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ABSTRACT
The Willwood Formation of the Bighorn Basin (Wyoming, USA) is a 

thick succession of upper Paleocene and lower Eocene fl uvial-fl oodplain 
sandstones and mudstones. Reddish paleosols, formed on the fl oodplain 
mudstones, alternate rhythmically on various scales with heterolithic 
intervals of small-channel sandstones and mudstones showing weak 
pedogenesis. Spectral analysis of redness in the Willwood successions 
at Polecat Bench and Red Butte reveals signifi cant spectral peaks cor-
responding to cycle thicknesses of ~8 and ~3 m. The ~8 m cycle refl ects 
distinct clusters of 3–5 paleosols. Age constraints show that the period of 
this cycle closely matches the ~21 k.y. climatic precession cycle. The ~3 m 
cycle corresponds to individual paleosols, with a period of 7–8 k.y. This 
period is similar to millennial-scale sub-Milankovitch cycles found in 
marine and lacustrine successions of Pliocene–Pleistocene age. Preces-
sion and millennial-scale climate variations probably affected paleosol 
development through cyclic changes from predominantly overbank 
to predominantly channel-avulsion deposition, with the latter peri-
odically halting soil formation because of high sediment accumulation. 
A new age model was developed for the Paleocene-Eocene carbon iso-
tope excursion (CIE) at Polecat Bench, based on the precessional origin 
of paleosol clusters. The main body of the CIE spans ~5.5 precession 
cycles, or ~115 k.y., and the recovery tail of the CIE spans 2 precession 
cycles, or ~42 k.y. This outcome is consistent with, and independently 
confi rms, recent estimates of CIE duration based on deep-sea cores.

Keywords: paleosols, Milankovitch theory, spectral analysis, Bighorn 
Basin, avulsion.

INTRODUCTION
The upper Paleocene–lower Eocene Willwood Formation of the 

Bighorn Basin, Wyoming, is a spectacularly color-banded succession of 
fl uvial deposits rich in mammalian fossils (Van Houten, 1944; Gingerich 
and Clyde, 2001). The bright color bands are dominantly red paleosols, 
while other colors range from orange to purple (Bown and Kraus, 1981; 
Kraus, 1997).

A striking aspect of the Willwood paleosols is their rhythmic stacking 
pattern, which has been attributed to autocyclic fl oodplain development 
(Kraus and Gwinn, 1997; Clyde and Christensen, 2003), tectonics (Bown 
and Kraus, 1993), or climate. The last hypothesis includes the possibility 
of orbitally induced climate changes (previously suggested by Kraus and 
Aslan, 1993), but the mechanism requires further elaboration.

The impact of orbitally induced climate oscillations on terrestrial 
sedimentary cycles remains largely unstudied. During the past decade, 
accurate time control has provided evidence that different scales of 
hier archically arranged sedimentary cycles are climatically linked and 
orbitally  forced in continental successions of the Triassic Newark Basin, 

Eocene Green River Formation, and Mediterranean Neogene (Olsen et al., 
1996; Abdul Aziz et al., 2003; Machlus et al., 2008). These are all lacus-
trine environments, which are considered more sensitive to record astro-
nomically forced climate change than fl uvial settings due to the reduced 
infl uence of autogenic processes. Orbital climate forcing is the only work-
ing hypothesis of paleosol cyclicity that has well-defi ned expectations in 
terms of cycle thickness and cycle durations. We test orbital climate forc-
ing using time series analysis of high-resolution color records in paleosol-
rich sections of the Willwood Formation in the Bighorn Basin.

SECTIONS AND METHODS
Two sections of the Willwood Formation have been studied in detail 

(Fig. 1). The Polecat Bench (PCB) section in the northern Bighorn Basin 
spans the Paleocene-Eocene thermal maximum at the Paleocene-Eocene 
boundary (ca. 55.5 Ma) (e.g., Bowen et al., 2001). The Red Butte (RB) 
section in the central Bighorn Basin includes part of chron C24n and 
was deposited ~53 m.y. ago (Clyde et al., 2007). Both sections are a 
composite of several subsections (GSA Data Repository Figs. DR1 and 
DR21) and comprise a continuous record of paleosols without incised 
channel sandstones (Fig. 2).

In the fi eld, paleosols occur in repetitive clusters of 3–5 individual 
paleosols, with a cluster thickness of 7–9 m (Figs. 2A and 2B). To quan-
tify the clustering, color measurements were taken at an average sampling 
distance of 14.5 and 21 cm in the PCB and RB paleosol sections, respec-
tively, using a portable photospectrometer (Minolta CM508i). Spectral 
analysis of the redness (a* value) color records was used to evaluate paleo-
sol cyclicity (color data in Tables DR1 and DR2). Blackman-Tukey and 
CLEAN analysis methods were applied using AnalySeries (Paillard et al., 
1996) and MC-CLEAN (Heslop and Dekkers, 2002), respectively.

SPECTRAL ANALYSIS RESULTS
Spectral analysis of the a* color records reveals distinct peaks at 

7.7/7.4 and 3.3 m in the PCB section, and at 8.7 and 2.6 m in the RB sec-
tion (Figs. 3C and 3D). These peaks occur in both the Blackman-Tukey 
and MC-CLEAN power spectra, and are at or above the 93% signifi cance 
level in the latter spectrum (Figs. 3C and 3D). A Gaussian bandpass fi lter 
was used to extract the spectral components. Filtered records of the 7.7 
and 8.7 m components indicate that they correspond to paleosol clusters 
observed in the fi eld (Figs. 3A and 3B). The 3.3 and 2.6 m fi ltered com-
ponents follow individual paleosols within a cluster. In the MC-CLEAN 
power spectrum of PCB, two other peaks occur at 14 and 59 m. These com-
ponents, however, are weakly resolved in the reconstructed MC-CLEAN 
signal, due to the dominance of the 3.3 m and 7.7 m spectral components 
(red line, Figs. 3A and 3B).
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TIME CONTROL AND INTERPRETATION
The meter level of the top of C24r in the PCB section is estimated 

by slight extrapolation, comparing meter levels of the base of C24r, the 
Paleocene-Eocene boundary, and fi rst appearance datum of Bunophorus  
in the PCB section to coincident levels in nearby Foster Gulch and 
McCullough Peaks sections (see Supplemental Text DR1 in the Data 
Repository). Chron C24r is 1219 m thick in PCB and the sedimentation 
rate, based on the astronomical duration of 3118 k.y. for C24r (Westerhold 
et al., 2007), implies that the two orbital precession components of 19 
and 23 k.y. correspond to cycle thicknesses of 7.4 and 9 m, respectively. 
Hence, the 7.7/7.4 m cycle in the PCB power spectrum (Fig. 3C) corre-
sponds to the Milankovitch precession frequency. Age constraints further 
imply that the 3.3 m cycle has a period of ~8 k.y.

Paleomagnetic and radiometric constraints for the RB area are less 
certain (Clyde et al., 2007) and are not considered very precise for estimat-
ing sediment accumulation rates (see Supplemental Text DR1). We devel-
oped an independent comparison for sediment accumulation in the two 
areas, using regression analysis of evolutionary trends in changing tooth 
size for the fossil mammals Haplomylus and Cantius (Supplemental Text 
DR1). Matching trends indicates slightly higher sediment accumulation in 
the PCB section for one taxon and in the RB section for the other. Both 
together indicate that lower Eocene sediment accumulated at approxi-
mately the same rate in both parts of the Bighorn Basin. Our approach 
yields expected durations of 22.3 k.y. for the 8.7 m cycle and 6.7 k.y. for 
the 2.6 m cycle. The former is again consistent with precession.

DISCUSSION AND CONCLUSIONS
Robustness of our spectral analyses and available time control indi-

cate that each cluster of 3–5 paleosols at PCB and RB corresponds to the 
21 k.y. climatic precession cycle. To test this outcome we compared a new 
estimate for duration of the CIE based on counts of precession cycles at 
Polecat Bench with CIE durations estimated in other settings.

The CIE in the PCB section is identifi ed in the δ13C record of soil 
nodule carbonate and dispersed organic carbon (Bowen et al., 2001; 
Magioncalda et al., 2004). The main body of the CIE is between 22 m 
and 62.5 m in the stratigraphic section of Figure 3A, and it contains ~5.5 
paleosol clusters. The CIE recovery interval ends at ~77 m, including two 
additional paleosol clusters (Fig. 3A). Multiplying the number of clusters 
by 21 k.y., the duration of the main body of the CIE in PCB is ~115 k.y., 
and that of the recovery interval is ~42 k.y. The total CIE duration is 
~157 k.y., which compares well with a recent estimate of ~170 k.y., based 
on cycle counts in a deep-marine section (Röhl et al., 2007). It also agrees 
with independent estimates ranging from 120 to 170 k.y., based on extra-
terrestrial 3He (Farley and Eltgroth, 2003) and average sedimentation rates 
derived from the astronomical duration of C24r (Sluijs et al., 2007).

Our results demonstrate that clusters of 3–5 paleosols accumulated 
on an orbital-precession time scale in both the PCB and RB sections, sug-

Figure 1. Geological map of Bighorn Basin, Wyoming, showing 
locations of Polecat Bench and Red Butte sections (detailed maps 
in Figs. DR1 and DR2; see footnote 1). Geology from Love and 
Christiansen (1985).
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Figure 2. Photographs showing paleosol clusters. A: Polecat Bench 
section. B: Red Butte section. Black bar for scale is 2 m long. Labels 
correspond to clusters recognized in the fi eld (see Fig. 3).

Figure 3. Lithology and color record for Polecat Bench and Red Butte stratigraphic sections (data sets in Tables DR1 and DR2; see footnote 1). 
A: Polecat Bench section showing lithological log, redness record (a* of Commission Internationale de l’Eclairage), and Gaussian fi ltered com-
ponents of a*. Lithological log shows sandstones and mudstones, with sandstones projecting. Drab mudstones and sandstones are shown 
in gray. Paleosols are in purple and red hues; dark hues correspond to well-developed paleosols, light hues correspond to weakly developed 
paleosols. Carbon isotope excursion (CIE) soil nodule record (3 point moving average) is from Bowen et al. (2001) and dispersed organic 
carbon (DOC) record is from Magioncalda et al. (2004). Square brackets show precession-scale paleosol clusters recognized in the fi eld 
(labels match Fig. 2). The a* record is from color measurements on in situ sediment surfaces in the fi eld. Red line is reconstructed MC-CLEAN 
signal for frequencies above 93% signifi cance level. Gaussian fi ltered components are centered at frequencies 0.3053 ± 0.0670 (3.3 m) and 
0.1300 ± 0.0345 (7.7 m). Temporal calibration of 7.7 m fi lter of a* assumes precession cycle duration of 21 k.y. B: Red Butte section showing 
lithology, a*, and fi ltered components, as in A. The a* record is from measurements on discrete samples collected from the fi eld. Gaussian 
fi lters are centered at frequencies 0.3844 ± 0.055 (2.6 m) and 0.1156 ± 0.047 (8.7 m). C, D: Blackman-Tukey (BT; above) and MC-CLEAN (below) 
power spectra for a* records of Polecat Bench and Red Butte. BT spectrum (and Gaussian fi lters) obtained using AnalySeries of Paillard 
et al. (1996). Gray shading is 90% confi dence band. MC-CLEAN spectrum was obtained using MC-CLEAN of Heslop and Dekkers (2002). 
The a* time series was bootstrapped to 50% of its original length (1000 iterations; input parameters as recommended by Heslop and Dekkers, 
2002). Horizontal red lines show 93% signifi cance across all frequencies. Numbers in spectra correspond to cycle thicknesses in meters.
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gesting that paleosol stacking patterns in the Willwood Formation of the 
Bighorn Basin were controlled by precession forced climate change. In the 
PCB and RB sections, moderately to strongly developed red to purple(-red) 
paleosols formed on mudstones. Mudstones are interpreted as overbank 
deposits that accumulated slowly enough to form relatively mature paleo-
sols. These alternate regularly with drab colored heterolithic intervals of 
sandstones and gray mudstones, interpreted as rapidly emplaced channel 

avulsion deposits (Kraus and Aslan, 1993; Kraus and Gwinn, 1997). Cli-
mate most likely affected soil development through its impact on chan-
nel avulsion. Precession-controlled clusters of paleosols formed through 
periodic changes from slow overbank-dominated to more rapid avulsion-
dominated  accumulation. Slow overbank deposition permitted paleosol 
development and maturation, while rapid channel avulsions deposited suf-
fi cient sediment to bury a paleosol and halt its further development.
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Precession-controlled climate most likely involves changes in pre-
cipitation and/or net evaporation. Lawrence et al. (2003) used a general 
circulation model to study Eocene terrestrial climate response to pre-
cession. They found <10% precipitation change between minimum and 
maximum precession, and suggested that sedimentary cycles only develop 
in environments highly sensitive to changes in precipitation and/or evapo-
ration, such as the lacustrine Wilkins Peak member of the Eocene Green 
River Formation (cf. Machlus et al., 2008). Our study demonstrates that 
precession-controlled cyclicity is also recorded in the less sensitive fl uvial 
environment of the Willwood Formation.

Regular meter-scale cycles of individual paleosols occur on a sub-
Milankovitch or millennial time scale that may also refl ect climate change. 
Their duration of 7–8 k.y. is comparable to that found in Pliocene and 
Pleistocene marine and continental successions (e.g., Bond et al., 1993; 
Steenbrink et al., 2003; Becker et al., 2005). However, the exact origin of 
sub-Milankovitch cycles remains enigmatic. They have been attributed to 
ice-sheet dynamics (Bond et al., 1993), harmonics of the Milankovitch 
cycles (McIntyre and Molfi no, 1996), or periodic motions of the Earth and 
moon (Keeling and Whorf, 2000).

Larger scale bundles of paleosol clusters on the short (100 k.y.) 
eccentricity time scale have been recognized in the fi eld; however, longer  
cycles have not been documented in the color records because of the 
limited length of the sections studied. Analysis of longer records is neces-
sary to demonstrate the expected 1:5 thickness ratio of 100 k.y. eccentric-
ity with precession.
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