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ABSTRACT

The fl uviolacustrine Wilkins Peak Mem-
ber of the Eocene Green River Formation 
preserves repetitive sedimentary facies that 
have been interpreted as an orbitally induced 
climate signal. However, previous quantita-
tive studies of cyclicity in this member have 
used oil-yield data derived from single loca-
tions. Here, macrostratigraphy is used to 
quantitatively describe the spatiotemporal 
patterns of three different lithofacies associa-
tions from 8 to 12 localities that span much 
of the basin. Macrostratigraphic time series 
demonstrate that there is a reciprocal basin-
scale relationship between carbonate-rich 
lacustrine facies and siliciclastic-rich alluvial 
facies. Spectral analyses identify statistically 
signifi cant periods (≥90% confi dence level) in 
basin-scale sedimentation that are consistent 
with Milankovitch-predicted orbital period-
icities, with a particularly strong ~100 k.y. 
cycle expressed in all lithofacies associations. 
Numerous non-Milankovitch periods are 
also recognized, indicating complex deposi-
tional responses to orbital forcing, autocyclic 
controls on sedimentation, or harmonic arti-
facts. Although fl uctuations in Lake Gosiute 
water level did affect basin-scale patterns of 
sedimentation, they are not directly related 
to the 100 k.y. short-eccentricity cycle, as 
previously supposed. Instead, 100 k.y. cycles 
are principally recorded by the recurrence 
of alluvial environments, which exerted a 
dominant control on basin-scale patterns of 
sedimentation generally. Thus, the hydro-
logic controls on lake level that have been 
classically linked to short-eccentricity ac-
tually occurred at finer temporal scales 
(<100 k.y.). Understanding the complex links 
between orbital forcing and sedimentation 
in the Wilkins Peak Member is facilitated by 
analysis of time series that refl ect spatial as 
well as temporal variability in stratigraphic 

data. Macrostratigraphy is, therefore, prom-
ising as an analytical tool for basin-scale 
cyclostratigraphy.

INTRODUCTION

Astrochronology has become an important 
tool for advancing the completeness and resolu-
tion of the geologic time scale (Hinnov and Ogg, 
2007). The principal technique, called orbital 
tuning, is a method of aligning a stratigraphic 
succession thought to express precession, tilt, 
and/or eccentricity periods with a target orbital 
signal. This allows fi nely resolved numerical 
ages to be assigned to sedimentary successions. 
However, interpreting results based on orbital 
tuning can lead to circular reasoning, because 
the presence of an orbital signal is commonly 
assumed before it is tested. Furthermore, the 
outcome depends on choosing an appropriate 
target curve and/or a frequency for tuning. As 
a result, astrochronology may provide multiple 
unconstrained orbital interpretations for a given 
stratigraphy (e.g., Meyers et al., 2001; Prokoph 
et al., 2001; Meyers and Sageman, 2007).

Orbital tuning and other methods of cali-
brating astrochronology commonly embed as-
sumptions that depositional rates are constant 
through time, that lateral facies changes are 
negligible, and/or that the preserved record 
is essentially complete on Milankovitch time 
scales. Such conditions are likely to be quite 
rare. The fact that orbital signals are nonethe-
less commonly recognized is perhaps a testa-
ment to their inherent strength, which allows 
them to rise above a certain level of strati-
graphic noise. However, the way in which 
complex sedimentologic processes may have 
altered the relationship between the original 
climate forcing and the observed stratigraphic 
signal is little known. Drawing an analogy to 
the processes that selectively preserve fossil 
evidence of past life, the dynamics of sedi-
mentary systems might impose a taphonomic 
fi lter on apparent modes of past climatic forc-
ing. The concept has seldom been addressed, 

although modeling studies illuminate some 
plausi ble impacts (e.g., Goreau, 1980; Pestiaux 
and Berger, 1984; Ripepe and Fischer, 1991; 
Meyers et al., 2001; Laurin et al., 2005; Meyers  
et al., 2008; Jerolmack and Paola, 2010).

The Wilkins Peak Member of the Eocene 
Green River Formation in Wyoming presents 
an excellent opportunity to test such questions, 
due to its combination of variable sedimentary 
deposits and readily accessible outcrops and 
drill cores. Lake deposits of the Green River 
Formation have long been believed to express 
Milankovitch-band cyclicity (e.g., Bradley, 
1929; Fischer and Roberts, 1991; Roehler, 
1993), and the Wilkins Peak Member is marked 
by especially vivid vertical and lateral lithologic 
contrasts (Smoot, 1983; Pietras and Carroll, 
2006). Most importantly, radioisotopic dating 
of interbedded tuffs has established a robust 
and independent set of ages for the Wilkins 
Peak Member with uncertainties on the order 
of 100 k.y. (Smith et al., 2010). This age frame-
work places the Wilkins Peak Member among 
the best-dated pre-Quaternary stratigraphic in-
tervals in the world, reducing the need for or-
bital tuning and its associated issues.

Wilkins Peak Member strata have been in-
terpreted to preserve a record of orbital climate 
forcing based on spectral analyses of organic 
matter enrichment as measured by Fisher assay  
(Machlus et al., 2008; Meyers, 2008). Although 
the results differed in detail, both studies re-
ported power spectra dominated by long and 
short eccentricity. Both also reported multiple 
sub–100 k.y. spectral peaks at substantially 
lower power, some of which were interpreted to 
record obliquity and precession cycles. At face 
value, such results are puzzling, because the 
infl uence of eccentricity variability on climate 
must primarily result from the modulation of 
precession (Laskar et al., 2004). The observation 
of high eccentricity–band power concomitant 
with lower precession–band power suggests the 
presence of a nonlinear climate and/or deposi-
tional system response to orbital insolation (e.g., 
Ripepe and Fischer, 1991), whereby spectral  
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power is transferred from carrier frequency 
(precession) to its modulator (eccentricity).

The present study examines the Wilkins Peak 
sedimentary patterns in greater depth, through 
use of a quantitative technique called mac-
rostratigraphy (Peters, 2006; Hannisdal and 
Peters, 2010). It allows the quantifi cation of spa-
tiotemporal patterns in the rock record, which 
can be expressed as the temporal ranges of 
gap-bound rock packages. In contrast to previ-
ous studies that were based on single localities, 
macrostratigraphy is used to integrate strati-
graphic patterns compiled separately at multiple 
localities across the basin. It therefore incorpo-
rates spatial variability directly into the quanti-
tative stratigraphic analyses. Macrostratigraphy 
also allows the derivation of facies-specifi c time 
series. This approach thus provides new insight 
into the infl uence of temporally distinct sedi-
mentary processes on the derived stratigraphic 
expression of the orbital signals. The present 
study is the fi rst to employ macrostratigraphy at 
the scale of an individual nonmarine basin.

The goal of this study is to introduce a 
novel integration of macrostratigraphy and 
cyclostratigraphy that can be applied to quan-
titatively analyze sedimentary patterns in any 
stratigraphic record. This study also provides a 
new data set for future numerical analysis of the 
sedimentology and stratigraphy of the Wilkins 
Peak Member. Finally, a new interpretation of 
depositional controls on repetitive stratigraphic 
successions of the Wilkins Peak Member is 
proposed.

GEOLOGIC SETTING

The Wilkins Peak Member of the Green 
River Formation was deposited in Eocene Lake 
Gosiute during an underfi lled phase of the 
Bridger Basin in southwestern Wyoming (Car-
roll and Bohacs, 1999; Fig. 1). The Bridger 
Basin  is bounded on the west by the Cordilleran 
fold-and-thrust belt, and on the south and north 
by basement-cored foreland uplifts. The Rock 
Springs Uplift bounds the Bridger Basin to the 
east and exposes a north-south–trending series 
of Wilkins Peak Member outcrops. The 10 out-
crops and 2 cores used in this study are mostly 
on the eastern fl ank of the Wilkins Peak depo-
center. This transect does not extend directly 
into the Wilkins Peak Member depocenter, but 
the availability of continuous exposure permits 
exceptionally detailed stratigraphic correlations 
to be carried across much of the basin. Due to 
the low gradient of the basin fl oor, the large 
magnitude of lake-level changes, and the high 
frequency of those changes, the transect does 
capture a wide range of lacustrine and fl uvial 
sedimentary facies. The principal limitation 

of this transect is that it excludes the thickest-
bedded evaporite deposits. Because they lack 
appreciable organic enrichment, those deposits 
are also not clearly recorded in the Fischer assay 
data employed in previous cyclostratigraphic 
studies (Machlus et al., 2008; Meyers, 2008).

Deposition of the Wilkins Peak Member 
occurred between ca. 51.56 and 49.89 Ma, co-
inciding with the peak of the early Eocene cli-
matic optimum (Zachos et al., 2001; Smith et al., 
2008, 2010). As such, it is one of only a few 
records of Eocene warm climate variability with 
the potential for age resolution on the scale of 
tens of thousands of years (Zachos et al., 1994; 
Sloan and Rea, 1996). Leaf fossils collected at 
Little Mountain (Fig. 1) from sites spanning the 
boundary between the Wilkins Peak and overly-
ing Laney Members indicate warm subtropical 
conditions, with a mean annual precipitation of 
~80 cm/yr (Wilf, 2000). Bedded evaporite inter-
vals stratigraphically lower in the Wilkins Peak 
Member suggest either a long-term transition to-
ward wetter conditions (Wilf, 2000), or the ex-
istence of high-frequency (and high-amplitude) 
climatic fl uctuations during deposition of the 
unit (Smith et al., 2008).

Although commonly characterized as entirely 
lacustrine, the Wilkins Peak Member actually 
consists of two distinctly different lithofacies 
assemblages: carbonate- and evaporite-rich lake 

deposits, and siliciclastic alluvial deposits. Lacus-
trine lithologies include tan to olive micrite and 
carbonate siltstone, kerogen-rich laminated mi-
crite (oil shale), bedded evaporite, and minor  
carbonate-cemented siliciclastic sandstone. 
Car bon ate mineralogies include both calcite and 
dolomite. These lithologies are organized into at 
least 126 repetitive vertical successions (cycles), 
ranging from 0.14 m to nearly 6 m thick, which 
are interpreted to record discrete expansions 
and subsequent contractions of Lake Gosiute 
(Pietras and Carroll, 2006). Lake expansions are 
often marked by oil shale beds, and thus are as-
sociated with increased Fischer assay oil yields 
(Roehler, 1993). Desiccation cracks, scours, and 
pedogenically brecciated facies are common 
and may denote lacunae of unknown duration 
(Smoot, 1983; Pietras and Carroll, 2006). The 
preservation of lake cycles is not uniform across 
the basin; the number of recognizable cycles ap-
proximately increases by a factor of three from 
the northern basin margin to the basin center (a 
distance of ~50 km; Pietras et al., 2003; Pietras  
and Carroll, 2006). Many of these cycles likely 
refl ect Milankovitch forcing of climate, but 
some clearly do not. Calculation of an aver-
age apparent cycle duration using 40Ar/39Ar tuff 
ages (Pietras et al., 2003) and spectral analysis 
(Machlus et al., 2008) demonstrated the exis-
tence of subprecessional cycles in the Wilkins 
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Figure 1. Location of Eocene lacustrine basins and associated Precambrian-cored uplifts in 
the northern Rocky Mountains. BT—Boar’s Tusk outcrop, BG—Breathing Gulch outcrop, 
AL—Apache Lane outcrop, MR—Microwave Refl ector outcrop, SB—Stagecoach Boule-
vard outcrop, KA—Kanda outcrop, WM—White Mountain #1 core, LS—Lauder Slide 
outcrop, BF—U.S. ERDA/LERC 1 Blacks Fork core, CC—Currant Creek outcrop, SC—
Spring Creek outcrop, PB—Pipeline Bridge outcrop, LM—Little Mountain, RSU—Rock 
Springs Uplift, CO—Colorado, ID—Idaho, UT—Utah, WY—Wyoming. Figure is modifi ed 
from Smith et al. (2003, 2008). See Table DR1 for coordinates of all stratigraphic sections 
(see text footnote 1).
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Peak Member. However, the causes of subpre-
cessional fl uctuations of Lake Gosiute remain 
unknown.

Wilkins Peak lacustrine strata are punctu-
ated by up to nine composite alluvial bed sets, 
composed of silty mudstone to medium-grained 
sandstone (marker beds A–I of Culbertson, 
1961; Pietras and Carroll, 2006). These allu-
vial intervals represent up to ~48% of the 
thickness of the Wilkins Peak Member and are 
most prominent in the southern Bridger Basin 
(Fig. 2). Lenticular sandstone beds associated 
with basal scours and trough cross-bedding are 
interpreted as fl uvial deposits (Pietras and Car-
roll, 2006). Climbing ripples and planar-parallel 
lamination are common to ubiquitous, implying 
rapid deposition from sediment-laden unidirec-
tional fl ows. Bird and other vertebrate tracks, 
insect burrows, root casts, and incipient paleo-
sols attest to at least occasional subaerial expo-
sure (Pietras and Carroll, 2006), and exclude a 
purely lacustrine origin for the siliciclastic fa-
cies. Lacustrine carbonate facies do occasion-

ally occur as meter-scale interbeds however, 
consistent with a model of fl uvial deposition on 
a low-relief lake plain. The alluvial intervals are 
readily correlatable across distances of tens of 
kilometers and appear conformable with major 
oil shale beds and other lacustrine strata.

METHODS

Facies Associations

The Wilkins Peak lithology is classifi ed into 
three distinct facies associations that denote lake 
water depth during deposition: alluvial, mar-
ginal lacustrine, and basinal lacustrine facies 
associations (Fig. 2, Tables DR1 and DR21). 
The alluvial facies association represents a wide 
range of fl uvial channel deposits, represented 

by arkosic sandstone-siltstone-mudstone bed 
sets. The marginal lacustrine facies association 
was deposited in shallow-water environments 
undergoing both subaqueous deposition, with 
dominant wave transportation, and subaerial 
modifi cation. The basinal lacustrine facies as-
sociation, including kerogen-rich micrite (oil 
shale) and bedded evaporite, represents deep 
lacustrine environments. The oil shale facies 
was deposited in a calm and low-oxygen envi-
ronment, which allowed concentration and pres-
ervation of organic matter. Close to the basin 
center, oil shale is commonly intercalated with 
bedded evaporite (Pietras and Carroll, 2006; 
Smith, 2007), which is interpreted as having 
been deposited subaqueously on the lake fl oor 
(Bradley and Eugster, 1969).

Chronostratigraphic Correlation

A basin-scale cross section is compiled from 
two separate cross sections in the northern and 
the southern parts of the Bridger Basin, based on 
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Figure 2. Cross section of the Wilkins Peak Member of the Green River Formation showing distribution of its three distinct facies associa-
tions: alluvial, marginal lacustrine, and basinal lacustrine (adapted from Pietras and Carroll, 2006; Smith, 2007). 40Ar/39Ar ages of Sixth, 
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1GSA Data Repository item 2012243, strati-
graphic information including locations, and key sur-
faces versus thickness and time, is available at http://
www.geosociety.org/pubs/ft2012.htm or by request 
to editing@geosociety.org.
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decimeter-scale lithologic description of 12 out-
crop and core sections (Fig. 2; Table DR 1 (see 
footnote 1); Pietras and Carroll, 2006; Smith, 
2007). Lateral correlation among these sec-
tions is considerably aided by 15 tuff horizons, 
9 composite bed sets of the alluvial association 
(A–I), and 34 major lake cycles. The 40Ar/39Ar 
ages of six tuffs within the Wilkins Peak inter-
val, including the Sixth, Layered, Main, Grey, 
Boar, and Firehole Tuffs, have been recently 
recalculated to account for the new 28.201 Ma 
value for the Fish Canyon standard and to elimi-
nate altered samples from weighted mean age 
calculations (Kuiper et al., 2008; Smith et al., 
2010). The nine sandstone-siltstone-mudstone 
marker beds (A–I; Culbertson, 1961) are up to 
25 m thick and can be traced across much of 
the basin, especially in the southern part. Expan-
sion-contraction cycles of Eocene Lake Gosiute 
represented by the repetitive carbonate-rich fa-
cies successions of the Wilkins Peak Member 
are bounded by widely traceable lacustrine 
fl ooding surfaces (Bohacs, 1998). The 34 major 
lake cycles are defi ned by the fl ooding surfaces 
that can be traced across the basin.

Thickness-To-Time Transformation

The six dated tuffs within the Wilkins Peak in-
terval, including the Sixth, Layered, Main, Grey, 
Boar, and Firehole Tuffs, yield weighted mean 
ages (±2σ analytical uncertainties) of 49.92 ± 
0.10 Ma, 50.11 ± 0.09 Ma, 50.27 ± 0.09 Ma, 
50.85 ± 0.21 Ma, 51.13 ± 0.24 Ma, and 51.40 ± 
0.21 Ma, respectively (Fig. 2; Smith et al., 2010). 
Based on the nominal tuff ages, age models for 
the eight stratigraphic sections that extend from 
the base to the top of the Wilkins Peak Mem-
ber were calculated using least-squares fi ts of 
 second-order polynomials (quadratic model), 
which provide exceptional fi ts to the 40Ar/39Ar 
ages (r2 > 0.99), compared to linear and expo-
nential age models (Fig. 3). The primary assump-
tion involved in the application of this model is 
that long-term secular changes in sedimentation 
rate can be modeled as a smooth, slowly vary-
ing function, providing a reliable reconstruction 
of the time-depth relationship within ~0.06 m.y. 
(the maximum root mean square misfi t of the 
models across the eight study sites). Importantly, 
the quadratic model avoids an assumption of 
constant sedimentation rate. Higher-frequency 
sedimentation rate variability could still be pres-
ent, but is not resolvable with the available radio-
isotopic data. As discussed in detail later herein, 
the upper and the lower contacts of the Wilkins 
Peak Member, the six dated tuffs plus nine other 
tuffs, and the 34 major lake cycle boundaries 
were all used to establish time-equivalent sur-
faces (Fig. 2, Table DR3 (see footnote 1).

To examine the reliability and sensitivity of 
the analysis to implicit assumptions associated 
with the time models, two depth-derived time 
scales were calculated: the “WM time scale” 
and the “modal time scale.” The WM time scale 
is based on the ages of time-equivalent surfaces 
at the WM site, and is motivated by the fact 
that this is one of only two stratigraphic sec-
tions (WM and BG) where all six dated tuffs 
are unambiguously identifi ed (Smith, 2007; 
Figs. 2 and 3). Between the two, only the WM 
section preserves all Wilkins Peak lithofacies 

(Pietras  and Carroll, 2006), and it is much closer 
to the basin center, so it is a more appropriate 
representative for the Wilkins Peak age model. 
The ages of the time-equivalent surfaces at the 
11 other stratigraphic sections were rescaled to 
match those of the WM section.

The “modal time scale” was derived from 
the ages of time-equivalent surfaces at all 
eight localities (Figs. 2 and 3). Kernel density 
estimates of the ages of each time-equivalent 
surface were evaluated to investigate their 
distribution and to fi nd the most appropriate 
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tend from the base to the top of the Wilkins Peak Member (PB, SC, CC, BF, LS, WM, BG, 
and BT) based on 40Ar/39Ar ages of the Sixth, Layered, Main, Grey, Boar, and Firehole 
Tuffs (see Figs. 1 and 2 for locations of the stratigraphic sections and the tuffs). The ages of 
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uncertainties of the 40Ar/39Ar ages (Smith et al., 2010).

 on January 23, 2013gsabulletin.gsapubs.orgDownloaded from 

http://gsabulletin.gsapubs.org/


Aswasereelert et al.

220 Geological Society of America Bulletin, January/February 2013

central tendency that best represented those 
ages (Fig. 4; Silverman, 1982). The Gaussian 
kernel function computes a probability den-
sity estimate evaluated at 100 equally spaced 
points that cover the range of those ages. As 
shown in Figure 4, the kernel density distribu-
tion represents the modeled age distribution 
better than the classic Gaussian distribution, 
especially when the ages are not unimodal or 
somewhat skewed. We used the mode of the 

ages based on the kernel distribution of each 
time-equivalent surface to establish the depth-
derived time scale at all sites, and it also pro-
vides an estimate of the age uncertainty. This 
approach is an adaptation of the depth-derived 
age model technique of Huybers and Wunsch 
(2004), which utilizes mean ages.

Both time scales were used independently to 
transform stratigraphic thickness into geologic 
time, by assuming a constant rate of sedimen-

tation between successive time-equivalent sur-
faces (Figs. 5A and 5B). Finally, the original 
lithostratigraphic cross section was transformed 
to show the distribution of the Wilkins Peak fa-
cies in a chronostratigraphic framework that es-
sentially constitutes a Wheeler diagram (Figs. 6 
and 7; Tables DR2 and DR3 (see footnote one); 
Wheeler, 1958). However, the distribution and 
duration of possible lacunae at each location re-
main a source of uncertainty.
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Macrostratigraphic Analysis

We used macrostratigraphy (Peters, 2006) to 
quantify spatiotemporal patterns of the repeti-
tive successions of the Wilkins Peak Member. 

Each continuous facies association in each 
stratigraphic section constitutes a rock pack-
age (or “facies package”) bounded by tempo-
ral gaps that are defi ned by rock packages of 
different facies associations. In addition to the 

three facies associations, a total lacustrine fa-
cies association that is an integration of the 
marginal and the basinal lacustrine facies asso-
ciations was included in the analysis to test the 
reliability of the macrostratigraphic analysis. 
Spectra of alluvial and total lacustrine macro-
strati graphic time series should be essentially 
identical, as they are expected to be reciprocal 
to one another.

Following application of the time scales (both 
WM and modal) to all 12 stratigraphic sections, 
we identifi ed the temporal gaps that are shorter 
than the smallest resolvable gap (0.4 k.y.). The 
facies packages that were separated by an in-
terval shorter than the smallest resolvable gap 
were considered to be one continuous pack-
age. Then, the 12 stratigraphic sections were 
uniformly resampled at a 0.4 k.y. interval, to 
measure the spatiotemporal continuity of each 
rock package (Fig. 5C). The 0.4 k.y. interval 
was chosen for both the sampling interval and 
the smallest resolvable gap because the detailed 
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Figure 6. Chronostratigraphic cross section of the Wilkins Peak Member based on the WM time scale. Note that the Wilkins Peak interval 
spans approximately from 49.89 to 51.56 Ma. The vertical and horizontal axes represent time and position within the basin, respectively. 
See Table DR2 for the WM time scale versus each facies association, and Table DR3 for the WM time scale versus time-equivalent surface 
(see text footnote 1).  PB—see Fig. 1 for stratigraphic section defi nitions.
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cross section has a resolution of 10 cm, which is 
equivalent to a nominal temporal resolution of 
0.3–0.5 k.y. (Machlus et al., 2008). The number 
of occurrences of each facies package in each 
temporal bin was then summed across the basin. 
Stratigraphic abundance, the ratio of the num-
ber of occurrences of each facies package to the 
number of stratigraphic sections in each tem-
poral bin, was then calculated (Fig. 5C). This 
approach distills the stratigraphic architecture 
into a macrostratigraphic time series for each 
facies association (Fig. 8). Quantitative changes 
in this ratio correspond to expansion (large 
stratigraphic abundance) and contraction (small 
stratigraphic abundance) in the area of deposi-
tion of each facies association. Consequently, 
the macrostratigraphic time series refl ect both 
the spatial extent and the temporal continuity of 
each facies association. As a result, they should 
capture temporal ranges of forcing mechanisms 
that controlled the stratigraphic pattern of the 
Wilkins Peak Member.

Cyclostratigraphic Analysis via Multitaper 
Method Spectral Analysis

We used multitaper method spectral analy-
sis (MTM) of the macrostratigraphic time 
series to estimate power spectra, allowing a 
quantitative assessment of the Wilkins Peak 
cyclicity (Fig. 9; Thomson, 1982). The MTM 
technique also includes a harmonic F variance-
ratio test (F-test) for the presence of periodic 
components (phase-coherent sinusoids). The 
F-test is independent of amplitude, and thus 
the statistical signifi cance of both weak and 
strong periodic signals can be evaluated. This 
approach is particularly useful in stratigraphic 
data series, which are generally noisy, as is the 
case for the Wilkins Peak time series (Meyers, 
2008; Machlus  et al., 2008). The analysis was 
conducted using fi ve 3π prolate tapers, follow-
ing the removal of a linear trend from the data 
(Thomson, 1982). The present study focuses on 
cycles with periods longer than 10 k.y. that have 

previously been hypothesized to record orbital 
forcing in the Wilkins Peak Member (Fischer 
and Roberts, 1991; Roehler, 1993; Machlus 
et al., 2008; Meyers, 2008), although the 0.4 
k.y. sampling interval allows for assessment of 
frequencies as high as 1.25 cycles/k.y., corre-
sponding to a period of 0.8 k.y.

RESULTS

Age Model

The quadratic age models for the eight 
stratigraphic sections that span the entire 
Wilkins Peak Member provide evidence that 
net average sediment accumulation rates varied  
both temporally and geographically within the 
Bridger Basin (Fig. 3). The pattern of these 
variations, as expressed at individual locali-
ties, is broadly consistent with the proximity 
to the Wilkins Peak depocenter to the west and 
the Uinta Uplift to the south (Fig. 1). Four of 
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the localities (CC, LS, BF, and WM) share a 
history of diminishing net accumulation rate 
with decreasing age, whereas the other four 
sections (PB, SC, BG, and BT) exhibit an ap-
parent acceleration of net accumulation rate 
(Fig. 3). Also, the rate generally increases to 
the south. For example, the net accumula-
tion rate between the Boar Tuff and the Fire-
hole Tuff varies from 224 m/m.y. at WM to 
44 m/m.y. at BT, while the rate between the 
Sixth Tuff and the Layered Tuff varies from 
163 m/m.y. to 67 m/m.y. across the basin. This 
history is consistent with the observation of 
greater stratal thicknesses in the southern part 
of the basin and a more uniform accumulation 
rate late in the history of Wilkins Peak Mem-
ber deposition (Fig. 2). When the time-depth 
relationships based on the WM and the modal 
time scales are compared, it is found that the 
ages of the Wilkins Peak strata show greater 
discrepancy from each other in the upper por-
tion of the stratigraphy, approximately above 
the Grey Tuff (Fig. 3).

Macrostratigraphic Time Series

Macrostratigraphic time series based on the 
WM and modal time scales are similar to each 
other in the lower half of the Wilkins Peak 
Member, except for the interval from the upper 
A bed to the lower B bed (Fig. 8). On the con-
trary, they demonstrate greater discrepancy in 
the upper half (above the E bed), indicating that 
the results are sensitive to the time scale used to 
reconstruct the time-depth relationship. For both 
time scales, the nine alluvial marker beds (A–I) 
dominate the alluvial time series, and align with 
corresponding but opposite signals expressed by 
the total lacustrine facies association. Although 
this strongly reciprocal relationship can be vi-
sually recognized from the Wilkins Peak cross 
sections (Figs. 2, 6, and 7), it is directly quanti-
fi ed via the macrostratigraphic time series. The 
marginal and basinal lacustrine associations in-
dividually exhibit higher-frequency variability, 
quantifi ed using power spectral analysis (see 
“Multitaper Method Power Spectra” below), 

than either the alluvial facies association or the 
combined lacustrine association. The lack of 
high-frequency variation in the combined lacus-
trine association suggests that its constituent 
parts are consistently out phase with each other, 
as would be expected if the lake-level changes 
were (nearly) synchronous across the basin.

Multitaper Method Power Spectra

Spectral analysis of the stratigraphic abun-
dance of each facies association identifi ed nu-
merous periods that are signifi cant at the 90% 
harmonic F-test confi dence level (Fig. 9). The 
periods range from 10 to 1000 k.y., and many 
of them are consistent with the predicted or-
bital frequencies (Table 1; Laskar et al., 2004, 
2011). Although a detailed comparison of the 
WM and modal time-scale spectra reveals some 
sensitivity to the proscribed thickness-to-time 
transformation, a remarkably consistent feature 
of all analyses is the concentration of power at 
a frequency of ~1/100 k.y. (Fig. 9). The WM 
time scale alluvial and lacustrine spectral re-
sults illustrate exceptionally strong periodic 
variability at ~1/100 k.y.; the highest values of 
the harmonic F statistic occur at this frequency, 
exceeding the 99% confi dence level, and the 
power spectra also exhibit plateaus that are diag-
nostic of a robust periodicity (Thomson, 1990).

The presence of a well-defi ned ~1/100 k.y. 
peak with high power in all of the facies asso-
ciation spectra (most of which also achieve 
F statistic confi dence levels exceeding 90%), 
and the fact that the WM time scale brings this 
100 k.y. cycle into such strong phase-coherence 
provide substantial evidence in favor of the WM 
time scale (Fig. 9; Table 1). This follows simi-
lar statistical reasoning as employed in “mini-
mal tuning” (Muller and MacDonald, 2000). 
That is, if the process of tuning to one orbital 
component (e.g., obliquity) yields enhanced 
phase-coherence in another component (e.g., 
eccentricity), it is diffi cult to reconcile such 
sharpening of spectral features as a statistical 
coincidence, lending support to the tuning. The 
100 k.y. cycle that is expressed in the Wilkins 
Peak macrostratigraphic data is consistent with 
previously hypothesized short-eccentricity vari-
ability; however, this result is particularly re-
markable considering that orbital tuning was not 
applied to the macrostratigraphic time series . 
Importantly, the 100 k.y. cycle demarcates the 
timing of almost all alluvial strata that are iden-
tifi ed in the basin (Fig. 8), indicating that this 
periodicity is strongly tied to the alternation of 
lacustrine and alluvial facies associations.

Frequencies higher than 1/100 k.y. contain less 
power and are more sensitive to the choice of the 
WM versus the modal time scale (Fig. 9). This 
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sensitivity is expected, since Fourier spectral es-
timates are inherently more sensitive at higher 
frequencies, and thus short-term inaccuracies in 
the time scale will appear more substantial. Nu-
merous periods with signifi cant F-values occur 
within the sub–100 k.y. range, some of which 
appear to match expected obliquity and preces-

sional modes. In contrast to the alluvial and the 
total lacustrine facies associations, the marginal 
lacustrine and the basinal lacustrine results dem-
onstrate a larger fraction of their variance at fre-
quencies between 1/10 k.y. and 1/100 k.y.

At very low frequencies, an ~400 k.y. cycle 
of high power is apparent, consistent with long 

eccentricity as hypothesized in previous stud-
ies (Meyers, 2008; Machlus et al., 2008). The 
modal time scale alluvial and total lacustrine 
spectra are the only results for which this cycle 
exceeds the 90% F-test confi dence level. All fa-
cies associations based on both time scales also 
resolve a previously poorly documented low-
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frequency component at a period of ~1000 k.y., 
which could be a modulator of obliquity (Laskar 
et al., 20004; Machlus et al., 2008). Although 
this period has very high power, the length of the 
time series (~1700 k.y.) prohibits more rigorous 
assessment of this potential cycle.

DISCUSSION

The 100 k.y. Cycle

The strong ~100 k.y. cyclicity found in this 
study is in good general agreement with results 
from previous studies that were based solely 
on Fischer assay data from individual cores 
(Meyers , 2008; Machlus et al., 2008). More 
specifi cally, the ~109 k.y. period seen in the 
allu vial, total lacustrine, and marginal lacustrine 
spectra of the WM time scale and the ~106 k.y 
period seen in the alluvial and total lacustrine 
spectra of the modal time scale (Table 1; Fig. 9) 
are close matches to the 105 k.y. tuning fre-
quency assumed by Machlus et al. (2008). The 
agreement is remarkable, considering that the 
present analyses do not employ orbital tuning, 
but instead rely exclusively on radioisotopic 
tuff ages for calibration. These results agree 
less closely with Machlus et al.’s (2008) second 
model, which involved tuning the Fischer assay  
oil yield at two sites individually to precessional 
cycles (Roehler, 1993) and resolved ~102 k.y. 
and ~98 k.y. periods. The average spectral mis-
fi t between a single core and predicted orbital 
periods also estimated the co-occurrence of two 
periods of ~120 k.y. and ~95 k.y. (~108 k.y. on 
average) by assuming constant net accumulation 

rates throughout the deposition of the Wilkins 
Peak Member (Meyers, 2008). The fact that 
three studies using entirely different analytical 
approaches produced similar results confi rms 
that an ~100 k.y. cycle is indeed a strong intrin-
sic feature of the Wilkins Peak Member.

Evaluation of Orbital Forcing in the 
Wilkins Peak Member: Proxy and 
Method Challenges

Previous studies of Wilkins Peak Member 
cyclicity have generally concluded that orbital 
forcing is expressed in the rhythmic succession 
of its carbonate-rich lacustrine facies, which 
in turn refl ects expansion and contraction of 
Eocene  Lake Gosiute (Fischer and Roberts, 
1991; Roehler, 1993; Meyers, 2008; Machlus 
et al., 2008). However, a limitation of those 
studies is that they relied on Fischer assay data 
to serve as a faithful proxy for lake depth, rather 
than on actual facies descriptions. Fischer Assay  
data do bring some specifi c advantages; the data 
are plentiful and free, due to extensive past oil 
shale resource surveys conducted by the U.S. 
Bureau of Mines, and they avoid the potential 
for subjectivity that can occur with visual facies  
description. Moreover, increased organic en-
richment does appear to correlate with visual 
facies evidence for deep lacustrine deposition 
(e.g., Carroll and Bohacs, 2001; Pietras  and 
Carroll, 2006). Nevertheless, Fischer assay 
analyses do not represent truly continuous time 
series, because they represent samples that are 
homogenized across discrete core intervals. 
These intervals typically range from 1 to 5 ft 

(0.3–1.5 m) in thickness, which limits their tem-
poral resolution (Pietras et al., 2003; Pietras and 
Carroll, 2006). The most signifi cant disadvan-
tage of Fischer assay data is that they convey 
no direct information about rocks that lack sig-
nifi cant organic matter, such as the siliciclastic 
alluvial intervals and evaporite beds. The role 
that these intervals may have played in preserv-
ing a record of orbital forcing of sedimentation 
was therefore not directly evaluated in any of the 
previous studies based on Fischer assay data. 
However, the importance of the alluvial inter-
vals could be implied from the observation that 
~100 k.y. perio dicity is most strongly expressed 
at localities where the alluvial intervals are most 
prominent (Machlus et al., 2008).

The first proposal that the nine discrete 
Wilkins Peak alluvial intervals record climatic 
forcing related to short eccentricity was based 
on direct interpolation between radioisotopic 
ages (40Ar/39Ar and U-Pb) of intercalated tuffs 
(Smith et al., 2010). They further proposed 
calibration of the alluvial intervals directly to 
specifi c predicted minima in long and short ec-
centricity (Laskar et al., 2004). This calibration 
remains uncertain, however, due to errors that 
could result both from interpolating average 
sediment accumulation rates and from extrapo-
lating the astronomical solutions back to the 
Eocene . Their study was also limited to a single 
drill core, whereas preservation of the nine allu-
vial siliciclastic intervals is variable across the 
Bridger Basin. The number of alluvial inter-
vals generally decreases going northward, and 
at some locations only the “D” interval can be 
identifi ed (Fig. 2).

TABLE 1. THEORETICAL AND OBSERVED PERIODS FOR THE EOCENE WILKINS PEAK MEMBER MACROSTRATIGRAPHIC DATA SERIES

Alluvial facies
association

Total lacustrine
facies association

Marginal lacustrine
facies association

Basinal lacustrine
facies association

Predicted
orbital periods
(k.y.)

Observed
periods

(k.y.)

MTM
probability

(%)

Observed
periods

(k.y.)

MTM
probability

(%)

Observed
periods

(k.y.)

MTM
probability

(%)

Observed
periods

(k.y.)

MTM
probability

(%)

WM time scale

400.00  N.A.* N.A. N.A. N.A. N.A. N.A. N.A. N.A.
130.23 109.59 99.62 109.59 99.55 108.84 97.40 112.68 92.86
97.94 89.89 96.67
50.76 45.98 97.67 46.11 97.84 45.71 96.96 49.23 97.63
39.14 37.65 95.79 40.40 96.12

09.3922.3213.7900.1298.8922.2266.8991.2238.12
52.3906.8105.7900.0209.5942.8141.6942.8147.81

Modal time scale

400.00 355.56 91.55 355.56 90.82 N.A. N.A. N.A. N.A.
130.23 105.96 90.04 105.96 89.89† N.A. N.A. 120.30 94.33
97.94 N.A. N.A. 88.89 97.19

87.5989.5414.6991.8426.2984.8466.3984.8467.05
57.2943.1448.5914.9347.2931.1443.3930.1441.93
16.9914.0249.9986.1211.9961.2298.8961.2238.12
35.6932.9126.9982.9127.3934.8110.3934.8147.81

Note: Observed periods were calculated using the multitaper method (MTM). Predicted orbital periods were derived from orbital solutions La2004 (obliquity and precession; 
Laskar et al., 2004) and La2010 (eccentricity; Laskar et al., 2011).

*N.A. indicates that none of the observed significant periods ( 90% confidence level) is close to predicted orbital periods.
†Although not exceeding 90% confidence level, the 105.96 k.y. period of the total lacustrine facies association is shown because it is very consistent with that of the alluvial 

association.
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A Depositional Model for 100 k.y. Cycle 
Expression in the Wilkins Peak Member

Macrostratigraphy reveals that eccentricity 
cycles are not primarily recorded in the Wilkins 
Peak Member through fluctuations of Lake 
Gosiute water level, represented by the rhyth-
mic successions of lacustrine strata, but instead 
by the alternation of siliciclastic alluvial and 
carbonate-rich lacustrine strata (Figs. 8 and 9). 
This realization has considerable practical sig-
nifi cance, because the specifi c alluvial intervals 
(A through I) are readily identifi able in outcrop, 
providing a useful in situ chronometer.

The extensive alluvial intervals clearly record 
the activity of river systems that crossed the basin 
(Pietras and Carroll, 2006; Williams and Carroll, 
2009), most likely originating to the northeast of 
the basin (Smoot, 1983; Sullivan, 1985). Their 
very existence within a closed basin might be 
seen as paradoxical, because active river systems 
imply a positive hydrologic budget that would 
also be expected to cause lake expansion (Bohacs 
et al., 2000). However, detailed sedimentologic 
study of the siliciclastic intervals instead sup-
ports a purely fl uvial origin as a well-channelized 
fl uvial depositional environment dominated by 
accreting macroforms (Williams and Carroll, 
2009). Incipient paleosol formation is also evi-
dent in lake-plain facies immediately underlying 
at least one alluvial interval (Pietras and Carroll, 
2006). Such exposure surfaces are hypothesized 
to have formed during exceptionally dry peri-
ods when the lake had shrunken or disappeared 
entirely (Fig. 10B), and then fl uvial deposition 

commenced as conditions initially became wet-
ter again (Fig. 10C). Finally, the alluvial depos-
its were inundated by Lake Gosiute (Fig. 10A). 
The bimodal hypsometry of the basin, which 
consisted of a low-gradient fl oor surrounded by 
much steeper bedrock exposures (Pietras and 
Carroll, 2006), may also have contributed to 
the strong contrast and rapid transition between 
siliciclastic and carbonate facies. Once Lake 
Gosiute dropped below the level of its bedrock 
boundaries, any further small decrease in water 
depth would have caused it to very rapidly shrink 
or disappear, exposing the lake plain to fl uvial in-
fl uence. The same low-gradient basin fl oor would 
promote rapid re-fl ooding of the basin.

High-Frequency Variability

When compared to the other facies associa-
tions, the marginal lacustrine and basinal lacus-
trine power spectra reveal a larger fraction of 
their variance at frequencies between 1/10 k.y. 
and 1/100 k.y. (Fig. 9). The high-frequency al-
ternation between basinal and marginal asso-
ciations—including the power in the obliquity 
and precession bands—is postulated to be the 
result of fl uctuations in lake level (Figs. 8 and 
9). This interpretation is supported by the lack 
of substantial high-frequency variation in the 
combined lacustrine association, indicating that 
the two components are consistently out phase 
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(Intermittent playa)

Nondeposition/
deflation

Fluvial floodplain

(Lake-level fluctuation)

(Paleosol formation, lacunae)
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Marginal to basinal lacustrine facies
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A

B

C
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B C

Eccentricity cycles

Wet

Dry
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#

Legend

Carbonate-rich mudstone

Evaporite

Siliciclastic sandstone to mudstone

Alluvial conglomerate

Reverse fault

NorthSouth CC-BT SectionsPB, SC SectionsFigure 10. Conceptual model for the origin of 
alternating lacustrine versus alluvial facies 
associations in the Wilkins Peak Member 
(not to scale). Higher-frequency lake-level 
fl uctuations are omitted for clarity. Bars at 
top indicate the approximate basin positions 
of the stratigraphic sections utilized in this 
study (Figs. 1 and 2). (A) All study locations 
are inundated by Lake Gosiute. The lacus-
trine facies associations are widely distrib-
uted during this stage, whereas deposition 
of fi ne-grained siliciclastic alluvial sediments 
is prohibited. (B) Lake Gosiute is in a con-
traction stage. The lake fl oor is generally 
exposed, with ephemeral lakes. Deposition 
occurs only in the deepest part of the basin, 
where evaporite forms. (C) Fine-grained 
silici clastic alluvial sediments are depos-
ited as the lake begins to expand. Evaporite 
depo si tion is interrupted. Later, deposition 
of the lacustrine facies associations over-
whelms the alluvial deposition (A).
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with each other, as would be expected if the 
lake-level changes were generally synchronous 
across the basin (Fig. 8). In contrast, the high-
power ~1/100 k.y. cycle observed in these facies 
associations is largely attributable to the dimin-
ishment of lacustrine facies at times of extensive 
alluvial deposition (A through I) as observed in 
the macrostratigraphic time series.

The power spectra obtained from macrostrati-
graphic time series differ in fi ne detail from those 
reported by Meyers (2008) and Machlus et al. 
(2008), but they share feature with those stud-
ies—a general multiplicity of low-power spec-
tral peaks at higher frequencies (periods shorter 
than 100 k.y.)—far more than expected by the 
orbital hypothesis. There are a variety of pos-
sible explanations for the “noisy” nature of the 
high-frequency portions of the spectra, including 
non-Milankovitch forcing such as stochastic geo-
morphic processes that affected lake level (e.g., 
autocyclicity), strongly nonlinear responses of the 
climate and/or the depositional system to orbital-
insolation forcing, taphonomic artifacts associated 
with the depositional system, or spectral artifacts 
related to the nature of the input data or the meth-
odologies used to estimate spectra. With respect to 
the fi rst explanation, there exists a robust physical 
record of subprecessional lake-level fl uctuation 
(Pietras et al., 2003). Based on tuff ages (Smith 
et al., 2003) and on lake cycles described in out-
crops and cores, that study reported average cycle 
durations as short as 10 k.y. for the Wilkins Peak 
Member in the WM core (Fig. 1). Moreover, the 
thinnest complete lake cycles could be shorter 
(Pietras  and Carroll, 2006). Neither of those stud-
ies claimed to exclude the existence of lake cycles 
infl uenced by precessional or longer variability, 
but no defi nitive sedimentologic or stratigraphic 
criteria presently exist for distinguishing cycles 
that result from orbital forcing versus those that 
refl ect other controls on lake level.

On the basis of a general circulation model 
used to study mechanisms for translating the or-
bital signal into climatologic, geomorphic, and 
sedimentologic processes, precessional forcing 
of lake levels in Eocene Lake Gosiute is plau-
sible (Morrill et al., 2001). Such forcing would 
likely have been expressed as changing rates 
of evaporation from the lake surface, related to 
changing shortwave radiation, rather than by 
changes in mean annual precipitation. They also 
noted that additional local factors could compli-
cate the response of lake level to orbital-insola-
tion variability, including changes in vegetation, 
mud-fl at area surrounding the lake, snowmelt 
variability, and changes in catchment.

Rather than infer weak orbital forcing of Eo-
cene climate based on high-frequency variability, 
the lacustrine facies associations of the Wilkins 
Peak Member are instead hypothesized to con-

stitute an intrinsically noisy system that has dis-
torted the apparent orbital insolation signal 
through a taphonomic fi lter. Such taphonomic 
infl uences likely include unresolved changes in 
sedimentation rate (Meyers et al., 2001), which 
tend to smear high-frequency components in 
power spectra (known as “peak splitting”). 
Furthermore, variable sedimentation within in-
dividual “cycles” can introduce artifacts that 
resemble harmonics of the fundamental cycle 
(e.g., 1/2, 1/3, and 1/4 of the precession period), 
a mathematical consequence of the departure of 
the sedimentary rhythm from a purely sinusoidal 
shape (Schiffelbein and Dorman, 1986). Biotur-
bational mixing is another important taphonomic 
fi lter that can dampen the expression of high-
frequency variability (Goreau, 1980; Ripepe and 
Fischer, 1991), as well as other processes asso-
ciated with sediment delivery, deposition, and 
burial (e.g., Ripepe and Fischer, 1991; Meyers 
and Sageman, 2004; Laurin et al., 2005; Jerol-
mack and Paola, 2010).

Macrostratigraphy as a Tool for 
Cyclostratigraphic Study

Macrostratigraphy helps to overcome many 
of the diffi culties noted here by synthesizing ob-
servations from multiple localities. It also allows 
the spectral contributions of individual facies 
associations to be assessed separately. This in 
turn makes it possible to more deeply examine 
the way in which the expression of an expected 
climatic forcing signal is related to the detailed 
geomorphic and depositional processes that are 
responsible for recording it. These sedimentary 
“transfer functions” (Meyers et al., 2008) are 
fundamentally important both for understand-
ing the past behavior of Earth’s climate, and for 
building a reliable astrochronologic time scale, 
but they have seldom been critically evaluated.

Another advantage of macrostratigraphy is 
that it has been empirically demonstrated to 
be robust to very incomplete spatial sampling 
(Hannisdal and Peters, 2010). Regarding the spe-
cifi c cores and outcrops employed in the present 
study, the geometry of the basin suggests that the 
sampling transect (Fig. 1), which captures a large 
fraction of the depositional environments (Fig. 
10), should be suffi cient to quantify basin-scale 
depositional patterns. This is due to the fact that 
siliciclastic sediments are supplied from an extra-
basinal point source to the northeast, and then 
redistributed throughout the closed basin. While 
different transects could result in either dampen-
ing or amplifi cation of signals, the extensive tran-
sect employed here (Figs. 1 and 10) is unlikely 
to fail to capture the depositional forcing mecha-
nisms recorded in the repetitive sedimentary suc-
cessions of the Wilkins Peak Member. In other 

words, it is unlikely that any large-scale signals 
preserved in this geologic record are missed by 
the macrostratigraphic quantifi cation.

CONCLUSIONS

Wilkins Peak stratigraphy, based on a detailed 
regional cross section of 12 high-resolution 
stratigraphic sections, geochronology, macro-
stratigraphy, and spectral analysis, advances 
fundamental understanding of the complex 
mechanisms responsible for generating the re-
petitive stratigraphic succession of the Wilkins 
Peak Member. Although macrostratigraphy dis-
plays some sensitivity to the time model used 
for the thickness-to-time transformation, its ef-
fi cacy in the incorporation of temporal and spa-
tial variability of geologic records provides an 
outstanding quantitative framework for basin-
scale analysis. It allows us to better constrain 
the complex links between orbital forcing and 
sedimentation in the Wilkins Peak Member.

The macrostratigraphic time series indicate a 
strongly reciprocal relationship between carbon-
ate-rich lacustrine facies and siliciclastic alluvial 
facies. Multitaper method spectral analyses of 
the macrostratigraphic data resolve signifi cant 
periods (≥90% confi dence level by F-test) that 
are consistent with the predicted orbital peri-
ods, with a particularly strong ~100 k.y. cycle. 
Depositional controls on the alluvial bed sets are 
interpreted to be strongly infl uenced by short-
eccentricity variability, and have a pronounced 
impact on the Wilkins Peak depositional cy-
clicity. Consequently, the alternation between 
siliciclastic alluvial sedimentation and carbon-
ate-rich lacustrine sedimentation is proposed to 
be responsible for recording eccentricity cycles 
in the Wilkins Peak Member. This is in contrast 
to simple lake-level fl uctuations, which had a 
strong impact on lacustrine deposition only on 
a shorter time scale. Numerous non-Milankovitch 
periods were also identifi ed, implying nonlin-
ear responses to the orbital forcing, substantial 
taphonomic distortion, and/or the potential for 
high-frequency autocyclic processes. Further ex-
amination of the differences amongst the spec-
tral results from the different facies associ ations 
should yield insight into the transfer functions 
associated with the depositional system, ranging 
from proximal to distal settings, and therefore, 
a quantitative assessment of both orbitally and 
nonorbitally infl uenced depositional processes 
that serve to amplify, diminish, and distort the 
primary orbital-insolation signal.
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