhizocretions in these units.
Interpretation.—These are interpreted as the original organic remains
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of ancient roots within the traces of the root channels (Kraus and Hasiotis,
2006); in essence, these are body fossils found within their trace fossils.
The preservation of organic matter suggests rapid burial or anoxic soil
conditions resulting from high water tables (McCabe and Parrish, 1992).
Type 4—Manganiferous Rhizocretions (Fig. 5E)
Description.—Black to dark brown, vertical to subvertical, downwardtapering, rarely branching, roughly cylindrical structures 20–500 mm in
diameter and ⱕ750 mm long. Type 4 rhizocretions are composed of black
micronodules (⬍1 mm in diameter) of manganese oxides and goethite
(Kraus and Hasiotis, 2006).
Associations.—The largest and best preserved manganiferous rhizocretions are found in heterolithic deposits. Much smaller (⬃40 mm long
and 10–30 mm in diameter) examples of these traces are sometimes preserved in yellow-brown and brown sandy mudstones. Associated ichnofossils include sediment-filled rhizoliths (type 5), cf. Cylindricum isp.
(type 7), cf. Planolites isp. (type 8), and rare C. litonomos (type 9).
Interpretation.—These are interpreted as in situ stump casts of trees or
root systems of larger plants living on poorly drained soils (Kraus, 1988;
Kraus and Hasiotis, 2006). Manganese accumulations are common in
poorly drained, though not saturated, modern soils (e.g., Schwertmann
and Fanning, 1976), and their precipitation is likely promoted by
manganese-oxidizing microorganisms (e.g., Konhauser, 1998).
Type 5—Sediment-Filled Rhizoliths (Fig. 5F)
Description.—Subvertical, often downward-tapering and branching,
2–20 mm diameter, cylindrical structures composed of sandstone or, less
commonly, mudstone.
Associations.—Sediment-filled rhizoliths are found at the top of brown,
yellow-brown, and gray mudstone units overlain by sandstone. Associated trace fossils include type 3 and type 4 rhizoliths, cf. Cylindricum
isp. (type 7), and cf. Planolites isp. (type 8).
Interpretation.—These are interpreted as root pathways infilled with
sediments, left open by decay of the original root, based on their dendritic
morphology and comparison to modern root morphologies (Glinski and
Lipiec, 1990).
Type 6—Naktodemasis bowni (Figs. 6A–B)
Description.—Sinuous, variably oriented, unbranched, and unlined burrows composed of a nested series of ellipsoidal, menisci-backfilled packets. Burrows are from 1 to ⬎150 mm long and have circular to elliptical
cross sections 0.7–14 mm in diameter. Packets are backfilled with thin,
discontinuous, and texturally homogeneous meniscate laminae. The meniscate backfill is typically accentuated by alternating colors that correspond to matrix and mottle colors of the host rock. Burrow walls exposed
in the matrix are rare, and nearly all specimens are natural cross sections.
Associations.—Naktodemasis bowni are present in groups of tens to
thousands of individuals in nearly all deposits at Polecat Bench but are
most abundant in red, yellow-brown, brown, and purple paleosols in close
association with type 1 and type 2a–2b rhizoliths. Associated ichnofossils
include C. litonomos (type 9), cf. Cylindricum isp. (type 7), cf. Steinichnus isp. (type 11), E. lumbricatum (type 10), cf. Planolites isp. (type
8), and cocoon traces (type 12).
Interpretation.—Naktodemasis bowni are interpreted as the intermittent
locomotion and dwelling traces of burrowing insects—most likely burrower bugs (Hemiptera: Cydnidae), cicada nymphs (Hemiptera: Cicadae),
and less likely scarabaeid (Coleoptera: Scarabaeidae) or carabid (Coleoptera: Carabidae) beetles, based on burrow morphology and comparison
to traces produced by these organisms in modern soils (Smith et al.,
2008b). Extant cydnids excavate backfilled burrows in well-rooted soils
with 7%–37% moisture content (Willis and Roth, 1962). Cicada nymphs
and adult and larval scarabaeid beetles also excavate backfilled burrows
with elliptical chambers, likely with similar soil moisture constraints
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FIGURE 6—Burrows from the Willwood Formation at Polecat Bench. A) Large Naktodemasis bowni in a red compound paleosol. B) Smaller N. bowni in a yellow-brown
paleosol. C) Burrow sections assigned to cf. Cylindricum isp.; burrow terminations are present in the first, second, and fifth specimens from the right. D) Cf. Planolites isp.
collected from a heterolithic deposit. E) Large Camborygma litonomos from a red compound paleosol. Dashed line ⫽ burrow margin. F) Prismatic soil structure produced
by multiple C. litonomos (arrows).

(Counts and Hasiotis, 2006; Smith and Hasiotis, 2008). The association
of N. bowni with rhizoliths in moderately to well-drained paleosols suggests that the trace makers were most abundant and active in rooted A
and upper B horizons of the soil profile and therefore are terraphilic to
hygrophilic in moisture preference (Smith et al., 2008b).

Type 7—cf. Cylindricum isp. (Fig. 6C)
Description.—Vertical to subvertical, straight to sinuous, unbranched,
unlined, burrows with unornamented surfaces and circular to elliptical
cross sections (Fig. 6C). Burrow diameters range from 1–41 mm with an
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average diameter of 9.7 mm. Burrow terminations are rounded when preserved. Fill material is mostly structureless sandstone, though burrows
may also be filled with mudstone or carbonate.
Associations.—These ichnofossils are distributed throughout the study
area at Polecat Bench but are most commonly preserved and abundant
in gray to green-gray mudstones and sandstones as the only ichnotaxon
present or in association with type 2a, 4, or 5 rhizoliths or cf. Planolites
isp. (type 8). When present in red, yellow-brown, and brown paleosols,
cf. Cylindricum isp. is associated with type 1 and type 2b rhizoliths, N.
bowni (type 6), cf. Steinichnus isp. (type 11), Edaphichnium isp. (type
10), and cocoon traces (type 12).
Interpretation.—These burrows are similar to Cylindricum, in that they
are short, smooth-walled, and predominantly vertical shafts with gently
rounded terminations (Linck, 1949). The lack of diagnostic morphologies
complicates the assignment of these burrows to any specific group of
trace makers. Type 7 trace fossils are most similar to transient or temporary domichnia in the upper vadose zones of modern floodplains produced by such burrowing organisms as beetles (Insecta: Coleoptera), bees
and wasps (Insecta: Hymenoptera), emerging cicada nymphs (Insecta:
Hemiptera), and spiders (Arachnida: Araneae); thus they represent likely
terraphilic to hygrophilic moisture regimes (Ratcliffe and Fagerstrom,
1980; Bown and Kraus, 1983; Hasiotis, 2002).
Type 8—Cf. Planolites isp. (Fig. 6D)
Description.—Horizontal to subhorizontal, straight to slightly sinuous,
unlined, unbranched, circular to elliptical burrows with unornamented
surfaces. Burrow diameters range from 1 mm to 40 mm, but most are
between 5 mm and 9 mm; they do not taper or branch. Burrow terminations are gently rounded when preserved. Burrow fill is mostly structureless mudstone, though sandstone-filled burrows are also present.
Associations.—These traces are most common in gray to green-gray
sandstone and mudstone avulsion-belt deposits, usually as the single ichnotaxon present or in association with cf. Cylindricum isp. (type 7). Cf.
Planolites isp. are less commonly associated with type 4 and 5 rhizoliths,
cf. Cylindricum isp. (type 7) and E. lumbricatum (type 10) in gray to
green-gray mudstones, and rarely with type 2b rhizocretions and N. bowni
(type 6) in red or brown paleosols.
Interpretation.—The distinct wall and structureless fill suggest that cf.
Planolites isp. represents open-burrow systems that were later filled, as
opposed to the infill passing through the alimentary gut of the trace making organisms. Type 8 trace-making organisms in avulsion belt deposits
were likely either burrowing in the vadose zone (hygrophilic) or near the
sediment-water interface under bodies of standing water (hydrophilic),
given the poor drainage conditions suggested by most of these deposits.
In better drained paleosols, cf. Planolites isp. may have been produced
by such organisms as bees and wasps (Hymenoptera: Apocrita), beetles
(Insecta: Coleoptera), crickets (Orthoptera: Gryllidae), and ants (Hymenoptera: Formicidae) (Bown and Kraus, 1983; Hasiotis, 2002). Hembree
and Hasiotis (2006) compared the burrow casts of extant amphisbaenians
(Reptilia: Squamata: Amphisbaenidae) to cylindrical fossil burrows from
the Willwood Formation (Bown and Kraus, 1983). Amphisbaenians prefer moist soil habitats, and the size and morphology of the modern burrow
casts, with the exception of their common branching, were similar to
some type 7 and type 8 trace fossils at Polecat Bench, suggesting that
amphisbaenians are potential trace makers. Though amphisbaenian body
fossils are not known from the Willwood Formation, they are reported
from other early Eocene paleosol-bearing deposits in Wyoming (Hembree
and Hasiotis, 2006).
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of the burrow shaft. Most burrow fill is identical to the surrounding matrix
or resembles sediments of overlying units. Burrows are commonly accentuated by red, purple, or gray mottling, and many show thick clay
coatings that obscure surficial morphologies.
Associations.—Camborygma litonomos are found almost exclusively in
the red mudstones and gray sandstones of red paleosols outside the PETM
interval at Polecat Bench. These red mudstone intervals commonly show
prismatic soil structures produced by great abundances of C. litonomos
(Smith et al., 2008a). Associated ichnofossils include type 1, 2a, and 2b
rhizoliths, N. bowni (type 6), cf. Cylindricum isp. (type 7), and rare cf.
Planolites isp. (type 8). The association of prismatic peds and type 2a
rhizocretions invariably indicates the presence of at least a few wellpreserved, if initially difficult to discern, C. litonomos.
Interpretation.—Camborygma litonomos are interpreted as the burrow
molds and casts of freshwater crayfish (Decapoda: Cambaridae) based on
their surficial morphology, simple burrow architecture, and relatively short
lengths (Hasiotis and Mitchell, 1993). Modern crayfish that construct burrows
similar to C. litonomos spend most of their lives in open water but burrow
in areas with shallow and fluctuating water tables. Crayfish are hydrophilic
organisms that burrow to the local water table for the purposes of respiration,
hydration, reproduction, and other biological functions (Hobbs, 1942, 1981).
Burrowing by crayfish likely extended the effects of subaerial exposure deeper into the soil profile, thus improving drainage and gas exchange, stimulating
the growth of microbes and plant roots, and promoting occupation by associated terraphilic and hygrophilic trace makers (e.g., Richardson, 1983; Hobbs
and Whiteman, 1991).
Type 10—Edaphichnium lumbricatum (Figs. 7A–B)
Description.—Horizontal to vertical, straight to slightly sinuous, unbranched, cylindrical burrows composed of ovoid to capsule-shaped pellets.
The linearly arranged pellets weather in full relief with no discernable burrow
walls or extrapelletal fill and are composed of clastic grains and micritic
calcium carbonate (Bown and Kraus, 1983). Two general morphologies are
present: (1) horizontal burrows composed of large, distantly spaced pellets
2–10 mm long and 0.5–5.0 mm wide (Fig. 7A); and (2) horizontal to vertical
burrows filled with smaller, tightly packed pellets 1–4 mm long and 0.5–2.0
mm in diameter (Fig. 7B). Loose aggregates of pellet-shaped nodules are also
observed weathering on the surface of some units.
Associations.—Pelleted burrows, though rare, are most consistently
found in red, purple, and yellow-brown paleosols and less commonly in
brown and gray mudrocks—usually in the upper gleyed portions of paleosol horizons. Associated ichnofossils include type 1 and 2b rhizoliths,
N. bowni (type 6), cf. Cylindricum isp. (type 7), cf. Steinichnus isp. (type
11), cf. Planolites isp. (type 8), and cocoon traces (type 12).
Interpretation.—Edaphichnium lumbricatum are interpreted as the burrows and fecal pellets of sediment-ingesting oligochaete worms (Bown
and Kraus, 1983; Hasiotis, 2002). Extant oligochaetes ingest soil to feed
on seeds, decaying plant matter, eggs or larvae of other organisms, and
microorganisms. Undigested soil and fecal matter are deposited as a cast
or pellet, either on the ground surface around the burrow entrance, as
thin burrow linings, or loosely deposited in the open burrow and burrow
chambers (Lee and Foster, 1991). Modern earthworms feeding in calciumrich soil environments excrete excess calcium with the feces as calcium
carbonate (Lunt and Jacobson, 1944). Edaphichnium lumbricatum represent hygrophilic behavior because air-breathing earthworms must live
above the phreatic zone and require soils sufficiently moist to keep from
dehydrating and soft enough to burrow in (Hasiotis, 2002).
Type 11—cf. Steinichnus isp. (Fig. 7C)

Type 9—Camborygma litonomos (Figs. 6E–F)
Description.—Vertical to subvertical, straight to slightly sinuous, unlined and unbranched, cylindrical burrows with knobby and striated surficial morphology. Burrows are 10–50 mm in diameter and up to 400
mm long. Burrow terminations are bulbous and up to twice the diameter

Description.—Straight to sinuous, unbranched, subvertical burrows
with circular cross sections and knobby, predominantly transverse ridges.
Burrow diameters are 1–9 mm with a mean diameter of 2.85 mm. The
longest burrow measured ⬃50 mm, though most specimens are natural
cross sections and true lengths are unknown. Burrow terminations are
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FIGURE 7—Burrows from the Willwood Formation at Polecat Bench. A) Horizontally oriented Edaphichnium lumbricatum showing large, distantly spaced pellets. B)
Smaller-diameter E. lumbricatum composed of tightly packed pellets. C) Cf. Steinichnus isp. with transverse ridges on burrow surface; arrow points to right side of burrow.
D) Cocoon-shaped trace fossil from a heterolithic interval.

rarely observed but gently rounded when present. Burrow fill is structureless and similar to the surrounding matrix. Burrow surfaces are ornamented with thin, tightly spaced ridges oriented at right angles to the
axis of the burrow. Surficial morphology is most distinct on burrows from
clay-rich or slightly weathered rock.
Associations.—These traces are most common and best preserved in
yellow-brown, red, and purple mudrocks and less common in gray mudstones and sandstones. Associated ichnofossils include type 1 and 2b
rhizoliths, E. lumbricatum (type 10), cf. Cylindricum isp. (type 7), and
N. bowni (type 6).
Interpretation.—These Willwood Formation burrows resemble Steinichnus carlsbergi Bromley and Asgaard 1979, in that both have surfaces
ornamented with transverse ridges and both contain structureless fill.
Polecat Bench specimens, however, are predominantly oriented vertically
and have much smaller diameters and less distinct surficial morphology.
The burrows also resemble Scoyenia gracilis White 1929, but the surficial
morphology of S. gracilis is composed of longitudinally oriented, closely
spaced, paired striations, and the backfill is composed of distinct menisci
of contrasting lithologies (Frey et al., 1984). The lack of pelleted fill and
other backfill structures argue against sediment-ingesting or active backfilling by the cf. Steinichnus trace maker. The burrows instead are interpreted as the casts of open burrows produced by compaction tunneling
in which small blocks of sediment are pushed to the side and compacted
as the trace maker tunnels forward, creating a ridged and knobby inner

burrow surface (Clark and Ratcliffe, 1989, figs. 2.1 and 2.2). This tunneling method suggests a hygrophilic trace maker limited to moist finegrained deposits because the sediment must be cohesive and compressible. Previously described Steinichnus have been attributed to such
terrestrial arthropods as mud-loving beetles (Coleoptera: Heteroceridae)
and mole crickets (Orthoptera: Gryllotalpidae) (e.g., Hasiotis, 2002).
These produce generally horizontal burrows just below the sediment surface, whereas cf. Steinichnus are predominantly subvertical and likely
produced by hygrophilic insects that burrowed well below the surface.
Type 12—Cocoon Traces (Fig. 7D)
Description.—Ovoid mudstone casts 5–18 mm long and 2–9 mm wide
(Fig. 7D). The casts are solitary trace fossils and did not appear connected
with associated burrows or part of a larger burrow system.
Associations.—Cocoon traces are the rarest trace fossil at Polecat
Bench and are preserved primarily in gray to green-gray mudstones and
sandstones. Associated trace fossils include cf. Cylindricum isp. (type 7),
N. bowni (type 6), and E. lumbricatum (type 10).
Interpretation.—These ichnofossils are interpreted as the casts of insect
cocoons, most likely those produced by digger wasps (Hymenoptera:
Sphecidae), based on cast morphology (Evans, 1963). Sphecid wasps construct nests within the A and upper B horizons of soils for food hoarding
and to provide shelter for hatched larvae, which spin their own cocoons
from silk (Evans and Eberhard, 1970; Hasiotis, 2002).
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FIGURE 8—Key features of the six distinct ichnocoenoses in the Willwood Formation at Polecat Bench.

ICHNOCOENOSES

Naktodemasis Ichnocoenosis

Trace-fossil assemblages in the study area comprise six ichnocoenoses
based on field observations and cluster analysis (Figs. 8–9). Five ichnocoenoses are based on the common stratigraphic associations of multiple
trace-fossil types and were supported by the Q-mode cluster analysis (Fig.
9). The sixth ichnocoenosis is based on the abundant occurrence of Naktodemasis bowni as the only ichnofossil type present. Individual ichnofossils types are present in multiple lithofacies, suggesting that that the
different ichnocoenoses represent different paleoenvironments and paleohydrologic conditions rather than the preservational bias of certain ichnofossils. Each ichnocoenosis is interpreted as representing well-drained,
moderately drained, imperfectly drained, or poorly drained sediments and
soils based on the moisture preferences inferred from their most abundant
ichnofossils, associated burrows or rhizoliths when present, and concomitant pedosedimentologic features suggesting paleohydrologic regime.

Description.—This ichnocoenosis consists of abundant N. bowni in association with type 1 and 2a–2b rhizoliths. It is commonly preserved in
red paleosols and less commonly in brown, yellow-brown, and purple
paleosols; the ichnocoenosis is rare in incipient paleosols in avulsion belt
deposits.
Interpretation.—The great abundance of N. bowni in associated deposits, to the exclusion of other ichnofossils, may be due to the obliteration
of all other traces by the prolific burrowing of the N. bowni trace maker.
The Naktodemasis ichnocoenosis consists primarily of terraphilic, invertebrate trace fossils and, as such, was likely formed under predominantly
well drained soil conditions. The common ichnopedologic association of
the Naktodemasis ichnocoenosis with carbonate nodules, calcareous rhizocretions, and well-developed slickensides supports this interpretation.
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Naktodemasis-Edaphichnium Ichnocoenosis
Description.—This ichnocoenosis is composed of abundant N. bowni
in association with E. lumbricatum and abundant type 1 and 2a–2b rhizoliths. Planolites, Cylindricum, and Steinichnus may also be present,
though in low abundances. The Naktodemasis-Edaphichnium ichnocoenosis is most common in red and brown paleosols, though it is present
in some incipient paleosols in avulsion deposits.
Interpretation.—This ichnocoenosis is dominated by the two taxa and
thus is composed of trace fossils indicating both terraphilic and hygrophilic behaviors. The ichnodiversity of this association suggests variable
soil moisture conditions and occupation of the soil profile by two or more
groups of trace makers that preferred different moisture conditions—
possibly entering the soil or moving vertically within the soil profile when
their preferred moisture conditions were present. The frequent association
of calcareous rhizocretions, carbonate nodules, and well-developed slickensides with this ichnocoenosis suggests the trace makers preferred at
least moderately drained soils.
Naktodemasis-Cylindricum Ichnocoenosis
Description.—This ichnocoenosis is composed of N. bowni in association
with type 1 and 2a–2b rhizoliths; cf. Cylindricum isp. Steinichnus, E. lumbricatum, and cocoon traces are less common constituents. The ichnocoenosis
is mostly present in red, brown, and yellow-brown paleosols, as well as some
purple paleosols and incipient paleosols in avulsion deposits.
Interpretation.—This ichnocoenosis is similar to the NaktodemasisEdaphichnium ichnocoenosis, in that it is composed of both terraphilic
and hygrophilic ichna suggesting variable moisture conditions, though the
Naktodemasis-Cylindricum ichnocoenosis is commonly found in paleosols indicating somewhat less well drained soil conditions. At least moderate drainage conditions are suggested, however, by abundant N. bowni
and the presence of calcareous rhizocretions, carbonate nodules, and welldeveloped slickensides.
Camborygma Ichnocoenosis
Description.—This ichnocoenosis is dominated by Camborygma litonomos, N. bowni, and type 2a rhizocretions. Associated trace fossils include type 1 and 2b rhizoliths, and uncommon occurrences of Cylindricum isp. or cf. Planolites isp. The Camborygma ichnocoenosis is almost
exclusive to red compound paleosol profiles and rare in purple paleosols.
Camborygma litonomos is present throughout the profile in these paleosols, though associations with other ichnofossils and rhizoliths are typically relegated to the upper red portions of the profile.
Interpretation.—The morphology and relatively short vertical extent of
C. litonomos at Polecat Bench suggest relatively shallow and fluctuating
water tables and thus, imperfect soil drainage conditions (Hasiotis and
Mitchell, 1993). Most C. litonomos burrows at Polecat Bench appear
overprinted by subsequent pedogenic modification, suggesting that burrowing by crayfish in these deposits decreased or ceased for some time
before burial. Associated terraphilic and hygrophilic trace fossils often
crosscut C. litonomos burrows and may represent bioturbation in betterdrained upper portions of the soil profile concurrent with crayfish burrowing or a later occupation of the soil by trace makers of the Naktodemasis ichnocoenosis.
Steinichnus-Edaphichnium Ichnocoenosis
FIGURE 9—Q-mode cluster analysis of ichnofossil assemblages at Polecat Bench
to identify ichnocoenoses. Data matrix analyzed was composed of relative abundances of most common ichnofossil types in all stratigraphic units (72) with more
than one ichnofossil type. Right-hand column denotes the average drainage conditions of stratigraphic units clustered by ichnotaxonomic similarity.

Description.—This ichnocoenosis is composed of common to abundant
cf. Steinichnus isp. and E. lumbricatum or either of these as the most abundant
ichnotaxon with associated ichna. Less abundant cf. Cylindricum isp. or cf.
Planolites isp. may also be present; however, Naktodemasis and Camborygma
are absent. Ichnodiversity and ichnofossil abundance are high in brown and
yellow-brown paleosols in association with type 1, 2b, and 3 rhizoliths. This
ichnocoenosis is also commonly preserved in avulsion deposits with cf. Steinichnus isp. as the only invertebrate ichnotaxon present and sparse type 2b,
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FIGURE 10—Histogram showing distribution of ichnocoenoses outside and within
the Paleocene–Eocene Thermal Maximum (PETM) interval at Polecat Bench.

3, 4, or 5 rhizoliths. The Steinichnus-Edaphichnium ichnocoenosis is less
common in red paleosols.
Interpretation.—The Steinichnus-Edaphichnium ichnocoenosis is interpreted as a dominantly hygrophilic assemblage of trace fossils, suggesting
moderately drained to mostly imperfectly drained soil regimes. Paleosols
containing more abundant and diverse assemblages of trace fossils from
this ichnocoenosis, along with rhizolith types that indicate predominantly
unsaturated sediments, suggest overall better drainage conditions than deposits with fewer Steinichnus-Edaphichnium ichnocoenosis constituents.
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Naktodemasis-Cylindricum ichnocoenoses counts were combined because
of low expected counts outside the PETM interval. According to the chisquare test, proportions of the ichnocoenoses from within the PETM interval are significantly different from those outside the PETM interval
(2 ⫽ 12.343, df ⫽ 4, p ⬍ 0.015). There is no significant difference in
the distribution of the six ichnocoenoses from strata below and above the
PETM interval (2 ⫽ 2.409, df ⫽ 4, p ⬍ .661). Significant differences
in the distributions of ichnocoenoses are due primarily to the sharp decline in the number of Camborygma ichnocoenoses within the PETM
interval and increases in the presence of Naktodemasis, NaktodemasisCylindricum, and Steinichnus-Edaphichnium ichnocoenoses. When the
Camborygma ichnocoenosis is not included in the chi-square analysis,
the distribution of ichnocoenoses between non-PETM and PETM strata
is no longer statistically significant (2 ⫽ 5.203, df ⫽ 3, p ⬍ 0.158).
Though the proportions of the remaining ichnocoenoses are not significantly different throughout the measured section, they are greater in number within the PETM interval. The Naktodemasis, NaktodemasisEdaphichnium, Naktodemasis-Cylindricum, and Steinichnus-Edaphichnium ichnocoenoses are more abundant within the PETM interval and
show marked increases in the abundance and ichnodiversity of their constituent trace fossils. The Planolites-Cylindricum ichnocoenosis is less
abundant in the PETM interval and often composed of cf. Cylindricum
isp. as the single ichnotaxon.
Ichnodiversity within individual ichnocoenoses increases in host rocks
with paleopedologic and sedimentologic features suggesting variable
moisture conditions. The Naktodemasis-Edaphichnium, NaktodemasisCylindricum, Steinichnus-Edaphichnium, and Camborygma ichnocoenoses, for example, generally show diverse assemblages of both terraphilic
and hygrophilic-to-hydrophilic ichnofossils that suggest variable soil
moisture conditions ranging from moderately to poorly drained sediments. The Naktodemasis and Planolites-Cylindricum ichnocoenoses, in
contrast, likely represent two extremes in soil moisture regimes based on
their ichnopedologic associations—well-drained and poorly drained,
respectively—and both are represented commonly by a single ichnofossil
morphotype.
ESTIMATED DRAINAGE CONDITIONS ACROSS THE PETM

Planolites-Cylindricum Ichnocoenosis
Description.—This ichnocoenosis is composed of cf. Planolites isp. and
cf. Cylindricum isp. or of either of these trace fossils as the single ichnotaxon
present. This ichnocoenoses is preserved typically in mudrocks and sandstone
of avulsion belt deposits and sometimes in association with type 3, 4, and 5
rhizoliths. The ichnocoenosis is less common in brown and yellow-brown
paleosols with sparse type 1 and 2b rhizoliths.
Interpretation.—Predominantly subvertical to subhorizontal burrows
with simple morphologies are abundantly produced in continental deposits by epiterraphilic, terraphilic, hygrophilic, and hydrophilic trace makers, though most are likely produced in the upper vadose and vadose
zones (Hasiotis, 2002). Such ichnofossils as cf. Cylindricum isp. and cf.
Planolites isp. are thus not diagnostic of specific paleohydrologic regimes, beyond indicating that host sediments were sufficiently drained to
allow bioturbation by some continental organisms. The low overall ichnodiversity of this ichnocoenosis, its common association with avulsion
deposits showing only incipient soil formation, and its co-occurrence with
type 3, 4, and 5 rhizoliths suggest that this ichnocoenosis formed under
imperfectly to poorly drained soil conditions.
Ichnocoenoses Summary
The six ichnocoenoses are preserved in strata below, within, and above
the PETM interval at Polecat Bench (Fig. 10). In addition, the total number of ichnocoenoses within the PETM interval is not significantly different from the number of ichnocoenoses below and above the PETM.
Before performing a chi-square test on the distribution of ichnocoenoses
with respect to the PETM interval, Naktodemasis-Edaphichnium and

Drainage conditions suggested by paleopedologic and sedimentologic
features of the lithofacies and by moisture preferences inferred from concomitant ichnocoenoses were averaged together to produce a consensus
estimate of drainage conditions throughout the measured section (Fig.
11). These proxies suggest that the Willwood floodplain at Polecat Bench
experienced significantly better drainage conditions during the PETM (H
⫽ 26.53, N ⫽ 270, p ⬍ 0.0001). Drainage estimates from stratigraphic
units below and above the PETM interval do not vary significantly (H
⫽ 0.04, N ⫽ 153, p ⬍ 0.834). The drainage estimates from strata within
the PETM interval, however, are not uniform and do not indicate significant improvements in soil drainage until the ⬃1512 m level, ⬃12 m
above the onset of the PETM. Likewise, drainage estimates derived from
strata above the ⬃1531 m mark, 9 m below the return to non-PETM
isotopic values, are not significantly different those outside the PETM.
The most significant drainage estimate values are within a ⬃19 m interval within the PETM as indicated by the lithofacies and ichnocoenoses
paleohydrologic interpretations. If this ⬃19 m section is removed from
the statistical analysis, the inferred drainage conditions for the remaining
⬃21 m of the PETM interval are not significantly different from drainage
inferred from below and above the entire PETM interval (H ⫽ 2.56, N
⫽ 195, p ⬍ 0.110).
DISCUSSION
Synthesis of Lithofacies and Ichnocoenoses
Lithofacies and ichnocoenoses of the Willwood Formation show significant differences in their interpreted moisture regimes within the PETM
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FIGURE 11—Composite measured section at Polecat Bench with estimated drainage conditions through the Paleocene–Eocene Thermal Maximum interval interpreted from the sedimentologic and paleopedologic features of lithofacies and the inferred moisture preferences of concomitant ichnocoenoses. Solid circles indicate
estimated drainage conditions at a given stratigraphic level. Trend line is a five-point
moving average of estimated drainage values. The lighter shaded area highlights the
Paleocene–Eocene Thermal Maximum interval, and the darker shaded area is the
⬃19 m interval with the most significant increase in drainage. North American Land
Mammal Age (NALMA) and biozone information modified from Magioncalda et al.
(2004); ␦13C isotope stratigraphy modified from Bowen et al. (2001) and Bains et
al. (2003).
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interval at Polecat Bench (Fig. 11). The Willwood floodplain was predominantly imperfectly to poorly drained before the PETM interval
(1480–1500 m). Avulsion deposits show only incipient paleopedogenic
development and commonly contain relict bedding and locally abundant
molluscan body fossils. Ichnocoenoses that imply imperfect to poor drainage conditions, in particular the Planolites-Cylindricum ichnocoenosis,
are common and mostly in association with avulsion deposits. The development of thin red, yellow-brown, and brown compound paleosols
indicates the floodplain experienced more rapid sediment accumulation
and thus shorter periods of soil development. These paleosols contain
terraphilic to hygrophilic ichnocoenoses that imply imperfect to at least
moderate drainage, which is generally consistent with moisture conditions
inferred from lithofacies characteristics.
Deposits at the base of the PETM interval (1500–1512 m) show little
or no improvement in drainage, compared with strata below, and are also
the sandiest part of the study interval. Thick avulsion deposits and relatively thin and simple compound paleosols within the first ⬃12 m of the
PETM interval (1512–1524 m) suggest fairly rapid rates of accumulation
punctuated by relatively short periods of subaerial exposure and pedogenic development. Periods of climate change, especially from wet to
dry, have the potential for creating large sediment fluxes due to changes
in vegetation cover (e.g., Ethridge et al., 1998; Blum and Tornqvist,
2000). Greater sediment supply may have led to increased avulsion frequency and more abundant sandy deposits at the onset of the PETM (e.g.,
Slingerland and Smith, 1998; Murray and Paola, 2003).
Densely spaced, thick cumulative paleosols in the next interval (1512–
1531 m) suggest relatively long periods of slow sediment aggradation
and increased subaerial exposure and pedogenic modification of overbank
deposits (Fig. 11). Significantly improved drainage and low water tables
are implied by dominantly red matrix colors and abundant pedogenic
carbonate nodules, rhizohaloes, and calcareous rhizocretions. Naktodemasisdominated ichnocoenoses are prevalent and suggest major improvements
in soil drainage within this ⬃19 m section. The absence of the Camborygma litonomos ichnocoenosis in red paleosols within this interval, a
pedofacies outside the PETM interval at Polecat Bench in which crayfish
burrows are otherwise prevalent, suggests that water tables within the
⬃19 m interval were at depths beyond the burrowing ability of local
crayfish. Floodplain colonization by crayfish was also likely impacted
negatively by less frequent and lower magnitude flooding events interpreted for the PETM interval. Manganiferous rhizocretions, interpreted
as indicating poorly drained conditions, follow much the same pattern;
that is, they are abundant in avulsion deposits outside the PETM interval
at Polecat Bench, become increasingly rare above the ⬃1500 m level,
and are absent between ⬃1512 m and 1531 m.
A decrease in the thickness and maturity of paleosols begins ⬃9 m
below the top of the PETM interval (⬃1531 m). The paleosols are also
more widely spaced stratigraphically, suggesting that sediment accumulation rates increased. Ichnocoenoses within these deposits track poorer
drainage conditions and are increasingly composed of dominantly hygrophilic and hydrophilic ichnofossils. Abundant Steinichnus-Edaphichnium
and Planolites-Cylindricum ichnocoenoses of low diversity suggest predominantly imperfect drainage conditions for this interval (1531–1540
m). Lithofacies and ichnocoenoses in the 20 m above the PETM interval
(1540–1560 m) suggest a return to mostly imperfect floodplain drainage
conditions similar to pre-PETM strata, though the maturity and thickness
of post-PETM paleosols are somewhat increased compared to paleosols
in the 20 m below the PETM at Polecat Bench.
Vertical changes in sedimentology, paleopedology, and ichnocoenoses
through the PETM interval at Polecat Bench suggest not only significant
shifts in sediment moisture regimes but also changes in aggradational rates
and subaerial exposure times. The first ⬃12 m and last ⬃9 m of the PETM
interval, which is composed of thick avulsion belt deposits interbedded with
thin compound paleosol profiles, likely represents a relatively shorter period
of time compared with the ⬃19 m of intervening strata showing mostly
cumulic soil formation. On modern floodplains, vertical aggradation rates of
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overbank sediments vary widely and range from 0 mm·yr⫺1 to 760 mm·yr⫺1
but are most commonly ⬍10 mm·yr⫺1 (e.g., Rumsby, 2000). Depositional
rates of ⬍3.3 m (100 yr)⫺1 are reported for some avulsion belt deposits in
modern avulsion-dominated fluvial systems (Smith et al., 1989). If the PETM
interval at Polecat Bench represents ⬃100 kyr of time (Zachos et al., 2005),
the vast majority of that time is likely represented by the ⬃19 m suggesting
lower sedimentation rates and significant decreases in the frequency of flooding events.
Paleoclimate Implications
The PETM interval at Polecat Bench is characterized by thick and welldeveloped red-cumulative paleosols and ichnocoenoses suggesting lower
water tables and better drainage conditions than outside the PETM interval, both of which imply lower rates of sediment accumulation and a
significant decrease in the frequency and magnitude of flooding events.
Vertical changes in alluvial architecture suggesting variations in sedimentation rates and paleohydrology are common throughout the Willwood Formation (e.g., Bown and Kraus, 1987; Kraus and Gwinn, 1997;
Kraus, 2001). These are generally attributed to changes in the lateral
distances between sites of deposition and active channels as the floodplain
aggrades; that is, soil thickness and maturity increases distal to stream
channels. Cumulic soil formation at Polecat Bench during the PETM
could be interpreted as resulting from a local shift from a proximal to a
more distal floodplain position relative to the channel, though paleosol
profiles within the PETM interval are exceptionally thick and mature
compared with preceding and later Willwood paleosols (Bown and Kraus,
1993). The co-occurrence of the PETM and thick red cumulative paleosols, however, is not exclusive to Polecat Bench—such paleosols characterize CIE-bearing strata throughout the Bighorn and Powder River
basins (e.g., Wing et al., 2003, 2005; Kraus and Riggins, 2007). It is
unlikely that all cumulic soils forming during the PETM within these
basins represent local shifts in floodplain position, but they may imply a
regional change in fluvial conditions.
The widespread changes in paleosol morphology and vertical trends that
characterize the PETM interval in the Bighorn Basin were originally described by Kraus and Middleton (1987), who also observed changes in channel sandstone body size. These regional changes were ascribed to a decline
in the rate of sediment accumulation; however, without knowledge of the
PETM, Kraus and Middleton (1987) attributed decreasing sedimentation to
reduced rates of basin subsidence. Recognition of the PETM in the Bighorn
Basin now allows us to attribute the sedimentologic changes at the PETM
interval to climatic controls rather than tectonic activity—that is, drier climates negatively affected precipitation and sediment flux, resulting in less
frequent sedimentation and drier soil moisture regimes. Considering that fluvial models and field studies commonly invoke basin subsidence as the major
control of alluvial architecture (e.g., Heller and Paola, 1996; Kraus, 2002;
Hickson et al., 2005), our study cautions that climate should not be ignored
when analyzing alluvial stratigraphy.
The results of the ichnocoenoses analysis support other studies that indicate
drying conditions on the Willwood floodplain in association with onset of
the PETM in the Bighorn Basin, and a return to wetter conditions toward
the end of the PETM. Recently discovered fossil plant localities near the
Cabin Fork area of the basin (Fig. 1) show a rapid northward range expansion
of subtropical flora within the PETM interval (Wing et al., 2005). Floralcomposition and leaf-area analyses of these fossil plants suggest a mean
annual precipitation (MAP) of ⬃800 mm at the onset of the global warming
event—a nearly 40% decline from MAP estimates of ⬃1380 mm for southern Wyoming during the latest Paleocene (Wing et al., 2005).
Kraus and Riggins (2007) examined two Willwood sections containing
paleosols formed during the PETM: Sand Creek Divide in the center of
the basin, and Polecat Bench (Fig. 1). They interpreted significant improvements in drainage conditions based on changes in sedimentology,
morphology, and geochemistry of paleosols at these locations. They suggested a late Paleocene MAP of ⬃1300 mm, followed by an ⬃900 mm
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MAP value at the base of the PETM and a gradual return to an ⬃1300
mm MAP based on mineral weathering indices (Kraus and Riggins,
2007). In addition, they interpreted at least four wet-dry cycles, starting
at nearly the base of the PETM interval (⬃1509 m level) at Polecat
Bench, and possibly three similar episodes at Sand Creek Divide. Paleosols investigated by Kraus and Riggins (2007) at Polecat Bench were
some of the same Willwood deposits examined in this study; thus, there
is much congruence between their results and the interpretations presented in this study. Our research, based on a combination of the lithofacies and ichnocoenoses, however, suggests that soil drainage did not
significantly improve until at least the ⬃1512 m level. A major difference
between the two studies is that the present research includes avulsion
deposits and their ichnocoenoses to interpret changes in floodplain drainage conditions. Paleosols are the most useful lithologic paleoclimate indicators at Polecat Bench because they are products of long-term exposure and weathering processes, which were dictated in large part by climate (e.g., Kraus, 1999). Nevertheless, avulsion deposits included in this
study also suggest improved drainage conditions through the PETM based
on differences in their ichnocoenoses associations and carbonate content.
CONCLUSIONS
Six distinct ichnocoenoses, as proxies for ancient soil communities,
were recognized in paleosols and alluvial deposits at Polecat Bench based
on stratigraphically reoccurring ichnofossil associations. Ichnocoenoses
were designated independently of sedimentological, depositional, or paleopedologic characteristics of the surrounding strata in order to increase
their interpretive power and to provide information about within-facies
variations in ichnodiversity and paleohydrology (Hasiotis, 2002, 2004,
2007, 2008). The ichnocoenoses reflect differences in soil moisture conditions based on the inferred moisture regimes of their most abundant
ichnofossil morphotypes and associated pedogenic features, including the
other trace fossils and rhizoliths. This degree of resolution would not be
possible using previously established ichnofacies for continental deposits
because one ichnofacies can contain multiple ichnocoenoses, moisture
regimes, depositional environments, paleosols, and ecosystems. Proposed
continental ichnofacies are too broadly defined and poorly constrained to
provide reliable paleohydrologic or paleoenvironmental interpretations
(Hasiotis et al., 2007; Hasiotis, 2008).
Ichnocoenoses at Polecat Bench show changes in their inferred moisture conditions through the PETM based on vertical changes in distribution, abundance, and ichnodiversity. Poor to imperfect drainage conditions outside the PETM interval are suggested by ichnocoenoses of low
ichnodiversity and dominated by hygrophilic and hydrophilic trace fossils. Significant decreases in these same ichnocoenoses within the PETM
interval, in addition to more abundant ichnocoenoses with terraphilic and
hygrophilic trace fossils, suggest improved drainage on the Willwood
floodplain. Improved drainage is transient, however, and ichnocoenoses
above the PETM interval are not significantly different from those below
the PETM. The drainage patterns suggested by the ichnocoenoses are in
general agreement with studies that have concluded that precipitation in
the Bighorn Basin decreased sharply during the PETM followed by a
gradual return to pre-PETM levels.
Information about the degree of ancient soil wetness or moisture is
important for understanding past climate conditions and reconstructing
continental paleolandscapes. This study demonstrates how stratigraphically controlled ichnocoenoses and their ichnopedologic associations can
be used to interpret soil drainage conditions. Direct examination of the
geologic record is critical for testing local and regional generalizations
produced by paleoclimate models, in addition to providing such models
with climate information that is difficult to assess in other ways.
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