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Abstract

The Green River Formation of Wyoming, Colorado and Utah contains an
important record of the paleogeography, climate and lakes in the Rocky
Mountains region during the Early Eocene epoch. Its have been a source
of inspiration for paleolimnologists since before the term paleolimnology
came to exist. Its strata contain fossil faunas and flora, extensive resources
of trona and kerogenous shale, and one of the most complete records of the
Early Eocene Climatic Optimum. Emerging geochronology has permitted
correlations of the Green River Formation between the structural basins
that contain it, and is beginning to bring to tempo and origins of the pro-
nounced cyclity exhibited by the Green River Formation into focus. Each
of the 11 subsequent chapters of this book presents a suite of detailed
stratigraphic and sedimentologic investigations of the Green River
Formation within the Green River Formation basins.

1.1 A Rich Lacustrine Archive
of the Early Eocene Earth

The Green River Formation is a complex amal-
gam of Eocene lacustrine strata that was depos-

School of Earth Science and Environmental ited within a series of intermontane basins
Sustainability, Northern Arizona University, surrounding the Uinta Uplift during the end
602 S. Humphreys, Flagstaff, AZ 86011, USA phases of Laramide basement deformation in the
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U.S. foreland (Fig. 1.1). Since it was first named
by the Hayden survey in 1869, the Green River
Formation has been the subject of over 2,500 pub-
lications. Its strata occupy four structural basins

e-mail: carroll @ geology.wisc.edu arrayed around the Uinta Uplift: the Greater
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Fig. 1.1 Map showing the location of Eocene basins and
basin-bounding uplifts (Adapted from Smith et al. 2008).

Green River; Fossil; Piceance Creek; and Uinta
basins (Fig 1.1), record a great variety of deposi-
tional environments (i.e., lake depth, lake water
chemistry, and paleobiology), and interfinger
extensively with predominantly alluvial facies of
the Wasatch, DeBeque, Colton, Bridger and Uinta

The location of the Skyline 16 core from which the Skyline
tuff was sampled from is indicated by an S (cf. Fig. 1.4)

Formations (Fig. 1.2). In this volume alone, more
than 100 distinct Green River Formation lithofa-
cies are described and interpreted.

The Green River Formation was deposited
during the most geologically recent period of
unusually warm climate (cf. Smith et al. 2014),
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and as such it provides a valuable opportunity to
examine the mode and tempo of past episodes of
global warming. A number of studies have con-
cluded that fluctuations in Eocene lake levels
were caused by Milanovitch-scale orbital forcing
of climate (Fischer and Roberts 1991; Roehler
1993; Machlus et al. 2008; Meyers 2008;
Aswasereelert et al. 2013) or by shorter-period
climatic oscillations related to ENSO or sunspots
(Bradley 1929; Ripepe et al. 1991). The actual
mechanisms by which any these putative forcing
signals were transferred into Green River
Formation strata remain enigmatic however.

Green River Formation strata and their allu-
vial equivalents also contain an unparalleled fos-
sil treasure trove, famous for its well preserved
vertebrate (both terrestrial and aquatic) and plant
remains that have been preserved within its finely
laminated strata (MacGinitie 1969; Grande 1984;
Wilf 2000). It is also host to several rich and var-
ied assemblages of trace fossils (see Chap. 12 of
this volume). Vertebrate fossils collected from
alluvial strata laterally equivalent to the Green
River Formation throughout the Laramide broken
foreland province have been utilized to define the
North American land mammal “ages” (Wood
et al. 1941), which have been refined and subdi-
vided by subsequent paleontologic investigations
(cf. Robinson et al. 2004). Though vertebrate fos-
sils are rare to entirely absent in the Green River
Formation itself, a great number of vertebrate
faunas have been collected from Green River
Formation-equivalent alluvial strata assigned to
the Wasatch, DeBeque, Colton, Bridger and
Uinta Formations (Osborn 1895; Morris 1954;
McGrew and Roehler 1960; McGrew and
Sullivan 1970; Gunnell and Bartels 1994, 1999;
Gunnell 1998; Zonneveld et al. 2000) and indi-
cate that the Green River Formation spans the
Wasatchian, Bridgerian and Uinta land mammal
ages (Fig. 1.2; cf. Smith et al. 2008).

The Green River Formation has also stimulated
considerable interest due to its rich endowment of
economic resources. Its potential to generate oil
via retort of organic-rich mudstone has been rec-
ognized since at least 1916, when federal Naval
Oil Shale Reserves were designated by Woodrow
Wilson in Colorado and Utah. Recent U.S.G.S.
estimates put the total in situ resource magnitude

M.E. Smith and A.R. Carroll

in Colorado, Utah, and Wyoming at approximately
4.3 trillion barrels of oil (Johnson et al. 2011), an
amount 2.5 times greater than the currently proven
oil reserves of the world. However, it remains
unclear how much of this resource (if any) will be
commercially exploited, or whether the environ-
mental consequences of its use would outweigh
the benefits. Although very rich, Green River
Formation oil shale is generally too thermally
immature to act as a conventional petroleum
source rock across most of its area, except in the
northern Uinta basin. There, oil generated from the
lower Green River Formation accounted for
approximately 30 million barrels of production in
2014 (Utah Division of Oil, Gas, and Mining).

The other main economic resource of the
Green River Formation is soda ash, which is
mined primarily in the form of trona (cf. Wiig
et al. 1995). Trona deposits in the Bridger basin
of Wyoming represent the single largest soda ash
deposit in the world, and with more than 17 mil-
lion metric tons of production in 2013 (U.S.G.S.
2013 Minerals Yearbook).

1.2 A Century and a Half

of Geologic Inquiry

Wilmot H. Bradley’s pioneering work on the Green
River Formation during the 1920s through 1970s
set a high bar for subsequent workers (Sears and
Bradley 1924; Bradley 1926, 1928, 1929, 1931,
1964, 1974), and set the stage for the types of
questions that are still being investigated nearly a
century later (i.e., stratigraphic packaging, lacus-
trine sedimentology, and the identification of cli-
mate cycles from vertical facies stacking patterns).

During the 1950s through 1990s, and great
number of scientists from the U.S. Geological
Survey, industry and academia brought the Green
River Formation into much greater focus by dif-
ferentiating, mapping and correlating its member-
scale units and lithofacies (Donovan 1950;
Duncan and Belser 1950; Dane 1954; Picard
1955; Bradley 1959; Picard 1959; Culbertson
1961, 1965, 1966, 1971, 1998; Donnell 1961;
Stuart 1963; Love 1964; Wiegman 1964; Hansen
1965; Sanborn and Goodwin 1965; Roehler 1968;
Oriel and Tracey 1970; Trudell et al. 1970;
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Wolfbauer 1971; Cashion and Donnell 1972,
1974; Roehler 1973; West 1973; Duncan et al.
1974; O’Sullivan 1974; Trudell et al. 1974; Fouch
1976; Burnside and Culbertson 1979; Surdam and
Stanley 1979, 1980; Sullivan 1980; Dyni 1981,
1996; Johnson 1984, 1985; Dyni et al. 1985;
Roehler 1985; Rowley et al. 1985; Hail 1987,
1990, 1992; Franczyk et al. 1989; Roehler 1991,
1992, 1993; Franczyk et al. 1992; Remy 1992;
and works cited within; Buchheim 1994; Wiig
et al. 1995; Buchheim and Eugster 1998). These
efforts were aided by an extensive coring program
funded by both industry and the U.S. Energy
Research and Development Administration.
Several of these cores are still available at the
U.S.G.S. core repository in Denver, Colorado.

During the 1970s and early 1980s, detailed
sedimentologic investigation of the Wilkins Peak
Member of the Green River Formation in
Wyoming revealed that a significant proportion
of its lithofacies were accumulated on lake fring-
ing playa rather than within a deep stratified lake
(Eugster and Surdam 1973; Wolfbauer 1973;
Wolfbauer and Surdam 1974; Eugster and Hardie
1975; Surdam and Wolfbauer 1975; Smoot 1978,
1983). The application of the playa-lake model to
other members of the Green River Formation has
proven less successful, however, because much
of the Green River Formation, including portions
of the Wilkins Peak Member, does in fact record
deep lake conditions.

The Green River Formation was influential in
the conception and development of the lake type
concept (Carroll and Bohacs 1999; Bohacs et al.
2000), which relates lacustrine lithofacies and

stacking patterns to the long term balance between
precipitation, evaporation, and basinal accommo-
dation. The criteria used for lake type subdivision
of its strata are summarized in Table 1.1.

Since the advent of the new century, investiga-
tions of the Green River Formation have taken
advantage of new radioisotopic dating methods
(Smith et al. 2008, 2010, cf. Table 1.2), sedimen-
tology and ichnology (cf. Chap. 12), stable and
radiogenic isotopic proxies (Doebbert et al. 2010,
2014), and the application of sequence- and
cyclo-stratigraphy to its strata (Bohacs et al.
2007; Machlus et al. 2008; Aswasereelert et al.
2013). Radioisotopic geochronology (*’Ar/*°Ar
and U-Pb) in particular has facilitated viewing
the Green River lake system as a whole in a
paleogeographic context (Fig. 1.3). This volume
contains nine chapters (Chaps. 2, 3, 4, 5, 6, 7, 8,
9, 10) that explore the member-scale stratigraphy
and lithofacies of the Green River Formation
within the individual basins it occupies (Fig. 1.2),
and the two final Chaps. (11 and 12) which
address the paleoenvironmental implications of
evaporite deposits and ichnofossils from a
regional perspective.

Acknowledgments We thank Michael Vanden Berg,
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the Donors of the Petroleum Research Fund of the
American Chemical Society, Chevron, and ConocoPhillips
kindly provided funding for the geochronology and stratig-
raphy summarized in Figs. 1.1, 1.2, and 1.3.

Table 1.1 Criteria for classification of lake type in Green River Formation strata

Facies
Basin type | Association | Typical facies
Overfilled | Fluvial- Sandstone, coal, massive
lacustrine to laminated mudstone,
coquina limestone
Balanced Fluctuating | Predominantly organic
Filled profundal rich laminated mudstone,

stromatolites, oolites

Underfilled | Evaporative | Na-rich evaporites, may
include basin interior
alluvial units and palustrine

mudstone

Stratigraphic Hydrologic
stacking Fauna interpretation
Dominantly Molluscs Freshwater “open”
progradational | common, lake

occasional fish
Mixed Fish, ostracodes Fluctuating
aggradational/ salinity,

progradational intermittently

open/closed lake

Aggradational | Fauna absent Hypersaline

“closed” lake
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Table 1.2 “Ar/*Ar ages for Eocene strata in the Laramide foreland province

Dated flux Age
Location Sample | Stratigraphy Material | Method | monitor | (Ma) |+2¢* |+2c® |References
Greater Green River Basin
Scheggs tuff Tipton Member | san fus TCs 52.22 | £0.09 | +0.35 | Smith et al. (2008,
2010)
Rife tuff ” san fus ” 51.62 |£0.30 |+0.45 |~
Firehole tuff Wilkins Peak san fus ” 51.41 |£0.21 | +£0.39 |~
Member
Boar tuff ? san fus ” 51.14 1 £0.24 1041 |~
Grey tuff ” san fus ” 50.86 | £0.21 | +0.39 |~
Main tuff ? san fus ” 50.28 | £0.09 |+0.34 |~
Layered tuff ? san fus ? 50.12 | £0.09 | £0.34 |~
6" tuff ? bio ih ” 49.93 1 £0.10 | £0.34 |~
Analcite tuff Laney Member | san fus ” 49.25 1 £0.12 | £0.34 |~
Antelope ? san fus ” 49.00 ' £0.19 | £0.37 |~
sandstone
Church Butte tuff | Bridger san fus ” 49.06 | £0.09 | +0.33 |~
Formation
Leavitt Creek ” san fus ” 4893 | £0.28 | +0.42 |~
tuff
Henrys Fork tuff |~ san fus ” 48.45 +0.08 | +0.32 |~
Tabernacle Butte |” san fus ” 48.41 | £0.08 | +0.32 |~
tuff
Sage Creek tuff |” san fus ” 47.46 | £0.08 | +£0.32 |~
Continental tuff | ” san fus ” 48.97 | £0.28 | +0.42 |~
Fossil Basin
K-spar tuff Fossil Butte san fus ” 51.98 ' £0.09 | +0.35 |~
Member
Sage tuff Fowkes san fus ? 48.23 | £0.17 1 +0.36 |”
Formation
Piceance Creek Basin
Yellow tuff Parachute san fus ? 51.56 | £0.52 | +0.62 |”
Creek Mb.
Uinta Basin
Skyline ash Parachute san fus FCs 49.58 | £0.28 | +£0.32 | This study (cf. Fig. 1.4
Creek Mb. and Table 1.3)
Curly tuff ? bio ih TCs 49.32 | £0.30 | +£0.44 | Smith et al. (2008,
2010)
Wavy tuff ? bio ih ” 48.67 1 £0.23 | £0.39 |~
Blind Canyon ? bio ih ” 47.33 |£0.18 |£0.36 |~
tuff
Fat tuff Saline member | bio ih ” 46.63 1 £0.13 | £0.33 |~
Portly tuff ? bio ih ” 45.86 |£0.14 |+0.33 |~
Oily tuff ? bio ih ” 4542  £0.10 | £0.31 |~
Strawberry tuff | sandstone and | san fus ” 44.27 1 £0.93 | +£0.97 |~
limestone
member

(continued)



1 Introduction to the Green River Formation 7

Table 1.2 (continued)

Dated flux Age
Location Sample | Stratigraphy Material | Method | monitor | (Ma) |+2c* |+2¢® |References
Wind River Basin
Halfway Draw Wind River san fus ” 52.07 | +£0.10 |+0.35 |”
tuff Formation
Wagon Bed tuff | Wagon Bed san fus ” 4799 | £0.12 | +0.33 |~
Formation
Bighorn Basin
Willwood ash Willwood san fus ” 52.91 |+0.12 | £0.36 | Smith et al. (2004)
Formation

Notes: All ages calculated relative to the 28.201 Ma age for FCs using the equations of Kuiper et al. (2008) and Renne
et al. (1998), and are shown with 2c analytical and fully propagated uncertainties. Mineral dated: san — sanidine, bio —
biotite. Analysis type: ih — weighted mean of concordant plateau ages from incremental heating experiments, fus —
weighted mean of multiple laser fusions. Neutron flux monitors: 7Cs Taylor Creek Rhyolite sanidine, FCs Fish Canyon

Tuff sanidine, Cf. Smith et al. (2008) for analytical details
?Analytical uncertainty
Fully propagated uncertainty for preferred age

Table 1.3 “Ar/*Ar results for Skyline tuff single crystal laser fusion experiments

40Ar*

40Ar*

K/Ca

Apparent
A/ Ar ST AL/ Ar A1/ Ar x107'* mol % age+20c Ma
3.669+0.009 0.00305+0.00185 0.000317+0.000074 0.19 97.4 141 50.25+0.65
4.763+0.011 0.04946+0.00312 0.004088 +0.000109 0.17 74.7 9 50.01+0.93
4.012+0.010 0.03922+0.00198 0.001600+0.000088 0.20 88.3 11 49.79+0.76
4.079+0.008 0.02443+0.00139 0.002002 +0.000059 0.30 85.5 18 49.05+0.52
3.657+0.010 0.06422+0.00397 0.000256+0.000121 0.11 98.1 7 50.40+1.02
3.937+0.008 0.01221+0.00210 0.001347+0.000071 0.23 89.9 35 49.75+0.62
3.867+0.008 0.00993+0.00218 0.001191 +0.000096 0.17 90.9 43 49.42+0.82
4.419+0.011 0.01673+0.00287 0.002851+0.000117 0.16 81.0 26 50.28+0.99
4.435+0.010 0.02423 +0.00290 0.003170+0.000123 0.15 78.9 18 49.21+1.04
4.006+0.009 0.08356+0.00343 0.001772+0.000095 0.19 87.1 5 49.04+0.81
4.496+0.010 0.09342+0.00393 0.003342+0.000110 0.18 78.2 5 49.42+0.93
4.644+0.010 0.02280+0.00227 0.003790+0.000100 0.21 75.9 19 49.55+0.85
4.269+0.008 0.01886+0.00214 0.002632+0.000099 0.19 81.8 23 49.10+0.84
4.697+0.009 0.07262+0.00376 0.004373+0.000112 0.21 72.6 6 47.96+0.94
Inverse isochron |49.78+0.55
age
QDA Ar 288.2+17.3 MSWD 1.52 Weighted 49.58+0.28
intercept mean age

Notes: All ages calculated relative to 28.201 Ma for the Fish Canyon tuff sanidine (Kuiper et al. 2008); using the decay
constants of Min et al. (2000); uncertainties in Ar isotope ratios are reported at 1o analytical precision, uncertainties in
ages are reported at 2¢ analytical precision. Corrected for ¥Ar and *’Ar decay, half lives of 35.2 days and 269 years,
respectively. J=0.0078430+0.00000701; p=1.0060. Italics indicate analysis that were excluded from weighted mean
age calculations
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Fig. 1.3 Annotated synoptic maps showing paleohydro-
logic configuration of the Green River Formation lakes at
8 discrete times between 53.5 and 45 Ma (updated from
Smith et al. 2008). Time slices were selected to highlight
major hydrologic configurations of Green River Formation

lake system (cf. Smith et al. 2008). Note that knowledge
of the continuity of lacustrine deposition in the central
Greater Green River Basin is limited by the absence of
Eocene strata atop the Rock Springs uplift (dashed
outline).
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Skyline tuff

Single-crystal sanidine fusions
Weighed mean age (13 of 14):
49.58 + 0.28 Ma, MSWD = 1.51
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>
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Fig. 1.4 Cumulative probability plot of “*Ar/*Ar laser
fusion analyses of single sanidine from the Skyline tuff.
The airfall ash was sampled from profundal facies of the
R-4 oil shale zone in the Skyline 16 core in the R-4 oil
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Initiation of Eocene Lacustrine
Sedimentation in the Greater
Green River Basin: Luman Member
of the Green River Formation

Brooke Ann Norsted, Alan R. Carroll,
and Michael Elliot Smith

Abstract

The Luman Member is the lowermost unit of the lacustrine Green River
Formation, and provides an opportunity to examine in detail the initiation
of lacustrine deposition within the Greater Green River Basin during the
Early Eocene. Well-drained alluvial and fluvial strata of the Wasatch
Formation are overlain by carbonaceous mudstone, channelized sandstone
and isolated interbedded pond deposits of the lower Luman Member,
which are in turn overlain by laterally extensive calcareous mudstone of
the upper Luman Member, and together record a conformable progression
alluvial to paludal to lacustrine environments. Here we describe alluvial,
paludal and lacustrine lithofacies along a basin-scale transect through the
Luman Member depocenter. Based on detailed correlation of Luman
Member strata, freshwater lakes formed first in isolated regions of high
subsidence to the east and west of the Rock Springs Uplift, then expanded
and became more prone to carbonate deposition.
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2.1 Introduction

Lacustrine systems commonly occur within and
adjacent to active orogens. Uplifts are known to
influence not only the distribution of lakes but
also the character and architecture of lacustrine
sedimentation patterns (e.g., Anadoén et al. 1989;
Sédez and Cabrera 2002). However, the interac-
tion of large scale tectonic and climatic forcing
on lacustrine depositional systems is poorly
understood. Field exposures of the lacustrine
Luman Member of the Green River Formation
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along the southern margin of the Greater Green
River Basin permit detailed observation of initia-
tion and sedimentation in the context of growth
of the Uinta and Rock Springs Uplifts.

This study examines sedimentology and stra-
tigraphy of the Luman Member along an east-
west cross-section that exposes the transgression
of lacustrine facies over alluvial facies with the
aim of constructing a genetic model for the
embryonic stages of Lake Gosiute. Though
ancient palustrine depositional environments are
well described (cf. Sagri et al. 1989; Alonso-
Zarza and Calvo 2000; Alonso-Zarza et al. 1992;
Armenteros et al. 1997), less is known about the
dynamics and stratal geometries associated with
the transition from paludal to lacustrine

environments.
2.2  GeologicSetting
2.2.1 Stratigraphic Framework

Terrestrial lithofacies within late Paleocene
through the early Eocene strata in the southern
part of the Greater Green River Basin record
large-scale changes in accommodation and allu-
vial and lacustrine deposition that occurred in
response to basin-bounding basement uplifts.
The earliest Cenozoic deposits in the region con-
sist of the Late Paleocene Fort Union Formation
strata, which is comprised of sandstone and mud-
stone and sporadic coal beds that were deposited
in fluvial, alluvial and limited paludal environ-
ments, respectively (McDonald 1972). The Fort
Union Formation thickens to the north and east in
the Greater Green River Basin, which likely
records fluxurally-driven subsidence in response
to growth of the Sierra Madre, Rawlins, and
Wind River Uplifts (Beck et al. 1988). Overlying
the Fort Union Formation are gray, green and red
mudstones and light-gray to red sandstones were
deposited in fluviatile and floodplain environ-
ments and constitute the Main Body of the
Wasatch Formation (Roehler 1993). The Wasatch
Formation is thickest in the south of the Greater
Green River Basin, and thins to the north, indicat-
ing increased accommodation resulting from

B.A. Norsted et al.

flexural loading by the Uinta Uplift coupled with
high sediment supply rates in the southern part of
the basin triggered by denudation of the Uinta
Uplift (Roehler 1969). Overlying the Wasatch
Formation (Fig. 2.1), the Green River Formation
constitutes the deposits of Lake Gosiute, which
occupied the 48,500 mi*> of southwestern
Wyoming in the early Eocene from 53 to 48 mil-
lion years ago (Smith et al. 2008).

The term “Luman Tongue of the Green River
Formation” was first applied by Pipiringos (1955)
to a package of lacustrine strata within the upper
part of the Wasatch Formation in the Great Divide
sub-basin of the Greater Green River Basin. In its
naming and in much of the subsequent literature,
Luman strata have been considered a tongue.
According to the North American Stratigraphic
Code (1983), a tongue is “a wedging member
that extends outward beyond a formation or
wedges out within another formation.” This defi-
nition implies lithological continuity between the
tongue and the main body from which it is
extending. Like all other members of the Green
River Formation, on its margins, Luman strata
exhibit intertonguing geometries with the adja-
cent Wasatch Formation. As a whole, however,
the Luman is a lithologically distinct unit within
the Green River Formation that is not laterally
equivalent to any other parts of the GRF. We
therefore adopt the term Luman Member for
these deposits.

The Luman Member ranges in thickness from
10 to 125 m, however it is thickest in the southern
part of the Greater Green River Basin in a trough
that runs east-west, roughly parallel to the Uinta
Mountains until bending to the northeast in the
Washakie sub-basin (Roehler 1973). Complex
intertonguing relationships and gradational tran-
sitions with both the overlying and underlying
units contribute to significant lateral thickness
gradients in the Luman Member thickness
(Roehler 1987, this study; Culbertson 1965;
Pipiringos 1955). The Luman Member is sepa-
rated in many places from the Tipton Member
and the rest of the Green River Formation proper
by the Niland Tongue of the Wasatch Formation
(Fig. 2.1). The Niland Tongue represents a return
to widespread fluvial conditions before the
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Fig. 2.1 Generalized cross-section illustrating the gen-
eral stratigraphy of the Greater Green River Basin. The
Luman Member is laterally equivalent to floodplain and
fluvial deposits of the Wasatch Formation. Luman

deposition of the Tipton Member of the Green
River Formation.

2.2.2 Geochronology

Age determinations within the Greater Green
River Basin are established through mammalian
biostratigraphy and the “*Ar/*Ar dating of tuffs.
At present, the Luman Member has not yielded
any tuffs for dating, leaving biostratigraphy as
the primary tool for age control in this unit.
Within the early Eocene of southwestern
Wyoming, Wasatchian and Bridgerian provincial
Land Mammal ages (Wood et al. 1941) have been
subdivided into several subzones based on mam-
malian and reptilian faunas (Gingerich and Clyde

[ Floodplain

Member-equivalent strata contain mammals associated
with the Lysitean subage of the Wasatchian North
American land mammal age (Holroyd and Smith 2000)
(Modified from Roehler 1991)

2001; Gunnell and Bartels 1994; Robinson et al.
2004). Fossils found at Little Mountain, the
Washakie sub-basin, and Tipton Buttes in later-
ally equivalent strata to the Luman Member cor-
relate it to the Lysitean subage of the Wasatchian
NALMA (McGrew and Roehler 1960; Holroyd
and Smith 2000; Anemone 2001). A bentonite
near the Lystitean — Lostcabinian boundary in the
upper Willwood Formation in the Bighorn Basin
yields a sanidine “°Ar/**Ar age of 52.91+0.36 Ma
(Wing et al. 1991; Smith et al. 2004, 2010), which
provides a minimum age for Luman Member
deposition (all ages shown with 2 s uncertainties
relative to 28.201 Ma for FCs). Based on interpo-
lation between the Lysitean-Lostcabinian age and
the 52.22 +0.35 Ma sanidine “°’Ar/*Ar age for the
Scheggs tuff in the overlying Tipton Member
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Fig. 2.2 Map showing the extent and tectonic context of
the Luman Member of the Green River Formation in
Wyoming and Colorado. Labels indicate the locations of
measured sections and locales discussed in this report:
Red Creek Rim (RCR); Telephone Canyon (7C); Colorado
(CO); Canyon Creek (CC); and Hiawatha (HI). Luman
Member maximum extent and thicknesses (in meters) are

(Smith et al. 2008, 2010), the duration of Luman
Member deposition was ca. 400 ka, which trans-
lates to an average basin-center accumulation
rate of ~150 pm/year.

2.2.3 Regional Tectonics

The Greater Green River Basin is bounded by the
Sevier fold-thrust belt, and by Laramide-style
basement uplifts (Fig. 2.2). These structures
formed during the latest Cretaceous through early
Cenozoic, with many experiencing late growth
coeval with the deposition of the Green River
Formation. Major movement along the Uinta-
Sparks Fault, which bounds the north edge of the
Uinta Uplift, occurred in the late Cretaceous to

109°W

from Roehler (1993); base map modified from Witkind
and Grose (1972). Abbreviations for Laramide uplifts: 7G
Teton-Gros Ventre; OC Owl Creek; MB Medicine Bow,
SM Medicine Bow, P Park, WR White River. Cross section
Adis illustrated in Fig. 2.1. Colors correspond to thickness
contours (see Carroll and Bohacs 2001)

early Paleogene. Assuming that Phanerozoic
strata were isopachous prior to uplift, angular
unconformity and included fragments indicate
that approximately 3 km of Cretaceous strata
were eroded from parts of the Uinta Mountains
prior to Paleocene deposition of the alluvial Fort
Union Formation (Hansen 1965; Bradley 1995).
Later early Eocene uplift is recorded by alluvial
fan deposition (Crews and Ethridge 1993) and
deformation and truncation of Wasatch and
Green River Formation strata adjacent to the
North Flank thrust, Sparks Ranch thrust and
Uinta thrust (Roehler 1993; Hansen 1965, 1986;
Bradley 1995). Coarse conglomerates north of
the Uinta Uplift in Luman Member-equivalent
deposits at Sugarloaf Butte and Richards
Mountain imply steep gradients between the
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basin floor and the crest of the Uinta Mountains
during Luman time (Crews and Ethridge 1993;
Rowley et al. 1985).

The Rock Springs Uplift (RSU) intersects
with the Uinta Uplift and likely experienced
growth during Luman Member deposition. The
RSU is a north-south oriented anticlinal structure
that lies in the south-central portion of the Greater
Green River Basin (Gosar and Hopkins 1969),
separating it into distinct subbasins to the east
and west of it. Isopach mapping of upper
Cretaceous Blair and Rock Springs Formation
strata show thickening off the flanks of the uplift
(Beaubouef et al. 1995). Syn-depositional move-
ment along north-south trending faults on the
west side of the Rock Springs Uplift is evident in
large-scale lithofacies and thickness distributions
of the upper Cretaceous Almond Formation (Van
Horn 1979; Martinsen et al. 1995; Mongomery
1996). Additionally, the Paleocene Fort Union
and Wasatch Formations, both of which underlie
the Green River Formation, are observed to onlap
the flanks of the uplift (Roehler 1965) which has
been speculated to have been a topographic high
during Green River Formation deposition
(Bradley 1964; Roehler 1993). Isopach maps and
depocenter depictions of the Green River
Formation along the north flank of the Uinta
Mountains show beds thinning with proximity to
the Uinta Uplift, with depocenters on either side
of its intersection with the Rock Springs Uplift
(Burchfiel et al. 1992; Roehler 1993; Johnson
and Anderson 2009; Mederos et al. 2005), imply-
ing either its active uplift or to less-rapid subsid-
ence of the structure relative to adjacent
subbasins.

2.2.4 Eocene Climate

Luman Member deposition occurred during the
early Eocene just subsequent to the Paleocene-
Eocene thermal maximum and prior to the early
Eocene climatic optimum. Beginning in the late
Paleocene, a warming trend led to frost-free con-
ditions and a humid, warm-temperate to sub-
tropical climate prior to and during deposition of
the Green River Formation (MacGinitiec 1969;

Wilf 2000). Paleontologic records of continental
flora and faunas suggest warm climates during
the Eocene (Wolfe 1978; Wolfe and Poore 1982).
Leaf-margin analyses of plant assemblages from
the late Paleocene through the Early Eocene in
the Greater Green River Basin indicate maximum
temperatures in the Cenozoic were reached in
middle Early Eocene time (Wilf 2000). During
deposition of the Luman Member, plant assem-
blages from the Bighorn and Greater Green River
Basins include tree ferns, palms and cycads, all
of which are unable to survive prolonged freezes
(Wing et al. 1991; Wilf 2000). Based on taxo-
nomic affinities with modern plants and leaf mar-
gin analysis, mean annual temperatures in the
Greater Green River Basin during deposition of
the Luman Member are estimated to have been
between 16 and 21 ° C (Greenwood and Wing
1995). Coals and ferns found in the Luman
Member-equivalent Latham assemblage imply
wet conditions in southwestern Wyoming during
the Lysitean (Masursky 1962). Based on leaf-
area analysis on leaf assemblages found within
the Green River Formation, regional Eocene
mean annual rainfall is estimated between 113
and 140 cm (Wilf 2000). Crocodilians have been
identified in the Green River and Bridger
Formations in southwestern Wyoming and north-
eastern Utah (Grande 1984) indicating a MAT
>16 ° C (Markwick 1994).

2.3  Field Methodology

and Results

To understand the sedimentology and strati-
graphic relationships between the Luman
Member and the Wasatch Formation, four verti-
cal sections along a ~10 km transect were mea-
sured and described at 10 cm detail along an
east-west transect in the southern part of the
Greater Green River Basin (see section line in
Fig. 2.2). Gamma ray scintillometry was con-
ducted using a multi-channel spectrometer at the
outcrop using an Exploranium GR-320 enviSpec
hand-held spectrometer, with individual abun-
dances of uranium, thorium, and potassium mea-
sured every 0.5 m. A detail photographic and
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lithofacies investigation of a large, particularly
well-exposed exposure of intertonguing lacus-
trine, paludal and alluvial facies was performed
at Telephone Canyon.

2.3.1 Sedimentary Lithofacies
Lacustrine lithofacies within the Luman
Member consist of mudstone; fossiliferous cal-
careous sandstone, and coquina (Pipiringos
1955, this study; Roehler 1993; Sklenar and
Anderson 1985). These deposits alternate with
coal, carbonaceous mudstone, and trough cross-
bedded sandstone of fluvial and paludal origin
(Figs. 2.3 and 2.4). This study identifies three
major lacustrine lithofacies within the Luman
Member and two associated lithofacies of flu-
vial-paludal origin. Gastropods, pelycopods and
ostracodes found throughout the Luman
Member support the interpretation of a freshwa-
ter depositional environment (Taylor 1972;
Kuchta 2000).

Calcareous mudstone This facies consists of
homogeneous gray to cream or brown calcareous
mudstone that is infrequently thinly-laminated
(Fig. 2.3a). The mudstone often contains ostra-
codes as well as both broken and complete mol-
lusc shells. Within the Luman Member,
calcareous mudstone may form low grade oil
shale (Horsfield et al. 1994; Carroll and Bohacs
2001) and forms thick (1-15 m), recessive units
generally bounded above and below by sand
facies (Fig. 2.3). Crude 10 cm scale bedding is
most common, with intervals of fine laminations
(Fig. 2.4b).

Interpretation: Thinly-laminated strata are
interpreted to represent of deposition in relatively
deep or sheltered aquatic environments where
disruption by wave action of biogenic activity is
restricted (e.g. Anadén et al. 1989). The lack of
pervasive laminated strata in the calcareous mud-
stone facies supports an interpretation of deposi-
tion in a moderately deep, yet dominantly
unrestricted lacustrine setting during Luman
time. Laminated facies likely are the result of
deposition in the deepest part of Lake Gosiute
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during periods of higher lake levels or in more
restricted settings within the lake.

Coquina Luman Member coquina is composed
of limestone-cemented shells generally 1 to 3 cm
in size and contain mollusc assemblages of
Goniobasis tenera, Viviparus sp., and various
unidentified unionid bivalves (Figs. 2.3b and
2.4c, h, 1, j) (Hanley 1976; Kuchta 2000). Various
degrees of transport are evident between different
coquina beds. In general, shells are disarticulated
and show mild breakage and rounding implying
minimal transport. Thick (1 m) coquina beds can
be traced for up to 5 km; thinner (2-10 cm)
coquina beds are traceable less than 500 m.

Interpretation: These deposits are interpreted
as sediment-starved stages of Lake Gosiute dur-
ing which littoral and sublittoral shells were
exposed and concentrated due to the winnowing
of finer sediment. A possible analogous setting
may exist in Lake Tanganyika, where shell com-
munities live in the littoral zone and lake level
fluctuations (on the order of ~10 m) expose shells
to increased wave and wind action, winnowing
finer sediment away and leaving broad, tabular
shell lag surfaces. Hanley (1976) considers accu-
mulations of Goniobasis and Viviparus shells in
the Green River Formation indicative of littoral-
lacustrine habitats where accumulations of these
communities in coquinas record shoreline fluc-
tuations, concentrating shells in widespread, tab-
ular benches similar to those seen in the modern
at Lake Tanganyika (Cohen 1989). Some coqui-
nas cap bioturbated shoreface sandstone inter-
vals, suggesting that molluscs were likely the
burrowers.

Laminated sandstone This facies consists of
horizontal to wavy non-parallel laminated, well-
sorted, well-rounded, calcareous very-fine to
fine-grained sandstone containing interbeds of
coal and carbonaceous mudstone (Figs. 2.3c and
2.4e). Low-angle cross-stratification, wavy paral-
lel bedding and wave ripples are commonly
found in this facies. Iron nodules are occasionally
present and often define bedding planes.
Sandstone beds vary in thickness from 10 cm to
5 m and can be traced laterally within outcrops.
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Fig. 2.3 Representative measured sections illustrating:
(a) calcareous mudstone lithofacies from the Hiawatha
section meters 108—118 (Chicken Creek SW 7.5" quad-
rangle; NW1/4, NW1/4, NW1/4 Section 22, TI2N,
R100W); (b) interbedded coquina and calcareous mud-
stone lithofacies from the Hiawatha section meters 80-90
(Chicken Creek SW 7.5 quadrangle; NW1/4, NW1/4,
NW1/4 Section 22, T12N, R100W); (c¢) laminated sand-
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stone from the Canyon Creek section meters 53-63
(Sugarloaf Butte 7.5" quadrangle; NW1/4, NW1/4 Section
25, T12N, R101W); (d) coal and carbonaceous mudstone
from the Colorado section meters 27-37 (Sparks 7.5
quadrangle; SE1/4, NW1/4, SE1/4 Section 18, T12N,
R101W); (e) trough cross-bedded sandstone from the
Colorado section meters 27-37 (Sparks 7.5’ quadrangle;
SE1/4, NW1/4, SE1/4 Section 18, T12N, R101W)



20

B.A. Norsted et al.




2 Initiation of Eocene Lacustrine Sedimentation in the Greater Green River Basin... 21

Interpretation: We interpret these sandstone
beds to be beach deposits. Sedimentary struc-
tures indicate wave action and well-sorted, well-
rounded grains support a high energy
environment. Repeated, sustained lake level rise
and fall are represented by the alternation over
the 1-8 m scale of these laminated sandstones
with paludal coals and littoral shell-rich mud-
stones respectively (Figs. 2.4f and 2.5b).

Coal and carbonaceous mudstone This facies
consists of vitrinitic to amorphous coals in beds
that are often interbedded with carbonaceous
mudstone and fine-grained sandstone (Figs. 2.3d
and 2.4f). Generally 10-15 cm thick, these coal
beds are laterally continuous for 100 m but are
not useful as marker beds between stratigraphic
sections. Millimeter-scale, planar-laminated
mudstone contains carbonaceous matter of vary-
ing preservational quality. Unidentifiable plant
material comprises the majority of the carbon
content found in this facies. Root traces, woody
debris, and invertebrate traces are also present.
Interpretation: Coal and carbonaceous mud-
stone are interpreted to represent overbank
deposits and paludal, marginal lacustrine envi-
ronments characterized by still water, abundant
organic debris and reducing conditions. This type
of environment is likely a complex of poorly-
drained backswamps with networks of effective
drainage systems where high sediment supply
supports carbonaceous mudstone accumulation
instead of thick coal bed formation (Flores 1981).
Additionally, the deposition of non-laterally
extensive or patchy coal deposits such as those
seen in the Luman Member is generally restricted
to nearshore and paludal environments and may
be indicative of instable lake levels due to tec-

<

tonic activity (Sdez and Cabrera 2002) and/or
shoreline progradation (Bohacs et al. 2000).

Trough cross-bedded sandstone This fine to
medium grained sandstone is often micaceous,
hosting trough crossbeds and planar cross-
lamination (Fig. 2.3e). This facies is often chan-
nelized at the meter scale, with cut-and-fill
relationships and lateral accretion surfaces visi-
ble. Trough cross-bedded sandstone bodies typi-
cally cannot be traced more than approximately
5 m in outcrop and are replaced laterally by car-
bonaceous mudstone and coal. Individual chan-
nel bodies are commonly observable in outcrop,
and are typically no more than 1 m thick.
Amalgamated channel horizons are less common
but can reach up to 5 m in thickness.

Interpretation: Trough cross-bedded sand-
stone is interpreted to represent fluvial sand
deposited in alluvial systems adjacent to Lake
Gosiute. Such fluvial-alluvial systems have been
well-characterized (e.g., Miall 1988; Platt and
Keller 1992) and contain lateral and vertical
alternation between channel sand and overbank
mud that record the lateral migration of fluvial
channels across floodplains.

2.3.2 Stratigraphy

In many locations, an abrupt color change from
red to drab gray-green occurs at the contact of the
Main Body of the Wasatch Formation and the
Luman Member (Fig. 2.5a). This color change is
interpreted to represent a shift from oxidizing to
reducing conditions of interstitial waters (cf.
Walker 1967; Berner 1971), and corresponds to
an increase in organic matter preservation and

Fig. 2.4 Photographs and photomicrographs of lithofa-
cies described in this report: (a) Alternating calcareous
mudstone and laminated sandstone on the meter scale; (b)
photomicrograph of siliciclastic mudstone (UW1954/18);
(c) representative fossils found within calcareous mud-
stone from Hiawatha section (HI); (d) shell-rich calcare-
ous mudstone; (e) laminated sandstone at Canyon Creek

section (CC) Sharpie for scale; (f) alternating coal (black)
and carbonaceous mudstone (cream); (g) outcrop charac-
ter of coal and carbonaceous mudstone at Colorado sec-
tion (CO); (h) 2.5 m thick coquina bed capping Telephone
Canyon (7C) and Red Creek Rim (RCR) sections. (i)
Thinly-bedded coquina at Hiawatha section (HI); (j)
Photomicrograph of coquina (UW1954/11)



22

B.A. Norsted et al.

Fig. 2.5 Photographs of lithofacies transitions within the
Luman Member of the Green River Formation: (a) oblique
aerial photograph of the Wasatch Formation to Luman
Member transition exposed along the Red Creek Rim.

likely a rise in the Eocene water table. Hence, the
color change suggests a change in the hydrologic
character of the basin and subsequently reflects
the suitability for lacustrine environments to
form in the basin. The preservation of this color
change is significant as this process of oxidizing
and reducing sediments is reversible. The reten-
tion of the red color indicates that the deposits
lack metabolizable organic matter which pre-

View is towards the north-northwest; (b) photograph of a
~10 m thick Luman Member shoreface succession consist-
ing of silty mudstone that conformably grade into planar
bedded sandstone. Approximately 2 m tall person for scale

serves a high Eh. The transition into green-gray
sediment signifies the addition of organic matter
and the lowering of Eh, supporting reducing con-
ditions. This would be seen as a rise in the water
table relative to the ground surface during the
transition from Wasatch to Luman time.

While this color change marks the contact
between the Wasatch Formation and the Luman
Member, the accompanying lithologic change is
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gradual and conformable. Both local- (Fig. 2.6)
and basin-scale stratigraphic correlations of the
Luman Member and underlying Wasatch
Formation indicate that this transition is com-
monly time transgressive (Figs. 2.6 and 2.7). The
upper ‘main body’ of the Wasatch Formation
contains mudstone and channelized sandstone
while the lower portion of the Luman Member is
composed primarily of carbonaceous mudstone
and channelized sandstone with sporadic pond
deposits ranging from 20 cm to 10 m in thick-
ness. Roehler (Roehler 1993, 1965) suggested
separating out this paludal stage of the Luman
Member and creating another member of either
the Green River Formation or Wasatch Formation
to be called the Ramsey Ranch Member. This
suggestion is not unreasonable and sedimento-
logic data from this study confirms that these
stratigraphic relationships do exist. However, the
Ramsey Ranch Member has not been critically
accepted for use in the literature and herein this
interval is considered part of the Luman Member.

At Telephone Canyon (TC) in the southern
Green River Basin, a large-scale (2.5 km) facies
changes within the Luman Member illustrates the
embryonic stages of lacustrine deposition
(Fig. 2.6). A channel complex containing a mini-
mum of nine distinct channel bodies is located
below lacustrine deposits. The channels are later-
ally replaced by red overbank mud which in turn
is punctuated by thin, laterally restricted pond
deposits. This channel-overbank-pond package
observed at Telephone Canyon is likely coeval
with the lowermost Luman Member sediments
seen in the Red Creek Rim section (cf. Fig. 2.2).
Widely dispersed paleoflow indicators within the
channel complex imply deposition within a
meandering river system, or alternatively a quasi-
periodic alternation between axial and peripheral
stream systems (Fig. 2.6).

Lateral thickness and facies changes suggest
the influence of the Rock Springs Uplift on
accommodation and paleogeography. Approxi-
mately 50 m of Luman Member lacustrine depos-
its overlie fluvial facies at Telephone Canyon,
and are capped by a widely correlative 2.5 m
thick coquina marker bed. At Red Creek Rim, 5

miles west, the thickness between the Wasatch
Formation and the same coquina horizon is
approximately 126 m. The difference is thickness
may reflect greater accommodation at RCR rela-
tive to TC due to the latter being closer to the axis
of the Rock Springs Uplift, and/or indicates that
lacustrine conditions occurred earlier at RCR. In
the latter scenario, while channel-fill and fluvial
sediment were being deposited at Telephone
Canyon, Red Creek Rim hosted an established,
perennial lake. As the basin deepened, the small
lake at Red Creek Rim expanded, flooding the
surrounding lowlands which sloped gently up
towards the Uinta Uplift, ultimately transgressing
over the Telephone Canyon area. The coquina
bed at the top of both of these sections marks the
full expansion of Lake Gosiute and synchronous
lacustrine deposition across both areas.

In the southern part of the Greater Green River
Basin, adjacent to the Uinta Mountains, the upper
contact of the Luman Member with overlying
strata fluvial strata of the Niland Tongue of the
Wasatch Formation is stratigraphically complex.
Contacts between the Luman, Niland, and Tipton
units are often difficult to establish; a situation
exacerbated by conformable, gradational bound-
aries between units as well as similar definitions
of each (Pipiringos 1955; Bradley 1964).
Complex interfingering relationships of lacus-
trine, fluvial and alluvial strata make the identifi-
cation and differentiation of the Luman Member
and the overlying Niland Tongue (Wasatch
Formation) particularly difficult in the southeast-
ern part of the Green River sub-basin (Bradley
1964, 1959; Culbertson 1965; Roehler 1987).
One to 5 m-thick fluvial or potentially shallow
deltaic units interfinger with lacustrine strata near
the top of the Luman Member at the majority of
studied locations, but the strata never fully transi-
tion to alluvial (fluvial- and floodplain-deposited)
lithofacies. In contrast, at the Colorado section
(CO), which is nearest to axis of the Rock Springs
Uplift, the top of the Luman Member is marked
by a gradational transition to fully non-lacustrine
fluvial and paludal facies, perhaps suggesting
that the Rock Springs Uplift was a topographic
high during the Eocene. Towards the basin center,
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the Niland Tongue thins and in many locations
disappears, with Luman Member transitioning
directly upwards into the Tipton Member.

2.4 Discussion

2.4.1 |Initiation and Evolution
of Lake Gosiute

Examination of the sedimentologic and strati-
graphic relationships of the Wasatch Formation —
Luman Member contact around Red Creek Basin
reveals a conformable relationship between strata
deposited from small, disconnected lakes and

B.A. Norsted et al.

deposition of the Luman Member due to expan-
sion of Eocene Lake Gosiute. We propose that the
channel complex deposits seen at Telephone
Canyon represent a fluvial inlet to an embryonic
Lake Gosiute which later expanded to cover the
surrounding floodplains. Likely during the incep-
tion of subsidence and the formation of Lake
Gosiute there were many of these embryonic
lakes in the southern portion of the Greater Green
River Basin which later expanded and coalesced
as subsidence deepened the Uinta trough
(Fig. 2.8). Basin-scale stratigraphic stacking pat-
terns observed in the Luman cross-section sup-
port this interpretation (Fig. 2.7). The
cross-section reveals that in the lower half of the
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Luman Member paludal facies dominate the dep-
ositional style of the basin with small, isolated
ponds and lakes fed by axially draining feeder
streams punctuating the vertical section.

Eocene rocks in the southern Greater Green
River Basin record a conformable evolution from
a well-drained fluvial and alluvial environment
(Wasatch Formation) to a dominantly reducing
paludal and eventually wave-influenced lacus-
trine environment (Luman Member, Green River
Formation), clastic shorelines where streams
entered the basin, and coquina-depositing car-
bonate shorelines between deltas. Due to their
lateral continuity and vertical relationship to
other lithofacies, coquinas may alternately have
formed across entire shoreline in a non-
Waltherian sense during interval of transgression.
This first stage of Luman deposition occurred in
a dominantly reducing environment, and consists
of approximately half of the thickness of the
Luman Member. Sediment supply rates in palu-
dal environments are likely faster than those in
deep water lacustrine environments, thus it is
probable that this first stage of Luman Member
deposition lasted less than half of the ~0.4 Ma
duration of the Luman Member. Based on the
distribution of lacustrine and alluvial strata in the
lower Luman Member (Fig. 2.7) and broad-scale
patterns of accumulation (Johnson and Anderson
2009), it seems likely that the Rock Springs
Uplift was a topographic high during this time,
creating two major depocenters on either side of
the anticline. In the upper half of the Luman
Member, previously small ponds coalesced and
lacustrine deposits transgressed over the paleo-
high created by the Rock Springs Uplift, and are
recorded throughout the southern part of the
basin with an arm extending to the northeast into
the Great Divide sub-basin (Fig. 2.8). This expan-
sion of lacustrine deposits coupled with the
development of robust molluscan populations
(Kuchta 2000) and low grade oil shale deposition
(Horsfield et al. 1994) records the broad expan-
sion of Lake Gosiute deposition over the entire
study area.

Changes to sediment supply resulting from
unroofing of basement structures may have con-
tributed to the eventual dominance of lacustrine

deposition in the Greater Green River Basin.
Fluvial sedimentation during the Paleocene
through early Eocene was likely promoted by
high sediment efflux from easily erodable
Cretaceous foreland basin strata (Carroll et al.
20006). Initiation of lacustrine deposition in the
Greater Green River Basin followed the breach-
ing of the core of the Uinta Uplift and the conse-
quent integration of more resistant strata into the
drainage basin. This likely decreased the sedi-
ment supply rate and allowed ponds to begin
forming in the regions experiencing the greatest
subsidence. As the basin deepened and sediment
supply remained low, these ponds expanded,
coalesced and transgressed over the surrounding
floodplain, forming Lake Gosiute. The expansion
of lacustrine environments across the region may
also have been promoted by ongoing structural
activity that increased potential accommodation
in the basin by raising the basin spill point. In
either scenario, actively forming structures
appear to have guided the distribution of lacus-
trine and alluvial facies.
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Abstract

The Tipton Member of the Green River Formation occupies much of the
Greater Green River Basin (GGRB) of Wyoming and Colorado. Long
hypothesized to record a single shift from open to partly closed hydrology,
new detailed stratigraphy and stable isotope geochemistry indicates that
its strata record open, then partly closed, then open, then partly closed
hydrology, which are each recorded by distinct transitions in facies asso-
ciations, geochemistry, carbonate mineralogy, and organic content.
Intervals of open hydrology occur coincident with the progradation of del-
taic sandstones that are absent during the partly closed intervals, suggest-
ing that environmental transitions were controlled by avulsions of the
Idaho River. The first of these transitions occurs at the contact between the
Scheggs bed and overlying Rife bed, and is thought to reflect the initial
impoundment of Lake Gosiute. The Scheggs bed ranges from 23.5 to
36.5 m, and is characterized by fluvial-lacustrine lithofacies, calcitic min-
eralogy, an average Fischer Assay content of 7.6 gal./ton, and low §'*0 and
813C values (25.3%0 and 0.7%o, respectively). These deposits transition
over a five meter interval to the overlying 2—15 m-thick lower Rife bed.
The lower Rife bed is characterized by fluctuating profundal lithofacies,
dolomitic mineralogy, an average Fischer Assay content of 17.6 gal./ton,
and high 880 and 86"3C values (29.3 and 5.3%o). The lower Rife bed transi-
tions up-section over a two meter interval into fluvial-lacustrine lithofacies
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of the 2.5-20 m thick middle Rife bed, which exhibits calcitic mineralogy,
an average Fischer Assay content of 9.7 gal./ton, and low 8'0 and §'3C
values (23.0 and 1.9%o). The third and final transition, from the middle
Rife bed to the upper Rife bed, occurs gradationally over 6 m of section.
The 6.5-22 m-thick upper Rife bed is characterized by fluctuating profun-
dal deposits, dolomitic mineralogy, an average Fischer Assay content of
19.2 gal./ton, and high 880 and 6'3C values (29.8%0 and 8.5%o, respect-
fully). We interpret this succession of abrupt changes in lithofacies and
isotope geochemistry within the Tipton Member to reflect the diversion,
recapture, and ultimate diversion of a major source(s) of water and sedi-

ment into the basin.

3.1 Introduction

The Green River Formation (GRF) in the Greater
Green River Basin (GGRB) records the dynamic
evolution of Eocene Lake Gosiute as it transi-
tioned from originally open paleohydrology to
closed and then finally back to open paleohydrol-
ogy before its final infilling by alluvium (Fig. 3.1)
(Carroll and Bohacs 1999; Smith et al. 2008).
The Tipton Member, previously the Tipton Shale
Member (Schultz 1920), contains a broad array
of non-marine facies. It underlies the evaporative
Wilkins Peak Member, and has been proposed to
record a transition from a hydrologically open to
hydrologically closed lake basin (Roehler 1993;
Pietras et al. 2003). Despite a long history of field
and core-based investigation and documentation
(Pipiringos 1955; Schultz 1920; Roehler 1992;
Oriel 1961), the detailed stratigraphy and deposi-
tional controls of Tipton Member remain incom-
pletely understood. This study represents a
basin-scale examination of the lithofacies, strati-
graphic packaging, and stable isotope geochem-
istry of the Tipton Member along White Mountain
in the eastern Bridger subbasin of the GGRB. We
argue that the Tipton Member records two com-
positionally and isotopically distinct transitions
from overfilled to balanced-fill conditions.

The Tipton Member was deposited within the
GGRB, which is located in the foreland of the
Sevier fold and thrust belt, and is bounded by
Precambrian-cored, Laramide-style uplifts to the
north, south and east (Fig. 3.1) (Dickinson et al.
1988; DeCelles 1994). Basement-involved arches

divide the GGRB into the Washakie, Sand Wash,
Great Divide, and Green River sub-basins, all of
which contain Tipton Member strata. Fluvial
deposits of the Luman Member of the GRF and
Niland Tongue of the Wasatch Formation under-
lie the Scheggs bed, whereas evaporative facies
of the Wilkins Peak Member overly the Rife bed
(Fig. 3.2). The Tipton Member has been divided
into two beds: the Scheggs bed and overlying
Rife bed (Roehler 1991b), the contact between
which is understood to reflect a transition from
freshwater, overfilled conditions to more saline,
balanced-filled conditions within the lacustrine
system (Roehler 1993; Carroll and Bohacs 1999).
The Farson Sandstone, an arkosic deltaic com-
plex, laterally bounds and interfingers with the
Tipton Member in the northern part of the basin
(Roehler 1992), and is equivalent to coarse-
grained alluvial strata of the Pass Peak Formation
in the northwest GGRB (Smith et al. 2008;
Steidtmann 1969). Principal Tipton Member
lithologies  include  variably  organic-rich
calcareous mudstone and marlstone, fossil-bear-
ing siltstone, ostracode and oolitic grainstone,
stromatolite, and various sandstone lithofacies
assigned to the Farson Sandstone. Its fossil
assemblages include freshwater bivalves and
gastropods, fish, plant fragments, and vertebrate
and invertebrate trace fossils. The Tipton Member
is Early Eocene in age, based on late Wasatchian
faunas found within it and in equivalent strata,
and sanidine “°Ar/°Ar ages for ash beds con-
tained within it and the overlying Wilkins Peak
Member (Smith et al. 2008). Assuming that the
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Fig. 3.1 Map showing the location of Eocene basins,
basin-bounding uplifts, and measured sections (Base map
modified from Witkind and Grose (1972). Abbreviations

Scheggs bed represents 2/3 of the amount of time
of the Lysitean mammalian subage, its deposition
occurred over approximately 1.06+0.43 m.y.,
(Smith et al. 2008, 2010). Based solely on their
relative thicknesses, the Rife bed represents
0.60+0.31 m.y. of deposition, whereas the
Scheggs bed represents 0.46+0.30 m.y.

3.2 Methods

3.2.1 Stratigraphic Analysis

Stratigraphic sections were chosen along a
150 km north—south cross-section through the
GRB to document Lake Gosiute’s evolution

for Laramide uplifts: 7G Teton-Gros Ventre, OC Owl
Creek, MB Medicine Bow, SM Medicine Bow)

during deposition of the Tipton Member
(Fig. 3.1). Five field sections were measured at
decimeter-scale along the western and southwest-
ern flanks of the Rock Springs Uplift along White
Mountain and Flaming Gorge Reservoir. From
the south to the north, they are Firehole Canyon
(FC), Villa Lane (VL), Spring Mound (SM),
White Mountain Petroglyphs (WMP), and Boar’s
Tusk (BT). An additional field section, Whitehorse
Creek (WC), was modified from Pietras (2003)
and incorporated into this study. Three cores sup-
plement field data: the U.S. DOE/LETC Currant
Creek Ridge No. 1 (CCR), U.S. ERDA White
Mountain No. 1 (WM) and the Union Pacific
Railroad Blue Rim 44-19 (BR). Locations of core
and field sections are shown in Fig. 3.1.



JW. Graf et al.

34

SUTWOAA ‘UISeq JOATY UQ9ID) I3JBAID) A Ul UOTIBULIO JOATY UdDID) o) Jo sadA)-oe] pojeroosse pue Aydeidnens g g bi4

wy 0oL

eale depy

./%./il.\l(“l.\c).llL.Gf\?

Hidn uiseg
sBupdsg oMy
usals)

Jajeals

4

ureidpooyeuysnied [ |

uredpoold [ |

paliepun  _
wm
O %=
L 3
= ®©
ES
I g wy 0
-pasuejeg o
pallHaAQ

4nl pajeq -----

w ool

YHON - .V

leianig [ ]

uejjenily [0 A0

= ﬂ\\

=170 7 6667 (ous00B110) )

ajesawo|Buon

ST Hned ureunoy ey

(\.




3 Lacustrine Sedimentology, Stratigraphy and Stable Isotope Geochemistry... 35

3.2.2 Sampling

Field samples were collected primarily for com-
parative petrophysical analysis, and were not
used for XRD and stable isotopic analysis due to
observable effects of weathering. Samples from
two cores, CCR and WM, were collected for
XRD and stable isotopic analysis. The sample
spacing and sample density of each core was con-
centrated on the Scheggs-Rife contact, as deter-
mined by lithofacies assemblages.

3.2.3 Mineralogy

The carbonate mineralogy of profundal mud-
stone samples from two cores (CCR and WM)
was assessed using XRD analysis. Each sample
was ground into fine powder, and a split of which
was analyzed at the University of Wisconsin-
Madison using a Sintag PAD V X-ray diffractom-
eter using a Cu Ka x-ray source (A=1.5418 A).
The scans of 54 samples were run between 20
and 55 degrees 2-0, a range that captures all rel-
evant calcite and dolomite peaks. Step size was
set at 0.02 degrees, with a step time of 1 s. The
calcite-dolomite proportion of each sample was
determined using the relative areas of dominant
calcite peaks (those between 29.30 and 30.00
degrees 2-0) and dolomite peaks (those between
30.40 and 31.10 degrees 2-0) according to the
relationship:

(7 : A'alcita _ peak
0 . =
calcite
(ZAcalcile _ peak + : ,Adolomite _ peak )

Based on this calculation, samples were catego-
rized as dominantly calcitic (>80 % calcite),
mixed (20-80 % calcite), or dominantly dolo-
mitic (<20 % calcite).

*100

3.2.4 Stablelsotopes

An additional split of each powdered sample was
allocated for geochemical analysis. Samples
were processed at the University of Michigan

Stable Isotope Laboratory in Ann Arbor,
Michigan where they were roasted in vacuo at
200 °C for 1 h to remove contaminants. Samples
were then reacted at 77°+1 °C with 4 drops of
anhydrous phosphoric acid for 8 min (12 min for
dolomitic samples) in a Finnigan MAT Kiel IV
preparation device coupled directly to the inlet of
a Finnigan MAT 253 triple collector isotope ratio
mass spectrometer. Maintained measured preci-
sion using this methodology is reported as better
than 0.1 % for both carbon and oxygen isotope
compositions. In this study, 8'®0 data is reported
relative to VSMOW, while §"*C data is reported
relative to VPDB. Where duplicate samples were
run, averages weighted according to standard
deviation were used.

3.3 Lithofacies

This study recognizes 13 lithofacies within the
Tipton Member, as defined by lithology, organic
content, sedimentary structures, biologic markers
and paleo-flow indicators (Table 3.1).

Microlaminated kerogen-rich mud-
stone Laminated, organic-rich mudstone is the
dominant lithofacies of the Rife bed, though it is
also found to a lesser extent in the Scheggs bed.
The mudstone is generally dark-brown to black
in color. Discrete, rhythmic, variegated lamina-
tions are pm to mm in scale, and planar parallel
(Fig. 3.4a). Interlaminations (mm- to cm-scale)
of tan siltstone, tuff, and chert are found infre-
quently within sections. Fischer Assay oil yields
range between 20 and 28 gal./ton (Roehler
1991a), qualifying these rocks as high-quality oil
shale (Culbertson et al. 1980; Dana and Smith
1972). Well-preserved, intact fish fossils are pres-
ent though infrequent. Occasional phosphatic
concretions are preserved as both thin (mm-
scale), lenticular bodies along lamination planes
as well as irregularly shaped nodules around
which overlying laminations are deformed. When
associated with thin interbeds of sand, stromato-
lite, and ostracode and oolitic grainstone, cm-
scale mud cracks are observed. In outcrop, this
lithofacies forms pronounced cliffs that can be
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Table 3.1 Tipton Member Lithofacies

Lithofacies

Microlaminated kerogen-
rich mudstone

Laminated mudstone

Massive kerogen-rich
mudstone

Massive mudstone

Fossiliferous siltstone

Delta foreset sandstone

Trough cross-bedded
sandstone

Horizontally-bedded
sandstone

Description

Dark brown to black
mudstone with pm- to
mm-scale laminations, high
kerogen content, no intact
biologic markers; Fischer
Assay yield of 20-28 Gal./
ton

Grey to brown mudstone
with densely spaced,
varigated, pm- to cm-scale
laminations, including
interlaminations of silt and
tuff. Fish, ostracodes,
burrows and coprolites are
present; Fischer Assay yield
of 9-22 Gal./ton

Dark brown to black
mudstone with no visible
laminations, high kerogen
content, intermittent silt and
kerogen-stained tuff
interlaminations; Fischer
Assay yield of 22-26 Gal./
ton

Grey mudstone with no
visible laminations.
Abundant gastropods and
bivalves and infrequent
burrows are present; Fischer
Assay yield of 2—-6 Gal./ton

Grey or tan siltstone with
gastropods and bivales
(Scheggs) and fish (Rife)
fossils. Laminations are
low, density, mm- cm-scale
with varied orientations

Steeply-dipping (29
degrees) foresets of VF-F,
subangular, well-cemented
sand bearing cm-scale
rip-ups of underlying silt
Vertically aggregated bed
sets of VF to M sized,
angular to subangular sand.
Laminae dip 25 degrees and
are distinguished by

mica- rich laminae
Vertically aggregated,
horizontal beds of vF sand
that display slight fining
upwards trend. Burrows,
reed imprints are present

Occurrence

Primarily found in
Zones B and D. It is
present in meter-scale
intervals throughout
CCR and in the

upper- most portion of
WM’s Zone C

Observed in all zones
of all sections,
excluding WC

Minor component of
Zones B and D,
though is infrequently
observed throughout
all Zones in CCR

Primary component of
the basin- ward
associations of Zones
Aand C

Found throughout all
zones in CCR, BR,
BT, WC. Primarily
Zones A and B in
WM, Zone Cin VL, A
and D in SM, and
Zones A, C, and D in
WMP

Observation is
exclusive to the Farson
Sandstone in Zone A
at WMP

Most prevalent
sandstone architecture;
Found in Zone A and
C sands

Frequent component
of Zone A and C sands
at WM, VL, SM,
WMP, BT, and WC

JW. Graf et al.

Interpretation
Profundal deposition in
anoxic water bottoms
devoid of bioturbating
benthic organisms

Profundal deposition in
anoxic water bottoms
devoid of bioturbating
benthic organisms

Profundal deposition in
anoxic water devoid of
bioturbating benthic
organisms

Littoral to sub-littoral
deposition via hyperpycnal
plumes during storms and/
or bioturbation of originally
laminated mud

Littoral margi, pro-delta/
distal bar, or turbidite,
depending on
lithostratigraphic context

Deposition by grain flow
avalanches down the front
of a Gilbert-type delta

Delta channel mouth bar
deposition by ripples and
dunes formed under
unidirectional flow

Upper shoreface deposition
at distributary terminii by
unidirectional flow and/or
swash zone deposition along
beach faces

(continued)
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Table 3.1 (continued)

Lithofacies Description

Hummocked bed sets with
1-3 mm laminations
dipping 15 degrees.
Micaceous laminations and
entrained fish debris are
present

Hummocky cross-stratified
sandstone

Vertically aggregated,
variably sinuous
laminations of vF sand

Climbing-rippled to
wavy-bedded sandstone

Grain-supported, vF-M
sand lacking internal
architecture. Rip-ups,
burrows, floral material and
fish debris are often present

Massive sandstone

Brecciated isolated
carbonate mounds
(Scheggs) and laterally
extensive stromatolites
associated with green,
mud-cracked, mineral-
bearing siltstone (Rife)

Stromatolite

Medium to coarse
grain-sized, preserved as
horizontal laminations and

Ostracode and ooid
grainstone

within vertical burrows, and

often entrain silt rip-ups,
fish debris and phosphatic
resins

Occurrence

Observed in BR core
and in Zone C at
WMP field station

Observed in Zone A of
WMP and BT; Zone C
in WMP

More frequent Zone A
sands (BR, VL, WMP,
BT, and WC), but also
observed in Zone C
(BR and BT)

Brecciated
stromatolite exclusive
to Zone A at

SM. Laterally
extensive stromatolites
observed in Zone A of
SM and Zone D in FC,
SM, WMP and BT

Found in the Rife Bed
at CCR, BR, SM,
WMP, and BT. Within
the Scheggs bed, it is
found only in CCR
core. Observed in
Zone A (CCR, SM),
Zone B (CCR, BT),
Zone C (BR), and
Zone D (BR, SM,
WMP)
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Interpretation

Storm-dominated lower
shoreface

Delta-front deposition
during period of high
sedimentation

Liquefied delta slump/
debris flow deposition or
intensely bioturbated delta
front or lower shoreface
deposit

Isolated tufa-travertive
subaqueous spring deposits
in the Scheggs bed;
Widespread littoral
stromatolitic carbonate
deposition mediated by
microbial mats in the Rife
bed

Deposition of carbonate
allochems in shallow,
wave-agitated lake margin
areas where Ca-rich stream/
spring waters and lake
waters interacted

Notes: Abbreviations indicating modal grain size of sandstone: M medium, F fine, vF very fine.

traced laterally for tens of kilometers. Field
sections weather blue in color, and are colloqui-
ally referred to as “blue beds”.

Interpretation: Preservation of fine, densely
spaced laminations suggests deposition from
suspension in an area beneath wave base and
where bottom currents were continuously slow
or non-existent. The high rate of organic preser-
vation, reflected by high Fischer Assay oil yields,
is interpreted to reflect deposition within low-
oxygenated or entirely anoxic water conditions
(e.g. Demaison and Moore 1980). However, it is
unresolved whether permanent chemical and
thermal stratification of lake waters is necessary
for generation of kerogen-rich laminated mud-
stone (i.e., oil shale). Citing the presence of fos-

sil catfish within oil shale lithofacies of the
Laney Member of the GRF, Buchheim and
Surdam (1977) suggested that only fluctuating or
semi-permanent lake stratification is necessary
for oil shale deposition within the GRF. An alter-
native interpretation of the presence of bottom-
dwelling catfish within oil shale, however, is that
the corpse bloated, floated out to deeper areas of
the lake where it sunk and then came to rest
along anoxic bottom waters.

The small phosphatic nodules around which
overlying laminae conform are interpreted as
coprolites, an observation also reported in pro-
fundal sediments of the Tipton Member (Castro
1962) and the Laney Member (Fischer and
Roberts 1991). This facies is interpreted to
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represent profundal lacustrine deposition within
alow-oxygenated, stratified lake conditions simi-
lar to those found within profundal zones of mod-
ern lakes Zurich (Bradley 1929; Kelts and Hsii
1978) and Tanganyika (Huc et al. 1990).

Laminated mudstone This lithofacies is repre-
sented in both the Scheggs and Rife beds as grey
to brown mudstone. In most examples, variegated
laminations range between mm to cm in scale
(Fig. 3.3b). Upper and lower contacts of distinct
laminae are variable, occurring as discrete planar,
diffuse/gradational planar, or wavy/irregular.
Infrequent mm- to cm-scale interlaminations of
grey-tan silt and tuff are also present. Within the
mudstone and siltstone inter-laminations, well-
preserved fish fossils, ostracode molds, and com-
pacted, vertical burrows are present. Tan,
spherical nodules of silt onto which overlying
laminae conform are observed with variable fre-
quency. Fischer Assay oil yields range between 9
and 22 gal./ton (Roehler 1991a), classifying this
lithofacies as low-quality oil shale (Culbertson
et al. 1980; Dana and Smith 1972). Outcrop
expression ranges from covered, gradual slopes
to moderately high-angle cliffs.

Interpretation: The relatively diminished
Fischer Assay oil yield of this lithofacies com-
pared to that of the mm-laminated, organic-rich
mudstone lithofacies suggests either diminished
organic production, an increase in organic
destruction and/or clastic dilution. The primary
source of oil-shale kerogen in the GRF is autoch-
thonous algae and Dbacteria (Tissot and
Vandenbroucke 1983; Horsfield et al. 1994,
Carroll and Bohacs 2001; Bohacs et al. 2000).
During periods of sustained freshwater input, a
corresponding increase in available oxygen may
have increased degradation of these particulate
organics (Horsfield et al. 1994), while increased
inorganic sedimentation may have diluted pre-
served organic concentrations (cf. Carroll 1998).
Alternatively, freshwater input has been attrib-
uted to the reduction of dissolved bicarbonate
concentrations within a lake system, which ulti-
mately decreases primary productivity (Horsfield
et al. 1994). Collectively accounting for each
possibility, this lithofacies is interpreted to reflect
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deposition during periods of freshwater input and
low chemical and thermal stratification.

Massive kerogen-rich  mudstone Massive,
organic-rich mudstone is present in the Rife bed
and, less frequently, in the Scheggs bed. This
mudstone is typically dark-brown to dark grey in
color. Laminations are not visible in hand sam-
ples or thin section, but may exist cryptically.
Silty interbeds are rare, and thin (mm-scale)
interlaminations of bitumen-saturated tuff and
horizontal fracture-fills of dolomite are fre-
quently observed. Fischer Assay yields range
between 22 and 26 gal./ton (Roehler 1991a),
qualifying this mudstone as high-quality oil shale
(Culbertson et al. 1980; Dana and Smith 1972).
Both core and field samples have a bituminous
odor and are absent of well-preserved burrows,
ostracode molds and fish fossils. Outcrop expres-
sion of this facies is pronounced cliffs that can be
traced laterally for several kilometers.

Interpretation: Like the laminated organic-rich
mudstone, above, preserved organic matter sug-
gests sub-mixolimnium deposition in a chemi-
cally and thermally stratified lacustrine system in
which there was an insufficient alternation in the
delivery of micrite to create lamination. Massive
kerogen-rich mudstone beds could also have been
deposited by hypopycnal plumes basinward of
sites of fluvial input or created via entrainment of
organic rich mud during storm events (cf. Renaut
and Gierlowski-Kordesch 2010).

Massive mudstone Massive mudstone is the
dominant lithofacies of the Scheggs bed. It is
almost exclusively light to medium grey in color,
has no visible lamination, and generally pre-
serves largely intact freshwater animals such as
gastropods (2-4 cm) and bivalves (4-8 cm)
(Fig. 3.3c and d), both of which commonly
exhibit abrasion and removal of shell ornamenta-
tion. Ostracodes are abundant throughout,
whereas vertical burrows occur infrequently. In
the lower Scheggs bed, gastropods and bivalves
are commonly silicified. Towards the upper
Scheggs bed, however, gastropods become less
frequent and articulated bivalves retain original
aragonite mineralogy. The Fischer Assay oil
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Fig. 3.3 Photographs of Tipton Member lithofacies: (a)
Thinly laminated (pm to mm), organic-rich mudstone; (b)
variably laminated (um to cm) mudstone; (¢) silicified
Goniobasis tenera gastropods, which constitute the
Goniobasis Marker bed; (d) freshwater bivalves preserved
in the fossil-bearing siltstone lithofacies; (e) Gilbert-type
foresets observed from the WMP section; (f) climbing

ripples resulting from super-critical flow with both stoss-
and lee-sides preserved; (g) injection feature where vF
sand is injected into overlying F sand in the BR core; (h)
concentric delamination of stromatolites which mark the
Tipton-Wilkins Peak contact; and (i) brecciated stromato-
lites at the SM field section
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yield of this lithofacies is low, ranging between 2
and 6 gal./ton (Roehler 1991a). Deep trenching
(~0.5 m) did not reach un-weathered, intact sec-
tion due to vegetated slopes. Abundant silicified
float is, therefore, the primary facies identifier in
the field. It should be noted that the observation
of aragonitic fossils in the field was limited to the
Villa Lane section, where a recent road cut had
generated fresh exposure.

Interpretation: The absence of lamination
within this lithofacies suggests either continuous
sedimentation (Pasierbiewicz and Kotlarczyk
1997), or more likely the bioturbation of formerly
laminated mud (Fischer and Roberts 1991;
Demaison and Moore 1980) within a non-
stratified lacustrine system (Bradley 1929, 1931;
Carroll 1998). It may also reflect deposition by
hyperpycnal plumes delivered to the lake center
during periods of significant fluvial input or
shoreface agitation by waves. The decreased ker-
ogen content observed within this lithofacies is
thought to reflect algal degradation resulting
from increased oxygenation and decreased bicar-
bonate due to downstream outflow of lakewaters
(Horsfield et al. 1994). This study interprets the
massive mudstone lithofacies as littoral deposits
within a freshwater system, which is consistent
with the observation by Surdam and Stanley
(1979) of bioturbated, mollusk and ostracode-
bearing mudstone with freshwater deposits of the
upper Laney Member of the GRF, as well as the
observation of Cohen (1989) of abundant gastro-
pod infauna within the littoral to sub-littoral
zones of modern Lake Tanganyika.

Fossiliferous siltstone Fossil-bearing siltstone is
found in both profundal and marginal deposits. It
is medium grey or tan in color and is either lami-
nated or massive. Laminated intervals display
mm- to cm-scale laminations of varied shades of
brown silt and mudstone. Contacts among lami-
nations occur as planar-parallel, wavy-parallel,
and wavy non-parallel. Mollusc and ostracode
fossils are most commonly associated with
planar-parallel and massive interbeds. Where
thicker than approximately 0.5 m in outcrop, this
lithofacies typically constitutes low-angle, vege-
tated slopes that require trenching (<0.25 m) for
stratigraphic observation. Exposure quality of
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thin interbeds of this lithofacies (<0.5 m) is
highly variable and largely dependent upon the
resistance of overlying lithologies.

Interpretation: This lithofacies is found within
a variety of depositional and hydrodynamic envi-
ronments. Where siltstone contains abundant
gastropods that are continuously distributed
throughout the bed, this lithofacies is interpreted
to represent littoral deposition. Similarly dense
gastropod concentrations are observed in the lit-
toral margins of Lake Tanganika (Cohen 1989).
Where this lithofacies occurs as thin, fining-
upward interbeds within mudstone lithofacies, it
is interpreted as turbidite deposits. In association
with stacked, coarsening upward successions of
sandstone and mudstone, the siltstone lithofacies
is interpreted as pro-delta and distal bar deposits.
Similar pro-delta deposits are observed in the
Laney Member of the GRF (Stanley and Surdam
1978), in Late Pleistocene Lake Bonneville
(Lemons and Chan 1999), and in Jurassic depos-
its within the East Gobi Basin, Mongolia
(Johnson and Graham 2004).

Delta foreset sandstone Within this study area,
steeply dipping delta foreset lithofacies are lim-
ited to the Farson Sandstone Member at the WMP
and WC (Pietras 2003) field sections. At WMP
this lithofacies constitutes approximately 4.5 m
of vertical section. Foresets dip 28 degrees
(Fig. 3.3e) and are composed of micaceous,
biotite-rich, vF-F, sub-angular sandstone that is
well-cemented by calcite. Relatively large (up to
4 cm) rip-ups of underlying tan siltstone are
observed along foreset planes, while twig and
reed impressions are found less frequently.
Irregular, 10-20 cm loading features typify the
contact of this facies with underlying, convoluted
siltstone. The upper portion of the steeply dip-
ping foreset lithofacies is typically abruptly over-
lain by mudstone.

Interpretation: The steeply dipping foresets of
this lithofacies are interpreted as delta front
deposits. A high flow regime, capable of trans-
porting terrigenous plant material basin-ward and
eroding cohesive mud and siltstone, is thought to
have existed during deposition. Soft-sediment
deformation within underlying units suggests this
lithofacies was deposited rapidly across a soft
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substrate, while bed thickness indicates water
depth was at least 4.5 m. Accounting for
compaction effects, foreset height and interpreted
water depth may have been greater. Larger (25 m)
Gilbert-type foreset beds are observed in Eocene
Fossil Lake (Buchheim and Eugster 1998) and
within Upper Laney Member of the Green River
Formation (Stanley and Surdam 1978). Modern
analogues include deltaic deposits in freshwater
lakes Constance (Miiller 1966), Pyramid (Born
1972) and Malawi (Scholz et al. 1993).

Trough cross-bedded sandstone This lithofacies
is a dominant component of the Farson Sandstone
and is observed in both field and core sections.
Beds are 10 cm—4 m thick and are composed of
vertically aggraded sets that range between 5 cm
and 25 cm in thickness and approximately
1540 cm in width. Individual mm- to cm-scale
bedding planes consist of grain-supported, angu-
lar to sub-angular, vF to M sand. Bounding sur-
faces between sets curve approximately 25
degrees at their steepest, and are tangential to
underlying erosion surfaces. Laminae are often
highlighted by concentrations of biotite and mus-
covite. No visibly identifiable floral or faunal
remnants are preserved. Outcrop relief of this
lithofacies is highly variable and dependent upon
localized weathering effects.

Interpretation: Trough cross-beds occur in a
variety of depositional environments, where flow
is sufficient for the down-flow migration of dune
structures (Allen 1962; Harms and Fahnestock
1965). In association with stacked sequences of
laminated mudstone, siltstone and sandstone, this
lithofacies is interpreted to represent delta slope
and channel deposits. Similar trough cross-
bedded deposits are documented in the Bitter
Creek deltaic complex of the Laney Member
(Stanley and Surdam 1978), as well in Jurassic-
Cretaceous lacustrine deltas in the East Gobi
Basin, Mongolia (Johnson and Graham 2004).

Horizontally-bedded  sandstone Horizontally
bedded sand is exclusive to the Farson Sandstone
and is observed in both core and field sections.
Packages are between 20 cm and 2 m thick, and
are composed of 2-5 mm thick, horizontal to
near horizontal (less than 2 degree dip), vertically

aggregated beds of VvF sand, which are
distinguished by muscovite- and biotite-rich
interlaminations. Infrequently, vertical burrow
structures, reed and twig imprints, and cm-scale
interbedded tuffs are observed.

Interpretation: Horizontally laminated sand-
stone within the Farson Sandstone suggests
deposition within high flow regimes (Harms and
Fahnestock 1965; Bridge 1978; Paola et al. 1989;
Arnott and Southard 1990; Cheel 1990; Arnott
1993). Typically found at the top of coarsening-
upward packages of littoral mudstone, siltstone
and sandstone, we study interprets horizontal
laminations to have been deposited by shallow,
high energy unidirectional flow and/or bidirec-
tional wave-generated currents in a swash zone
along upper delta-front and delta margins.

Hummocky cross-stratified sandstone Micro-
hummocky cross-bedded, vF sand is limited to
Farson Sandstone deposits and is observed in
both core (BR) and field (WMP) sections.
Individual laminations are approximately
1-3 mm and dip approximately 15 degrees.
Distinguished by mica-rich laminations, bed sets
range between 3 and 6 cm thick, while aggre-
gated packages of bed sets range between 10 and
25 cm in thickness. In the WMP field section,
hummocks entrain abundant phosphatic fish
“debris” composed of broken ribs, scales, plate-
lets and vertebrae. Outcrop exposure of this litho-
facies is highly variable and largely dependent
upon the resistance of overlying lithofacies.

Interpretation: Hummocks result from a com-
bination of oscillatory and weak unidirectional
flow (Ngttvedt and Kreisa 1987; Leckie and
Krystinik 1989; Arnott and Southard 1990; Dumas
et al. 2005) in an environment where sedimenta-
tion rates are high and water depth low enough to
facilitate large, fast waves, yet deep enough to
maintain the oscillatory waves and unidirectional
currents (Dumas and Arnott 2006). In association
with stacked successions of mudstone, siltstone
and sandstone lithofacies, hummocks are inter-
preted to have formed in the littoral zone under
combined-flow between fairweather and storm
wave base, likely in upper delta-front and lower
delta-platform environments.
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Climbing-rippled sandstone This lithofacies is
exclusive to the Farson Sandstone and is observed
in both core and field section. Beds are between
0.3 and 1.5 m thick, and are composed of 2 mm
to 4 cm thick vertically aggraded, variably undu-
lating laminations of VF sand that are made dis-
tinct by intermittent silt-, muscovite- and
biotite-rich laminations (Fig. 3.3f). Ripple limbs
exhibit irregular sinuosity, dipping between 15
and 30 degrees on either side of the ripple crest.
Unlike the planar parallel and hummocky sand
lithofacies with which this lithofacies is com-
monly associated, organic matter and fossils are
not observed. Outcrop expression is highly vari-
able and largely dependent upon the resistance of
overlying lithofacies.

Interpretation: Preservation of both the lee
and stoss limbs of each ripple crest indicate depo-
sition in an area having high rates of sedimenta-
tion from suspension and bed load (Jopling and
Walker 1968; Allen 1982). Variability of inclina-
tion among the ripple limbs of this lithofacies is
thought to be a function of small changes in the
hydrodynamic environment and/or variable sedi-
ment discharge. As part of the Farson Sandstone,
this lithofacies is interpreted to represent deposi-
tion along the delta-front, an area known for
high-rates of sedimentation and wave-action
modification thereof (McLane 1995).

Massive sandstone The massive sandstone
lithofacies is exclusive to the Farson Sandstone,
and is observed in both core and field sections
observed as beds of vF to mL, grain-supported
sandstone that occur in 10 cm—4 m intervals. Silt
and mud rip-ups, fish debris, burrows preserved
by differential cementation, and terrestrial plant
material such as reeds and root casts are com-
monly observed throughout the beds. Internal
architecture, however, is absent. Underlying silt-
stone frequently exhibits scour and convolute
bedding due to loading of overlying sandstone.
Grain-size within the sandstone beds is variable,
ranging from vF to mL. Transitions between
sandstone grain-size are often, but not always,
abrupt. Where contacts are sharp, load-induced
injection, or flame structures, are observed
(Fig. 3.3g).

JW. Graf et al.

Interpretation: Lack of internal architecture
within this lithofacies is interpreted to result from
either liquefaction related to delta slump pro-
cesses or bioturbation along the delta-top or delta
shore-face. Where underlying sediments exhibit
deformation, slumping is thought to have
occurred, while burrows, though limitedly pre-
served, indicate bioturbation along shore-face or
delta top environments. Stanley and Surdam
(1978) observed similar massive units along the
shore-face of the Bitter Creek deltaic complex in
the Laney Member.

Stromatolite Though algal stromatolites are
present in both the Rife and Scheggs beds, dis-
tinct morphological properties and depositional
environments differentiate the two occurrences.
Stromatolite beds within the Rife bed are
10-30 cm thick, weather orange-brown by con-
centric spalling (Fig. 3.3h), and are laterally
extensive across several kilometers. Here, stro-
matolite beds are associated with a transition
from organic-rich calcareous mudstone to green,
mud-cracked, evaporite mineral-bearing silt-
stone. As such, this facies is interpreted as the
base of the Tipton-Wilkins Peak contact. The
stromatolite lithofacies in the Scheggs bed is
exclusive to the Spring Mound (SM) field section
and is laterally bound approximately 20 m to the
north and south by two large (12 m highx20 m
wide) spring deposits with which it inter-fingers.
The stromatolite package itself constitutes 40 cm
of vertical section. The upper 30 cm of this is a
breccia consisting of pebble- to gravel-sized
clasts of broken algal material, shale and silt rip-
ups (Fig. 3.31).

Interpretation: Modern lacustrine stromatolite
beds are observed along many lake margins and
adjacent fluvial systems, such as Green Lake
(Eggleston and Dean 1976), the Great Salt Lake
(Halley 1976), and Lake Tanganyika (Cohen and
Thouin 1987; Cassanova and Hillaire-Marcel
1992). Within the Rife bed, stromatolite beds are
inferred to have formed near the shore, similar to
those found in the Laney Member (Wolfbauer
and Surdam 1974; Roehler 1993; Rhodes 2002).
However, in the absence of an observable shore-
parallel transect within the GGRB, neither this
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study nor Laney Member studies can confirm
whether stromatolite beds are linear, shore-
parallel features. Previous studies have not
reported stromatolite beds in the Scheggs bed. It
is likely that the high rates of hydrologic influx,
corresponding shoreline transgressions and the
chemical parameters of an overfilled lacustrine
system prevented extensive growth. The struc-
tural high and local calcium ion-rich geochemis-
try of the spring mounds are interpreted to have
enabled stromatolite growth and preservation at
the Spring Mound field section. From the mor-
phology and preservation characteristics, we
infer that stromatolite beds within the Scheggs
bed were initially protected by adjacent mound
structures, but increased wave action resulting
from lake expansion re-worked and brecciated
the algal mats.

Ostracode and ooid grainstone Ostracode and
oolitic grainstone lithofacies are found in both
the Scheggs and Rife beds. Medium to coarse
grain-sized, undeformed ostracodes and oolites
are preserved as horizontal laminations
(2 mm-7 cm) and within vertical burrows. In
both occurrences, ostracodes and oolites are
associated with fossil-bearing siltstone, cm-
laminated mudstone, and massive sandstone
facies. Entrained within the grainstones are small
(mm- to sub-mm) silt rip-ups and phosphatic fish
debris, including scales, ribs, vertebrae and
articulated jaws. The lithologic texture of the
grainstone is generally friable in outcrop and
loosely consolidated in core.

Interpretation: Though ostracodes are found
throughout many lacustrine sub-environments
(Cohen 2003), accumulation and formation of
skeletal debris into a grainstone requires hydro-
logic sorting and/or minimal clastic dilution, sug-
gestive of wave agitation along shorelines far
from fluvial deltas. Oolites are similarly observed
along wave-agitated lake margins (Cohen and
Thouin 1987; Talbot and Allen 1996; Balch et al.
2005) where groundwater and lake water mixing
leads to precipitation of inorganic carbonate
(Wolfbauer and Surdam 1974; Kelts and Hsii
1978).

3.4 Lithofacies Assemblages

and Associations

Two distinct lithofacies assemblages comprise
the Tipton Member: fluvial-lacustrine and fluctu-
ating profundal, both of which have distinct
basin-ward and  shoreward  associations
(Table 3.2; Fig. 3.4). Together, these lithofacies
assemblages define four stratigraphic zones
within the Tipton Member. The fluvial-lacustrine
lithofacies assemblage defines the Scheggs bed
(Zone A), while both fluctuating-profundal
(Zones B and D) and fluvial-lacustrine assem-
blages (Zone C) characterize the overlying Rife
bed (Fig. 3.2). These stratigraphic zones corre-
spond to distinct zones of carbonate mineralogy
as determined by XRD analysis. Profundal mud-
stone of fluvial-lacustrine Zones A and C is dom-
inantly calcitic (69 % and 80 % calcite,
respectively), while profundal mudstone of
fluctuating-profundal Zones B and D is
dominantly dolomitic (30 % and 12 % calcite,
respectively).

Fluvial-Lacustrine Lithofacies
Assemblage

3.4.1

Basin-ward association The dominant compo-
nent of this association is the massive mudstone
lithofacies, which bears abundant bivalves and
gastropods (Fig. 3.5a). Interlaminations of fining
upward beds (3—60 cm thick) of fossil-bearing
siltstone lithofacies, which also preserve broken
freshwater taxa, are frequent. Within the bottom-
most cored meters of the CCR core, both massive
and laminated organic-rich mudstone lithofacies
contain interbeds of coquina. These interbeds
range between 1 and 75 cm thick and contain
bivalve and gastropod shell fragments within an
organic-rich mudstone matrix. While the major-
ity of these interbeds preserve primary aragonite,
the largest interbed (75 cm) is has noticeably less
mudstone matrix and is calcified throughout.

The basin-ward association of this assemblage
reflects sustained water and sediment input into a
hydrologically open, non-stratified lake system.
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Table 3.2 Tipton Member Lithofacies Associations

Association

Dominant lithofacies

Fluvial lacustrine assemblage

Basin-ward

Shoreward

Massive mudstone; fossiliferous
siltstone (gastropods and
bivalves); isolated occurrence

of laminated mudstone containing

bivalves.

Coarsening-upward successions
of massive sandstone; delta
foreset sandstone; trough
cross-bedded sandstone;

horizontally-laminated sandstone;

climbing-rippled sandstone;
hummocky cross-stratified
sandstone; gastropod coqina;
fossil-bearing silstone
(gastropods and bivalves).

Fluctuating profundal assemblage

Basin-ward

Shoreward

Microlaminated kerogen-rich
mudstone; massive kerogen-rich
mudstone; fossil- bearing
siltstone (fish); common tuff
interlaminations.

Thin beds of massive sandstone;
fossiliferous siltstone;
stromatolites, and ostracode

Occurrences

Zone A (CCR, WM,
VL, and upper portion
in SM) and Zone C
(CCR, WM).

Zone A (BR, SM, WMP,
BT and WC) and Zone
D (WM, VL, BR, SM,
WMP, and BT).

Zone B (CCR, WM,
VL, BR, SM, WM, and
WMP) and Zone D
(CCR, FC, WM, VL).

Zone B (BT and WC)
and Zone D (BR, SM,
WMP, BT, and WC).

JW. Graf et al.

Interpretation

Sustained high-stand
conditions within a
well-oxygenated, open lake
system.

Laterally migrating delta fan
complex indicating
sustained water and
sediment influx into the
lake.

Continuous profundal
deposition within a
repeatedly oscillating
closed, stratified lake
system.

Littoral environments on the
edge of a rapidly oscillating
saline lake.

and ooid grainstones.

Abundantly preserved salt-sensitive fauna (e.g.
bivalves) indicate well-oxygenated, freshwater
conditions within the lake, while the absence of
mudstone lamination and tuff interbeds suggest a
combination of bioturbation, continuous sedi-
mentation, and mixing within the suspended sed-
iment column during deposition. Decreased
Fischer Assay oil yield within fine-grained sedi-
ments is also evidence of sustained water and
sediment input. Where fluvial systems enter a
lacustrine basin, the concentration of particulate
organics is reduced by clastic dilution, chemical
degradation due to well oxygenated source
waters, biologic consumption, or a combination
thereof (Huc et al. 1990; Horsfield et al. 1994;
Bohacs 1998). The effects of these processes are
assumed to be greater in areas more proximal to
source water input. The lateral expanse (>50 km
of the study area) to which fine-grained profun-
dal sediments of this association are depleted of
kerogen is interpreted to reflect basinwide oxy-
genation and increased water and sediment input

to the basin. Moreover, stacked 10—-100 cm alter-
nations between organic-rich and organic-
depleted mudstone are not observed in this
assemblage, which we interpret to reflect sus-
tained hydrologic input and corresponding lake-
level high-stand (Bohacs et al. 2000). Horsfield
et al. (1994) observe similar lack of thin parase-
quences within fluvial-lacustrine deposits of the
underlying Luman Tongue.

Organic-rich mudstone in Zone A of the CCR
core is thought to reflect deeper, less-oxygenated
waters beyond the effects of clastic dilution. At
this location, Fischer Assay oil yield is greater
(10.8 gal./ton) than that observed among fine-
grained lithofacies located more proximal to the
deltaic complex of the Farson Sandstone (e.g.
4.5 gal./ton at WM). Roehler (1992) for example
interprets the CCR core location as one of the
deepest areas of Lake Gosiute. Because the
organic-rich mudstone lithofacies suggests
anoxic or low-oxygenated bottom waters, inter-
beds of broken aerobic fauna are interpreted as
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Fig.3.4 Schematic interpretive cross-section of Lake Gosiute during (a) fluvial-lacustrine and (b) fluctuating profun-

dal deposition

turbidite deposits. Gravity currents, similar to
those described in Kneller and Buckee (2000),
are thought to have transported these fauna basin-
ward from shoreline and littoral habitats. In this
manner, finer-grained sediment entrained in the
current, such as silt and littoral mud, would have
been deposited further basin-ward. Up-section
within CCR core, small beds (5-15 cm) of fining-
upward silt are interpreted as distal deposits of
gravity currents.

Shoreward association Coarse-clastic deposits
of the Farson Sandstone typify the shoreward
association of the fluvial-lacustrine assemblage.
Concentrated to the northern-most portion of the
basin, stacked, coarsening-upwards successions
of laminated mudstone, siltstone and sandstone

lithofacies (Fig. 3.5b) are interpreted to represent
a broad deltaic sequence, which grades basin-
ward to laminated profundal mudstone. Mudstone
lithofacies represent pro-delta deposits, siltstone
lithofacies the distal bar, and sand lithofacies
delta front and delta top deposits. Overall thick-
ness of these successions decreases basin-ward,
while the number of sequences and ratio of fine-
grained sediments to sand increases. Load-
induced contacts (e.g. Fig. 3.3g) are found
between the gastropod-bearing siltstone and
overlying trough cross-bedded, massive and
Gilbert-type foreset lithofacies. Contacts between
siltstone and high-flow regime planar parallel and
wavy parallel lithofacies, however, are conform-
able. Similar lacustrine deltaic sequences have
been described in the Laney Member (Stanley
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Fig. 3.5 Representative stratigraphic sections from the
four principle lithofacies associations: The fluvial-
lacustrine lithofacies assemblage has distinct (a) basin-
ward and (b) shoreward associations. The basin-ward
association is typified by the massive mudstone lithofa-
cies and punctuated by fining upward interbeds of fossil-
bearing siltstone lithofacies. Freshwater fauna, such as
gastropods and bivalves are abundant throughout. The
shoreward association is typified by stacked, coarsening
upwards sequences of siltstone and sandstone lithofacies.

and Surdam 1978), Lake Bonneville (Lemons
and Chan 1999) and in the East Gobi Basin
(Johnson and Graham 2004). The progradational
and aggradational geometries of the sandstones

msvi f mcve

The fluctuating profundal lithofacies assemblage also has
distinct (c¢) basin-ward and (d) shoreward associations.
The basin-ward association is typified by oscillations
between thinly laminated, organic rich mudstone and vari-
ably laminated mudstone lithofacies. These oscillations
are also apparent in Fischer Assay. The shoreward asso-
ciation is typified by a diverse array of fine-clastic, coarse-
clastic, and biogenic lithofacies. Mud-cracked horizons
are also observed. Well-preserved fish are common
throughout both associations

suggest sustained sediment influx, while rip-ups
and irregular lithofacies contacts indicate infre-
quent storm generated high-flow and erosive
hydrologic conditions.
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3.4.2 Fluctuating Profundal
Lithofacies Assemblage

Basin-ward association The association is char-
acterized predominantly by kerogen-rich, com-
monly fish fossil-bearing mudstone lithofacies
(Fig. 3.5¢), with minor interlaminations of fos-
siliferous siltstone and, less commonly, ostracode
and ooid grainstone. The increased preservation
of intact fish fossils and absence of benthos
within this assemblage relative to that observed
within the fluvial-lacustrine assemblage indicates
increased chemical and thermal stratification and
the presence of anoxic water bottoms. Moreover,
the absence of bivalves suggests lake waters of
this assemblage were more saline than those of
the fluvial-lacustrine assemblage, where bivalves
were abundant.

In detail, basin-ward association of the fluctu-
ating profundal assemblage is characterized by
alternating intervals of both massive and micro-
laminated kerogen-rich mudstone and less
organic-rich mudstone lithofacies (Fig. 3.5c¢).
These facies alternations are apparent in Fischer
Assay logs of oil yield, and are interpreted to
represent oscillations between low- and high-
stand conditions within a hydrologically closed
lake system. Specifically, laminated, organic-
rich and massive organic-rich mudstone corre-
spond to high-stand lake conditions, when lake
level was at a maximum and clastic dilution at a
minimum. During these conditions, cold, fresh-
water input flows over denser, more saline resi-
dent lake waters amplified the chemical and
thermal stratification within the lake system. The
corresponding increase in oxygenation and
nutrient delivery results in increased production
of particulate organics, which were preserved in
the anoxic bottom waters. Less organic-rich
mudstone intervals in turn correspond to low-
stand lake conditions, when water input is
decreased relative to high-stand conditions.
Stratification, as well as oxygen and nutrient
delivery was correspondingly suppressed by a
reduction of freshwater input, resulting in a
decrease in both the production and ultimate
preservation of particulate organics.

Shoreward association A diverse array of suc-
cessive, interbedded fine- and coarse-clastic sedi-
ments within the Rife bed typifies the shoreward
association of the fluctuating profundal assem-
blage (Fig. 3.5d). Laminated organic-rich mud-
stone, massive organic-rich mudstone and, to a
lesser extent, variably laminated mudstone litho-
facies are interlaminated by thin (<20 cm) pack-
ages of ostracode and oolitic grainstone,
stromatolite, and massive sandstone lithofacies.
Meter-scale intervals of massive sandstone and
fossil-bearing siltstone are observed in the north
central to northern-most field sections and are
thought to represent closer proximity to lake mar-
gins. In both the WMP and BT field sections,
stromatolites overlie large packages of fish and
ostracode-bearing fossiliferous siltstone. At BT
these stromatolites constitute a 2 m interval.
Woody debris, burrows, ostracode molds, and
fish debris are common throughout all facies
within this association.

Like the basin-ward expression of this assem-
blage, the absence of freshwater fauna and pro-
gradational geometries suggests a relative
reduction in sediment and water input when com-
pared to the fluvial-lacustrine assemblage. Facies
diversity among this association is also thought
to reflect periods of high- and low-stands within
the lake system, with fine-grained and bio-clastic
sediments reflecting low-stand deposits and
pulses of coarse-grained clastics representative
of shifts towards high-stand conditions. These
oscillations indicate rapid, basin-wide alteration
in sediment deposition, organic production, and
stratification within the lake-system

3.5 Basin-Scale Stratigraphy

Figure 3.6 illustrates the basin-scale packaging of
the Tipton Member, which records three vertical
oscillations between fluvial-lacustrine and fluc-
tuating profundal lithofacies. Deltaic sandstone
bodies (Farson Sandstone) accumulated at the
northern edge of the basin during fluvial-
lacustrine intervals, but are largely absent within
fluctuating profundal intervals. Within the Tipton
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Member, transitions between lithofacies
assemblages are gradational, particularly in
basin-ward locations. Because the basin-ward
expressions of both assemblages share multiple
lithofacies, transitions lack distinct lithologic
contrast. Basin-ward transitions are, therefore,
constrained primarily on the basis of relative
organic-content (fluctuating profundal lithofacies
exhibit higher Fischer Assay oil yield) and the
presence or absence of freshwater bivalves. The
appearance of fossil fish at the base of the Laney
Member indicates the transition from a hydro-
logically closed lake system to a partly open sys-
tem with fresh surface water (Carroll and Bohacs
1999; Rhodes 2002). Fish remains are preserved
within all lake-type assemblages of the Tipton
Member, and similarly indicate that conditions,
at least the uppermost lake water, were fresh. It
should be noted, however, that intact fossils are
more common in the fluctuating profundal
assemblage, while fish “debris”, a slurry of
bones, scales, and fins, is most common, though
not restricted to, the fluvial-lacustrine assem-
blage. Though lithologic transitions also appear
gradational at basin margins, they are marked by
stronger lithologic contrasts. The contact from
fluvial-lacustrine to fluctuating profundal assem-
blage, for example, is placed at the top of large
bodies of prograding, coarse-clastic lithofacies
and the initiation of profundal mudstone
deposition.

3.5.1 Correlations

Correlation of the upper and lower limits of the
Tipton Member was established using lithofa-
cies assemblages, and is supported by Fischer
Assay (Roehler 1991a), geochemical, and XRD
analyses of CCR and WM cores (Fig. 3.6). Due
to limited core and outcrop in the southern area
of the basin, direct observation of the Wasatch
Formation-Tipton Member contact was limited
to field sections in the northern part of the basin
(VL, SM, WMP, BT, and WC). Where observed,
the contact is defined where oxidized (red) and
reduced (green) fluvial plain siltstone and mud-

stone of the Wasatch Formation transition to
gastropod-bearing mudstone and siltstone
lithofacies of the Scheggs bed. This fossilifer-
ous horizon is often referred to in literature as
the Goniobasis Marker bed, as the horizon con-
tains abundant Goniobasis tenera gastropods
(Hanley 1976).

Previous analysis of the Tipton Member
(Roehler 1991b) defined the Scheggs-Rife con-
tact at the transition from freshwater, calcitic
deposits to saline, dolomitic deposits. This study
adheres to that previous terminology, placing the
Scheggs-Rife contact at the first transition from a
fluvial-lacustrine lithofacies assemblage (fresh-
water) to a fluctuating-profundal assemblage
(more saline). This stratigraphic placement of the
Scheggs-Rife contact coincides with a 56 % aver-
age decrease in calcite content and a gradual
increase in 8'*0 and &'*C values (Fig. 3.6).

In the northern part of the basin (Fig. 3.6), the
top of the Rife bed is characterized by stromato-
lite lithofacies (.25—1.5 m thick). These beds are
conformably overlain by green, marcesite- and
pyrite-bearing, mud-cracked mudstone and silt-
stone lithofacies of the Wilkins Peak Member. In
the central and southern part of the GGRB, the
Tipton Member-Wilkins Peak Member contact is
defined where mm- and cm-laminated mudstone
lithofacies of the Rife bed gradually transition to
evaporative lithofacies of the Wilkins Peak
Member. Within this study, the basin-ward and
shore-ward expressions of the Tipton Member-
Wilkins Peak Member contact are conformable,
and coincide with a subtle isotopic trend towards
lighter 880 and 8'3C values, as well as a sharp
reduction in Fischer Assay oil yield, which is sus-
tained at O gal./ton over a 1 m interval (Roehler
1991a). The conformable interpretation of the
Tipton Member-Wilkins Peak Member contact
presented by this study is somewhat discordant
with that presented by Pietras et al. (2003), who
propose that a major sequence boundary defines
the contact. We argue instead that the Tipton-
Wilkins Peak contact records a sharp change in
water chemistry and brief subaeriel exposure of
the edges of the basin, but not necessarily a basin-
wide major lacuna.
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3.6 Stable Isotope Analysis

Oxygen isotopes Stable isotopic analysis of pro-
fundal mudstone from two cores, CCR and WM,
distinguish four distinct 8'®0 zones within the
Tipton Member (Table 3.3). These intervals
directly correlate with zones defined by lithofa-
cies assemblages. Fluvial-lacustrine Zones A and
C have light 830 values (25.3%0 and 23.0%o,
respectively), while fluctuating profundal Zones
B and D exhibit the heaviest 880 signature
within the Tipton Member (29.7%0 and 29.8%o,
respectively). The 8'®0 transition from Zone A to
Zone B (Shift 1) occurs gradually over 4 m within
both CCR and WM cores. The transition from
Zone B to Zone C (Shift 2), however, is abrupt,
occurring over a 2 m interval. Because Zones C
and D are under-sampled in both CCR and WM
cores, the transition interval of Shift 3 cannot
accurately be assessed.

Carbon isotopes The 8"“C signature of the
Tipton Member exhibits four distinct zones, all of
which are coincident and directly correlative with
those observed within the 80 profiles of the
same cores (Fig. 3.6; Table 3.3). Like the §'%0
profile of the Tipton Member, 8'°C is heaviest in
fluctuating profundal Zones B and D (5.3%0 and
8.5%o, respectively). Fluvial-lacustrine Zones A
and C have relatively lighter §*C values at 0.6%o
and 1.9%o, respectively. Because carbon isotopic
data was obtained from the same samples as §'°0
values, the isotopic transition intervals and trends
of the 8'*C signature within the Tipton Member is
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80 and 55C covariance Among profundal
mudstone samples of the Tipton Member, corre-
lation between §'*0 and 8"C is generally moder-
ate. Correlation is notably stronger within all
samples of the CCR core (R?=0.7292, n=26)
than it is among those within the WM core
(Fig. 3.7a). 80 and 6“C correlation among
samples sharing distinct carbonate mineralogy is
also strongest in the CCR core (Fig. 3.7b).
Dolomitic samples within the CCR core, for
example, exhibit a stronger correlation
(R?=0.9062, n=6) than dolomitic samples within
the WM core (R?=0.0250, n=10). Moreover,
while dolomitic samples have the strongest 8'°0
and 8C correlation compared to other carbonate
mineralogies within CCR core, calcitic samples
are the most strongly correlated within the WM
core (R?=0.3122, n=8). This suggests that car-
bonate mineralogy does not influence 8'30 and
8'3C correlation in a predictable way across the
basin. Among both core, fluctuating profundal
zones exhibit stronger overall §'*0 and &'*C cor-
relation (R?=0.2392, n=18) than do fluvial-
lacustrine zones (R>=0.0835, n=33) (Fig. 3.7c).

3.7 Discussion

3.7.1 Stratigraphic Evolution

Major changes in Tipton Member lacustrine
lithofacies were closely associated with initia-
tions and cessations of Farson Sandstone deposi-
tion, suggesting that changes of fluvial influx into

the same as that of the §'%0 profile. the basin were a primary driver. Within
Table 3.3 Average Zonal Tipton Member Geochemistry, mineralogy and oil yield

Zone | n 5'%0* (VSMOW) +lo 53C* (VPDB) |*lo % calcite* | xlo Oil yield (Gal./ton)"
D 5 29.8 1.7 8.5 1.9 12.0 53 19.2

C 5 23.0 1.6 1.9 0.3 80.1 12.5 9.7

B 13 29.7 1.6 53 2.2 30.4 18.4 17.6

A 25 253 2.4 0.6 2.4 69.1 27.3 7.6

Notes: Italicized rows represent fluvial-lacustrine lithofacies assemblages, non-italicized rows represent fluctuating

profundal lithofacies assemblages
*Average among CCR and WM cores

"Thickness-weighted average oil yield from Fischer Assay of CCR and WM cores (Roehler 1991a)
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fluvial-lacustrine Zones A and C, progradational
geometries along the lake margin indicate signifi-
cant sediment and, thus, fluvial input into a
hydrologically open (i.e. overflowing) lake basin.
The Farson Sandstone is not observed within
Zones B and D, indicating a relative reduction in
sediment/fluvial input during fluctuating profun-
dal deposition. With continuing tectonic subsid-
ence in the basin and the absence of the high
sediment input, accommodation was increased in
fluctuating profundal Zones B and D. Reflecting
this, lake margins transgressed and reach their
maximum extent (Fig. 3.6). Additionally, pro-
grading stratal geometries of fluvial-lacustrine
intervals are replaced by aggradation of sediment
in Zones B and D, indicating a transition to a
hydrologically closed (i.e. impounded) lake
basin. Carroll and Bohacs (1999) define three
lake types, overfilled, balanced-filled, and under-
filled, that are controlled by the amount of water
and sediment input relative to basin accommoda-
tion. Using this lake-type characterization,
fluvial-lacustrine intervals of the Tipton Member
are classified as overfilled, while fluctuating pro-
fundal intervals are balanced-filled.

Distinct zones of carbonate mineralogy and
Fischer Assay oil yield coincide with the litho-
logically defined intervals. Fluvial-lacustrine
intervals A and C are relatively calcitic, exhibit-
ing 75 % calcite on average. These intervals are
generally poor in organic matter, with a weighted
average Fischer Assay oil yield of 8.7 gal./ton,
suggesting that well-oxygenated, unstratified
lake conditions were present during deposition.
Low oil yields can result from clastic dilution
resulting from sustained fluvial input of silici-
clastic detritus into an open lake system (Bohacs
et al. 2000; Carroll and Bohacs 2001).

In contrast, fluctuating profundal intervals are
relatively dolomitic, exhibiting 21 % calcite on
average. The presence of dolomite within the
Tipton Member can be explained via the biogenic
model of Desborough (1978), whereby Mg is
preferentially concentrated along lake bottoms as
blue-green algae anaerobically decompose.
Supporting this model is relatively high Fischer
Assay oil yield (18 gal./ton) among profundal
deposits of fluctuating profundal intervals.
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Alternatively, the playa lake model is commonly
applied to the GRF to explain dolomite genera-
tion and distribution (Eugster and Surdam 1973;
Mason and Surdam 1992). However, its applica-
tion to the Tipton Member is inappropriate due to
a lack of playa indicators (e.g. evaporite mineral
casts, large scale desiccation features).

3.7.2 Isotopic Evolution

Diagenesis Though post-lithification diagenesis
can alter stable isotopic composition (Morrill and
Koch 2002), our study observes several charac-
teristics in both the lithology and geography of
the study area that suggest the isotopic signature
of the Tipton Member reflects the composition of
Lake Gosiute during deposition.

Because aragonite is highly susceptible to dia-
genic alteration, its presence or absence can be
used as a proxy for diagenic evaluation.
Aragonitic bivalves were recovered from Zone A
in the CCR core. Preserved growth bands within
these shells, which would have been destroyed by
diagenic alteration, suggest diagenesis had not
occurred  within  surrounding  sediments.
Moreover, the mean 8'%0 and 8"3C values of these
bivalves (21.98%o0 and —3.86%o, respectively) are
lower than other light values recorded throughout
the Tipton Member. Because aragonitic samples
are interpreted to have been unaltered, similarly
light 8'®0 and 8"C values within the Tipton
Member are believed to reflect primary deposi-
tional conditions.

Profundal mudstone of the Tipton Member is
relatively fine-grained and impermeable, a char-
acteristic which inhibits the pervasiveness of
diagenic solutions. Coquina interbeds within the
CCR core best exhibit this impermeability.
Preservation of primary aragonite is limited to
matrix-supported interbeds, whereas clast- (i.e.
shell-) supported interbeds are calcified. This
suggests profundal mudstone is an effective
shield against diagenic solutions.

The spatial distribution of isotopic trends
themselves also suggests that alteration of 80
and 613C values is unlikely. Specifically, the same
isotopic pattern is observed in CCR and WM
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cores, which are separated by over 65 km, a dis-
tance unlikely to be transversed by a homogenous
diagenic solution. In order to create four, isotopi-
cally distinct zones, diagenic solutions would
have had to occur with variable intensities along
multiple, vertically spaced horizons. Furthermore,
if diagenesis were responsible for each zone, the
shift from isotopically heavy Zone B to isotopi-
cally light Zone C (Shift 2) would indicate more
intense diagenic alteration up-section, an event
that is highly unlikely.

Mineralogical effects on 50 Because carbon-
ate minerals exhibit differential fractionation at
surface temperatures (Sharma and Clayton 1965;
Fritz and Smith 1970; Rosenbaum and Sheppard
1986), sample mineralogy can also compromise
880 analysis. Dolomite, for example, is inferred
to have a 3%o heavier 880 value than calcite pre-
cipitated from the same water (Fritz and Smith
1970). The isotopic shifts within the Tipton
Member involve calcitic, mixed, and dolomitic
mineralogy. As such it is possible that differential
fractionation among distinct carbonate mineralo-
gies may influence the 8'%0 signatures within the
Tipton Member. However, in several shifts (i.e.
Shift 1, Shift 2), the trends towards heavier or
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lighter isotopic values are preserved within the
individual trend of each carbonate classification
(e.g. calcite, mixed, and dolomitic). Therefore,
while mineralogy may influence the magnitude
of each isotopic shift, this observation suggests
that shifts within the Tipton Member reflect
major changes in lake water chemistry during
deposition. Furthermore, covariance among min-
eralogy and 8'30 results is insignificant among
all carbonate mineralogies, with R? correlation
values of 0.1043 (dominantly dolomitic sam-
ples), 0.2146 (dominantly calcitic samples), and
0.4263 (mixed samples) (Fig. 3.8).

Effects on 80 and 67C and their implica-
tions The variable &0 signature observed
within the Tipton Member is likely related to the
combined effects of continued evaporation and
variable residence time of lake waters.
Evaporation preferentially removes 8'°0 from
surface waters, thereby concentrating 8'*0 within
a lake system. Increased residence time of lake
waters within a lake basin compounds these
evaporative effects, resulting in heavier 530 val-
ues. Because lake water within a hydrologically
closed lake system experiences longer residence
time and, thus, exhibits heavier 8'®0 values, the
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Fig. 3.8 Comparison of mineralogy and 8'30 composition within the Tipton Member. Calcitic samples exhibit the
lowest 8'%0 values, while dolomitic samples exhibit the highest §'*0 values
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heavy isotopic signature of fluctuating profundal
zones B and D of the Tipton Member are inter-
preted to reflect closed lake conditions. Lighter
8180 values of Zones A and C indicate open lake
conditions during fluvial-lacustrine deposition.

The 8C signature of lacustrine deposits is
generally more complex, as it is related to the rate
of primary productivity (Kirby et al. 2002), the
rate of organic decomposition within the lake
system (Pitman 1996), and dissolved inorganic
carbon (DIC) input from Phanerozoic limestone
in Lake Gosiute’s catchment (8C=0).
Photosynthetic algae preferentially remove §'>C
throughout their lifetime, thereby enriching lake
waters in 8'3C if they are buried prior to decom-
position. In this way, higher inorganic 8'3C val-
ues reflect periods of abundant productivity,
while lower 8°C values indicate depositional
periods that are less conducive to organic produc-
tion. Deposits within fluctuating profundal Zones
B and D have higher 8*C (5.33%0 and 8.5%o,
respectively) compared to fluvial-lacustrine
Zones A and B (0.648 and 1.88%o) and are, there-
fore, interpreted to have supported higher rates of
primary productivity.

Fischer Assay of balanced-filled and over-
filled zones supports a primary productivity
interpretation of 8'3C results. In those zones hav-
ing higher concentrations of &'*C, increased
Fischer Assay values correspond. Zones B and D
have an average Fischer Assay value of 17.6 Gal./
tonand 19.2 Gal./ton, respectively. Comparatively,
Zones A and C, which have lower 8'3C values,
exhibit significantly lower Fischer Assay mea-
sures of organic content at 7.6 Gal./ton and 9.7
Gal./ton, respectively.

Another possible influence on the §"*C profile
across the Tipton Member is the rate at which
particulate organics decompose within the lake
system. As organic material decomposes, 8'°C is
released into the lake waters by methanogenesis,
thereby decreasing the §*C values recorded by
sediments (Pitman 1996). Consequently, low
813C may be used as a proxy to evaluate the extent
to which lake waters were chemically and ther-
mally stratified. Decomposition of organic matter
is reduced if not stopped entirely within a strati-
fied lake system. Within anoxic conditions of a
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stratified lake system, less 8'>C would be avail-
able to dilute 8'3C concentrations within the strat-
ified lake. In this way, fluctuating profundal
Zones B and D reflect periods of well-stratified
lake waters. Low 8C values within fluvial-
lacustrine Zones A and C contrarily reflect less-
stratified lake waters.

Carbon inputs from limestone bedrock
(8"C=~0) can also lower the 5'°C value of lake
sediments. Lower Phanerozoic sections sur-
rounding the GGRB are carbonate, and marginal
conglomerates include limestone and dolostone
clasts. Though these may have influenced the
813C signature of the Tipton Member, the model-
ing of profundal deposits of the Laney Member
(Doebbert 2006; Doebbert et al. 2010) indicates
such an effect could not produce 8"C shifts
observed in the GGRB.

Correlation between 880 and §'*C values is
often interpreted as a reflection of hydrologically
closed lakes because of increased residence time
of lake waters (Talbot 1990; Pitman et al. 1996)
and successive, rapid lake volume oscillations (Li
and Ku 1997). These observations coincide with
correlation trends observed among intervals of
the Tipton Member, where balanced-filled (i.e.
closed lake-basin) deposits of fluctuating profun-
dal intervals (Zones B and D) have a stronger
correlation (R?=0.2392) than overfilled (i.e.
open lake-basin) deposits of fluvial-lacustrine
Zones A and C (R*=0.0835) (Fig. 3.7c).

3.7.3 Possible Origins of Isotopic
and Lake Type Variation

Long-term variation in the rates of precipitation
and evaporation are one possible explanation for
variation in 8'%0 values of lake sediments, and
would likely have varied following orbital
changes to summer insolation (Morrill et al.
2001). The pace and magnitude of isotopic varia-
tion within the Tipton Member is difficult to
relate to climate oscillations. In order to produce
the dramatic 880 shifts observed within the
Tipton Member, temperatures would have had to
have oscillated between extreme values during
the Eocene. The Paleocene-Eocene Thermal
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Maximum (PETM) in the Bighorn Basin for
example is marked by a 2%o shift in 8'30 (Koch
et al. 2003), and has been associated with a
4-6 °C temperature increase within the western
United States (Fricke et al. 1999; Fricke and
Wing 2004), as well as a global sea surface warm-
ing of 8 °C (Zachos et al. 2001, 2008). To pro-
duce the 4.46%o, 6.68%0, and 7.64%0 8'30 shifts
recorded within the Tipton Member (Shifts 1, 2,
and 3, respectively), temperature change during
Tipton deposition would have been pronounced,
rapid in onset, and persistent, and have no clear
corollary, in the marine record Westerhold and
Rohl (2009). Existing geochronology (Smith
et al. 2008, 2010) constrains Rife bed deposition
to 0.60+£0.31 m.y. (20). Assuming all three litho-
stratigraphic zones within the Rife bed (zones B,
C, and D) were deposited in approximately the
same amount of time, each would represent ca.
200 k.y., and may potentially coincide with
orbital eccentricity variations.

The lithofacies, aerial extent, and §'%0 charac-
teristics of the two different lake types make is
difficult, however to relate isotopic changes to
climate parameters. Following the evaporation-
driven hypothesis, during increased periods of
evaporation, lake level should have diminished,
subaerially exposing broad areas of the lake mar-
gin, which would have in turn led to evaporative
concentration of 'O in lake waters, which is
inconsistent with lithofacies-based observations
of high lake level during deposition of 8'30-
heavy zones B and D (Figs. 3.6 and 3.9). These
fluctuating profundal zones consist largely of
deep lake deposits that lack evidence for system-
atic desiccation and consistently overlie
shallower-water lithofacies of underlying fluvial-
lacustrine zones A and C.

Diversions of upstream drainage provides an
appealing solution to the apparent paradox of
high lake level and high 8'80O composition
observed in the Tipton Member. In such a sce-
nario, abrupt changes to regional hydrology and
isotopic composition would have been triggered
by the inclusion or exclusion of a source of light
880-depleted waters and sediment delivered
from an upland source (e.g., Carroll et al 2008).
In our preferred model for the lake-type shifts
observed within the Tipton Member (Fig. 3.9),
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Shift 1 is attributed to diversion of such a stream,
followed by its recapture (Shift 2) and ultimate
diversion (Shift 3). With each drainage diversion
event, deposition of the Farson Sandstone ceased,
accommodation increased in the absence of sedi-
ment input within the basin center, and lake mar-
gins correspondingly transgressed. Removal of a
low 80 hydrologic source and the associated
increase in lake water residence time due to the
lowered hydrologic throughput would both have
acted to elevate the 6'*0 composition of Lake
Gosiute. Doebbert et al. (2010) interpreted a sim-
ilar magnitude 8'*0 and provenance shift in the
Laney Member of the Green River Formation to
have been triggered by the capture of a hinterland
sourced stream. They interpreted it to be the ter-
minus of a series of paleovalleys mapped by
Janecke et al. (2000), the “Idaho River”. Though
precise paleotopography of the upstream fluvial
network(s) that triggered Tipton Member lake-
type reorganizations is not certain, the location of
its entry point in the northwest corner of the
Greater Green River Basin, the areal distribution
and progradation direction of the Farson
Sandstone, and the presence of hinterland-
sourced quartzite cobbles to the alluvial Pass
Peak Formation (Smith et al. 2008) suggest
strong similarities between the stream the fed
Gosiute during zones A and C of the Tipton and
the aforementioned Idaho River. The river in
question would have likely have utilized a narrow
pathway between the Wind River and Teton-Gros
Ventre uplifts in the northern part of the GGRB,
but would have delivered far less volcaniclastic
detritus to Lake Gosiute because it predated the
main phase of Challis volcanism (Smith et al.
2008). The ultimate cause for particular avul-
sions and captures remains enigmatic. Some
could have been triggered by episodic faulting at
upstream pathways between growing geologic
structures within the drainage network or alterna-
tively some could have occurred in an entirely
autogenic fashion due to stream processes. In
either case, any successful paleogeomorphic
model for Tipton Member must account for the
avulsion, return, and subsequent avulsion of this
(or another) fluvial source to the basin during its
deposition.
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3.8 Conclusions

1. Thirteen distinct lithofacies occur within the
Tipton Member and comprise two lithofacies
assemblages: fluvial-lacustrine and fluctuat-
ing profundal, both of which have distinct
basin-ward and shoreward expressions.

2. The Scheggs-Rife contact coincides with the
first transition from fluvial-lacustrine (over-
filled) to fluctuating profundal (balanced-
filled) deposits.

3. Though lithostratigraphic transitions between
profundal assemblages are subtle, distinct
mineralogical, stable isotopic, and Fischer
Assay oil yield values delineate abrupt lake
system transitions.

4. Fluvial-lacustrine (overfilled) intervals exhibit
prograding stratal geometries, dominantly
calcitic carbonate mineralogy, low Fischer
Assay oil yield, and light 8*0 and 8'*C val-
ues. Deposition is interpreted to have occurred
within an open lake basin.

5. Fluctuating profundal (balanced-filled) inter-
vals are defined by vertically aggrading
stratigraphic geometries, dominantly dolo-
mitic carbonate mineralogy, high Fischer
Assay oil yield, and heavy 8'®0 and 8'3C val-
ues. Deposition is interpreted to have
occurred within an intermittently-closed lake
basin.

6. Contrary to previous interpretations, the Rife
bed contains both fluvial-lacustrine and fluc-
tuating profundal intervals. The lower Rife
bed is characterized by fluctuating profundal
deposits, the middle Rife bed by fluvial-
lacustrine deposits, while the upper Rife bed
exhibits fluctuating profundal deposits.

7. In the northern GGRB, the Farson Sandstone
is a lateral equivalent of both the Scheggs bed
and zone C of the overlying Rife bed, and is
thus constrained to fluvial-lacustrine intervals.

8. Oscillating lithologic and stable isotopic sig-
natures within the Tipton Member are thought
to reflect paleohydrologic reorganizations of
the Farson Sandstone-sourcing fluvial system.
Specifically, a diversion, recapture and ulti-
mate diversion of this source are thought to
have resulted in Shifts 1, 2 and 3.
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9. Two possible mechanisms for paleohydro-
logic reorganization are proposed: episodic
faulting or uplift upstream of the basin; and
dynamic geomorphology of the Farson
Sandstone-sourcing river itself. In both
instances, a major fluvial source is diverted
outside of the GGRB.
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Michael Elliot Smith, Alan R. Carroll,
and Jennifer Jane Scott

Abstract

The Wilkins Peak Member of the Green River Formation is a complex
amalgam of lacustrine and alluvial lithofacies deposited in a closed basin
at the center of the Laramide broken foreland during the Early Eocene
(51.6-49.8 Ma). Facies analysis and correlation of surface sections and
core document remarkable lateral continuity of depositional cycles within
the Wilkins Peak Member. New mapping and facies analysis this strati-
graphic framework into Wilkins Peak Member-equivalent strata adjacent
to the Uinta Uplift, where a peripheral facies belt contains lacustrine and
fluvial facies that are compositionally distinct from basin interior facies.
Peripheral belt lithofacies are composed of limestone and quartzose silici-
clastic detritus, whereas basin interior strata are largely dolomite and fine-
grained arkosic detritus. Strata at both peripheral and interior facies belts
contains a clear oscillation between two modes: (1) a lacustrine mode,
associated with rapid lake expansion and contraction with precipitation of
carbonate and evaporites from saline lake waters; and (2) an alluvial mode,
associated with low lake level and lower lake salinity and a basin-ward
shift in alluvial depositional environments. Radioisotopic geochronology
suggests that lacustrine-alluvial cycles strongly follow 100 k.y. eccentricity,
with lacustrine modes occurring during eccentricity maxima, and alluvial
modes coinciding with eccentricity minima. Alluvial fans were built into
the Bridger subbasin over 2—4 million year timescales, with their coarsest-

The online version of this chapter (doi:10.1007/978-94-  A.R. Carroll
017-9906-5_4) contains supplementary material, whichis  Department of Geoscience, University of Wisconsin-

available to authorized users. Madison, 1215 W. Dayton St., Madison, WI 53706,
M.E. Smith (<) USA

School of Earth Science and Environmental J.J. Scott

Sustainability, Northern Arizona University, Department of Earth Sciences, Mount Royal

602 S. Humphreys, Flagstaff, AZ 86011, USA University, Mount Royal Gate 4825, T3E 6K6

e-mail: michael.e.smith@nau.edu Calgary, AB, Canada

© Springer Science+Business Media Dordrecht 2015 61

M.E. Smith, A.R. Carroll (eds.), Stratigraphy and Paleolimnology of the Green River Formation,
Western USA, Syntheses in Limnogeology 1, DOI 10.1007/978-94-017-9906-5_4


mailto:michael.e.smith@nau.edu
http://dx.doi.org/10.1007/978-94-017-9906-5_4
http://dx.doi.org/10.1007/978-94-017-9906-5_4

62

M.E. Smith et al.

grained portions corresponding to unroofing of durable Paleozoic strata
from the Uinta Uplift. From 56 to 47 Ma, successive fans propagated west-
ward as unroofing expanded away from a structural culmination in the
Uinta Uplift. Calcite-rich lithofacies including spring deposits are concen-
trated near faults and alluvial fan toes, and likely were promoted by the
mixing of Ca-rich meteoric and/or hydrothermal waters with bicarbonate-
rich lake waters. Accounting for the absence of basin interior-focused
lithofacies in the Tipton Member of the Green River Formation, tectonic
accommodation appears to have been continuous rather than episodic
from the late Paleocene to the Early Eocene.

4.1 Introduction

Lacustrine basins contain some of the most com-
plete and detailed regional records of continental
faulting, uplift and climate (Platt 1992;
Gawthorpe and Leeder 2000; Carroll et al. 2006;
Carroll et al. 2010), but these signals are pre-
served via nonlinear geomorphic processes that
leave a distinct imprint of their own. Lacustrine
and fluvial records in non-marine basins are often
incompletely understood due to the lateral and
vertical complexity of their strata, incomplete
exposure, and an absence of marine biostrati-
graphic control. As a result, past studies (e.g.,
Hayden 1869; Verges et al. 1998; Brozovich and
Burbank 2000) have tended to lump non-marine
deposits into thick stratigraphic packages, often
based on incomplete exposures or coreholes
within a particular tectonic basin (Olsen 1986;
Crews and Ethridge 1993; Blair and Raynolds
1999). Conversely, geomorphic and sedimento-
logic analyses of modern lake basins provide
highly detailed views of the spatial distribution of
processes and facies environments (Rosen 1991;
Renaut and Tiercelin 1994), but provide only a
geologic “snapshot” of the present and recent
past. Although valuable for reconstructing
ancient depositional environments, these studies
provide only limited insights for understanding
long term sedimentologic responses to changes
in climate, tectonically driven accommodation,
and sediment supply. Truly detailed multidimen-
sional stratigraphic studies of lacustrine and allu-
vial deposits at the basin scale remain rare.

Excellent surface exposure of the Eocene
Green River Formation (GRF, Hayden 1869),
numerous drill cores (Burnside and Culbertson
1979; Mason 1987; Roehler 1992c; Wiig et al.
1995), and high-resolution **Ar/*Ar age control
(Smith et al. 2008b; Smith et al. 2010) together
provide an unique opportunity to observe nonma-
rine strata over million-year timescales at a spatial
and temporal resolution typical of Quaternary
deposits. The Wilkins Peak Member (WPM) of
the GRF represents one of the most robust records
for reconstructing changes in terrestrial environ-
ments during the warmest interval of the Cenozoic
Era, the Early Eocene Climatic Optimum (EECO,
~52.6-50.3 Ma; cf. Zachos et al. 2001). Here we
present a basin-scale integration of: (1) strati-
graphic correlation of lacustrine strata across the
Bridger subbasin of the Greater Green River
Basin (GGRB); (2) new detailed stratigraphic
mapping and facies analysis of previously-
unrecognized lake-margin fluvial and lacustrine
strata proximal to the Uinta Uplift; (3) reconstruc-
tion of the exhumation of the Uinta Uplift prove-
nance analysis of conglomerates; and (4)
“Ar/*Ar-based analysis of sedimentary cyclicity
and alluvial fan growth and migration. We dis-
cuss: (1) the character and depositional history of
uplift-proximal lithofacies in an underfilled basin;
(2) the temporal relationship between climate
cycles and the changes to the ancient landscape;
(3) the temporal relationship between tectonism
of the Uinta Uplift and basin fill; and (4) clastic
and chemical sediment fluxes and storage across
the landscape during the EECO.
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4.2 Geologic Setting

Hundreds of meters in thickness of lacustrine
GRF and equivalent alluvial strata were depos-
ited during the Eocene epoch within the Greater
Green River Basin (GGRB), a broad, low relief
basin bounded by the Cordilleran fold and thrust
belt to the west and anticlinal Laramide basement
uplifts to the north, east, and south (Figs. 4.1 and
4.2; Dickinson et al. 1988; DeCelles 2004).
Conglomerate deposits and growth strata indicate
ongoing Cretaceous through Eocene uplift and
denudation of basement structures across the
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Laramide foreland province (Love 1960;
DeCelles 2004; Carroll et al. 2006). The first
appearances of Precambrian conglomerate clasts
derived from structures surrounding the GGRB
occurred during the Paleocene (Berg 1962; Crews
and Ethridge 1993; DeCelles 1994). From the
Paleocene to the Eocene, stratal thicknesses
(Fig. 4.2b) indicate that flexural accommodation
in the GGRB shifted from a northern depocenter
adjacent to the Wind River Uplift to a southern
depocenter adjacent to the Uinta Uplift at ca.
53 Ma (Beck et al. 1988; Roehler 1992a). This
shift coincided with the initiation of a ~5 Ma
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Fig.4.1 Map of the Laramide broken foreland province
showing principle uplifts and basins, Eocene paleocatch-
ments for the Greater Green River Basin, and areas of
alluvial, lacustrine, and evaporite accumulation within it
(Modified from Smith et al. 2008a, b; cf. references

therein). Abbreviations for Laramide uplifts: 7G Teton-
Gros Ventre, WR Wind River, RS Rock Springs, GM
Granite Mountains, L Laramie, FR Front Range, MB
Medicine Bow, SM Sierra Madre, P Park, S Sawatch, WR
White River



64

M.E. Smith et al.

Y-Y'line

Greater Green River Basin

Washakie subbasin

Greater Green River Basin TN

X-X'line

UT:WY Bridger subbasin .
= e —
] Cr | Ab Ho
E0(g)7]
§-2.0007]
©
= -4,
£
LW -6,0007]
-10,0007
* [ Aluvial o b
! @& conglomerate /
= - © 4000
o m | Miocene \ E YL_
gcz o | Eocene 2 § 20004 Fem
-20,000+ i P | Paleocene \ g
— ~ | w2000
= K-i Cretaceous '
S|, lower - \
8 Mz ) v SIS
g Jurassic SN 2
SN S
-30,000 Triassic Ny, —\ \/:‘
2 PP I-'i’:eennrm%l:aman- :/ LT T, \ N T
R[5 T - Bf = NS
§[PelM | Missisioien  _ Approximate SR ni ===
brian-  — - ecofene N
& ©o| Gambrian N sl s
17227 sedimentary
§lpe
40,000~ g, /| crystalline
— !
N 100 km
West o

Fig.4.2 Crustal-scale cross sections of the Greater Green
River Basin (GGRB) and surrounding Laramide province
(see Fig. 4.1 for locations): (a) East-west (X-X") cross
section illustrating lithospheric buckling (Erslev 1993;
Tikoff and Maxson 2001), large-scale wedge-top position
of the GGRB in the Cordilleran-Laramide deformation
region above proposed Laramide décollement in the lower
crust (Erslev 1993; McClelland and Oldow 2004).
Thicknesses of Phanerozoic strata from Mallory (1972),
and depth of Mohorovi¢i¢ discontinuity from Das and

episode of GRF lacustrine deposition in the
southern GGRB that lasted until ca. 48 Ma.

4.2.1 Stratigraphic Relationships

The Wilkins Peak Member (WPM) is the evapo-
rative middle unit of the GRF in the GGRB, and
it represents a ~1.7 Ma interval of the Early
Eocene (51.6-49.9 Ma) during which Lake

Nolet (1998). Abbreviations for structures in the
Cordilleran fold and thrust belt (Royse 1993; DeCelles
1994): W Wasatch Culmination, Cr Crawford Thrust, Ab
Absaroka Thrust, Ho Hogsback Thrust, G Great Salt Lake
Basin. (b) North-south (Y-Y’) cross section illustrating
complementary Paleocene and Eocene synorogenic
wedges that accumulated within the GGRB in foredeeps
adjacent to the Wind River and Uinta uplifts (Beck et al.
1988; Roehler 1992a)

Gosiute was hydrologically closed, periodically
hypersaline, and largely confined to the Bridger
subbasin of the GGRB (Figs. 4.3 and 4.4;
Sullivan 1985; Roehler 1992a; Smith et al.
2008b). The WPM is thickest (~500 m) in a
local foredeep to the north of the Uinta and
Henrys Fork thrusts in the Bridger subbasin
(Figs. 4.4a and 4.5). It is bounded below and
above by the more freshwater lake strata of the
Tipton and Laney Members, respectively
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(Fig. 4.5), and is laterally equivalent to alluvial
facies of the Cathedral Bluffs Member of the
Wasatch Formation (Roehler 1992a). Lithofacies
within the Cathedral Bluffs Member vary from
coarse-grained fanglomerates along its southern
periphery derived from Paleogene denudation of
the Proterozoic-Mesozoic bedrock of the Uinta
Uplift (Fig. 4.6; Hansen 1965; Crews and
Ethridge 1993) to fine-grained, pedogenically-
modified fluvial and overbank deposits that fill
the Great Divide, Washakie, and Sand Wash
subbasins to the east of the Rock Springs Uplift
and the western Bridger subbasin (Figs. 4.4 and
4.7, Bradley 1964; Sullivan 1985; Roehler
1992b, 1993).

4.2.2 Geochronology
and Paleoclimatic Setting

A suite of 12 ash beds provide radioisotopic age
control for Eocene strata in the GGRB (Smith
et al. 2008b; Smith et al. 2010). All existing
GRF “Ar/*Ar ages and their uncertainties
(Fig. 4.3) have been recalibrated here to the
28.201 Ma age for the Fish Canyon Tuff sanidine
standard (Kuiper et al. 2008) using the “°K decay
constant value of Min et al. (2000). The resulting
fully-propagated uncertainties of ca. 200 ky
(20) permit the GRF to be compared with astro-
nomical solutions for insolation (Laskar et al.
2004; Laskar et al. 2011), magnetostratigraphy
(Cande and Kent 1992, 1995), and marine-based
global climate proxies (Zachos et al. 2001).
“Ar/*°Ar and U-Pb geochronology indicate that
the WPM was deposited between 51.6 and
499 Ma, near the end of the Early Eocene
Climatic Optimum (Smith et al. 2008b; Smith
et al. 2010), an ice-free period of global warmth
(Zachos et al. 1994; Burgess et al. 2008; Huber
and Caballero 2011). Despite its apparent conti-
nentality and orographic isolation, crocodile and
palm fossils from GRF deposits indicate an equa-
ble subhumid climate in the Laramide foreland
with temperatures that remained above freezing

year-round (Markwick 1994; Wilf 2000). Land
mammal-based biostratigraphy and magneto-
stratigraphy indicate that the WPM coincides
both the Wasatchian-Bridgerian land mammal
age boundary and paleomagnetic chron C23
(Fig. 4.3; cf. Smith et al. 2008b).

The WPM contains several scales of repeti-
tively stacked lithofacies, discussed in detail
below, that have been interpreted to result from
orbital climatic forcing (Bradley 1929; Fischer
and Roberts 1991; Roehler 1993; Machlus et al.
2008; Meyers 2008; Smith et al. 2010;
Aswasereelert et al. 2013; Smith et al. 2014). The
WPM accumulated during a particularly isolated
hydrologic phase for the GGRB, which began
when a river that drained an extrabasinal
catchment(s) extending to near or at the
Cordilleran crest in Idaho was diverted north-
ward away from the GGRB into the Bighorn
Basin (Fig. 4.8, Kraus 1985; Janecke et al. 2000;
Carroll et al. 2008; Smith et al. 2008b; Chetel and
Carroll 2010). Numerical models of local Early
Eocene climate indicate that the same structural
uplifts that were responsible for hydrologically
isolating the GGRB also acted as barriers to the
lateral advection of atmospheric moisture
(Fig. 4.8; Sewall and Sloan 2006). Climate mod-
eling by Sewall and Sloan (2006) suggests that
the GGRB was largely isolated from Pacific
moisture and received a majority of its precipita-
tion via cyclonal semi-monsoonal airflow that
originated from an expanded Mississippi embay-
ment of the Gulf of Mexico. This model is based
on evidence that the Cordilleran crest was appar-
ently high enough to support an actively deform-
ing critical wedge (DeCelles 2004) and supported
subalpine fir-hemlock forests (Axelrod 1968,
1997) and snow (Seal and Rye 1993; Carroll
et al. 2008). Similar to the present day, moisture
derived from the east appears to have been topo-
graphically impeded by the Front Range uplift.
Plant fossils in the GGRB and the Denver Basin
of Colorado indicate that annual rainfall increased
two-fold from the interior of the GGRB to its
eastern edge (Wilf 2000; Johnson and Ellis 2002).
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Fig. 4.4 Alluvial and lacustrine strata of the Wilkins
Peak interval in the Greater Green River Basin: (a) Map
showing isopachs of the Wilkins Peak Member and
equivalent strata, locations of measured stratigraphic
sections, paleoflow direction measurements (taken from
basin interior alluvial units B and D, see Fig. 4.3).
Section abbreviations: BT Boars Tusk, BG Breathing
Gulch, WN White Mountain North, SB Stagecoach
Boulevard, WM U.S. ERDA White Mountain #1 core, LS
Lauder Slide, BF U.S. ERDA Blacks Fork no. 1 core, EP
Union Pacific El Paso 44-3 core (Mason 1987), CC
Currant Creek, CCR Currant Creek Ridge CCR-1 core

(Mason 1987), KR Kinney Rim core (Mason 1987,
Rhodes et al. 2002; Doebbert et al. 2010), LM Little
Mountain, SC Spring Creek, MM Middle Marsh Creek,
PB Pipeline Bridge (See Supplementary Fig. S4.2,
accessed at http://extras.springer.com, for 1:100,000
scale geologic map showing section locations); (b) Plot
of grain size versus quartz/feldspar ratios in the WPM
sandstones, illustrating grain-size independence of sand-
stone compositional modes; (¢) Map showing Eocene
subbasins and intrabasinal uplifts of the GGRB and area
of new geologic mapping adjacent to the Uinta Uplift
(Supplementary Fig. S4.2)
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Fig. 4.6 (a) Along-strike cross-section (Z-Z’) through
measured Paleogene alluvial and lacustrine strata directly
adjacent to the Uinta Uplift in the southernmost Bridger
subbasin, illustrating the evolution of clast compositions
within three discrete fanglomerate units. Each clast count
represents >100 grid-sampled conglomerate clasts. Datum
is the base of the Laney Member of the Green River

Formation. Section abbreviations not shown in caption for
Fig. 4.4: PP Phil Pico Mountain, MA Manila, LV Luverne,
SL State Line, PV Pipeline Valley, RM Richards Mountain.
(b) Map and generalized stratigraphic column of the
lithology and modern structure of the pre-Eocene bedrock
of the Uinta Uplift, modified from Hansen (1965) and
Rowley et al. (1985)
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Fig. 4.7 E-W cross-section through the Uinta foredeep
along the axis of the Aspen River (Modified from Smith et al.
2014). Stratal thicknesses from measured surface section and
core, and from published stratigraphy (Roehler 1993;

4.3 Methods

Over 2 km of core and outcrop stratigraphic sec-
tions were measured through Eocene strata at 12
locations in the GGRB. These sections have
facilitated the construction of three -cross-

Evaporative

Alluvial lithofacies

P Dated ash bed

Bedded evaporite

Johnson and Anderson 2009). Letters A—I indicate named
alluvial horizons of Culbertson (1961). Lithostratigraphic
and ash bed abbreviations as in Fig. 4.3. Section abbrevia-
tions are the same as shown in Fig. 4.4 caption

sections: (1) N-S across the Bridger subbasin
(Y-Y’; Fig. 4.5 and Supplementary Fig. S4.1,
which can be accessed at http://extras.springer.
com); (2) E-W adjacent to the Uinta Uplift (Z-Z’;
Fig. 4.6a); and (3) SE-NW across the GGRB
(U-U’; Fig. 4.7). Assays of U, Th, and K concen-
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trations via gamma ray emissions were taken at
0.5 meter intervals of all surface sections using
an Exploranium GR-320 enviSpec hand-held
spectrometer (Supplementary Fig. S4.1, which
can be accessed at http://extras.springer.com).
New detailed (1:100,000 scale) mapping of
Paleogene strata in a previously unmapped region
between Little Mountain, WY and the town of
Manila, UT was required to document the
complex transition between lacustrine and allu-
vial facies near the Uinta Uplift (Figs. 4.6 and
Supplementary Fig. S4.2, which can be accessed
at http://extras.springer.com). The clast composi-
tion of selected sandstone beds were point-
counted from thin sections using a petrographic
microscope (Fig. 4.4b), and conglomerate clast
compositions were determined in situ at 28 hori-
zons adjacent to the Uinta Uplift using a 10 cm
grid (Fig. 4.6a). Paleoflow orientations within
trough cross-stratified sandstone beds were deter-
mined using trough limbs and axes (Fig. 4.4a).

4.4 Results

4.4.1 Sedimentary Facies

The WPM and laterally equivalent Cathedral
Bluffs Member of the Wasatch Formation encom-
pass a wide variety of non-marine facies (Bradley
1964; Smoot 1983; Sullivan 1985; Roehler
1993). We document two spatially and composi-
tionally unique facies belts within the Bridger
subbasin of the GGRB that each contain both
lacustrine and alluvial lithofacies: (/) the basin
interior (Fig. 4.9), which represents the bulk of
WPM strata and is synonymous with much of the
classic literature (e.g., Eugster and Hardie 1975;
Smoot 1983); and (/I) the basin periphery
(Fig. 4.10), which is confined to within ~5 km of
the southern edge of the Bridger subbasin
(Fig. 4.4¢), and was largely undocumented due to
a lack of detailed geologic mapping of the GRF
adjacent to the Uinta Uplift (Bradley 1964; Love
and Christiansen 1985). Table 4.1 summarizes
the 24 distinct lithofacies which comprise the
Wilkins Peak Member and time-equivalent allu-
vial strata.

1. Basin Interior Facies Belt

The basin interior facies belt occupies all but the
southernmost and westernmost Bridger subbasin,
and consists of alternating intervals of predomi-
nantly carbonate lacustrine strata and predomi-
nantly  siliciclastic  alluvial-deltaic  strata
(Fig. 4.9).

L. Lacustrine Macroassociation

Basin interior lacustrine facies of the WPM have
been well documented and interpreted by previ-
ous workers (Eugster and Hardie 1975; Smoot
1983; Pietras and Carroll 2006). Here we briefly
summarize the classification scheme and inter-
pretations of Pietras and Carroll (2006), who
divide lacustrine strata into four lithofacies asso-
ciations: (i) palustrine, (if) littoral, (iii) salt-pan,
and (iv) profundal-sublittoral. We also add to
these findings new data concerning of pedogenic
structures and ichnofossils.

(1) Palustrine Association: The palustrine asso-
ciation consists of two fine-grained carbon-
ate lithofacies: (1) Wavy-bedded calcareous
siltstone-sandstone; and (2) Brecciated cal-
careous mudstone-siltstone. Both lithofa-
cies are composed of varying proportions of
dolomitic micrite and calcareous silt- and
sand-sized clasts. Calcareous silt horizons
contain sedimentary structures indicative of
unidirectional ~currents and/or wave-
influenced subaqueous deposition (e.g.,
cross-bedding, wavy bedding, lenticular
bedding). These beds are commonly dis-
rupted and sometimes brecciated by desic-
cation cracks and/or authigenic evaporite
crystal blades (Eugster and Hardie 1975;
Smoot 1983). Biogenic structures associ-
ated with these facies include poorly pre-
served mammal footprints, larval insect
trails, iron-stained root-marks, and insect
tunnels on bedding planes (Scott 2010; Scott
and Smith 2015). Palustrine association
lithofacies are interpreted to represent depo-
sition on eulittoral lake-fringing mudflats
surrounding Lake Gosiute (Smoot 1983;
Pietras and Carroll 2006), where fine-
grained, crystalline carbonate sediments
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of Roehler (1991b). “°Ar/*Ar ages (Smith et al. 2008b,
2010) are shown with 2c analytical uncertainties rela-
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Table 4.1 Lithofacies of the Wilkins Peak Member and equivalent strata

L. Interior facies belt

L.
®

(@ii)

(iii)

iv)

@

(i)

Lacustrine Macroassociation
Palustrine Association

1. Wavy-bedded carbonate
siltstone-sandstone

2. Brecciated to massive carbonate
mudstone-siltstone

Littoral Association

1. Calcareous intraclastic
conglomerate

2. Calcareous sandstone

3. Stromatolitic, laminated
carbonate mudstone

Salt-Pan Association
1. Displacive evaporites

2. Bedded evaporites

Profundal-Sublittoral Association

1. Massive carbonate mudstone
and marlstone

2. Laminated kerogen-rich
carbonate mudstone and marlstone

Alluvial Macroassociation
Axial Fluvial Association

1. Trough cross-stratified and
planar- to ripple-laminated
sandstone

2. Drape-bedded sandstone.
Distal-Overbank Association

1. Climbing-rippled and planar-
bedded sandstone and siltstone
2. Massive to faintly-bedded
siltstone and mudstone

I1. Peripheral facies belt

L.
()

(i)

Lacustrine Macroassociation
Palustrine Association

1. Silty, mudcracked and/or
bioturbated carbonate mudstone

2. Cross-stratified calcareous
aolian sandstone

Littoral Association

1. Tufa-travertine and massive
carbonate

2. Planar-bedded and oscillation-
rippled sandstone

Mudstone Facies of Eugster and Hardie (1975), follows Pietras and
Carroll (2006)

Subfacies DM1-2 and EL-1 of Smoot (1983), follows Pietras and
Carroll (2006)

Subfacies DM3 and EL1-2 of Smoot (1983), Brecciated Carbonate
Mudstone-Siltstone of Pietras and Carroll (2006)

Flat-Pebble Conglomerate Facies of Eugster and Hardie (1975),
Subfacies SF5 of Smoot (1983), Intraclastic Conglomerate of Pietras
and Carroll (2006)

Lime Sandstone Facies of Eugster and Hardie (1975), Subfacies SF1-4
of Smoot (1983), follows Pietras and Carroll (2006)

Facies SF (part) of Smoot (1983), This study

Follows Pietras et al. (2006)
Subfacies SM2 of Smoot (1983)

Trona-Halite Facies of Eugster and Hardie (1975), Subfacies SM1 of
Smoot (1983)

Follows Pietras et al. (2006)
Subfacies PL2 of Smoot (1983)

Oil Shale Facies of Eugster and Hardie (1975), Subfacies PL1 of Smoot
(1983)

Siliciclastic Sandstone Facies of Eugster and Hardie (1975)

Facies AS (part) of Smoot (1983), Siliciclastic Sandstone (part) of
Pietras and Carroll (2006)

This study

This study
Facies AS (part) of Smoot (1983)
Siliciclastic Sandstone (part) of Pietras and Carroll (2006), This study

Green-Brown Mudstone Siltstone of Pietras and Carroll (2006), This
study

This study

This study

This study
This study

(continued)
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Table 4.1 (continued)

(iii)

@

(i)

(i)

3. Massive fine-grained sandstone | This study
Sublittoral Association

1. Massive carbonate mudstone This study
and marlstone

2. Laminated carbonate mudstone | This study

and marlstone

Alluvial Macroassociation
Fan Delta Association

1. Conglomerate

2. Trough cross-stratified
sandstone

Floodplain Association

1. Massive to planar bedded This study
sandstone
2. Pedogenically-altered This study

siliciclastic mudstone-sandstone

were precipitated, frequently subaerially
exposed and/or reworked by waves or
sheetfloods.

Littoral Association: The littoral association
consists of three predominantly carbonate
lithofacies: (/). Calcareous intraclastic con-
glomerate; (2) Ripple-laminated and massive
calcareous sandstone; and (3) Non-columnar
stromatolitic carbonate mudstone.
Lithofacies / and 2 are interpreted to reflect
rapid deposition of reworked carbonate pel-
oids and intraclasts in moderate to high
energy littoral environments by unidirec-
tional currents arising from storm-generated
sheet floods and/or by oscillatory flow subse-
quent to rapid transgression (Smoot 1983;
Pietras and Carroll 2006). Low-amplitude
oscillatory ripple bedforms are sometimes
present on bedding planes of calcareous
sandstones, as are trace fossils dominated by
high-density simple trails probably produced
by insect larvae (Scott 2010; Scott and Smith
2015). Lithofacies 3 consists of flat-lami-
nated to cumulate-laminated micrite, and was
likely deposited in the photic zone or formed
as a subaerial microbial/evaporitic crust.
Reworked stromatolitic and palustrine asso-
ciation lithofacies are a probable source for
silt- and sand-sized peloids that comprise
lithofacies / and 2.

Subfacies AF1-2 of Smoot (1983), Facies 1 of Crews and Ethridge
(1993), This study

Subfacies AF2-3 of Smoot (1983), Facies 2, 4 and 5 of Crews and
Ethridge (1993), This study

Subfacies AF4 of Smoot (1983), Facies 3 of Crews and Ethridge (1993)

(iii) Salt-Pan Association: This association is

restricted to the south-central Bridger sub-
basin (Fig. 4.1; Burnside and Culbertson
1979; Wiig et al. 1995) and consists of two
distinct lithofacies: (/) Displacive evapo-
rites; and (2) Bedded evaporites, which con-
sist predominantly of trona and halite and a
host of other secondary evaporite minerals
(Fahey 1962; Culbertson 1966; Deardorff
and Mannion 1971; Wiig et al. 1995). Both
lithofacies are preserved in the subsurface,
and as recrystallized carbonate pseudo-
morphs in outcrop. Displacive evaporites
cut across bedding, typically within carbon-
ate mudstone, and include 2—8 mm diameter
shortite rhombs and <10 cm diameter acicu-
lar trona fans and macrocrystalline vein fill-
ings, which are interpreted to have
precipitated post-depositionally from pore
waters (Bradley and Eugster 1969; Roehler
1993; Pietras and Carroll 2006). Bedded
evaporites preserve a range of textures,
including primary anhedral to euhedral pre-
cipitates (e.g., blades, needles), mm-scale
laminations, and rounded, 1-3 cm evaporite
intraclasts (Bradley and Eugster 1969;
Deardorff and Mannion 1971; Birnbaum
and Radlick 1982). Together, these features
are consistent with the precipitation of
evaporite minerals from standing alkaline
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(iv)

bicarbonate brines during periods of intense
evaporation, tractive reworking by occa-
sional sheetflood events, and subsequent
post depositional recrystallization.

Profundal-Sublittoral ~ Association: This
association consists of two fine-grained,
predominantly carbonate lithofacies: (/)
Massive carbonate mudstone and marl-
stone; and (2) Laminated kerogen-rich car-
bonate mudstone and marlstone. These
facies reflect subaqueous deposition of pri-
mary micritic dolomite and calcite precipi-
tated from the water column, mixed to
varying degrees with organic matter, intra-
clastic carbonate silt, and terrigenous clays.
Only rarely are very low-density, simple,
small burrows preserved in mudstones of
lithofacies I or 2 (Scott 2010; Scott and
Smith 2015), and therefore the lack of lami-
nation in lithofacies / appears unlikely to
reflect bioturbation. Instead, we suggest that
massive mudstone beds were deposited by
hypopycnal plumes basinward of sites of
fluvial input or in regions of entrainment
during storm events (cf. Renaut and
Gierlowski-Kordesch 2010). Primary pro-
ductivity, clastic-dilution, and oxidation
were likely the primary parameters control-
ling the concentration of organic matter and
degree of lamination preserved within par-
ticular beds, all of which have long been
hypothesized to relate to water depth and the
degree of meromixis (Bradley 1970; Smoot
1983; Horsfield et al. 1994; Carroll and
Bohacs 2001; Pietras and Carroll 2006).
Organic-rich beds may however in some
cases represent highly productive shallow
water settings with negligible wave energy
such as modern Lake Bogoria (Renaut and
Tiercelin 1994), particularly where inter-
bedded with evaporites. Several discrete,
continuous horizons of profundal-sublittoral
association lithofacies contain enriched U
and Th concentrations, and can be corre-
lated across the Bridger subbasin (Fig. 4.9
and Supplementary Fig. S4.1; Love 1964).
Geochemical modeling by Mott and Drever
(1983) suggests that these horizons were
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created via subaqueous replacement of cal-
cite by uraniferous minerals precipitated
from U-hypersaturated lake waters near the
sediment-water interface during short peri-
ods of lowered pH due to freshwater input.

A. Alluvial Macroassociation

Fine-grained siliciclastic facies of the basin-
center alluvial macroassociation occur within
discrete 3—30 meter-thick intervals of the WPM
in the interior of the Bridger subbasin. These
intervals contain laterally discontinuous pack-
ages of channelized and cross-stratified arkosic
sandstone and finer-grained planar-bedded to
ripple-laminated to convolute-bedded, some-
times pedogenically-altered arkosic sandstone
and siliciclastic mudstone. These horizons were
first mapped as “sandstone siltstone mudstone”
units A-I by Culbertson (1961), and subse-
quently briefly described by Love (1964), Smoot
(1983, “Facies AS”), and Pietras and Carroll
(2006, “Fluvial Association”). Alluvial mac-
roassociation lithofacies contain sedimentary
structures documented within inter-lacustrine
fluvial horizons in the eastern GGRB (Rhodes
et al. 2007) and the Uinta Basin (Remy 1992).
Alluvial intervals are thicker and more hetero-
lithic in the study area than they are in previ-
ously described areas of the Bridger subbasin
(Pietras and Carroll 2006). Here we define six
individual lithofacies that are broadly inter-
preted to have been deposited within a low-gra-
dient distributary network of fluvial channels
flowing across a broad, sometimes vegetated,
and periodically inundated low-gradient flood-
plain into Lake Gosiute.

(i) Axial Fluvial Association: The axial fluvial
association consists of two distinct sandy
lithofacies which are interpreted to have
been deposited within active stream chan-
nels: (1) Trough cross-stratified and planar-
to ripple-laminated sandstone; and (2)
Drape-bedded sandstone. Lithofacies [
occurs as 1-10 m high channel forms, and
consists of medium-grained sandstone
arranged in shingled epsilon cross-sets
(Fig. 4.11a), meter- to decimeter-scale trough
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cross-stratification, and planar bedded hori-
zons containing parting lineation on bedding
planes. The lower portions of channel sets
often exhibit multiple incision surfaces
(Fig. 4.11a). Pebble-sized intraclasts of
poorly-lithified mudstone and sandstone are
often present at channel bases, and some-
times contain large fragments of reed stems
and/or bone fragments (Fig. 4.11d), and are
interpreted to be the products of cutbank ero-
sion into floodplain deposits and channel
levees. Simple trails and small vertical bur-
rows (mm-diameter), probably produced by
insect larvae, are occasionally preserved on
the muddy upper bedding planes of rippled
fining-upwards bedsets within channels
(Scott  2010; Scott and Smith 2015).
Lithofacies I is interpreted to have been
deposited mainly by high-energy unidirec-
tional currents within axial alluvial channels,
with some periods of waning flow evidenced
by trace fossils and mud-drapes on ripple
bedforms. Lithofacies 2 consists of fine-
grained sandstone that is often wave-rippled
and arranged in 1-5 cm-thick normally
graded beds. These beds are in turn often
arranged in broad 2-10 m wide, ~1 m high
hummocks that cap alluvial bedsets and are
commonly directly overlain by overlying
horizontally-bedded lacustrine mudstone
(Fig. 4.11b). Drape-bedded sandstone litho-
facies are here attributed to deposition under
combined oscillatory and unidirectional flow
resulting from rapid inundation and wave
reworking of axial distributary channels by
rising lake waters during transgressive
events.

Distal-Overbank Association: This associa-
tion encompasses two broad siliciclastic
lithofacies: (1) Climbing-rippled and planar-
bedded sandstone and siltstone; and (2)
Massive to faintly-bedded siltstone and mud-
stone. These lithofacies are composed pre-
dominantly of green to brown siliciclastic
sand, silt, and clay. Ubiquitous climbing-
ripple cross-lamination (Fig. 4.11c) and con-
volute bedding within lithofacies [ are
indicative of rapid sedimentation by
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sediment-rich, decelerating currents (cf.
Allen 1970) and subsequent dewatering-
generated penecontemporaneous deforma-
tion. Bedding within lithofacies 2 ranges
from mm-scale horizontal laminations to
completely  structureless and massive
(Fig. 4.11f). Biogenic structures in distal-
overbank association lithofacies include
mammal footprints, bird footprints, carbona-
ceous rhizoliths, and insect burrows, tunnels
and trails that indicate subaerial exposure of
the substrate (Fig. 4.12k; Scott 2010; Scott
and Smith 2015). Weakly developed paleo-
sols within lithofacies 2 preserve mm-scale
iron-stained root marks, internal brecciation
(Fig. 4.11e), and desiccation cracks (Bohacs
et al. 2007; Scott 2010). The distal-overbank
association is attributed to overbank sedi-
mentation onto broad low-gradient plains,
with sediment accumulation distal to distrib-
utary networks feeding into shallow bodies
of standing water (including Lake Gosiute),
crevasse splays from trunk channels onto
floodplains, and deposition via suspension
fall-out in abandoned distributary channels.

II. Basin Peripheral Facies Belt

The basin peripheral facies belt extends ~5 km
basin into the southern Bridger subbasin adjacent
to the Uinta Uplift. It comprises a suite of lithofa-
cies that are compositionally-distinct from those
observed in the basin interior.

L. Lacustrine Macroassociation

Basin peripheral lacustrine facies are calcite-rich
and lacking in dolomite, which presumably may
be related to the input of Ca-rich waters from
Uinta Uplift streams. These lacustrine deposits
contain a diverse trace fossil assemblage that
suggests the lake was fresh and oxygenated near
to where these streams entered it.

(1) Palustrine Association: The palustrine asso-
ciation consists of two lithofacies inter-
preted to have been deposited near or
slightly above lake level: (1) Silty mud-
cracked and/or bioturbated carbonate mud-
stone; and (2) Calcareous aeolian sandstone
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and siltstone. Lithofacies [ is differentiated
from its basin interior palustrine counterpart
(lithofacies I-Li) primarily by the absence of
dolomite and the increased density and
diversity of trace fossils (Fig. 4.12h—j). The
silty micritic carbonates exhibit both polyg-
onal shrinkage cracks and bladed, discon-
nected syneresis cracks (Fig. 4.12e, g).
Lithofacies / strata are interpreted to have
been deposited in a frequently exposed oxy-
genated nearshore environment that experi-
enced a high influx of fine-grained carbonate
and/or autochthonous production of fine
crystalline CaCO; (Freytet and Verrecchia
2002). The sediments were populated by
arthropods (e.g., insects) and vermiform
animals (e.g., oligochaetes and/or insect lar-
vae). Rare syneresis cracks record the occa-
sional local inundation by saline lake waters
of Lake Gosiute. Lithofacies 2 consists of
well-sorted peloids and sub-angular to sub-
rounded fine-grained quartz clasts arranged
in 5-10 cm-thick high-angle cross sets.
Occasional 1-3 cm-diameter rhizoliths
occur within. Lithofacies 2 is interpreted to
reflect deposition by occasionally vegetated
aeolian dunes in lake marginal areas (cf.
Magee and Miller 1998).

Littoral Association: Thelittoral association
consists of three lithofacies: (/) Tufa-
travertine and massive carbonate; (2)

(i)

<

Oscillation-rippled sandstone; and (3)
Massive fine-grained sandstone. These
facies reflect physical and chemical sedi-
mentation of materials derived from the
Uinta Uplift that were deposited in a broad
array of shallow subaqueous to subaerial
sedimentary environments. Carbonate pro-
duction was likely enhanced by wave agita-
tion and the influx of dissolved Ca?* in
streams waters flowing into the bicarbon-
ate-oversaturated Lake Gosiute. Deposits
of lithofacies / occur as geographically
isolated 10 cm to 30 m high buildups,
mounds, or biostromes composed of calcite
and/or silica (Fig. 4.13a, b). Fabrics within
these structures include laminated stromat-
olitic travertine (Fig. 4.13c, d) and massive
or brecciated mounds of porous tufa.
Tetrapod and insect trackways within asso-
ciated sediments indicate at least occa-
sional subaerial exposure of these units
(Scott 2010; Scott and Smith 2015). At the
southern basin periphery, the mounds
within the WPM are largest and laterally
widespread in the vicinity of the Canyon
Road Fan (Fig. 4.6), and are most abundant
just below the stratigraphic contact with
the overlying Laney Member (Fig. 4.13).
Lithofacies I deposits may reflect the rapid
precipitation of calcite via mixing of Ca**-
rich meteoric waters and/or fault-derived

<

Fig. 4.11 Photographs of alluvial lithofacies of the
Wilkins Peak Member. Basin interior lithofacies: (a) epsi-
lon cross stratification within channelized sandstone
(lithofacies I-Ail) within Basin interior alluvial unit C,
Sage Creek Canyon; (b) drape bedding (lithofacies I-Ai2)
capping alluvial unit D, Firehole Canyon; (c¢) climbing
rippled fine-grained sandstone (lithofacies [-Aiil), BF
core; (d) fossilized reeds within intraclastic conglomerate
(lithofacies I-Ail), BF core; (e) brecciated silty siliciclas-
tic mudstone (lithofacies I-Aii2) in BF core; (f) finely bed-
ded silty siliciclastic mudstone (lithofacies [-Aii2)
intercalated with climbing-ripple cross-laminated sand-
stone (lithofacies I-Aiil) within alluvial unit B, note scour
at base of sandstone bed. Basin peripheral lithofacies: (g)
conglomerate (lithofacies /I-Ail) composed of limestone
and sandstone clasts of Paleozoic strata interbedded with
quartzose, trough cross-stratified sandstone (lithofacies
1I-Ai2), PP section, note hammer for scale; (h) Late

Paleocene basal pebble conglomerate containing angular
chips of Cretaceous shale, angularly overlies Lower
Cretaceous Dakota Formation north of Goslin Mountain
(base of the RM section); (i) crudely stratified conglomer-
ate (lithofacies /I-Ail), PP section, note lens cap atop
largest boulder; (j) onlap of upper WPM-equivalent allu-
vial strata onto vertical, E-W-striking beds of Paleocene
strata, LV section; (k) paleosol horizon (lithofacies
1I-Aii2) overlain by massive sandstone bed (lithofacies
1I-Aiil) in SC section, illustrating blocky vertically-
oriented peds and concretions; (1) vertical, sand filled bur-
row extending into pedogenically altered horizon
(lithofacies IIBii2) from overlying sand bed, SC section,
scale in cm; (m) roadcut of Cathedral Bluffs Member near
LM section showing nested alluvial channels filled with
trough cross-laminated pebbly quartzose sandstone (litho-
facies /I-Ail2) and overlain by fine overbank sandstones
and paleosols (lithofacies association /I-Aii)
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Fig. 4.12 Photographs of basin peripheral lacustrine
lithofacies: (a) oscillation ripples in fine-grained quartzose
sandstone (lithofacies II-Lii2), PB section; (b) stromato-
litic laminations (lithofacies /I-Liil) atop silty mudstone
(lithofacies II-Lil) overlain by fine-grained calcareous
sandstone (lithofacies /I-Lii3), SC section; (c¢) travertine
intraclast within massive peloid and quartz sandstone
(lithofacies 1I-Lii3), PB section; (d) intraclastic conglom-
erate containing carbonate mudstone clasts overlain by
laminated silty micritic carbonate (lithofacies /I-Liii2), PB
section; (e) mudcracks in cm-bedded silty micrite (lithofa-
cies II-Lil), PB section; (f) mudcracks in mud drapes in
troughs between symmetric ripples (lithofacies II-Lii2),

PB section; (g) mudcracked micritic carbonate (lithofacies
II-Lil), PB section, note crude alignment of blade-shaped
cracks; (h) complex network of 2—-8 mm wide vertical and
horizontal burrows and mudcracks in silty carbonate mud-
stone (lithofacies II-Lil), PB section; (i) ~1 cm wide verti-
cal and horizontal burrows in carbonate mudstone
(lithofacies II-Lil), PB section; (j) surface traces and/or
mudcracks atop rippled bedding plane, PB section; (k) ver-
tical ~1/2 cm burrows through massive to wave-ripple
cross laminated sandstone (lithofacies /I-Lii3), PB section,
lens cap for scale; (1) mudchip-filled root cast with stro-
matolitic coating, PB section; surrounding material is mas-
sive fine calcareous sandstone
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Fig.4.13 Carbonate mounds adjacent to the Uinta Uplift
(lithofacies /I-Liil): (a) 10-20 m high carbonate mounds
near the base of the Laney Member north of the Canyon
Road Fan, north of Canyon Road Fan; (b) meter-scale car-
bonate buildup and laterally equivalent finely-bedded silty
carbonate; (c) travertine filling intergranular porosity
within conglomerate bed, SC section; (d) photomicro-
graph of microbially-laminated carbonate from WPM

Calcitic

Laney Member

spring mound; (e) map showing areal distribution of car-
bonate mounds to the north of the Canyon Road Fan and
their relation to axis of Canyon Road Fan; (f) interpretive
N-S cross section of canyon road fan showing carbonate
in relation to clastic and lacustrine units and onlap of
Laney Member, and hypothesized pathways for solute-
bearing waters to mound sites (cf. Jones and Deocampo
2003)
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hydrothermal waters with bicarbonate-
supersaturated lake waters and/or CO,
degassing at the surface (Fig. 4.13f; cf.
Jones and Deocampo 2003). Similar depos-
its within the WPM are located near site
BG (Fig. 4.4; Mayry 2007) and in the NW
corner of the Bridger subbasin (Leggitt and
Cushman 2001).

Intraclasts of stromatolite or travertine
observed in lithofacies 2 and 3 (Fig. 4.12c)
support the hypothesis of Smoot (1983) that
peloids, which comprise the bulk of these
lithofacies, were derived via reworking of
lake-fringing carbonate crusts during storms
events. Lithofacies 2 consists of well
cemented peloidal calcareous and quartzose
sandstones and siltstones that are typically
present in 2-40 cm-thick normally graded
beds, or in wavy- to flaser-bedded units con-
taining wave ripples with mud drapes
(Fig. 4.12f). Lithofacies 2 is interpreted to
represent deposition in storm- and/or wave-
influenced shoreface to backshore environ-
ments at the toes of fan deltas. Massive
sandstones of lithofacies 3 is composition-
ally similar to lithofacies 2, but are massive
to faintly-bedded, likely due to disruption
by bioturbation. Trace fossils common in
lithofacies 2 and 3 were apparently pro-
duced in oxygenated shallow lacustrine sub-
strates (Fig. 4.12g-k).

Sublittoral Association: The sublittoral
association consists of two fine-grained
lithofacies: (1) Massive carbonate mudstone
and marlstone; and (2) Laminated carbon-
ate mudstone and marlstone. Both facies
contain silt- to clay-sized calcite and silici-
clastic grains in varying proportions, and
differ from basin interior profundal-
sublittoral lithofacies by their calcitic com-
position and relative paucity of organic
matter. Lithofacies / consists mainly of
structureless to crudely horizontally bedded
silty carbonate mudstone, and is commonly
found laterally adjacent to tufa-travertine
lithofacies (/I-Liil). Lithofacies / may have
resulted from either the fallout deposition
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from hypopycnal flows during storm events
and/or the rapid deposition of interlami-
nated micritic CaCOj; surrounding springs
of Ca’-rich water. Lithofacies 2 deposits
contain 1-2 mm-thick laminae of carbonate
and/or siliciclastic mud that are largely
devoid of organic matter. These shaley mud-
stones are similar to laminated kerogen-
poor micrite lithofacies present in Fossil
Basin (Buchheim and Eugster 1998).
Laminae in lithofacies 2 are typically ~10
times thicker than typical laminae in basin
center profundal deposits (0.1 mm; Bradley
1929; Ripepe et al. 1991). Some strata rep-
resenting lithofacies 2 contain bedding-
plane assemblages of plant and insect fossils
(lower Little Mountain site; Wilf 2000;
Smith et al. 2008b). The preservation of fine
laminae and fossil leaves, as well as the rar-
ity of trace fossils suggests fallout deposi-
tion of fine carbonate mud in anoxic bottom
waters with little post-depositional distur-
bance by waves, plants, or animals.

A. Alluvial Macroassociation

Basin peripheral alluvial lithofacies are quartz-
ose, coarse-grained, and often pedogenically
altered. They are interpreted to have been depos-
ited by streams flowing atop alluvial fans that
extended basinwards from the Uinta Uplift and
were infrequently inundated by lake water.

(i) Fan Delta Association: The fan delta associ-
ation consists of: (1) Conglomerate, contain-
ing granule- to boulder-sized clasts of
Mesozoic, Paleozoic and Proterozoic sand-
stone, carbonate and quartzite; and (2)
Trough cross-stratified sandstone, consisting
of medium- to very coarse-grained quartzose
to sub-lithic sandstone (Fig. 4.4a).
Lithofacies I predominantly consists of
well-sorted, matrix-supported, commonly
imbricated conglomerate beds (Fig. 4.11g, i).
The conglomerates are often interbedded
with trough cross-stratified sandstone of
lithofacies 2 (Fig. 4.11g, h, m). Facies 1 and
2 together likely represent deposition by
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downstream-accreting dunes and sandy
gravel sheets within alluvial fan distributary
channels (cf. Miall 1978; DeCelles et al.
1991a; Crews and Ethridge 1993). Isolated,
matrix-supported, poorly-sorted, sometimes
coarsening-upwards conglomerate beds sug-
gest occasional deposition by debris flows,
or alternatively reflect fine sediment supply
limitation during the waning stages of flood
events (i.e., Topping et al. 2000). Lithofacies
2 sandstones commonly contain granule- to
pebble-sized clasts in their Dy; size fraction,
and are arranged in meter-scale trough cross-
stratified units. The coarsest deposits of
lithofacies 1 and 2 at any particular location
are confined to laterally shingled 10-100
m-wide channel forms incised into underly-
ing strata (Fig. 4.11m). These channel forms
reflect multiple avulsion events that led to
incision and infill of steeply sided trenches in
the fan surface (cf. DeCelles et al. 1991a;
Crews and Ethridge 1993). Within the south-
ern Bridger subbasin, the fan delta associa-
tion is confined to three 0.5-1 km-thick,
3—6 km wide macro-scale deposits distrib-
uted E-W along the strike of the Uinta and
Henrys Fork thrusts, and are laterally sur-
rounded by finer-grained alluvial and/or
lacustrine deposits (Fig. 4.6a; Anderman
1955; Wiegman 1964; Crews and Ethridge
1993; Roehler 1993). The axes of macro-
scale fan-delta deposits presumably mark the
sites where steep-gradient gravel-bed trunk
streams that drained the north flank of the
Uinta Uplift emptied into the GGRB.

Floodplain Association: The floodplain asso-
ciation consists of two lithofacies: (/)
Massive to planar-bedded sandstone; and (2)
Pedogenically altered siliciclastic sandstone
and siltstone. Lithofacies I consists of mas-
sive to planar-bedded fine- to very coarse-
grained quartzose to sub-lithic sandstone.
Normal grading is apparent in some individ-
ual beds, as is rare trough cross-lamination.
Lithofacies 2 consists primarily of brightly
colored red, purple and green horizons of
siliciclastic mudstone and sandstone. In
many sandstone beds, detrital quartz grains

are contained within a matrix of authigenic
clay derived from former framework grains.
These horizons are often discontinuous due
to multiple incision surfaces that occur
within strata of the basin peripheral alluvial
macroassociation (Fig. 4.11m). These facies
contain post-depositional features suggestive
of a wide range of soil conditions (pH,
redox). Pedogenic features include rhizo-
liths, carbonate concretions and calcic hori-
zons (Fig. 4.11k), clay-lined aggregates
arranged in regularly spaced bowl-shaped
structures (Fig. 4.11m), and vertical burrows
likely produced by crustaceans and/or insects
(Fig. 4.111). Paleo-vertisols of lithofacies 2
likely formed on the medial to distal toes of
lake-marginal alluvial fans during extended
periods of subaerial exposure, with the
growth of vegetation into sediments depos-
ited during episodic flood events (cf.
Braunagel and Stanley 1977; Kraus and
Brown 1988; Retallack 1988; Kraus and
Aslan 1993).

4.4.2 Stratigraphic Correlation

Ash horizons, gamma ray logs, Fischer Assay oil
shale records, and alluvial marker beds were used
to correlate time-equivalent interior and periph-
eral strata (Fig. 4.14). The stratigraphic cross
sections of the WPM between the Uinta and
Wind River uplifts shown in Figs. 4.5, 4.6, 4.7
and Supplementary Fig. S4.1 (at http://extras.
springer.com) represent a synthesis of new strati-
graphic observations and published stratigraphy
(Stuart 1965; Smoot 1983; Pietras and Carroll
20006).

4.4.2.1 Ash Beds

Ash horizons are the primary basis for correla-
tion within the Bridger subbasin (Figs. 4.3, 4.5,
and S1). These are present mainly within fine-
grained intervals of lake strata (/-Liv) (Smith
et al. 2003) and are commonly clearly differenti-
ated from surrounding strata by their gray to
orange color in outcrop and white color in core.
Green River Formation ash beds typically con-
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tain an assortment of phenocrysts encased in a
matrix of zeolite minerals and/or authigenic feld-
par formed via the alteration of primary volcanic
glass ash (Goodwin and Surdam 1967; Smith
et al. 2003). In several cases (e.g., the Firehole
and Layered tuff beds), mm-scale fallout hori-
zons within ash beds can be correlated basin-
wide, and thin to the south away from likely
volcanic sources in the Challis and Absaroka vol-
canic centers (cf. Smith et al. 2008b).

4.4.2.2 Gamma Ray Spectrometry
Laterally continuous radioactive zones contain-
ing uranium-rich phosphates within basin interior
WPM strata were first recognized by Love (1964)
and are used as a secondary correlation tool.
These zones occur primarily within fine-grained
marlstone intervals (I-Liv), and are most promi-
nent within or adjacent to basin interior alluvial
beds (Fig. 4.9 and Supplementary Fig. S4.1,
which can be accessed at http://extras.springer.
com). These radioactive zones cross-cut lateral
facies changes in basin interior strata but do not
all extend to the basin periphery. Geochemical
modeling by Mott and Drever (1983) suggests
that U-rich zones record basin-wide geochemical
events associated with the lowering of the pH of
otherwise highly alkaline, U-soluble lake waters,
which is consistent with their basin-wide distri-
bution and apparent isochroneity.

4.4.2.3 Lithostratigraphy

Two distinct types of marker beds occur within
the WPM, and are here used as tertiary correla-
tion tools: (1) nine olive-brown alluvial beds
(beds A-I of Culbertson 1961) can be traced in
outcrop and aerial photography for tens of kilo-
meters across the Bridger subbasin (Culbertson
1961; Love 1964; Stuart 1965; Smoot 1983;
Pietras and Carroll 2006); and (2) lacustrine
expansion-contraction cycles occur within lacus-
trine intervals, and can often be correlated using
highstand deposits or “oil shale beds” (lithofacies
I-Liv2), which correspond to discrete (0.1-2
meter-thick) intervals of elevated kerogen con-
tent in Fischer assays logs (>20 L/t, up to 160 L/t)
that can be correlated across much of the Bridger
subbasin (Fig. 4.5 and Supplementary Fig. S4.1,

which can be accessed at http://extras.springer.
com). Expansion-contraction cycles have been
assigned by previous workers to 70+ named beds
(Burnside and Culbertson 1979; Roehler 1991b,
1992¢, 1993; Culbertson 1998) based on Fischer
assay logs (Fig. 4.9).

4.4.3 Lithofacies Stacking Patterns

Repetitive stacking of lithofacies occurs at two
characteristic scales within both the interior and
peripheral belts of the WPM (Fig. 4.14): (1) 0.1-
6.0 meter-thick lacustrine expansion-contraction
cycles bounded by flooding surfaces (Eugster
and Hardie 1975; Smoot 1983; Fischer and
Roberts 1991; Roehler 1993; Pietras et al. 2003b);
and (2) 3-30 meter-thick oscillation between
lacustrine and alluvial lithofacies (Culbertson
1961; Aswasereelert et al. 2013; Smith et al.
2014). The Green River Formation has long been
suspected of recording orbital periodicities
(Bradley 1929; Fischer and Roberts 1991;
Roehler 1993), but the causal links between
lithofacies stacking patterns and specific orbital
changes to insolation have remained elusive.
Based on “Ar/Ar geochronology and
macrostratigraphy-based  spectral ~ analysis
(Machlus et al. 2008; Meyers 2008; Smith et al.
2008b; Smith et al. 2010; Aswasereelert et al.
2013), the wvertical stratigraphic oscillation
between lacustrine and alluvial facies is the most
prominent variation and likely coincides with the
100 k.y. eccentricity (Fig. 4.3). Lacustrine
expansion-contraction cycles, which have been
hypothesized to reflect precession cycles (Fischer
and Roberts 1991; Roehler 1993), were of shorter
apparent duration (5-30 ka; Pietras et al. 2003b),
and exhibit a less well-defined spectral signature
(Machlus et al. 2008; Aswasereelert et al. 2013).

4.4.3.1 Lacustrine Expansion-
Contraction Cycles

Lacustrine expansion-contraction cycles within

the WPM are expressed differently at interior

versus peripheral locations, presumably due to

differences in sediment type(s) and basin hyp-

sometry. In the basin interior (Fig. 4.9), 0.1-6.0
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Fig.4.15 Lithofacies interpretation diagrams illustrating
characteristic depositional environments in the southern
Bridger subbasin during ca. 5-30 ky-duration lacustrine
expansion-contraction cycles. Note that arkosic bedload

meter-thick expansion-contraction cycles occur
within lacustrine intervals. These typically con-
sist of a thin transgressive basal lag of intraclastic
conglomerate (lithofacies /-Liil) and/or calcare-
ous sandstone (lithofacies I-Lii2) that is overlain
by organic-rich carbonate mudstone (lithofacies
I-Liv2), and capped by mudcracked carbonate
mudstones and siltstones of lithofacies I-Li2
(Eugster and Hardie 1975; Pietras and Carroll
2006). In the subsurface depocenter of the
Bridger subbasin ~10 km west of the Rock Spring
Uplift, expansion-contraction cycles often culmi-
nate in evaporites (lithofacies I-Liiil and 2).
Strata at the basin periphery contain similarly-
scaled lacustrine expansion-contraction cycles to
those in the basin interior (Fig. 4.10), but are
notably lacking in dolomite and evaporate miner-
als. A simple three step model that accounts for
the observed differences between basin interior
and basin peripheral lacustrine cycles as
expressed across the Bridger subbasin is shown
in Fig. 4.15. Oscillation-rippled sandstone (litho-
facies /I-Lii2) and isolated tufa-travertine depos-
its (lithofacies II-Liil) comprise the expanded
transgressive portion of the cycle. Thin intervals

M.E. Smith et al.

Lowstand

Regression

Depositional environments (cf. Table 1)

Alluvial fan (/I-Ai)

Alluvial plain (/I-Aif)

Littoral sand (//-Lii2 & 3)
B Tufa-travertine (I/-Lii1)

M saline Lake (-Liv, II-Liii)
Quter playa-mudflat (//-LJ)
Inner playa-mudflat (/-LJ)

| Salt pan (/-Liii)

from the Aspen River was prevented from entering the
Bridger subbasin during lacustrine modes. During alluvial
modes (not depicted), alluvial environments would have
filled the basin

of sublittoral mudstones (lithofacies II-Liiil)
deposited during highstands of Lake Gosiute
typically overlie transgressive facies, and are in
turn overlain by palustrine (/I-Li), littoral (II-Lii),
or alluvial (/I-A) lithofacies deposited during
recession and lowstand.

4.4.3.2 Lacustrine-Alluvial Cycles

Although not featured prominently in previous
investigations of GRF cyclicity,
macrostratigraphy-based spectral analysis of the
WPM by Aswasereelert et al. (2013) indicated
that the most prominent and regular repeating
arrangement of facies within the WPM is the
oscillations between the lacustrine and alluvial
macroassociations. Sedimentology, 8'*C geo-
chemistry and “°Ar/**Ar-based cyclostratigraphy
led Smith et al. (2014) to conclude that lacustrine
intervals represent high eccentricity while allu-
vial phases represent low eccentricity (Fig. 4.16).
Lacustrine intervals are composed of strata
arranged in lacustrine expansion-contraction
cycles which can themselves often be correlated
basin-wide (Fig. 4.5). Within alluvial intervals,
beds of particular lithofacies are much less con-
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tinuous due to the migration of fluvial channels
and distributary networks.

The gradiational versus abruptness of transi-
tions between lacustrine to alluvial lithofacies
and alluvial to lacustrine lithofacies differ at
peripheral versus interior locales. Alluvial to
lacustrine transitions in the basin interior are
often marked by abrupt transitions from drape-
bedded sandstone (lithofacies I-Ai2) to microla-
minated profundal micrites (lithofacies I-Liv2,
Fig. 4.11b). Basin interior lacustrine to alluvial
transitions are more gradational (Fig. 4.9). Cycle
asymmetry is reversed at the basin periphery
relative to cycles in the basin center. Alluvial to
lacustrine transitions at the basin periphery are
typically gradational, whereas lacustrine to allu-
vial transitions are abrupt and marked by incision
of fluvial channels into subaerially exposed
lacustrine facies (Fig. 4.11).

4.4.4 Basin-Scale Accumulation
Patterns

Accumulation rates calculated using “°Ar/*Ar
ages indicate that accommodation remained rela-
tively stable over multi-million year intervals
(Fig. 4.17). Maximum accumulation shifted from
a Paleocene foredeep outboard of the Wind River
Uplift to an Early Eocene foredeep adjacent to
the Uinta Uplift (Beck et al. 1988). The most
rapid accumulation in the Uinta Uplift foredeep
(490 m/m.y.) occurred during deposition of the
‘main body’ of the Wasatch Formation, with rates
diminishing to less than 200 m/Ma during the
subsequent deposition of the Green River
Formation. A roughly 2:1 asymmetry of basin fill
between the Uinta Uplift foredeep in the southern
Bridger subbasin (site EP: Fig. 4.17) and center
of the GGRB (site Y: Fig. 4.17) was maintained
throughout Paleogene deposition.

Strata of the WPM are remarkably laterally
continuous north to south across the Bridger
subbasin (Fig. 4.5). Internally, the WPM thick-
ens from north to south by a factor of 3 into its
depocenter in the Uinta Uplift foredeep due to
both to the updip pinching out of lacustrine
expansion-contraction cycles (Pietras and

M.E. Smith et al.
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Fig. 4.17 Radioisotopically calibrated accumulation
rate variations across the GGRB, illustrating the shift
from a northern to southern depocenter during deposi-
tion of the main body of the Wasatch Formation and
accumulation variations within the Green River
Formation

Carroll 2006) and the presence of basin interior
alluvial and evaporite lithofacies in the depocen-
ter (Fig. 4.5). Within the WPM depocenter, allu-
vial beds are thickest and coarsest along the
southeastern edge of the Bridger subbasin, near
the apparent entry point for the Sand Wash River
(Fig. 4.7). Bedded evaporates are by contrast
confined to a depocenter in the west-central por-
tion of Bridger subbasin (Fig. 4.1; Burnside and
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Culbertson 1979; Wiig et al. 1995). Lacustrine
intervals become thickest adjacent to the Uinta
Uplift, where enhanced carbonate production by
Ca-rich streams draining Paleozoic carbonates
entered the bicarbonate-oversaturated but
Ca-undersaturated waters of Lake Gosiute (cf.
Church and Buchheim 2002; Smith et al. 2008b).
Enhanced carbonate precipitation is consistent
with spring deposits adjacent to the Uinta Uplift
(Fig. 4.15) and with a tenfold increase in typical
laminae thicknesses at the basin periphery rela-
tive to basin interior.

4.4.5 Clastic Provenance

The WPM and equivalent alluvial strata are geo-
graphically segregated into distinct arkosic and
quartzose compositions (Fig. 4.4b). These each
reflect a distinctly different sediment source com-
position, transport path, and drainage basin gradi-
ent. Sandstones deposited within 5 km of the
Uinta Uplift along the southern periphery of the
Bridger subbasin have quartzose to sub-lithic
compositions (Fig. 4.4a). Uinta Uplift-derived
sandstones often contain quartz grains with
quartz-cemented rims, and are commonly inter-
bedded with granule- to boulder-sized clasts of
pre-Cenozoic bedrock derived from the Uinta
Uplift. Paleocurrent indicators within these
quartzose sandstones and conglomerates (trough
orientations, pebble imbrication) are consistently
north-directed. In contrast, channelized sandstone
facies (I-Ail) in basin interior alluvial units are
relatively fine-grained and arkosic (~50 % feld-
spar; Fig. 4.4b). Basin interior sandstones contain
biotite, muscovite, green amphibole, and meta-
morphic lithic grains, and they exhibit widely
scattered west- and southwest-directed paleoflow
indicators (Fig. 4.4a). Based on the differences
listed above, we concur with Smoot (1983) that
the basin interior sandstones were derived from
crystalline basement uplifts east of the Bridger
subbasin rather than from the Uinta Uplift.

4.4.5.1 Unroofing of the Uinta Uplift
J.W. Powell (1876) was first to note the sequen-
tial appearance of Cretaceous mudstone,

Paleozoic carbonate, and Precambrian quartzite
in Cenozoic conglomerates deposits adjacent to
the Uinta Uplift, and subsequent studies have
documented similar sequences within Paleogene
strata along its flanks (Hansen and Bonilla 1954;
Wiegman 1964; Crews and Ethridge 1993).
Phanerozoic bedrock of the Uinta Uplift
(Fig. 4.6b) consists of a thin interval (~500 m) of
Cambrian through Mississippian carbonate
strata overlain by ~2 km of Pennsylvanian
through Cretaceous sandstone and siliciclastic
mudstone (Hansen 1965; Love and Christiansen
1985; Rowley et al. 1985). Below Phanerozoic
strata lies 2-3 km of quartzite and mudstone
assigned to the Proterozoic Uinta Mountain
Group, which was deposited atop gneissic
Archean basement of the Red Creek Quartzite.
In the studied area of Uinta Uplift-proximal
strata between Richards Mountain and Phil Pico
Mountain, conglomerates are concentrated
within three 0.5—1 km-thick, ~15 km-wide com-
posite alluvial fan bodies, each of which exhibit
similar unroofing sequences (Fig. 4.6a). The ca.
56-52 Ma succession of conglomerates at
Richard Mountain (Crews and Ethridge 1993)
provides a useful example: the Late Paleocene-
age basal conglomerate just north of Goslin
Mountain contains mudstone and chert pebbles,
and lies in angular unconformity atop vertically
oriented to overturned Cretaceous Mesaverde
Group (Fig. 4.11h; Wiegman 1964; Colson 1969;
Bradley 1988). Overlying Early Eocene strata of
the Wasatch Formation contain cobble- to boul-
der-sized clasts of Paleozoic sandstones and car-
bonates, which are replaced up-section by
quartzite clasts derived from the Proterozoic
Uinta Mountain Group (Fig. 4.11i, g). This
Mesozoic-Paleozoic-Proterozoic unroofing
sequence is repeated in younger fan deposits to
the west: (1) first the WPM-equivalent Canyon
Road fan (52-50 Ma), and (2) second the Phil
Pico fan (50-47 Ma), which interfingers with the
Laney Member of the GRF and overlying
Bridger Formation (Fig. 4.6a). The earliest fans
appeared adjacent to the “East Dome” structural
culmination in the Uinta Uplift (Hansen 1965;
Rowley et al. 1985) at approximately the Utah-
Colorado border, and subsequent fans migrated
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Fig. 4.18 Interpreted Paleocene through Early Eocene
paleogeology of the Uinta Uplift showing asymmetric
removal of Phanerozoic bedrock and coincident west-
stepping development of fanglomerate deposits. Areas of
earliest uplift delineated using conglomerate composi-
tions (Fig. 4.6a). Broad outline of unroofing based on

20 km

f'o\ Alluvial Fan

|:| Cenozoic strata preserved

simple removal of strata from structurally highest areas
following bedding orientations mapped within the
Proterozoic Uinta Mountain Group mapped by Hansen
(1965). Palinspastically-adjusted to reflect interpreted
~20 km of left-lateral translation along the Uinta Thrust
(Johnston and Yin 2001)
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to the west as the unroofed region expanded
along its crest (Fig. 4.18).

4.5 Discussion

The scale of stratigraphic patterns in the WPM is
useful to consider when attempting to resolve the
forcing mechanisms responsible for its accumu-
lation and stratigraphic stacking. Geochronology
and cyclostratigraphy suggest the regularity of
ca. 1-30 meter-scale vertical facies variability
within WPM is likely climatic and/or stochastic
rather than tectonic in origin. A strong apparent
ca. 100 k.y. oscillation between lacustrine and
alluvial modes suggests these lithofacies changes
to have been driven by short eccentricity
(Aswasereelert et al. 2013; Smith et al. 2014). In
contrast, Uinta Uplift tectonism appears to have
affected the basin on significantly longer times-
cales which include the 1-3 million year growth
and abandonment of alluvial fans and 6 million
years of continuous flexural subsidence in the
southern GGRB (56-50 Ma). In the following
discussion we first address the origin of fine-
scale lithofacies variations, and then focus on the

role of longer-term, tectonically driven
processes.
4.5.1 Depositional Modes

The Wilkins Peak Member illustrates that the
vertical juxtaposition of facies of underfilled
lacustrine basins often violate Walther’s “Law”’;
i.e., they were deposited from sedimentary envi-
ronments that never coexisted at any one time,
yet they are intercalated in a regular repetitive
manner (Aswasereelert et al. 2013; Smith et al.
2014). Such stacking of genetically unrelated
facies in the WPM reflects the repeated whole-
sale rearrangement of the hydrology and sedi-
ment  transport  between  three  basic
paleogeographic and paleolimnologic configura-
tions, or modes: (1) a lacustrine highstand mode;
(2) a lacustrine lowstand mode; and (3) an allu-
vial mode (Smith et al. 2014). During lacustrine
highstand modes (Fig. 4.16a), laterally extensive

and isopachous beds of predominantly carbonate
strata (Fig. 4.5) indicate that Lake Gosiute inun-
dated a large portion of the Bridger subbasin and
some parts of adjacent subbasins (Fig. 4.7). Due
to remnant brines, its waters were likely salinity-
stratified, dysoxic to anoxic and lacking in multi-
cellular life. This promoted the preservation of
very thin laminae and organic matter, particularly
in the basin interior away from meteoric inflow
where lake waters were also probably deepest.
Arkosic detritus was largely confined to subba-
sins to the east of the Rock Springs Uplift during
highstand lacustrine modes, whereas carbonate
lacustrine sediment accumulated in the Bridger
subbasin. During  lacustrine  lowstands
(Fig. 4.16b), Lake Gosiute was restricted to the
central Bridger subbasin, surrounded by a vast
playa of mudflats and marshy areas, and was
prone to evaporite deposition from its alkaline,
hypersaline brine. Although lake level was low
during lacustrine lowstands, little arkosic allu-
vium appears to have been transported into the
Bridger subbasin during these evaporitic phases.
The partitioning of siliciclastic detritus within the
eastern subbasins is particularly apparent in the
diminished orthoclase peak heights observed in
XRD measurements of lacustrine intervals in
basin interior coreholes (Fig. 4.9; Mason 1987).
During alluvial modes (Fig. 4.16c), a broad, low-
gradient alluvial plain extended into the Bridger
subbasin from the east, with the Aspen River
routed through relatively narrow gateways at the
southern end of the Rock Springs Uplift.
Concurrently, fan-deltas that had been restricted
to the southern basin edge adjacent to the Uinta
Uplift during lacustrine highstands extended sev-
eral kilometers into the Bridger subbasin and
merged with the alluvial surface constructed by
eastern-derived arkosic alluvium between the
measured outcrop sections LM and CC (Fig. 4.7).
Although Lake Gosiute appears to have been
aerially restricted during alluvial modes, perhaps
counter-intuitively, the trace fossil assemblage,
uraniferous horizons (Mott and Drever 1983),
and absence of evaporite minerals or carbonate
lacustrine facies within alluvial-deltaic intervals
suggests diminished salinity and alkalinity dur-
ing their deposition (Fig. 4.9).
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4.5.2 Unroofing of the Uinta Uplift

The appearance of conglomerates in the stratal
record has often been interpreted to reflect the
creation of tectonically induced relief (Powell
1876; Knight 1937; Graham et al. 1986; DeCelles
et al. 1991b; Carrapa and DeCelles 2008).
Conglomerates proximal to the Uinta Uplift offer
a unique temporally resolved view of its uplift
and denudation over 8 million years and illustrate
several under-recognized complexities in the
temporal relationship between tectonism, the
appearance of coarse-grained alluvium and lake-
basin formation (Fig. 4.18). The appearance of
coarse-grained conglomerates in Paleogene strata
adjacent to the Uinta Uplift appear to have been
delayed by at least 3 Ma after its initial upwarp-
ing, having been masked by the lack of coarse
clasts produced during unroofing of the thick,
fine-grained, poorly-cemented and non-durable
Mesozoic strata (cf. Carroll et al. 2006).
Conglomerates containing cobble- to boulder-
sized clasts only appeared in Uinta Uplift-
proximal strata after the subsequent emergence
of the durable core of the Uinta Uplift. Individual
fans along the north edge of the Uinta Uplift
appear to have formed concurrently with the
localized removal of its ~500 meter-thick
Paleozoic carapace of durable sandstone and
limestone (Fig. 4.6b). The removal of the
Paleozoic occurred initially near Goslin
Mountain, and spread laterally to the west with
time. The typical duration between exposure and
removal of the ~500 m of Paleozoic strata from
catchments along the crest of the uplift was
approximately 1-2 Ma. Applying the initial
exposure gate provenance modeling concept of
DeCelles (1988) yields a net denudation rate
between 250 and 500 m/Ma, which exceeds
recent estimates for landscape denudation calcu-
lated from the preserved volume of arkosic allu-
vium in the eastern GGRB and sodium in basin
interior evaporites (Smith et al. 2008a). Based on
all available geochronology and the along-strike
stratigraphic correlation shown in Fig. 4.6a, this
unroofing sequence migrated westward away
from the eastern of dome of the Uinta Uplift,
propagating successive fans every 1-3 Ma
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(Fig. 4.18). Though the west-stepping progres-
sion of fan deposits makes it is difficult to accu-
rately interpret a discrete age for the initiation of
uplift from a single fan deposit (Fig. 4.6), taken
as a whole, the conglomerate record suggests
continuous upward motion of the Uinta Uplift
from the Paleogene through the Early Eocene.

4.5.3 Influence of Lithofacies-
Dependent Sedimentation
on Apparent Accommodation

Patterns

Differential accumulation in tectonic basins is
often attributed to asymmetric accommodation
due to crustal flexure adjacent to actively forming
geologic structures (i.e., Barbeau 2003). The
areal distribution and thickness of lacustrine and
alluvial deposits of the WPM, for example, is
asymmetrical (Figs. 4.2 and 4.4a), thickening by
a factor of ~3 towards the southern Bridger sub-
basin where accommodation was apparently
greatest (Figs. 4.4a, 4.5 and 4.17). This stratal
geometry has been cited to indicate a two discrete
pulses of Uinta Uplift tectonism and flexurally-
induced subsidence in the southern Bridger sub-
basin during the Early Eocene. The first would
have resulted in differential accumulation of the
“main body” of the Wasatch Formation, followed
by a lull during deposition of the Tipton Member
of the GREF, then a second pulse of flexure during
WPM deposition (Gries 1983; Roehler 1993;
Pietras et al. 2003a). However, this two-phase
model is inconsistent with regional kinematic
models (i.e., Bird 1998), which depict continuous
Early Eocene contraction.

Considering geochronology-based accumula-
tion rates (Fig. 4.17) and the sediment accumula-
tion habits of lacustrine highstand facies within
the GREF, it may not, however, be possible to dis-
tinguish two-phase from continuous tectonism by
tracking differential accumulation. This is
because laminated organic-rich mudstone of the
ca. 52.5-51.6 Ma Tipton Member accumulated
during consistently high lake levels and almost
entirely lack basin interior-focused facies
(Roehler 1993; Graf et al. 2015). Because
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sediment couldn’t accumulate rapidly in center
of the basin, a lull in differential accumulation
would have occurred even if flexure was ongoing.
When juxtaposed against the pronounced asym-
metry in basin fill within underlying and overly-
ing strata of the “main body” of the Wasatch
Formation and WPM, respectively, this ~0.9 mil-
lion year hiatus in basin interior accumulation
could be misinterpreted to indicate hiatus in flex-
ural subsidence. Facies-based bias in accumula-
tion patterns can also be observed at a finer scale
within the WPM, where profundal facies within
lacustrine intervals are also largely isopachus
whereas alluvial and evaporate beds are concen-
trated in the southern Bridger subbasin (Figs. 4.4a
and 4.5). When considered together with ongoing
unroofing of the Uinta Uplift from the Paleocene
through the Early Eocene indicated by the con-
glomerate record (Fig. 4.7 and 4.18), the balance
of the evidence favors continuous rather than
two-phase tectonism.

4.5.4 Fluvial Paleogeography

Due to the closed paleohydrology of the GGRB
during WPM deposition, the WPM represents the
integrated bedload, suspended load, and dis-
solved load of all of the streams draining its
catchment area (Smith et al. 2008a). Closed to
extrabasinal input from the Cordilleran divide
(Fig. 4.8, Smith et al. 2008b; Doebbert et al.
2010), intrabasinal rivers would have provided
the bulk of the water, solutes, and sediment. Two
well-distinguished catchment types were respon-
sible for delivering clastic detritus to the study
area during WPM deposition (Fig. 4.1): (1) small,
high-relief basins on the north flank of the Uinta
Uplift; and (2) a large alluvial basin draining
Precambrian-cored Laramide uplifts to the south
and east that fed the Aspen River (Smith et al.
2014). During alluvial modes, these Uinta Uplift-
derived streams would have converged with the
Aspen River approximately 5 km from the south-
ern margin of the GGRB before flowing out into
the Bridger subbasin.

4.5.4.1 Uinta Uplift Mountain Streams
Coarse-grained fanglomerate deposits contain-
ing tractive and mass-flow-derived textures adja-
cent to the Uinta Uplift attest to steep gradients
within the streams that drained small catchments
along its north flanks. Although the clastic
deposits of basin peripheral streams are of lim-
ited aerial extent, the input of Ca?* rich waters
appears to have played an important role in trig-
gering the precipitation of carbonate from
Ca-undersaturated, bicarbonate-rich lake waters
along the southern edge of the basin (Fig. 4.13e).
Interparticle travertine coatings within basin
periphery conglomerates and the large volume of
calcareous intraclasts and peloids within periph-
eral lacustrine deposits attest to this Ca®* input
(Fig. 4.13c).

4.5.4.2 The Aspen River Megafan

The composition, texture and stratigraphic pack-
aging of basin interior alluvial units suggests they
that they repeatedly prograded westward into the
Bridger subbasin during alluvial modes (Fig. 4.7,
Smith et al. 2014). The vast thickness of arkosic
Cathedral Bluffs Member alluvium in subbasins
to the east of the Rock Springs Uplift was also
derived from uplifts to the southeast (Figs. 4.4a
and 4.7). In addition to being the site of sediment
accumulation, these subbasin may have served as
short term reservoirs of clastic detritus during
periods of elevated lacustrine base level (Sullivan
1985; Roehler 1993; Smith et al. 2008a).
Individual alluvial units in the WPM represent
basinward expansions of the distal terminus of a
vast, low-gradient inland delta, or fluvial mega-
fan (cf. Leier et al. 2005) that deposited alluvium
eroded from the west side of the Rocky Mountains
in Colorado (Fig. 4.1). The Aspen River catch-
ment extended into Laramide highlands along the
Rocky Mountain divide, and consequently the
advection of siliciclastic detritus was likely sensi-
tive to changes in summer monsoon intensity,
which has been modelled to have been focused
on the eastern slope of the Rocky Mountain
divide (Fig. 4.8; Sewall and Sloan 2006; Huber
and Goldner 2012).
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4.5.5 Compositional Partitioning by
Interbasinal Structures

The WPM and time-equivalent strata are compo-
sitionally segregated both laterally (i.e., between
subbasins of the GGRB) and vertically (i.e.,
between alluvial and lacustrine intervals within
the Bridger subbasin). Precipitated solutes (car-
bonates and evaporites) comprise the bulk of
material within the Bridger subbasin, whereas a
larger volume of siliciclastic alluvium comprises
the WPM-equivalent basin-fill in the Great
Divide, Washakie, and Sand Wash basins
(Fig. 4.4). Partitioning between subbasins is here
interpreted to have been accomplished by a sill
formed at or near the Rock Springs Uplift
(Fig. 4.16). This sill appears to have only been
effective during lacustrine phases, and interest-
ingly, even during lowstands. During alluvial
modes, water and sediment were routed around
the Rock Springs Uplift, spilling into the south-
east corner of the Bridger subbasin unimpeded.
The effectiveness of compositional partitioning
between subbasins during lacustrine modes is
strikingly illustrated in the basin interior XRD
logs for dolomite and orthoclase (Fig. 4.9), and
appears to have reached its peak effectiveness
during deposition of middle portion of the WPM.

Smith et al. (2014) proposed a model in which
the compositional partitioning of siliciclastic
detritus is attributed to the coupled geomorphic
and depositional response of the Aspen River to
lake level changes and ongoing growth of the
Rock Springs Uplift (Fig. 4.16). According to
this model, the Aspen River entered Lake Gosiute
east of the Rock Springs Uplift during lacustrine
highstand modes, and built deltas of arkosic
detritus at or near the Rock Springs Uplift saddle
(Fig. 4.16a). Although no strata remain in the
saddle between the Uinta and Rock Springs
uplifts due to post-Eocene erosion (Fig. 4.7), the
Aspen River would presumably have debauched
in this ~20 km wide area. Subsequently, during
lacustrine lowstand modes, the recently depos-
ited and permeable sandy deltaic deposits pre-
vented the overland surface flow of a diminished
Aspen River from crossing the Rock Springs
Uplift saddle, but allowed water and solutes to
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percolate through the delta and possibly emerge
at down-gradient springs (Fig. 4.16b). Only dur-
ing alluvial phases did siliciclastic material enter
the Bridger subbasin, with some sediment derived
via the reworking of lacustrine highstand delta
deposits that had accumulated near the southern
end of the Rock Springs Uplift (Fig. 4.16¢).

4.6 Conclusions

1. A unique suite of alluvial and lacustrine facies
occur in the WPM adjacent to the Uinta Uplift
and can be correlated to basin interior lacus-
trine and alluvial strata at high resolution.

2. Conglomerate clast compositions in the south-
ern Bridger subbasin indicate that unroofing
of the Uinta Uplift occurred continuously
from the Paleocene through the Early Eocene.
Stratigraphic packaging and conglomerate
compositions indicate progressive westward-
migrating removal of its Phanerozoic cara-
pace over a period from ca. 56-47 Ma, with
growth and abandonment of individual allu-
vial fans occurring over 2—4 m.y. intervals.

3. The expression of tectonic accommodation
via differential accumulation within the Green
River Formation is highly dependent on the
presence or absence of basin interior-focused
lithofacies. Basinal accommodation potential
is masked during intervals of consistently
high lake level due to the absence of thick
accumulation of bedded evaporites and basin
interior alluvial strata. Accounting for the
resulting bias in accumulation patterns, load
induced flexural differential subsidence
caused by uplift of the Uinta Mountains was
likely continuous throughout the Early
Eocene.

4. The most strongly expressed climate signal
contained within the Wilkins Peak Member
and equivalent deposits is an alternation
between lacustrine carbonate and alluvial
clastic deposition, which was recently related
to 100 k.y. eccentricity. The repeated appear-
ance of conglomerate horizons at the basin
periphery concurrently with alluvial intervals
suggests that individual conglomerate beds
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reflect changes in base level rather than pulses
of uplift.

5. In addition to climatically governed fluctua-
tions in lake level, changes in the lateral
advection of weathering products from the
Lake Gosiute watershed strongly influences
the character of the Wilkins Peak Member.
This “geomorphic amplification” of the cli-
mate signal is accomplished by the compart-
mentalization of alluvium within subbasins of
the eastern GGRB during lacustrine modes
and episodic westward over-spilling of the
Aspen River and other rivers from the Great
Divide/Washakie/Sand Wash subbasins into
the Bridger subbasin during alluvial deposi-
tional modes.
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Abstract

Outcrops of the Laney Member of the Green River formation that rim the
Washakie basin provide a well exposed ~60 km stratigraphic transect that
records the final stages of Eocene Lake Gosiute. The Laney Member com-
prises two main facies associations: fluctuating profundal facies of the
lower LaClede Bed; and fluvial-lacustrine facies of the upper LaClede and
Sand Butte Beds. The lower LaClede Bed consists of repetitive, 1-5 m
scale facies successions that record episodes of lake expansion and con-
traction that occurred over time scales in the range of 10-50 ky. These
deposits are also punctuated by a ~12 m interval of dolomitic siltstone and
siliciclastic siltstone and sandstone (the “buff marker bed”), that has previ-
ously been interpreted to record a unique event of basinwide desiccation
due to temporary blockage of a major influent stream. The maximum
extent of lower LaClede Bed lakes progressively increased though
time, as recorded by northeastward advance of successive shorelines
within the study transect. The upper LaClede Bed in contrast lacks clearly
defined parasequences, and instead consists of continuous mudstone
deposits that grade upward into deltaic volcaniclastic facies of the Sand
Butte Bed. The latter includes well-developed foresets reaching up to
25 m in relief, that record progressive infill of Lake Gosiute from the
northwest to southeast.

We interpret the lower LaClede Bed to record deposition in a balanced-
fill lake basin, in which lakes of varying salinity expanded and contracted
across a low-relief basin floor. The preservation of shoreline and alluvial
facies in the northeastern part of the transect suggest maximum lake depths
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of ~50 m or less, based on analogy to the modern Bear River Delta in
Utah. We interpret the upper LaClede Bed to record deposition in an over-
filled lake basin, that was continuously occupied by a relatively stable,
freshwater lake with an outlet to the south.

Previous studies concluded that the transition to overfilled conditions
resulted from capture of the Idaho River. The results of this study suggest
a more complex process of continuous watershed expansion that occurred
throughout Laney Member deposition. Based on 875t/3Sr ratios, the base
of the Laney Member in the Bridger basin appears to be slightly older than
in the Washakie basin. Capture of the Idaho River did trigger the shift to
overfilled conditions however, and southward spillage of Lake Gosiute
caused lakes in the Piceance Creek and Uinta basins to merge and deposit
the highly organic-rich Mahogany zone. Detritus from the Challis volcanic
field eventually filled in Lake Gosiute, and was then carried downstream
to partly fill Lake Uinta.

5.1 Introduction

Interest in lacustrine basins has grown dramati-
cally in recent decades, due to their highly
detailed records of past climatic conditions on
the continents, their sensitivity to tectonically-
driven deformation and dynamic topography, and
their extensive commercial resources. The Green
River Formation represents one of the best known
and most economically important intervals of
lacustrine strata in the world, In recent years, it
has also become a focal point for the develop-
ment of high resolution radioisotopic and
astrochronologic timescales. Many aspects of its
geologic evolution have been documented by
previous studies, but due to its extraordinary
stratigraphic complexity and the evolving nature
of scientific questions that it can help address, a
daunting amount of work remains to be done.
Herein we examine the detailed stratigraphy
and genetic evolution of one unit of the Green
River Formation, the Laney Member in south-
west Wyoming. The Laney Member was pro-
posed by Carroll and Bohacs (1999) and Bohacs
et al. (2000) to record a genetic transition from a
balanced-fill to overfilled lake basin, prior to the
final infill of Eocene Lake Gosiute. In this paper
we examine the stratigraphic relations exposed in
outcrop along the Delaney and Kinney Rims of
the Washakie basin to provide the first detailed
documentation of this lake-type transition.

5.2  Geologic Setting

The Green River Formation was deposited
between approximately 54 and 44 Ma by a series
of lakes that ranged from freshwater to hypersa-
line, within the broken foreland associated with
the western U.S. cordilleran orogenic zone
(Bradley 1964; Dickinson et al. 1988; Roehler
1993; Smith et al. 2008; Fig. 5.1). Eocene Lake
Gosiute occupied the Greater Green River basin,
which includes the Bridger, Great Divide, and
Washakie basins in southwestern Wyoming and
the Sand Wash basin in northwestern Colorado.
The present study focuses on Laney Member out-
crops and proximal drill cores along two continu-
ous cuestas known as the Delaney and Kinney
Rims, which bound the northern and western
edges of the Washakie basin (Fig. 5.2).

The Laney Member of the Green River
Formation marks the final transition from a saline
lake to a freshwater lake, that was progressively
filled in by volcaniclastic sediment. The Laney
Member encompasses three sub-units: the
LaClede Bed, dominated by oil shale, the Sand
Butte Bed, composed of volcaniclastic siltstone
and sandstone, and the Hartt Cabin Bed, com-
posed of heterolithic, shallow freshwater lake
deposits (Roehler 1973). The LaClede Bed may
be subdivided into upper and lower intervals that
correspond overfilled and balanced-fill lake basin
conditions, respectively (Rhodes et al. 2007,
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section shown in Fig. 5.2. WM-1 is the location of the
WM-1 drill core

that these deltas generally prograded across the
basin from the north to the south. It was origi-
nally inferred that the volcaniclastic sediment
derived from the Absaroka volcanic volcanic
field, located in northwest Wyoming (Roehler
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1973; Surdam and Stanley 1980; Smith et al.
2008). However, a more recent radioisotopic
provenance analysis demonstrated that this
sediment was in fact sourced from the higher-
elevation Challis volcanic field in central Idaho
(Chetel et al. 2011).

Field Locations and Data
Collection

5.3

Description of strata along the Delaney and
Kinney Rims of the Washakie Basin in the Green
River Basin was completed for ten stratigraphic
sections and two drill cores obtained from near
the outcrop exposures (Supplementary Fig. S5.1,
Stratigraphic Cross Section of the Laney
Member, Green River Formation, Washakie
Basin, Wyoming which can be accessed at http://
extras.springer.com). Two of the outcrop sections
(DH and SL) are poorly exposed but were mea-
sured in an attempt to extend the upper LaClede
correlation northward along the Delaney Rim.
The two cores that were logged and correlated to
outcrop sections (Arco Oil and Gas WBI1 and
Arco Oil and Gas WB2) were described at the
USGS Core Research Center in Denver, CO.

Outcrop correlation was facilitated by
measuring the ppm U, ppm Th, %K, and total
gamma radiation at 50-cm intervals within seven
measured sections with a hand held gamma ray
scintillometer (GR-320 enviSPEC portable
gamma ray spectrometer, manufactured by
Exploranium). Each interval was measured for a
total of 60 s. Gamma ray calculations were pro-
cessed using Explore software (Exploranium
Radiation Detection Systems, Software Version
3V02). The natural gamma ray spectrum of
lacustrine strata reflects changes in volcanic input
(K, Th) and detrital heavy minerals (U; Bohacs
1998), and has proven to be an excellent correla-
tion tool for Laney Member strata.

5.4 Sedimentary Facies

Several past studies have documented details of
the Laney Member sedimentary facies (Bradley
1964; Buchheim 1978; Stanley and Surdam
1978; Surdam and Stanley 1979, 1980; and
Kornegay and Surdam 1980; Roehler 1992). The
organization of sedimentary facies presented
here builds on those reports, and provides the
basis for the Dbasin-scale stratigraphic
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Table 5.1 Facies and environmental interpretations

Surdam and Stanley
(1979)

Laminated carbonate

Laminated carbonate

Evaporite (?7)

Laminated carbonate

Laminated
carbonate, or
molluscan ostracodal
calcareous mudstone

Evaporite (?)

Evaporite

Sandstone and
mudstone

Variegated red bed,
thick-bedded mud
rock

Sandstone

This study

Laminated micritic
mudstone

Laminated
dolomicritic mudstone

Massive dolomicritic
mudstone

Stromatolite

algal mats

elongate

domal

Ostracode, oolitic, and
intraclastic grainstone

Massive dolomicritic
silty mudstone

Dolomitic siltstone
and sandstone (‘‘buff
marker”’)

Volcaniclastic
sandstone

Variegated silty
mudstone

Lithic to arkosic
sandstone

Description

Brown to blue-gray planar to wavy
millimeter-scale organic and
carbonate laminations, abundant
ostracode and fish fossils

Brown to blue-gray mm-scale
laminated mudstone, ostracode and
fish fossils common

Massive tan dolomicritic mudstone,

evaporites and mudcracks are
common near the top of massive beds

Laterally continuous thin (cm-scale)
algal mats, associated with rip-up
clasts, oolites, and ostracodes

Individual elongate (~40-cm long)
stromatolites associated with lithic
sandstone

Individual domal (~50-60-cm
diameter) stromatolites weather by
concentric delamination

Massive white-tan med-coarse grained
ostracode, oolitic, and intraclastic
grainstone, silicified to very friable in
outcrop, rare gastropods

Massive tan to pink silty dolomicritic
mudstone with chert nodules, root
casts

Silt to medium sized sand, beds
coarsen and thicken upward, then fine
and thin upward. Rip-up clasts occur
in discrete horizons before the unit
thins upward. Dolomite rhombs make
up >50 %.

Gray brown silty mudstone with plant
fragments, gray siltstone, and very
fine gray brown volcaniclastic
sandstone

Variegated silty mudstone with
claystone, and fine sand to pebble
sized clasts

Fine to coarse grained micaceous
lenticular to laterally continuous
sandstone with trough cross beds,
asymmetrical ripples, burrows, and
iron nodules.
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Environmental
interpretation

Profundal

Profundal

Littoral to sublittoral

Dolomite from exposed
mudflats through
evaporative pumping
and washed into the
lake during contraction
and lowstand

Littoral, low relief lake
floor
Littoral, delta front

Littoral, delta front

Littoral shoal or
foreshore

Lake plain (paleosol)

Low-relief delta front
to delta plain

High-relief pro-delta to
delta front

Flood plain

Fluvial

interpretations that follow. We subdivide the
strata exposed along the Delaney and Kinney
Rims into nine lithofacies that are interpreted to
represent depositional environments ranging

from profundal lacustrine to fluvial (Fig. 5.2).
Table 5.1 summarizes these facies and compares
them to the “lithologic elements” identified by
Surdam and Stanley (1979).
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5.4.1 Laminated Micritic Mudstone
Laminated micritic mudstone is the dominant
facies in the LaClede Bed of the Laney Member
(Fig. 5.3a). It is characterized by tan to gray-
brown organic-rich micritic mudstone (oil
shale) that contains sub-mm parallel to wavy
lamination, abundant ostracode and fish fossils,
and numerous mm- to dm-scale analcimated
tuff horizons. Mm- to cm-scale volcanic tuff
horizons are common, and sometimes exhibit
grain-size grading with coarser phenocrysts
occurring near their bases (Smith et al. 2003).
The bases of some tuffs are marked by com-
pacted, cm-scale tuff-filled cracks that formed
in the underlying laminated micrite (Fig. 5.3b).
These mud cracks appear polygonal in plan
view, and are exclusively associated with tuffs
containing analcime. This facies also contains
thin (<10 cm), dark brown beds of highly
organic-rich dolomicritic mudstone (oil shale)
known as “blue beds” because they weather to a
light gray/blue color. Blue beds may contain up
to 22 % total organic carbon by weight
(Fig. 5.3a; Horsfield et al. 1994).

This facies is interpreted to represent a pro-
fundal lacustrine environment, based on the pres-
ervation fine lamina that are often less than
100 pm thick and the presence of fish fossils
(Bradley 1929; Buchheim and Surdam 1977).
Anoxic bottom waters likely prevented disrup-
tion of lamina by burrowing organisms (c.f.
Demaison and Moore 1980). It has been argued
previously that the Lake Gosiute was perma-
nently stratified, with anoxic and possibly eux-
inic bottom waters (c.f. Bradley 1929; Ludlam
1969; Kelts and Hsii 1978). However, Buchheim
and Surdam (1977) noted that fossil catfish
commonly occur within laminated facies of the
Laney Member. Assuming that they were not
washed in from rivers flowing into the lake, the
presence of these bottom-feeding and dwelling
fish argues against permanent lake stratification
and suggest that hypolimnetic waters have been
at least intermittently dysoxic or oxic with low
levels of hydrogen sulfide.

The continuity of lamination and lack of trac-
tive sedimentary structures in this facies suggests
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that the lake bottom was largely unaffected by
waves or currents. Alternatively, sediment cohe-
sion or microbial binding may have inhibited
scouring and re-deposition. Some tuff intervals
do contain low-angle cross stratification that sug-
gest limited reworking by waves or currents.
Tuffs with mudcracks at their base are generally
found fully encased within profundal laminated
micrite, which appears to preclude an origin via
subaerial desiccation. Instead, we propose that
they formed subaqueously in response to analci-
mation of primary volcanic glass shards. Mineral
reactions that produce analcime from volcanic
glass within alkaline brines include an early
hydration reaction (Surdam and Parker 1972),
and may have dehydrated underlying, recently-
deposited mud.

Horsfield et al. (1994) noted that kerogen in
blue beds is dominated by alginate but also
includes subsidiary quantities of vitrinite and
intertinite, which they proposed was related to
increased advection of terrestrial organic matter
into the lake. They conclude that enhanced sur-
face runoff may have triggered increased pri-
mary productivity, resulting in greater organic
matter flux to the sediment. More speculatively,
increased runoff may have promoted water col-
umn stratification and bottom water anoxia due
to temporary ectogenic meromixis. The cause of
these episodes of enhanced runoff are not clear.
The presence of interinite suggests the possibil-
ity that they could record the aftermath of major
fires which removed stabilizing vegetation and
led to temporarily increased erosion within the
lake’s watershed.

5.4.2 Laminated Dolomicritic
Mudstone

Laminated dolomicritic mudstone is generally
tan or brown in color and characterized by alter-
nating mm- to sub-mme-scale laminae of organic
matter and dolomicrite. Ostracodes and fish fos-
sils are common in this facies. Laterally exten-
sive, mm- to dm-scale tuff horizons similar to
those in the laminated micritic mudstone facies
are abundant throughout.



Fig.5.3 Outcrop photos of Laney Member sedimentary
facies (see Fig. 5.2 for locations). (a) Laminated micritic
mudstone on the Kinney Rim; exposure height is ~2 m.
Note thin resistant “blue bed” just above center in the
photo. (b) Detail of laminated micritic mudstone showing
fine lamination and a cm-scale tuff with compacted mud-

cracks at its base. (¢) Algal stromatolite mat at AC, viewed
on bedding surface. (d) Elongate stromatolite facies at
TR. (e) Stacked succession of stromatolite heads (location
unknown). (f) Solitary stromatolite at SB. (g) Domal stro-
matolite at NBS
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This facies is interpreted to represent profun-
dal deposition during evaporative concentration
of a shrinking lake. Most studies have inferred a
penecontemporaneous origin of dolomite in the
Green River Formation, but the actual genetic
mechanism (or mechanisms) responsible for its
formation remains incompletely understood.
Wolfbauer and Surdam (1974) and Surdam and
Stanley (1979) argued that dolomitization of
recently deposited sediment occurred on lake-
fringing mudflats due to evaporative concentra-
tion of subsurface Mg-rich brine. In contrast,
Desborough (1978) proposed that cyanobacteria
preferentially concentrated Mg in their tissues
with respect to Ca, and that when these tissues
degraded at the lake bottom they released Mg that
promoted precipitation of authigenic dolomite.
Baker and Kastner (1981) suggested that the low
sulfate concentration of alkaline Lake Gosiute
may have helped promote dolomitzation. In addi-
tion to these abiotic mechanisms, Ma (2006) pro-
posed on the basis of elevated §'*C values that
dolomite formed as a result of methanogenesis.

5.4.3 Massive Dolomicritic
Mudstone

The massive dolomicritic mudstone contains tan
to dark brown, massive dolomicritic mudstone
with  ostracodes, evaporite casts, algal
laminations, and abundant mudcracks. This
facies is interpreted to record the transition
from sublittoral to supralittoral lacustrine
environments that occurs during lake contrac-
tion. The lack of lamination could have resulted
from bioturbation or brecciation of original
lamination by multiple generations of mud
cracks, or may reflect storm reworking of
fringing mudflats.

5.4.4 Algal Stromatolite

The algal stromatolite facies contains several
different stromatolite morphologies, including
laterally extensive algal mats, individual elongate
stromatolite  bodies, and solitary domal
stromatolite bodies. Laterally extensive algal
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mats are found within the Antelope Creek (AC)
section (Fig. 5.3c—f). These units are 10-30 cm
thick and weather dark gray and tan in outcrop.
They are typically underlain by platy dolomi-
critic intraclasts, and commonly interbedded
with ostracode, oolitic, and intraclastic grain-
stone. Individual elongate stromatolite bodies
occur in the Table Rock (TR) section, nearer to
the inferred lake margin than the algal mats at
Antelope Creek. The Table Rock stromatolite
bodies formed over a scoured surface and are
closely associated with lithic sandstone and
ostracode and oolite grainstone facies. Solitary
domal stromatolite bodies in the North Barrel
Springs (NBS) section are 0.5- to 1.0-m in diam-
eter, and occur in association with lithic sand-
stone and associated variegated silty mudstone
facies (Fig. 5.3g).

Modern lacustrine stromatolites have been
reported in a number of locales, including Green
Lake of Fayetteville, New York (Eggleston and
Dean 1976), Great Salt Lake (Halley 1976), and
Lake Tanganyika (Cohen and Thouin 1987;
Casanova and Hillaire-Marcel 1992). These algal
buildups have been documented to occur in both
lake marginal and fluvial environments.
Stromatolite in the Laney Member has been
interpreted to form in relatively shallow (littoral)
waters during the early phase of lake expansions
(Buchheim 1978). Individual stromatolite layers
can be correlated over distances exceeding 20 km
based on their consistent stratigraphic relation-
ship to distinctive volcanic tuffs, implying con-
temporaneous growth across large areas of a
low-gradient lake margin (Schultz et al. 2004).
The shape of elongate and domal stromatolite
bodies in Laney strata may have been influenced
by unidirectional currents within fluvial environ-
ments, or by increasing wave scour closer to the
lake margin (Platt and Wright 1991).

5.4.5 Ostracode, Oolite,
and Intraclastic Grainstone

The ostracode and intraclastic grainstone lithofa-
cies contains medium sand-sized ostracode and
intraclast grains that are very poorly cemented
and often poorly exposed (Fig. 5.4a, b).
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Fig. 5.4 Outcrop photos of Laney Member sedimentary
facies (see Fig. 5.2 for locations). (a) Ostracode, ooid, and
intraclast bed at SB (view of bedding surface). (b)
Photomicrograph of sample from bed in Fig. 5.4a (scale
bar=1 mm). (¢) Massive dolomicritic silty mudstone at
AC. (d) Partially silicified massive dolomicritic silty mud-
stone with at AC. (e) Overview of Cathedral Bluffs Tongue

(red and green slumped beds at base of succession) and
Laney Member at SB (overall thickness of Laney ~220 m).
(f) Siltstone and sandstone facies at TD (buff marker;
thickness is ~12.5 m). (g) Photomicrograph from within
the buff marker bed, note abundance of dolomite rhombs
(scale bar=1 mm). (h) Sandstone facies interbedded with
variegated silty mudstone facies at NBS
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Consequently, sedimentary structures within this
facies are difficult to discern. These poorly lith-
ified sediments are commonly associated with
thin lignite beds, wispy laminated green mud-
stone, gastropod fossils, tufa, and algal stromato-
lite. Larger intraclasts commonly contain
stromatolitic lamination and together with
ostracodes are often lithified as grapestone
(cf. Winland and Matthews 1974).

Similar to marine oolite, lacustrine oolite is
interpreted to record shallow, wave-agitated lake
marginal areas (Talbot and Allen 1996). Inorganic
carbonate can precipitate in lacustrine environ-
ments when chemically different water masses
are mixed (such as groundwater and lake water)
or as a result of photosynthetic activity (Kelts and
Hsii 1978).

The ostracode, oolitic, and intraclastic grain-
stone in the Laney Member are interpreted to rep-
resent beach sands and littoral shoals. Similar
facies have been observed along modern lacus-
trine shorelines that lack clastic input, as is the
case for stretches of the shoreline of Lake
Tanganyika (Cohen and Thouin 1987).

5.4.6 Massive Dolomicritic Silty
Mudstone

The massive dolomicritic silty mudstone lithofa-
cies weathers spheroidally and is commonly pink
to tan in color (Fig. 5.4c, d). Beds are typically
0.5-2.0 m thick, and are commonly associated
with cm-scale chert nodules and root traces.
Mudcracks and incipient brecciation are common,
as are interbeds of subhorizontally laminated silt-
stone. Lacustrine fossils are absent.

The presence of root traces is interpreted to
reflect colonization of an exposed lake-plain by
land plants, and the lack of lacustrine fossils and
presence of mudcracks further indicate that the
sediment was subaerially exposed. The chert nod-
ules have been previously interpreted to be
Magadi-type chert, diagenetically altered from
magadiite, a hydrous sodium silicate deposited
from strongly alkaline lake waters (Eugster 1967,
1969; Surdam and Stanley 1979). More recent
work on lake Magadi concluded that chert
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formation occurred due to decomposition of
pyroclastic deposits by alkaline groundwater, and
that chert precipitation was strongly influenced by
biogenic CO, (Behr 2002). However, the Magadi
basin lies within an area of active volcanism and is
underpinned by trachyte, and thus differs substan-
tially from the setting of the Green River basin.

Overall this facies is interpreted to record
incipient pedogenic modification of an originally
deposited silty mudstone, but well-developed soil
structures are absent.

5.4.7 Dolomitic Siltstone
and Sandstone

This facies is restricted to one stratigraphic inter-
val that is informally known as the “buff marker
bed” (Roehler 1973). This unit is roughly 12.5 m
thick at its best exposure in the Trail Dugway
(TD) section where it is composed of silt to
medium grained micaceous sand, and dolomite,
interbedded with mudstone (Fig. 5.4e, f). The
interval near the base of the buff marker bed con-
sist of siltstone to fine sandstone, and is parallel
to sub-parallel bedded with wavy mudstone lami-
nations. The beds coarsen and thicken upward in
the section and are composed of wavy-bedded,
fine- to medium-grained sand and mudcracked
mudstone. Sandstone units contain ripple cross
lamination, trough cross beds, and some massive
laterally discontinuous beds. The beds fine- and
thin-upward and are composed of thin dolomitic
siltstone and mudstone beds with intraclasts 3—4-
cm in length. Overall dolomite content reaches as
much as 50 % (Fig. 5.4g). The only fossils that
have been recovered from this facies include
crocodile and insects (Buchheim 1978).

Surdam and Stanley (1979) interpreted this
facies as an “evaporite” facies and reported that it
contained “beds and nodules of saline minerals”.
We did not observe such features in outcrop or
core however, and did not find any clear evidence
that they were originally present (such as pseudo-
morphs or collapsed beds). We agree however
with previous interpretations that this facies
records a major drop in the level of Lake Gosiute,
and that it represents deposition in playa to shal-
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low lake (littoral) settings which received silici-
clastic input from intrabasinal streams draining
the Laramide ranges to the east and south of the
Greater Green River Basin (Fig. 5.1).

5.4.8 Volcaniclastic Sandstone

The Sand Butte Bed of the Laney Member is
characterized by volcaniclastic detritus generally
ranging in size from siltstone to medium-grained
sandstone, interbedded with gray brown silty
mudstone containing plant fragments. It outcrops
along the Delaney Rim from the Delaney East
section to the Antelope Creek section, along the
entire Kinney Rim. Surdam and Stanley (1980)
documented basaltic and andesitic rock frag-
ments within the Sand Butte Bed, with an increas-
ing component of pyroclastic material toward its
southern extent in the Green River Basin. The
uppermost sandstone bed in the Antelope Creek
section is a very-fine-grained, purple, cross-
bedded sandstone that contains bone fragments
and carbonaceous material.

Bradley (1964), Roehler (1973), and Stanley
and Surdam (1978) interpreted the Sand Butte
Bed as a Gilbert-type fluvial/deltaic deposit with
individual bottomset, foreset, and topset strata
that can be mapped in outcrops along the Delaney
Rim. The thickness and bedding within the del-
taic foresets suggests progradation into a shallow
lacustrine environment (Stanley and Surdam
1978). The presence of 10 m-scale soft sediment
deformation at the base of the deltas suggests that
this facies was rapidly deposited across a soft
substrate, and may have been destabilized by
seismic activity. The Sand Butte deltas have been
compared to the late Quaternary Truckee River
deltaic deposits in Pyramid Lake, Nevada
(Stanley and Surdam 1978). Surdam and Stanley
(1980) inferred that the source of volcaniclastic
detritus lay within the Absaroka volcanic field,
located approximately 100 km to the north of the
Green River basin. However, more recent geo-
chemical provenance studies by Chetel et al.
(2011) demonstrate that this material was instead
derived from the Challis volcanic field, located
approximately 500 km to the northwest in central
Idaho.

5.4.9 Variegated Silty Mudstone

Variegated silty mudstone crops out along most
of the Delaney Rim, and along the base of Kinney
Rim. It is characterized by red, purple, green, and
white laterally continuous mottled bands of clay-
stone to mudstone with varying amounts of silt
and sand (Fig. 5.4h).

This facies represents the alluvial Wasatch
Formation that intertongues with the lacustrine
members of the Green River Formation along the
margins of the basin. The variegated beds have
been described in detail by Braunagel and Stanley
(1977) to represent sedimentary couplets that fine
upward and are interpreted to have been depos-
ited between channels during flooding events.

5.4.10 Lithic to Arkosic Sandstone

The lithic sandstone facies is characterized by
gray-tan to purple-red medium to coarse-grained
sandstone with cm-scale iron concretions, low
and high angle planar cross beds, 0.5- to 1-m
scale trough cross beds, plant fragments, lignite,
ripple marks and surfaces that have been scoured
to ~1 m. Resistant sandstones are more calcare-
ous and often interbedded with green, bluish,
and/or brown mudstone.

The predominantly fluvial characteristics and
mineral composition of the lithic to arkosic sand-
stone lithofacies are interpreted to indicate depo-
sition from streams originating in the Laramide
uplands to the east and south of the Greater Green
River Basin.

5.5 Facies Associations

The above facies form three major associations
that approximately coincide with established
stratigraphic subdivisions. The Laney Member
encompasses the fluctuating profundal and
fluvial-lacustrine facies associations (c.f. Carroll
and Bohacs 1999), whereas the Cathedral Bluffs
Tongue of the Wasatch Formation represents the
alluvial facies association. The detailed expres-
sion of each of these facies associations also var-
ies laterally within the study area (Fig. 5.5).
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Fig.5.6 Detailed measured section of the fluctuating profundal facies from the DW section (see Fig. 5.2 for location)

Stratigraphic correlations within the study area
were based primarily on distinctive stratal sur-
faces and lithologic markers that can often be
traced visually across tens of km. These include
exposure surfaces interpreted to record episodes
of lake desiccation, flat pebble conglomerate and
stromatolite horizons interpreted to represent
lake transgression, and highly organic-rich pro-
fundal facies (oil shale) interpreted to record
maximum lake expansion. Distinctive volcanic
tuff horizons and gamma-ray spectroscopy pro-
files were used to support correlations.

5.5.1 Fluctuating Profundal Facies
Association (Lower

LaClede Bed)

The fluctuating profundal facies association coin-
cides with the lower LaClede Member. In the

southwestern part of the study area (Localities
WB-1 to DE in Fig. 5.5), this association is typi-
cally dominated by repetitive facies successions
~1-5 m thick. These successions typically start
with flat pebble conglomerate, which is overlain
by ostracod or ooid grainstone and/or stromato-
lite (Figs. 5.6, 5.7; locally one or more of these
facies may be missing). They then grade abruptly
into laminated micritic and dolomicritic
mudstone, in varying proportions. Massive
dolomicritic mudstone containing mudcracks
predominates near the top of the succession. The
massive dolomicritic silty mudstone facies forms
a minor component of this association, and is
located stratigraphically above massive dolomi-
critic mudstone when present.

The lower LaClede bed at the TD through DE
localities contains at least 14 of these repetitive
successions, which correspond to the “deposi-
tional cycles” of Surdam and Stanley (1979;
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Fig. 5.7 Idealized chronostratigraphy of the fluctuating profundal facies association (Modified from Surdam and

Stanley 1979; Rhodes et al. 2002)

Fig. 5.5). These successions meet the definition
of parasequences (Van Wagoner et al. 1988), in
which lacustrine flooding surfaces substitute for
marine flooding surfaces (Bohacs 1998). Three
to four of these parasequences are preserved
above the alluvial Cathedral Bluffs Tongue and
below a ~10-m interval of lithic sandstone and
variegated silty mudstone facies. An additional
9-10 parasequences lie above that. These are
overlain in turn by an interval of recessive dolo-
mitic siltstone and sandstone facies known infor-
mally as the “buff marker bed”. The base of the
buff marker bed is abrupt, possibly scoured, and
has compacted mud cracks at its base that pene-
trate downward ~2-3 m into the underlying pro-
fundal mudstone. The cracks are spaced 15-20 m
apart, are typically filled with dolomitic siltstone
and sandstone similar to the buff marker facies,
and also contain algal intraclasts. Dm-scale beds
within the buff marker initially coarsen and

thicken upward for ~6.5 m, then thin and fine
upward for its remaining ~6 m (Fig. 5.8). An
additional 2-3 fluctuating profundal parase-
quences lie above the buff marker. Above these
last parasequences the LaClede Bed transitions
into the fluvial-lacustrine facies association.
This transition is informally designated herein to
mark the boundary between the “lower LaClede
Bed” and “upper LaClede Bed”.

Ostracod and oolitic grainstone, lignite, sand-
stone, carbonaceous mudstone, and lignite
become gradually more abundant toward the
northeast part of study area (Localities RW
through SL in Figs 5.5, 5.9). The buff marker
bed simultaneously thins in the same direction,
and was either never deposited or was eroded
from localities from DH through NBS. The
upper part of the lower LaClede bed does not
crop out along the Delaney Rim between locali-
ties RW and WB; the sections at localities DH
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Fig. 5.8 Stratigraphic section through the buff marker bed at TD, illustrating transition from coarsening- and
thickening-upward to fining- and thinning-upward beds (see Fig. 5.2 for location)

and SL were therefore described using poorer-
quality exposures located to the southeast of the
Delaney Rim itself. At the easternmost localities
the fluctuating profundal association grades lat-
erally into the alluvial association (WB and NBS
in Fig. 5.5)

Buchheim (1978) and Surdam and Stanley
(1979) interpreted cycles (parasequences) in the
lower LaClede Bed to record the episodic rise

and fall of Lake Gosiute. The basal stromatolite
and associated facies were deposited during
lake transgression, laminated dolomicritic mud-
stone and laminated micritic mudstone as the
lake expanded, and dolomicritic mudstone was
deposited as the lake contracted. Ostracode and
ooid grainstone facies are interpreted to repre-
sent carbonate shoals that formed during lake
transgressions.
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Fig.5.9 The lake marginal expression of the fluctuating profundal facies association at the TR section (see Fig. 5.2 for

location)

The exposures along the Kinney and Delaney
Rims are interpreted to represent an approximate
transect from the basin margin (northeast) to
basin center (southwest), though the true basin
hypsometry cannot be fully determined from the
data in this study. Overall the lower LaClede Bed
consists of a series retrogradational parase-
quences, which record a progressive northeast-
ward expansion of the maximum extent of
lacustrine facies through time (Fig. 5.5).
Individual parasequences generally thicken
upward within the Lower LaClede Bed overall,
with the thickest parasequences occurring above
the buff marker.

The buff marker bed stands out as unique
within this interval, and has been interpreted to

represent sudden desiccation of Lake Gosiute,
followed by fluvial-deltaic deposition of a mix-
ture of fine-grained volcaniclastic sediment and
dolomite on a playa or in a shallow lake (Rhodes
et al. 2007). The large mudcracks represent
giant mudcrack polygons that formed during
desiccation. The vertical succession in sedimen-
tary structures, bed thickness, and grainsize
suggest initial progradation of these materials
across an exposed basin floor, followed by retro-
gradation of fluvial-deltaic in response to a ris-
ing lake. Rhodes et al. (2007) proposed that
these events resulted from upstream volcanic
blockage and subsequent reestablishment of a
major stream that drained into Lake Gosiute.
The buff marker bed also contains abundant
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mica grains however, which are difficult to rec-
oncile with a purely volcanic source. It may
alternatively record landslide blockage of an
influent river that drained crystalline basement
rocks. It could conceivably also reflect an unusu-
ally abrupt and intense episode of climatic arid-
ity (c.f. Surdam and Stanley 1979), but if such
an episode did occur it appears to have been
unique during the deposition of the Laney
Member. The profundal facies directly underly-
ing the buff marker contain no precursor
evidence of such a change, and giant mudcracks
formed directly on laminated micritic mudstone.
The overlying profundal facies likewise show
no evidence of a permanent climate shift. It is
also worth noting that a similarly distinctive
deposit has not been reliably identified within
the Laney Member in the Bridger basin (c.f.
Murphy et al. 2014).

5.5.2 Fluvial-Lacustrine Facies
Association (Upper
LaClede Bed)

The fluvial-lacustrine facies association occurs
within the upper part of the LaClede bed, and
extends upward to include the Sand Butte and
Hartt Cabin Beds. The transition between the
lower vs. upper LaClede Bed is marked by a par-
tially silicified intraclast, oolite and stromatolite
horizon that forms a well-defined topographic
bench at the SB locality (Fig. 5.5). Overlying
strata consist of alternating beds of laminated
micritic and laminated to massive dolomicritic
mudstone. Micritic mudstone dominates the
fluvial-lacustrine facies association along the
Delaney and Kinney Rims (Fig. 5.10). Unlike the
fluctuating profundal facies association below,
the fluvial-lacustrine facies association lacks evi-
dence for episodic salinity fluctuations or lake
desiccation. Distinct parasequences are difficult
to define, partly due to the dominance of uninter-
rupted mudstone facies and partly due to incom-
plete outcrop exposure. Stromatolite horizons,
which serve as resistant marker beds in the lower
LaClede Bed, are absent in the upper LaClede,
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but freshwater molluscs are relatively common.
The contact between the upper LaClede Bed and
the overlying Sand Butte Bed is gradational, and
marked by interbeds of mudstone and sandstone
(Fig. 5.10).

Detailed lateral correlation of strata of the flu-
vial lacustrine facies association is hampered by
its generally poor outcrop exposure. However,
the contact between the LaClede and Sand Butte
Beds is clearly diachronous, generally younging
from northwest to southeast (described in detail
by Surdam and Stanley 1980; Chetel and Carroll
2010, and Doebbert et al. 2010; Fig. 5.11). We
interpret the upper LaClede Bed to represent the
profundal to sublittoral deposits of a relatively
stable, freshwater lake that was progressively
infilled by volcanic detritus. Due to this infilling,
its stratigraphic architecture is likely dominated
by shoreline progradation, however, outcrop
quality is insufficient to fully test this hypothe-
sis. The contact between the upper LaClede Bed
and the Hartt Cabin Bed is also poorly exposed,
and is presumably gradational. The base of the
Hartt Cabin bed is marked locally at the NBS
and WB localities by a ~10 cm silicified coquina
or packstone containing Elimia tenera allochems
which is known informally as the “turretella
agate”.

5.5.3 Alluvial Facies Association
(Cathedral Bluffs Tongue)

The alluvial Wasatch Formation, characterized
by sandstone and variegated silty mudstone,
underlies and interfingers with the fluctuating
profundal facies of the lower LaClede bed.
Laterally discontinuous, medium to thick-bedded
lithic sandstone beds punctuate the variegated
silty mudstone facies and cap sinuous outcrop
ridges. These sinuous sand-capped ridges appear
to represent paleo-channel fill and therefore
appear to represent exhumed Eocene inlets to
Lake Gosiute. The variegated silty mudstone that
surrounds the sandstone is interpreted to be the
result of alluvial flood plain deposition (Braunagel
and Stanley 1977).
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Fig.5.10 Detailed measured section showing fluvial-lacustrine facies association within the SB section (see Fig. 5.2

for location)

5.6 Discussion and Conclusions

Overall the Laney Member records a stepwise
shift from a balanced-fill to overfilled lake basin.
During deposition of the lower LaClede Bed,
Lake Gosiute experienced continuous and dra-
matic fluctuations in hydrology, during which
the Washakie basin shifted from an exposed lake

plain to a relatively deep lake and back again.
The timing of these fluctuations is presently
unknown, but similarly-scaled parasequences
elsewhere in the Green River Formation have
been interpreted to reflect precessional-scale cli-
mate changes (e.g., Bradley 1929; Fischer and
Roberts 1991; Roehler 1993; Machlus et al.
2008; Meyers 2008; Aswasereelert et al. 2013;
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Idealized stratigraphy of the fluvial-lacustrine facies association
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Fig.5.11 Idealized cross section through the fluvial-lacustrine facies association, illustrating the time-transgressive
nature of the basal contact of the Sand Butte Bed (volcaniclastic sandstone)

Machlus et al. 2015). Smith et al. (2008) esti-
mated average net accumulation rates on the
order of 100 um per year for fluctuating profun-
dal facies of the Laney Member, based on inter-
polation between dated tuffs. Parasequence
thickness in the lower LaClede Bed ranging
from 1 to 5 m in thickness would represent
10-50 ky based on this assumption. This age
range is permissive of forcing by either preces-
sion or obliquity.

The transition from the Wilkins Peak Member
to Laney Member in the Bridger basin (Fig. 5.1)
resulted from capture of a stream draining areas
east of Lake Gosiute, based on the occurrence of
anomalously high 8Sr/%Sr ratios in the lowermost
Laney Member in the Bridger basin (Doebbert
et al. 2014; Smith et al. 2014; Fig. 5.12). A similar
spike in ¥S1/%Sr was not observed in the Washakie
basin however (Rhodes et al. 2002; Carroll et al.
2008), suggesting that the base of the Laney
Member is slightly older in the Bridger basin than

in the Washakie basin. The lowermost Laney
Member beds in the Bridger basin therefore
appear to be time-equivalent to alluvial facies of
the Cathedral Bluffs Tongue in the Washakie
basin. Lake Gosiute subsequently expanded east-
ward across the Rock Springs Arch, due to ongo-
ing capture of streams with lower ¥’Sr/%°Sr. The
changing spatial relationships between lacustrine
and alluvial facies in the Washakie basin indicate
that the maximum extent of Lake Gosiute contin-
ued to gradually expand northeastward after this
time (Fig. 5.5). ¥’Sr/*°Sr in the lower LaClede Bed
slowly shifted toward lower values throughout
this time (Fig. 5.12), suggesting the continued
expansion of drainage from less radiogenic source
lithologies. These could potentially include
Eocene volcanic rocks located north of the basin,
or marine carbonate facies in the Sevier fold and
thrust belt to the west.

The maximum water depth of the lake during
deposition of the lower LaClede Bed is unknown.
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Fig. 5.12 Chemostratigraphic correlation of the Laney
Member between the Bridger and Washakie basins based
on ¥Sr/%Sr (see Fig. 5.1 for location of the WM-1 drill
core, and Fig. 5.2 for location of the WB-1 drill core; Sr
isotopic data reported by Rhodes et al. 2002; Doebbert

It may be constrained however by the lateral rela-
tionship between profundal facies preserved in
the southwestern part of the study area vs. allu-
vial facies preserved to the northeast. The rapid-
ity of vertical facies changes within individual
parasequences and the gradual nature of lateral
transitions across the study transect are consis-
tent with a relatively low-relief basin floor.
Assuming that the study transect is oriented in
the maximum dip direction of the lake fl