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ABSTRACT

The Green River Formation of Wyoming,
USA, is host to the world’s largest known la-
custrine sodium carbonate deposits, which
accumulated in a closed basin during the
early Eocene greenhouse. Alkaline brines are
hypothesized to have been delivered to an-
cient Gosiute Lake by the Aspen paleoriver
that flowed from the Colorado Mineral Belt.
To precisely trace fluvial provenance in the
resulting deposits, we conducted X-ray fluo-
rescence analyses and petrographic stud-
ies across a suite of well-dated sandstone
marker beds of the Wilkins Peak Member of
the Green River Formation. Principal com-
ponent analysis reveals strong correlation
among elemental abundances, grain compo-
sition, and sedimentary lithofacies. To isolate
a detrital signal, elements least affected by
authigenic minerals, weathering, and other
processes were included in a principal com-
ponent analysis, the results of which are con-
sistent with petrographic sandstone modes
and detrital zircon chronofacies of the ba-
sin. Sandstone marker beds formed during
eccentricity-paced lacustrine lowstands and
record the migration of fluvial distributary
channel networks from multiple catchments
around a migrating depocenter, including
two major paleorivers. The depositional to-
pography of these convergent fluvial fans
would have inversely defined bathymetric
lows during subsequent phases of lacustrine
inundation, locations where trona could ac-
cumulate below a thermocline. Provenance
mapping verifies fluvial connectivity to the
Aspen paleoriver and to sources of alkalinity
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in the Colorado Mineral Belt across Wilkins
Peak Member deposition, and shows that the
greatest volumes of sediment were delivered
from the Aspen paleoriver during deposition
of marker beds A, B, D, and I, each of which
were deposited coincident with prominent
“hyperthermal” isotopic excursions docu-
mented in oceanic cores.

INTRODUCTION

Recent advances in the use of detrital geo-
chronology to document sandstone provenance
have revolutionized the analysis of ancient sedi-
mentary depositional systems (Sharman et al.,
2017; Leary et al., 2020; Parrish et al., 2023).
Amassing detrital zircon and petrographic datas-
ets large enough to characterize dynamic alluvial
processes across entire basins, however, can be
both time and cost prohibitive. Portable X-ray
fluorescence (pXRF) devices offer a means to
expand the reach of provenance studies to the
landscape scale due to the low cost per analysis
and rapid data acquisition in the field and labora-
tory. pXRF-generated elemental concentrations
have been used as proxies for lithology, miner-
alogy, and provenance in ancient and modern
sedimentary systems (Somarin, 2015; Chapman
et al., 2021). Interpreting provenance from min-
eral proportions or elemental concentrations,
however, can be challenging in ancient sedi-
mentary deposits, due to differential weathering
and abrasion of minerals, hydrodynamic sort-
ing, authigenic mineral formation, and diagen-
esis (Odom et al., 1976; Garzanti et al., 2013).
Well-preserved and documented terrestrial strata
of the western United States provide a unique
opportunity to place provenance data in a synop-
tic framework, which allows better recognition
of sedimentary dynamics. Here, we exploit the
thick, well-mapped, and precisely dated Green
River Formation, Wyoming, USA, sedimen-
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tary archive using a high n, multivariate pXRF
approach calibrated by traditional sandstone
petrography.

The Wilkins Peak Member of the Green River
Formation was deposited under endorheic lacus-
trine conditions between 51.6 Ma and 49.9 Ma
(Smith et al., 2008a, 2010, 2015; Bruck et al.,
2023), coincident with the ca. 53.3-49.1 Ma
Early Eocene Climatic Optimum (EECO;
Fig. 1; Zachos et al., 2001; Inglis et al., 2020).
The EECO interval constitutes the most recent
period of high, sustained temperatures and
pCO, in geologic history (Zachos et al., 2008;
Payros et al., 2015). Thus, properly interpreting
its coeval depositional environments is crucial
to uncovering this important analog for under-
standing landscape processes under greenhouse
climatic conditions. We focus on developing an
interpretive framework to document provenance
changes in outcrops and core across the Green
River Formation paleoclimatic archive.

This study seeks to evaluate and delineate
detrital provenance in the Bridger sub-basin
using a combination of sandstone petrography
and pXRF analyses correlated to the Wilkins
Peak Member. Across nine time slices spanning
~1.2 m.y., we document a dynamic interac-
tion between river systems and the deposition
of lacustrine evaporites in response to climatic
change in the early Eocene greenhouse. More
broadly, we demonstrate the efficacy of pXRF
in helping to establish detailed provenance rela-
tions at temporal and spatial resolutions that
would be prohibitively time-consuming or costly
to achieve using either sandstone petrography or
detrital geochronology alone.

Background
Paleogene lacustrine strata of the Green River

Formation occur within the Greater Green River
Basin, Piceance Creek Basin, and Uinta Basin
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(Fig. 2), all of which formed due to Late Cre-
taceous through Paleogene contraction of the
North American Cordillera and contemporane-
ous tectonic partitioning of its broad foreland by
Laramide-style, basement-cored uplifts (Dick-
inson et al., 1988; DeCelles, 2004; Liu et al.,
2005; Yonkee and Weil, 2015). The Wilkins Peak
Member is composed of evaporative lake facies
(Carroll and Bohacs, 1999) that accumulated in a
closed lake system that precipitated voluminous
evaporite minerals (Burnside and Culbertson,
1979; Smith et al., 2008b), including the world’s
largest soda ash (trona) deposits (Dyni, 1996) and
significant volumes of halite. Sodium-carbonate
evaporite deposits are rare in the geologic record,
primarily because they evolve from uncommon
parent waters in which [HCO;~ + CO,>7] ini-
tially exceeds [Ca," + Mg, "] (Eugster and Har-
die, 1978; Lowenstein et al., 2017).

The Wilkins Peak Member crops out along
a 100-km-long, 20-km-wide escarpment on
the eastern edge of the Bridger sub-basin of the
Greater Green River Basin that exposes a unique
cross section of a terminal distributive fan com-
plex. Lithofacies in the middle and upper Wilkins
Peak Member alternate between lacustrine and
alluvial lithofacies at ~10-30 m vertical spacing
in the Bridger sub-basin (Fig. 3C; Culbertson,
1961; Smoot, 1983; Smith et al., 2014a). Silici-
clastic marker beds of the Wilkins Peak Member
mark intervals of lowered lake level, when clas-
tic advection carried sediment into the basin cen-
ter, whereas the intervening lacustrine intervals
record raised lake level and carbonate and evap-

orite deposition (Culbertson, 1961; Pietras and
Carroll, 2006; Smith et al., 2014a). Radioisotopic
geochronology of tuff beds interbedded within
the Green River Formation and astrochronologic
analysis of sedimentary cyclicity demonstrate
that this alternation occurred, on average, every
100 k.y., which is consistent with short eccen-
tricity cycles (Smith et al., 2010; Aswasereelert
et al., 2013; Machlus et al., 2015; Bruck et al.,
2023). Geochronology also indicates that several
of the siliciclastic marker beds were deposited
coeval with negative §'3C and §'%0 excursions
recorded in marine cores, which have been inter-
preted to record global “hyperthermal” events of
atmospheric CO, (Lauretano et al., 2018; Bruck
et al., 2023). Strata of the Wilkins Peak Member
in the Bridger sub-basin are asymmetric, thick-
ening southward toward the Uinta Uplift, which
was active from the Late Cretaceous through the
early Eocene (Bradley, 1964; Beck et al., 1988;
Roehler, 1992; Fig. 3C). The Wilkins Peak
Member was deposited contemporaneously
with alluvial strata of the Wasatch Formation
that surrounds lake deposits of the Wilkins Peak
Member. Adjacent to the Uinta Uplift, Wilkins
Peak Member strata interfinger with aerially
restricted conglomeratic to quartzose, sand-rich
alluvial fan deposits of the Cathedral Bluffs
Member of the Wasatch Formation sourced from
the Uinta Uplift (Powell, 1876; Crews and Eth-
ridge, 1993; Smith et al., 2015; Fig. 3C). Coarse-
grained facies of the Cathedral Bluffs Member
of the Wasatch Formation also occur adjacent to
the Wind River and Granite Mountains uplifts
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(Pipiringos, 1955; Love, 1970; Roehler, 1993).
Thick intervals of finer-grained and more volu-
minous alluvial channel- and floodplain-depos-
ited strata from the Cathedral Bluffs Member
of the Wasatch Formation are preserved in the
Great Divide, Washakie, Sand Wash, and west-
ern Bridger sub-basin (Fig. 3D; Pipiringos,
1955; Sullivan, 1985; Roehler, 1992; Zonneveld
et al., 2003; Smith et al., 2015). Upper Wilkins
Peak Member-equivalent deltaic sandstone beds
in the subsurface of the Bridger sub-basin were
informally mapped as Tower sandstone (Fig. 1;
Tofte and Carroll, 2022), which differ in age
from homonymous Tower sandstone beds that
occur within the lower Laney Member and crop
out near Green River, Wyoming (Culbertson,
1962; Bradley, 1964). At the western edge of
the Bridger sub-basin is Fossil Basin, a piggy-
back sub-basin of the Greater Green River Basin
within the eastern Sevier fold-and-thrust belt
(Fig. 2). Fossil basin evaporative lacustrine strata
coeval to the Wilkins Peak Member are assigned
to the lacustrine Angelo Member of the Green
River Formation and are overlain by the alluvial
Cathedral Bluffs Member-equivalent Bullpen
Member of the Wasatch Formation (Oriel and
Tracey, 1970; Buchheim et al., 2011; Fig. 1).
The Wilkins Peak Member accumulated
within Eocene Gosiute Lake (King, 1878; Brad-
ley, 1929) during a prolonged interval of regional
hydrologic closure that began when a paleoriver
that drained the Cordilleran hinterland in Idaho
was diverted northward away from the Greater
Green River Basin and into the Bighorn and
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Figure 3. Cross sections of the
study area modified from Smith
et al. (2015). (A) W-E regional
cross section; (B) S-N cross sec-
tion; (C) detailed SE-NW; and
(D) N-S cross sections of the
Green River and Wasatch for-
mations in the Greater Green
River Basin, Wyoming, USA,
showing stratigraphic context
and extent of Wilkins Peak
Member siliciclastic marker
beds and radioisotopic geo-
chronology. Strata were pro-
jected to a datum at the top of
the Wilkins Peak Member. Ra-
dioisotopically dated ash beds:
S—Scheggs; R—Rife; F—Fire-
hole; 2—Second; B—Boar;
G—Grey; M—Main; L—Lay-
ered; 6—Sixth; A—Analcite;
C—Church Buttes; H—Henrys
Fork (Smith et al., 2008a, 2010;
Bruck et al., 2023).
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Wind River basins (Pietras et al., 2003; Carroll  the east-west-trending ranges to the north and METHODS

et., 2008; Smith et al., 2014b; Honig, 2020). Gen-
eral circulation models of the North American
Laramide foreland suggest that the Green River
Formation lakes occupied a relatively dry, low-
elevation intermontane region between the Rocky
Mountains to the east and the crest of the North
American Cordillera to the west (Fig. 2B; Sewall
and Sloan, 2006; Walters et al., 2023). This region
received runoff from precipitation that originated
from both the Pacific Ocean and the Mississip-
pian Embayment of the Gulf of Mexico (Fig. 4;
Sewall and Sloan, 2006). Two relatively invari-
ant drainage divides defined this closed region
during the early Eocene: a Cordilleran divide
that followed the crest of the retroarc hinterland
in a N-S direction (Henry et al., 2012; Cassel
et al., 2014), and a Rocky Mountain divide that
followed Laramide basement structures north-
eastward from southwestern Colorado, USA, to
western South Dakota, USA (Smith et al., 2014b;
Sharman et al., 2017). During Wilkins Peak
Member deposition, Gosiute Lake was situated
between these divides and was hydrologically
separated from the adjacent foreland region by

south (Figs. 2 and 4). Two extrabasinal streams,
the Aspen and Echo paleorivers, flowed into Gos-
iute Lake from the southeast and west, respec-
tively, and intermingled with clastic sediment
emanating from local uplifts (Hammond et al.,
2019; Parrish et al., 2023; Schwaderer, 2022).
The Aspen paleoriver drained the western slopes
of the Rocky Mountains and was a major source
of arkosic siliciclastic detritus to the Sand Wash
and Washakie sub-basins and eastern Bridger
sub-basin. It drained northwestward into Gosiute
Lake from the Rocky Mountain divide (Fig. 2B;
Smith et al., 2008b, 2014b; Hammond et al.,
2019; Parrish et al., 2023) and is hypothesized to
have delivered requisite volcanogenic alkalinity
to Gosiute Lake that supported the accumulation
of trona in the Wilkins Peak Member (Lowen-
stein et al., 2017; Hammond et al., 2019; Arnuk
et al., 2023). The Echo paleoriver emptied east-
ward into Gosiute Lake from the Cordillera and
delivered sediment eroded from the Sevier thrust
belt and the Cordilleran hinterland to the west
(Oriel and Tracey, 1970; DeCelles, 1994; Bad-
douh et al., 2016; Schwaderer, 2022).
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Stratigraphy and Sampling

Eocene sedimentary lithofacies were analyzed
and sampled from across the Greater Green
River Basin. To establish a more detailed strati-
graphic framework and better understand the
influence of lithofacies on elemental concen-
trations, we measured and sampled eight out-
crop sections of the D and I marker beds of the
Wilkins Peak Member, documenting grain size,
sorting, and sedimentary structures (Krueger,
2017; Gipson, 2019). A Radiation Solutions
RS-230 BGO gamma-ray spectrometer was
used to acquire elemental concentrations of U,
Th, and K at half-meter spacing at all measured
outcrop sections. Five subsurface drill cores of
the study interval were also analyzed (Blacks
Fork 1, Currant Creek Ridge 1, White Mountain
1, Baker-Smedley 1, and Solvay S-34-1). Beds I
and D were selected for closer examination and
correlation due to being the most easily corre-
lated beds of the outcrop belt (Krueger, 2017;
Gipson, 2019). We also sampled siliciclastic
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TABLE 1. PRINCIPAL COMPONENT ANALYSES OF SEDIMENTARY ROCK SAMPLES OF THE WILKINS PEAK MEMBER OF THE GREEN
RIVER FORMATION, WYOMING, USA, SHOWING PROPORTION OF VARIANCE EXPLAINED BY EACH PRINCIPAL COMPONENT

Analysis n PC1 PC2 PC3 PC4 pci+PC2 PC1 loadings >20% PC2 loadings >20% PC3 loadings
(%) (%) (%) (%) (%) >20%

(1) Petrography only (Figs. 4A 183 331 20.4 134 10.8 53.5 (+) Qm, gtz (-) F, kspar, plag, (+) Lt (-) Qm, qtz, (+) Qtz (-) Calc
and 4B) amph, mica amph, mica

(2) Petrography plus pXRF 157 331 139 87 7 470 (+) Mica, amph, Al, Cr, Fe, K, (+) Calc, Ca, Mg, Mn,  (+) Qm, gtz (-)
elemental abundances Nb, Pb, Rb, Ti, V, Zn Sr (-) Qtz, Si, Lt, plag
(Figs. 4C and 4D)

(3) pXRF elemental 1438 429 129 73 61 55.8 (+) Ca (-) Al, Cr, Fe, K, Nb, Rb,  (+) Ca, Cr, Mg, Mn, Sr, (+) S (-) Ba, Mg,
abundances (Fig. 5) Ti,V, Zn Zn (-) Si, Zr Mn, P, Si, Zr

(4) pXRF- and outcrop gamma 327 283 102 8.7 72 28.5 (+) gK, Al, Cr, Fe, K, Nb, Pb, Rb,  (+) Si, Zr (-) gU, Ca, (+) gU, gTh, Bi,
spectrometer—derived Ti,V, Zn (-) Ca Cr, Mg, Sr P (-) Mg
elemental abundance
(Fig. S3 [see text footnote 1])

(5) Provenance-focused PCA 439 652 231 9.8 1.9 88.3 (+) K, Rb, Pb, Si (4) Si (+) K, Rb (-) Pb

(Fig. 6)

Note: pXRF—portable X-ray fluorescence; PCA—principal component analysis. Mineral percentages: Qm—monocrystalline quartz; gtz—quartz; F—feldspar; kspar—
K-feldspar; plag—plagioclase; amph—amphibole; calc—calcite; g—prefix indicates element was measured using an outcrop gamma spectrometer.

mudstone and sandstone from Wilkins Peak
Member marker beds using a rock hammer at
closely spaced (5-10 km) locales across the
eastern Bridger sub-basin outcrop belt (Grego-
rich, 2021). Hand samples were collected from
as many of the marker beds as possible across
the outcrop belt, with an aim toward regular
geographic coverage of sampling. These data
were integrated with an extensive stratigraphic
database for the Wilkins Peak Formation (Smith
et al., 2015, and references therein). Sandstone
samples representative of potential source areas
were also collected from Eocene alluvial strata
surrounding the Wilkins Peak Formation. In
total, 138 thin sections of sedimentary lithofa-
cies from outcrops and core, predominantly
fine- to medium-grained sandstone, were point-
counted (300—400 grains each) and plotted on
a monocrystalline quartz—feldspar—lithic clasts
(Qm-F-Lt) diagram (Fig. 4A; Table S1 in the
Supplemental Material') following a modified
Gazzi-Dickinson protocol (Dickinson, 1970;
Zuffa, 1980; Ingersoll et al., 1984).

Geochemistry

Rock samples, outcrops, and cores were ana-
lyzed using a handheld Niton XL3 GOLDD
XRF analyzer for elemental concentrations
of Al, Ba, Ca, Cr, Fe, K, Mg, Mn, Nb, P, Pb,
Rb, S, Si, Sr, Ti, V, Zn, and Zr using secondary
X-ray spectra generated from tested samples.
The device was operated in “mining Cu/Zn”
mode using the main, high, low, and light filter

ISupplemental Material. Figures S1-S5, which
provide more details concerning PCA analyses, and
Table S1, which lists lithology, location, petrography,
pXRF elemental concentrations, and gamma-ray
spectrometer assays for all Green River Formation
samples measured for this report. Please visit https://
doi.org/10.1130/GSAB.S.24431119 to access the
supplemental material, and contact editing@
geosociety.org with any questions.

for 30 s each per 120 s analysis. For measured
field sections and cores, a single analysis was
performed in situ at each half-meter of the rock
strata analyzed (n = 1105 analyses). Intervals
of the Wilkins Peak Member in the Blacks Fork
1, Currant Creek Ridge 1, White Mountain 1,
and Baker-Smedley 1 cores were measured
at the U.S. Geological Survey Core Research
Center. Field-collected hand samples and Sol-
vay S-34-1 core samples were analyzed in the
laboratory using a Niton 430-032 mobile test
stand (n = 334 hand samples). Analyses were
typically performed on indurated rock; in the
rare case of a fissile sample, loose material was
placed in plastic cups with thin film for analysis
in the test stand. Analyses were performed on
three different fresh surfaces per sample, and
elemental concentrations were averaged, with an
average total analysis time per sample of 360 s.
For the provenance-focused analysis described
below, when multiple analyses of a particular bed
at a particular location were acquired, elemental
compositions of individual beds were averaged
for that locality. Table S1 contains the complete
analytical and lithologic details for each sample.
To calibrate pXRF-derived concentrations and
identify instrumental drift, NIST 2709c PP stan-
dard material, which is composed of dry, homog-
enized soil from the San Joaquin Valley of Cali-
fornia, USA, was measured regularly alongside
sediment samples. No significant drift occurred
during the period of data collection. XRF core-
scanning of siliciclastic intervals of the Wilkins
Peak Member was completed using a third-
generation Avaatech XRF core-scanner at the
University of Wisconsin—-Madison, USA. See
Walters et al. (2023) for complete core-scanning
analytical details.

We used principal component analysis (PCA)
to evaluate pXRF elemental data in concert with
petrographic point count data, and to better
understand the relationship between mineralogy,
composition, and sedimentary lithofacies. The
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analysis was implemented in R using the prcomp
function of the stats package. PCA is a multi-
variate statistical method to reduce the dimen-
sionality of a dataset containing a large number
of correlated variables without losing any of the
original information. New uncorrelated variables
(principal components) are calculated for the
input sample set that capture covariance among
multiple elements (Jolliffe and Cadima, 2016).
We conducted five individual PCAs to investi-
gate varying combinations of petrographic point
count data, pXRF elemental concentrations, and
gamma-ray spectrometer-acquired concentra-
tions of K, Th, and U (Table 1, Fig. S1). The
first PCA includes only petrographic results
(Fig. 4B), and the second includes all samples
with both petrographic point counts and pXRF
elemental concentrations (Figs. 4C and 4D).
A third PCA includes all pXRF measurements
(Figs. 5 and S2), the fourth PCA includes all co-
determined pXRF measurements and gamma-
ray spectrometer assays (Fig. S3), and the fifth
PCA includes only sandstone samples and is
focused on differentiating clastic provenance by
including only elements that are minimally influ-
enced by lacustrine environments and weathering
(Fig. 6). Scree plots showing the relative propor-
tion of variance explained by principal compo-
nents for each analysis are shown in Figure S4.
PC1 values from the provenance-focused PCA
were used to construct synoptic maps for eight
time slices using samples from the individual
sandstone marker beds (Fig. 7). Solvay S-34-1
core-scanning XRF concentrations of K, Rb,
Pb, and Si within Wilkins Peak Member marker
beds (cf. Walters et al., 2023) were converted
from counts to elemental concentrations using
linear regressions of pXRF elemental concentra-
tions and core-scanner counts for 20 co-sampled
intervals (Fig. S5). These data were projected
into the provenance-focused PCA coordinates
using the predict function of the stats package
in R and provide a continuous qualitative record
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of sediment provenance through the lower eight
marker beds of the Wilkins Peak Member (beds
A-H, Fig. 8C).

RESULTS
Sandstone Petrography

Point-count results of medium—fine-grained
sandstone from across the Greater Green River
Basin define three distinct compositional modes
(Fig. 4A and Table S1). Sandstones are arkose
to lithic arkose and often micaceous in the east-
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ern Bridger sub-basin and in sub-basins to the
east of the Rock Spring Uplift, litharenite along
the western edge of the Bridger sub-basin, and
quartzose to litharenite adjacent to the Uinta
Uplift. Within the modal size classes greater than
very fine sand, sandstones are generally well
sorted, with little evidence of mineralogy being
dependent on grainsize (Fig. 5B). Lithic clasts in
sandstones along the eastern edge of the Bridger
subbasin are predominantly metamorphic, sedi-
mentary, and volcanic in lithology, whereas clast
lithologies are predominantly sedimentary along
the western edge of the Bridger sub-basin and
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adjacent to the Uinta Uplift. Sandstones from
the Bridger sub-basin often contain a higher
percentage of lake-precipitated carbonate intra-
clasts and cement, particularly adjacent to the
Uinta Uplift (Smith et al., 2015). Sandstone
modes in the basin are similarly differentiated in
traditional ternary format (Fig. 4A) as they are
by PCA values (Fig. 4B and Table 1).

Elemental Composition

Elemental concentrations assayed using
pXREF for 1472 samples are influenced in several
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Figure 6. (A) Provenance-focused principal component analysis (PCA) results for sandstone
samples, showing grouping by sector, and (B) mapped first principal component values for
sandstone across the study area. Dashed lines show hypothesized boundaries of fluvial dis-
tributary fans originating in cardinal sectors surrounding Gosiute Lake.

ways by provenance, grain size, and sedimentary
lithofacies. A correlation matrix created for 19
routinely detected elements shows strong corre-
lations among several groups of elements with
similar chemical characteristics (Fig. S1). We
included all pXRF-detected elements and petro-
graphic mineral percentages for 138 outcrop and
core samples in a “petrography-pXRF” PCA
(Figs. 4C and 4D; Table 1). The first principal
component (PC1) explains 33.1% of the sample

variance and is highly influenced by a suite of
elements common to feldspar, mica, amphibole,
zircon, and rutile (K, Rb, Nb, Al, Pb, Ti, and
Zr) and a suite of transition metals (Fe, V, Cr,
and Zn), and is anticorrelated to the proportion
of total lithic clasts (Lt) (Fig. 4C). The second
principal component (PC2) accounts for 13.9%
of the variance and is correlated to Sr, Ca, Mg,
Mn, and calcite abundance, and anticorrelated
to quartz and Si abundance (Fig. 4C), which is
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consistent with higher carbonate content, mete-
oric carbonate cement, and lacustrine lithofacies
(Fig. 4D).

A PCA that includes only XRF-measured
elemental concentrations from 1470 samples
(Fig. 5) illustrates similar lithofacies influences
on elemental concentrations as those observed
when only petrography was included (Fig. 4B).
Within this analysis, PC1 accounts for 42.9% of
the variance within the sample set, PC2 accounts
for 12.9% of the variance, and PC3 accounts for
7.3% of the variance (Table 1). PC1 values for
samples from the Bridger sub-basin are grouped
into several distinct clusters that largely resem-
ble the adjacent sectors of the paleocatchment.
Most clastic sediment in the eastern Bridger
sub-basin has negative PC1 values that resem-
ble values for sandstone from the southeastern
sector of the paleocatchment, which received
sediment from the Aspen River (Fig. 5C). These
sandstones contrast sharply with sandstone from
the southwestern, southern, and eastern sectors
of the paleocatchment, which have positive
PCI1 values.

Several elements (Ti, Al, Zr, Nb, Fe, Cr,
Zn, V, and Cr) occur in greater concentration
in samples from the Bridger sub-basin than in
fluvial sandstone from all potential source areas
(Fig. 5). These elements are most concentrated
in fine-grained, silty-clay, siliciclastic mud-
stones within marker beds (Fig. 5A) that are
interpreted, based on sedimentary structures
and ichnofossils, to have been deposited in
floodplain and littoral lacustrine settings (Smith
et al., 2014a). Two-tailed t-tests of sandstone-
mudstone pairs from 51 outcrops across the
basin indicate a robust statistical dissimilarity
between PC1 values (t=5.542; p=1.12¢-
06) and PC2 values (t = 4.187; p = 1.14e-04)
for sandstone and mudstone samples from the
same location and marker bed. These t-values
well exceed the student’s t critical values for dis-
similarity. The mean differences in PC1 and PC2
between sandstone and co-sampled siliciclastic
mudstone from specific locations were 2.10 and
1.36, respectively (Fig. SA).

Lacustrine lithofacies diverge significantly
from alluvial lithofacies along PC2, with posi-
tive loadings on Mg, Mn, Sr, and Ca, and nega-
tive loadings on Si and Zr (Fig. 5A), which is
consistent with the presence of lake-precipitated
authigenic minerals. Lacustrine lithofacies also
diverge negatively in PC3 from a narrower popu-
lation of fluvial channel and floodplain lithofa-
cies based on greater concentrations of P, Ba,
Si, Zr, and Mn, and positively based on elevated
abundance of S (Fig. 5B). To further explore the
mineralogy of Wilkins Peak Member lithofacies,
a PCA was performed that includes both pXRF
and gamma-ray spectrometer-measured ele-
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mental concentrations of K, U, and Th (Table 1
and Fig. S3). This PCA shows concordance of
pXRF- and gamma-ray spectrometer-measured
elemental concentrations of K. Gamma-ray
spectrometer-measured U and Th elemental con-
centrations and pXRF-measured concentrations
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of Bi and P load prominently on PC3 and are in
greatest abundance in palustrine lithofacies.
The PCA shown in Figure 6A includes only
XRF measurements of Si, K, Pb, and Rb from
sandstone samples with modal grain sizes larger
than very fine sand. These elements and grain

sizes are hypothesized to be least influenced
by lacustrine, hydrodynamic, and pedogenic
processes and products (see Discussion below
for details concerning inclusion criteria for ele-
ments). Within this analysis, sandstone samples
from six different geographic catchment sectors
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surrounding Gosiute Lake (SW, NW, N, E, SE,
and S) plot as distinct clusters along PC1, and
overlap with sandstone samples from the center
of the Bridger sub-basin (Fig. 7A). These clus-
ters broadly correspond to distinctive detrital
zircon chronofacies (Parrish et al., 2023), which
similarly depict the convergence of paleoriv-
ers and local drainages into Gosiute Lake. In
the outcrop belt along the eastern edge of the
Bridger sub-basin, a majority of samples have
high K, Rb, and Pb concentrations and nega-
tive PC1 values that closely resemble those of
sandstones from the SE sector (Fig. 6B), which
implies derivation from the Aspen paleoriver.
Sandstone samples from the southern and
southwestern quadrants of the Gosiute Lake
paleocatchment have lower K, Rb, and Pb con-
centrations and positive PC1 values that differ
markedly from values for Aspen paleoriver-
derived sandstone (Fig. 6B). Unfortunately, PC1
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values do not differentiate Echo paleoriver and
Uinta Uplift-derived clastic sediment. This sim-
ilarity is present regardless of whether the ele-
ments excluded from the provenance-focused
PCA are included or not (cf. Fig. 5C) and likely
reflects the similar Proterozoic and Paleozoic
bedrock that underlies the Sevier fold-thrust
belt and the Uinta Uplift (Fig. 3). Neverthe-
less, Echo paleoriver and Uinta Uplift-derived
clastic sediment are distinct in PC2 values
(Fig. 6A), which is consistent with petrographic
evidence for a higher proportion of lithic clasts
in Echo paleoriver-derived sandstone (Fig. 4).
Several sandstone samples from the northeast
Bridger sub-basin have high PC1 values that
resemble those of sandstones from the eastern
sector of the paleocatchment (Fig. 6B), and are
interpreted to have been fed by a Toya Puki
paleoriver based on detrital zircon geochronol-
ogy (Parrish et al., 2023).
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In a temporal sequence of synoptic maps of
each of the Wilkins Peak Member marker beds
(Fig. 7), PC1 values illustrate the low PC1 dis-
tributary fan from the Aspen River competing
with high PC1 distributary fans of the Echo and
Toya Puki paleorivers and streams that drained
the Uinta Uplift. Sandstone with compositions
intermediate to the Aspen and other paleorivers
generally only occurs on the edges of the fans
within particular marker beds, which implies
little interfan mixing. However, the apparent
fan edges shifted laterally between successive
marker beds. The A, B, D, and I marker beds
record the broadest expansions of the Aspen
River-sourced distributary fan across the outcrop
belt. Marker beds C, G, and H, in contrast, mark
the retrogradation and narrowing of the Aspen
distributary fan. At the Solvay core location, to
the west of the outcrop belt, Aspen River-derived
sandstone is replaced up-section by sandstone
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that is similar in composition to Echo River-
derived sandstone (Fig. 8C), which is consistent
with documented eastward progradation of its
distributary fan (Fig. 3D). Projected PC1 values
calculated from XRF-scanned elemental con-
centrations of K, Rb, Pb, and Si show prominent
variations between and within individual marker
beds within the S-34-1 core (Fig. 8C). In particu-
lar, beds A, B, and D record prominent intrabed
shifts in PC1 from Echo River to Aspen River
values upsection (Fig. 8C), which suggests a
dynamic change in provenance during the depo-
sition of particular marker beds. In the upper
part of the S-34-1 core, deltaic sandstone litho-
facies informally assigned to the Tower sand-
stone overlie lacustrine Wilkins Peak Member
strata above the H marker bed (Figs. 3D, 7, and
8C). pXRF results show that this sandstone is
compositionally distinct from both Aspen River-
derived sandstone and the “Tower sandstone”
beds that occur within the lower Laney Member
of the Green River Formation near the town of
Green River, Wyoming (Culbertson, 1962; Brad-
ley, 1964).

DISCUSSION

The geological complexity of ancient strata
makes provenance interpretation of sandstone
composition more challenging than for mod-
ern settings (Smith et al., 2018; Chapman
et al., 2021). In the case of the Green River
Formation and related deposits, several inter-
related mechanisms appear to have affected
mineral and elemental abundances in a man-
ner that obfuscates provenance interpretation,
including: (1) grain size-dependent differ-
ences in mineral abundance, (2) authigenic
minerals precipitated from lake or meteoric
waters, and (3) differential chemical weath-
ering, attrition, and/or sorting of minerals en
route to the basin center. These mechanisms
are expressed geochemically in samples from
the basin center by a clear divergence from
the range of elemental abundances observed
in sandstone samples from source regions
(Fig. 5). The resulting lack of “intermediacy”
of elemental abundances within samples from
the basin center makes certain nonconserva-
tive elements inappropriate candidates for
provenance tracing. This makes typical non-
parametric statistical tests used for element
inclusion decision-making (i.e., the Mann-
Whitney U test or Kruskal-Wallis H test; cf.
Chapman et al., 2021) largely ineffective
for ancient strata. The following account
describes the reasoning for exclusion of grain
sizes smaller than fine sand, and inclusion of
only K, Rb, Pb, and Si elemental abundances
in the provenance-focused PCA upon which

provenance interpretations and mapping of the
Wilkins Peak Member in this study are based.

Grain Size

Finer-grained fractions from the same sedi-
ment source typically contain more feldspar
than coarser-grained fractions, presumably due
to cleavage and lower hardness (Odom et al.,
1976) and a greater abundance of clay minerals.
No clear bias in PC1 was observed in samples
composed of fine-medium-grained to coarse-
grained sandstone; however, samples finer than
very fine sand exhibit a systematic —2.1 shift
in PC1 value, on average, relative to sandstone
sampled from the same outcrop (Fig. 5A). The
effect is predominantly observed among samples
with grain sizes smaller than very fine sand. The
effect is diminished to an average difference of
0.73 for PC1 when only the limited suite of ele-
ments included in the provenance-focused PCA
(K, Rb, Pb, and Si) is considered, but sandstone
and mudstone samples remain distinguishable in
a paired t-test (t = 3.54, df = 50, p = 0.00088)
even within this framework. To avoid bias and
inaccuracy, we excluded samples with grain
sizes smaller than fine sand from the prove-
nance-focused PCA (Fig. 6A), which was used
to construct synoptic provenance-maps of indi-
vidual marker beds (Fig. 7).

Authigenic Minerals

The Wilkins Peak Member contains a wide
variety of sedimentary lithologies, including
carbonate (calcite and dolomite) and evaporite
minerals (trona, halite, and many others; Fahey,
1962; Smoot, 1983; Jagniecki and Lowenstein,
2015). Ca, Mg, Sr, and Mn contained in car-
bonate minerals likely cause the observed PC2
skew observed in lacustrine samples outside the
range of possible clastic source compositions
(Fig. 5A). Similarly, elevated U, Th, P, Ba, Mn,
and Bi concentrations in some lacustrine samples
inform a skew to negative PC3 values outside the
range of potential source values (Figs. 5B and
S2) and likely result, in part, in the presence
of lacustrine phosphate minerals (Fahey, 1962;
Mott and Drever, 1983). Anomalously high PC3
values associated with elevated S-elemental
abundance occur in a subset of lacustrine litho-
facies (Fig. 5B) and could signal the presence
of lacustrine and/or diagenetic sulfide minerals.
These minerals are abundant in organic-rich
intervals of the Wilkins Peak Member due to
salinity stratification-induced dysoxic bottom
waters (Walters et al., 2023). To minimize the
influence of authigenic minerals on provenance
mapping, we excluded Ca, Mg, Sr, Mn, S, P, Ba,
and Bi from the provenance-focused PCA.
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Weathering and Winnowing

Significant systematic changes in mineral and
elemental abundance can result from the weath-
ering of minerals in sedimentary settings (Gar-
zanti et al., 2013), particularly in warm environ-
ments, and can result in economically valuable
“supergene” concentrations of metals, including
Al, Fe, V, Ti, Zn, and Cr (Valeton, 1994). Sedi-
ment grains that were transported into Gosiute
Lake from its paleocatchment likely underwent
significant chemical weathering, particularly
while temporarily stored in floodplain soil envi-
ronments (Romans et al., 2016). This weather-
ing would have been enhanced by high tempera-
tures and atmospheric CO, concentrations that
occurred during the Early Eocene Climatic Opti-
mum (Smith et al., 2008b; Hyland and Sheldon,
2013). A related suite of minerals and elements
can also be concentrated by hydraulic sorting
in channels during fluvial transport, which can
form placer-type clastic deposits rich in dense,
durable, and/or weathering-resistant accessory
minerals (i.e., zircon, muscovite, and rutile; cf.
Garzanti et al., 2013). Sorting could, for exam-
ple, account for elevated Zr, Nb, and Ti elemental
abundance in some basin-center samples relative
to possible source regions. To most effectively
reduce the skew of PC1 values for basin-center
samples outside the range of possible source
compositions due to weathering and winnowing,
we have excluded Fe, Al, V, Ti, Zn, Zr, Nb, and
Cr from the provenance-focused PCA (Fig. 6).
Note that while elimination of these elements
from the provenance-focused PCA results in
better overlap between source and basin-center
sandstone (Fig. 6A), the inclusion of these ele-
ments (cf. Fig. 5C) produces very similar relative
provenance distinctions.

Paleogeography, Paleogeomorphology, and
Paleolimnology

Ancient Gosiute Lake received sediment from
the distributary fans of two extrabasinal rivers
systems and several smaller catchments that
drained local uplifts during Wilkins Peak Mem-
ber deposition (Fig. 6). These fluvial fans and
distributary networks were profoundly affected
by high-amplitude cyclic changes in lake level.
Lithofacies stacking patterns show that the
basin shifted between predominantly lacustrine
conditions and alluvial conditions at the time
scale of short eccentricity (Culbertson, 1961;
Aswasereelert et al., 2013; Smith et al., 2014a;
Bruck et al., 2023). During lacustrine intervals,
the locus of deposition for the Aspen River sedi-
ments shifted updip due to rising lake level to
the east of the Rock Springs Uplift (Fig. 8A),
into the Washakie sub-basin (Smith et al., 2014a;



Hammond et al., 2019). During alluvial inter-
vals, lake level dropped, and siliciclastic sedi-
ment was transported into the Bridger sub-basin
(Fig. 8B), reestablishing a broad, low-relief
distributary fan atop recently deposited carbon-
ate lake sediment. Marker beds were deposited
between 51.2 Ma and 50 Ma, respectively, and
are hypothesized to correlate to global hyper-
thermal events (Bruck et al., 2023).

The edges of different distributary fans of
the Aspen, Toya Puki, and Echo paleorivers,
and fluvial fans originating in the Uinta Uplift
shifted laterally between successive marker
beds (Fig. 7). In the S-34-1 XRF-scanned core
record and surface sections, provenance shifted
from one lobe to another across the deposition
of individual marker beds (Fig. 8C). The migrat-
ing northern and southern edges of the Aspen
paleoriver distributary network are clearly
defined across successive beds, which suggests
minimal downstream mixing of sediment with
other fluvial fans originating in the Uinta Uplift
or the Toya Puki paleoriver(s) that drained the
uplands formed by the Rawlins and Granite
Mountains basement uplifts (Parrish et al., 2023).
This contrasts with analog experiments that
show more mixing between axial and transverse
sediment sources due to erosion at the toe of
steep transverse fan material by the axial stream
(Connell et al., 2012). This discrepancy is likely
due to fundamental differences in scale between
analog experiments and paleolandscapes. We
hypothesize that subtle but broad positive topo-
graphic relief due to sediment aggradation on
fluvial distributary fans makes them less likely to
mix at their edges. Accommodation of sediment
in local basins likely also contributed to the lack
of mixing between sediment streams. The Sand
Wash sub-basin accumulated predominantly
Aspen paleoriver-derived sediment (Fig. 2A),
whereas the Washakie sub-basin trapped sedi-
ment from both the Toya Puki (Parrish et al.,
2023) and Aspen paleorivers (Hammond et al.,
2019). These basins likely acted as local sedi-
ment sinks that could have hindered sediment
mixing en route to Gosiute Lake (Fig. 3D).

Marker beds A, B, D, and I record the greatest
expansions of the distributary fan of the Aspen
paleoriver (Fig. 7). These beds thus record the
highest rates of sediment advection from the
Aspen River paleocatchment, which drained the
western slopes of the Rocky Mountains in north-
ern Colorado (Fig. 2B). High-precision U-Pb
geochronology for Wilkins Peak Member tuff
beds shows that these beds correspond to three
of the most prominent isotopic excursions in the
marine record (Lauretano et al., 2018; Bruck
et al., 2023). Their correspondence is consistent
with hyperthermal events preferentially enhanc-
ing sediment advection from the Rocky Moun-
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tains and Aspen River relative to other parts of
Gosiute Lake’s paleocatchment.

Sandstone from the Echo River is poorly rep-
resented in the outcrop belt and cores in the east-
ern Bridger sub-basin, but presumably underlies
much of the western Bridger sub-basin (Sullivan,
1985; Zonneveld et al., 2003; Tofte and Carroll,
2022). The Echo distributary fan appears to have
prevailed over the Aspen River fan at the Solvay
core location in the central Bridger sub-basin by
middle-Wilkins Peak Member time (Fig. 8C).
Eastward progradation of the Echo paleoriver
distributary fan was promoted by fluvial bypass
when Fossil Basin was integrated into the
Sevier wedge top by east-vergent uplift along
the Hogsback thrust (Yonkee and Weil, 2015).
This integration occurred roughly coincident
with deposition of the fluvial Bullpen Member
of the Wasatch Formation in Fossil Basin (Oriel
and Tracey, 1970; Buchheim et al., 2011), Cathe-
dral Bluffs Member fluvial strata in the western
Bridger sub-basin (Sullivan, 1985; Zonneveld
et al., 2003), and the lacustrine middle and
upper Wilkins Peak Member in the central and
eastern Bridger sub-basin (Fig. 1). Following
spillover, Echo River detritus could flow directly
into the western and central parts of the Bridger
sub-basin to construct a fluvial distributary fan
(Oriel and Tracey, 1970; Zonneveld et al., 2003;
Buchheim et al., 2011; Tofte and Carroll, 2022).
The eastern edge of the Echo distributary fan
delivered sand to the western shores of Gosiute
Lake that is assigned to the Tower sandstone in
the subsurface of the central Bridger sub-basin
(Fig. 7).

Comparison of pXRF-based provenance map-
ping of Wilkins Peak Member marker beds and
evaporite occurrence in directly overlying lacus-
trine intervals shows that fluvial distributary
fan topography and evaporite occurrence often
appear to be an inverse image of one another
(Fig. 7). This could suggest that fan topography
framed a deep pool that could stay below the
thermocline and where evaporite minerals could
be preserved (Fig. 8B). Solutes would have been
delivered up-dip to Gosiute Lake by rivers dur-
ing lacustrine highstands, but evaporite miner-
als were not preserved across the entire area of
inundation by Gosiute Lake and are instead pre-
served in relatively discrete areas in the center
of the Bridger sub-basin (Fig. 7). Such evaporite
focusing is hypothesized to occur because dur-
ing summers, preservation of lacustrine evapo-
rites is highly sensitive to dissolution above a
thermocline (Demicco and Lowenstein, 2020).
The pattern of shifting evaporite beds in this sce-
nario would largely be defined by the balance
of tectonic accommodation, and the volume and
geometry of sediment delivery by competing
fluvial systems.
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CONCLUSIONS

Basin-scale, large sample-size pXRF analysis
was performed on well-dated cyclic strata of the
Green River Formation, and yields results com-
parable to sandstone petrography and detrital
zircon geochronology but with a much higher
sampling density. Principal component analysis
(PCA) and comparison to lithofacies characteris-
tics allows the isolation of several elements most
useful for provenance analysis (K, Rb, Pb, and
Si) from a broader suite of elements that are more
heavily influenced by authigenic minerals, grain-
size reduction, chemical weathering, and win-
nowing. PCA-based mapping of compositional
modes defines the waxing and waning of two
competing distributary fans from the Aspen and
Echo paleorivers and several smaller fans fed by
streams originating from local uplifts. Sharp lat-
eral boundaries between provenance-defined fan
lobes suggest minimal mixing between fluvial
fans. At some locations, sediment sources appear
to have changed abruptly during the deposition
of individual beds. Marker beds A, B, D, and I
represent the greatest expansions of the Aspen
River distributary fan surface and appear to have
been deposited during prominent global isotopic
events recorded in oceanic cores. The Aspen dis-
tributary fan was displaced eastward by the Elko
distributary fan across Wilkins Peak Member
deposition. This resulted in a major up-section
change in sand composition to Echo paleoriver
values in the basin-center Solvay S-34-1 paleo-
climatic archive. Evaporite beds between marker
beds often occur in inverse spatial relation with
Aspen and Echo distributary fan topography,
which may imply that their composite topogra-
phy acted to bathymetrically frame a deep pool
that could stay below the thermocline to accu-
mulate and preserve evaporite minerals.
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