UNIVERSITY OF
Southampton

University of Southampton Research Repository

Copyright © and Moral Rights for this thesis and, where applicable, any accompanying data are
retained by the author and/or other copyright owners. A copy can be downloaded for personal
non-commercial research or study, without prior permission or charge. This thesis and the
accompanying data cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the copyright holder/s. The content of the thesis and accompanying
research data (where applicable) must not be changed in any way or sold commercially in any

format or medium without the formal permission of the copyright holder/s.

When referring to this thesis and any accompanying data, full bibliographic details must be given,

e.g.

Thesis: Elson, A.L., (2021) " Descent from the Hyperthermals: Persistent Organic-Matter Rich
Lakes in the Eocene", University of Southampton, School of Ocean and Earth Science, PhD Thesis,

pagination.

Data: Elson (2021) Descent from the Hyperthermals: Persistent Organic-Matter Rich Lakes in the

Eocene. URI [dataset]






University of Southampton
Faculty of Environmental and Life Sciences

School of Ocean and Earth Science

Descent from the Hyperthermals: Persistent Organic-Matter Rich Lakes in

the Eocene

by

Amy Louisa Elson

ORCID ID 0000-0002-1220-5674

Thesis for the degree of Doctor of Philosophy

November, 2021







University of Southampton
Abstract

Faculty of Environmental and Life Sciences
School of Ocean and Earth Science

Thesis for the degree of Doctor of Philosophy

Descent from the Hyperthermals: Persistent Organic-Matter Rich Lakes in the
Eocene
by
Amy Louisa Elson

In this doctoral thesis, | reconstruct continental paleoclimate from the early Cenozoic, when
the Earth’s surface experienced a long-term warming trend punctuated by a series of short-
lived global warming (hyperthermal) events that culminated in an extended interval of
elevated CO, and extreme warmth, the Early Eocene Climatic Optimum (EECO, 53.26 to
49.14 Ma). The hydrological cycle’s response to climate perturbations is thought to be highly
variable, and can promote feedbacks that induce further warming or cooling, thus serving
as critical lessons for future warm worlds. However, the response of the hydroclimate
regime operating during the EECO is poorly constrained, especially for the mid-to-low

latitudes and particularly from continental interior sites.

Here, | adopt a multi-proxy approach, integrating geochemical, organic petrographic, and
sedimentological perspectives from organic-rich sediments from the Green River Formation
of the Uinta Basin, Utah and the Piceance Basin, Colorado, U.S.A., which were deposited
in long-lived, large lakes at ~40°N. | observed a wide range of organic matter types and
distribution, with accumulation of organic matter at the lamination scale controlled by longer
term sub-orbital cycles suggesting decadal periodicities in large organic-matter fluxes and
associated carbon drawdown. Spatial and temporal variations in salinity conditions were the
result of long-term tectonic controls driving the water balance between fresher and brine-
rich inputs into the Uinta Basin, increasing ecological stress on biota living in the water
column and leading to the cessation of conditions favouring prodigious organic
accumulation in the Mahogany Zone, a regionally extensive marker unit. Lastly, hydrogen
isotopes from organic molecules indicate that the hydrological cycle operates differently
during gradual vs. transient warming events, and that a stable hydrological regime may
have supported deep lake development and promoted organic matter preservation. These
organic-rich lake systems acted as an important negative feedback during the termination
of the EECO, sequestering at least ~76 Gt of organic carbon over the ~400 kyr history of
the Mahogany Zone.
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Chapter 1

Chapter 1 Introduction

1.1 Thesis Introduction

Understanding how past rapid warming has affected global precipitation patterns in
warm worlds is essential to enhancing our forecasting ability of the impacts of future
climate change. The early Eocene (~56-47.8 Ma) represents an interval of peak
warmth during the past 65 million years, with global temperatures ~14 + 3 °C warmer
than pre-industrial temperatures and CO2 concentrations likely exceeding 1000 ppm
(95 % confidence; Anagnostou et al., 2016). These levels are similar to predicted
outcomes of ‘business as usual’ scenarios, i.e. RCP8.5, when extended to 2300
(IPCC ARS5). The Eocene thus speaks to the effect of rapid warming on hydrological
stability and resilience of Earth’s Critical Zone. Lakes, particularly closed-basin
systems, are more sensitive than the oceans to global change and tend to record
more dramatic responses. The Eocene Green River Formation of Utah, Colorado,
and Wyoming, USA, is comprised of giant lakes deposited from ~53.5 to 43 Ma,
spanning the Early Eocene Climatic Optimum. Drill cores in multiple basin locations
through the Parachute Creek Member offer an unprecedented opportunity to explore
high-resolution continental records that are well-constrained through improved
geochronological estimates from frequent ash layers. The breadth of tools utilised
in Chapters 2, 3, and 4 includes field and core observational, microscopic,
geochemical, and molecular perspectives and allows for assessment of
palaeoclimate conditions of these large long-lived lakes of the Eocene, and

implications for the behaviour of the wider terrestrial climate during this transition.



Chapter 1

1.2  Early Eocene Climate

The early Eocene (~56 to 47.8 Ma) represents an interval of prolonged Cenozoic
warmth that culminated in the early Eocene Climatic Optimum (53.26 to 49.14 Ma;
EECO; Figure 1), where CO2 concentrations reached ~1625 + 760 parts per million
by volume (Zachos et al., 2001, 2008; Jagniecki et al., 2013; Anagnostou et al.,
2016; Lunt et al., 2017; Foster et al., 2017; Westerhold et al., 2018a). Superimposed
on this longer warming trend is a series of at least twenty gas-induced periods of
rapid warming where temperature spikes exceeded 5°C, known commonly as
hyperthermal events (examples observed in continental and marine sections
include: PETM, ~56 Ma; ETM2, ~53.7 Ma; and ETM3, ~52.8 Ma; Thomas et al.,
2000; Cramer et al., 2003; Lourens et al., 2005; Nicolo et al., 2007; Stap et al., 2009;
Galeotti et al., 2010; Zachos et al., 2008, 2010; Abels et al., 2016; Zeebe and

Lourens, 2019).

Multiple drivers of this extended warmth have been identified and debated, including
volcanic outgassing, reduced silica weathering, and the destabilisation of methane
hydrates as a result of elevated ocean temperatures (Zachos et al., 2008; Lunt et
al., 2011; Hyland & Sheldon 2013; Reagan et al., 2013; Gutjahr et al., 2017). Due
to the lack of permanent ice sheets, the ice-albedo feedback mechanism that acts
as a prominent amplifier of high climatic variability in the modern world, was non-
existent. Despite this, the Eocene displays a surprising amount of climate variability
which requires strong feedback mechanisms not observed in the Earth system
today, or the presence of very strong and variable orbital forcing, or both (Rohl et

al., 2004; Lourens et al., 2005; Nicolo et al., 2007).
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Figure 1: (Left) Benthic foraminifera '80 record forming part of the Cenozoic global
reference benthic carbon and oxygen isotope dataset (CENOGRID; Modified from
Westerhold et al., 2020). Deposition of the Green River Formation in the Uinta Basin is
bracketed by dated tuff beds (*Remy, 1992; Smith et al., 2010) and encompasses the EECO
(53.26 to 49.14 Ma), with the Mahogany Zone spanning the latest EECO (Smith et al., 2010;
Westerhold et al., 2020). (Right) 8'3C.ry sampled from fluvial floodplain-derived siltstone and
paleosol units, and stratigraphic columns of Nine Mile Canyon and Gate Canyon of the Uinta
Basin. At least four negative shifts in 3'3Coyq, ranging from 2.5%. and 5%, identify
hyperthermal events in the Middle Green River Formation (Modified from Birgenheier et al.,

2019). Hyperthermal events have also been identified in a 3'3Ccarn, and lacustrine lithologic
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record from the Greater Green River Basin of Wyoming, and argued to occur during the

eccentricity minima (Smith et al., 2014).

The large-scale changes in early Eocene climate and ocean circulation are recorded
by evolutionary turnovers and extinction events in the marine and terrestrial record
(McKenna, 1983; Wolfe, 1985; Huber and Caballero, 2011). Isotope excursions in
oxygen and hydrogen indicate a major hydrological perturbation and increased
continental runoff accompanying global warming (Pagani et al., 2006; Kraus and
Riggins, 2007; John et al., 2008). The latitudinal temperature gradient in the early
Eocene was at least 32% lower than modern while surface temperatures were

substantially higher (Lunt et al., 2012; Evans et al., 2018).

Large amounts of methane were released in the early Eocene, mostly from
wetlands, forests and other swampy environments, themselves more expansive
because of the warmer climate (Sloan, 1994). More recently, it has been argued that
hydrothermal vents associated with interaction between magmas and organic-rich
sediments may have released large amounts of methane, potentially driving
warming in the early Eocene (Svensen et al., 2004; Jones et al., 2018). In the Great
Plains and northern Rocky Mountains of North America, deciduous plants flourished
and diversified in the late Palaeocene. Flora in the early Eocene was markedly
different to the temperate woodlands of the late Palaeocene, with families that are
characteristic of extant megathermal rainforest extending far to the north and south
(Wolfe, 1981, 1985; Wing and Greenwood, 1993). The largest lakes present in the
early Eocene were lakes Uinta and Gosiute of the Green River Formation,
analogous in area to the Great Lakes of North America today (Bradley, 1929;
Johnson, 1985; Tanavsuu-Milkeviciene and Sarg, 2012; Feng et al., 2016; Vanden
Berg and Birgenheier, 2017; Johnson et al., 2018; Birgenheier et al., 2019). The

response of the North American continental interior to the early Eocene
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hyperthermals has been contrasting, revealing strong local controls (Wing et al.,
2005; Clechenko et al., 2007; Foreman et al., 2012; Kraus et al., 2013; Wang et al.,

2017).

1.3 Lake-basin fill models

Based on the observation of numerous lacustrine successions in the geological
record, Carroll and Bohacs (1999) proposed and refined (Bohacs et al., 2000) three
lacustrine facies associations reflecting the three general deposit types observed.
The principal controls on lake-basin type and the related successions preserved is
the potential accommodation space that determines the volume a lake can occupy,
and the combined water and sediment fill which fills this accommodation space. The
interplay between these two primary controls determine the lake basin type, which
can be defined as under-filled, balance-filled and over-filled. In this lake model,
under-filled basins are related to evaporitic facies associations, showing dominantly
aggradation cycles of sedimentation in saline-hypersaline lakes which may
experience desiccation, evaporation, and aeolian input. Balanced-filled basins are
characterised by fluctuating profundal facies associations, with mixed aggradational
to progradational cycles and can deposit rich oil-shale systems (Birgenheier et al.,
2019). Over-filled lake basins often have the most stable lake-levels and are filled
with fluvial-lacustrine facies associated with sedimentary packages more
progradational in nature and containing a mix of freshwater lacustrine mudstones
and fluvio-deltaic deposits. These lake basin classifications are useful over time-
averaged successions but their applicability can break down when applied to short

time spans and complex or interconnected lacustrine systems.

Lacustrine basins such as the Uinta Basin, the focus of this doctoral thesis, can be

endorheic in nature, where water only leaves via evaporation. Due to the lack of
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outflow, lake chemistry may become enriched in dissolved salts, leading to high pH
and salinity which can fluctuate with water inflow variations (Tuttle and Goldhaber,
1993). Organic-rich sediments in lacustrine environments are often laminated as a
result of seasonal variation in precipitated carbonate material and blooms of organic
matter, which together form a ‘varve’ or lacustrine ‘couplet’ (Crowley et al., 1986;
Ripepe et al.1991). Paler-coloured laminations are from lacustrine whiting events,
where spring and summer precipitation of carbonate follows organic-rich darker
laminations from algal blooms that destabilises the bicarbonate equilibrium in the

upper water column (Allen and Collinson, 1986).

Terrestrial records can have high sedimentation rates on the order of m kyr™
compared to deep-sea records, which typically have sedimentation rates closer to
the order of <cm kyr 1 but more continual deposition (Westerhold et al., 2018b;
Walters et al., 2020). Deep lacustrine environments allow for an expanded section
without the high likelihood of hiatuses and erosion, which may affect floodplain and

palaeosol reconstructions (Hyland et al., 2018).

14 Green River Formation

The Green River Formation was deposited in a network of continental interior lakes
during the early-middle Eocene over ~10 million years (~53.5-43 My; Sheliga 1980;
Remy 1992; Smith et al., 2008; Figure 2). Named after a tributary of the Colorado
River, the ancient lake systems of the Green River Formation record widespread
economically important resources of oil shales and trona, along with a wealth of
fauna and flora (MacGinitie 1969; Wilf 2000; Smith et al., 2008; Vanden Berg and
Birgenheier. 2017). The Green River Formation also provides one of the most
extensive terrestrial records of the EECO; 53.26 to 49.14 Ma, the peak of Cenozoic

warming and greenhouse conditions (Zachos et al., 2001, 2008; Smith et al., 2008;
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Westerhold et al., 2018a). These intermittently alkaline and saline lakes have been
argued to record a range of temporal variability from orbital pacing (20-2400 kyr)
and sub-orbital periodicities at the quasi-decadal (8-18 year) and sub-decadal (2-8
year) timescales (Sayles 1922; Bradley 1929; Fischer and Roberts 1991; Ripepe et
al., 1991; Cole 1998; Machlus et al., 2008; Meyers 2008; Whiteside and Van
Keuren, 2009; Aswasereelert et al., 2013) despite the tectonic influence usually held
to persist through long-lived lacustrine basins, including the Green River Formation
(Kelts, 1988; Pietras and Carroll, 2006). Improved geochronological dates from
frequent ash layers of the Challis and Absaroka volcanic fields have permitted inter-
basin correlation of the formation’s various sedimentary expressions (Smith et al
2008; 2010), allowing for a deeper understanding of the Green River Formation lake

system in a broader palaeogeographic and climatic context.
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Figure 2: (A) The Mahogany Zone in outcrop at Indian Canyon, Uinta Basin, Utah. (B)
Location of the Green River Formation, spanning Utah, Colorado, and Wyoming. (C)

Overview of the Green River Formation basins and locations of Utah State 1, P-4, and
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Skyline 16, the three Uinta Basin cores in this thesis (Modified from Grande, 1964; Johnson
et al., 2019).

1.4.1 Basins of the Green River Formation

Late Cretaceous Laramide-related deformation resulted in four structural basins
situated around the Uinta Uplift: the Uinta; Piceance; Greater Green River; and
Fossil basins (Figure 2). Each record a wide variety of lithofacies resulting from
changes in depositional environments, including but not restricted to: lake depth and
chemistry, sedimentary supply, and ecological variations (Bohacs et al., 2003; Smith
et al., 2008; Rosenberg et al., 2015). Around the margins of the lake system,
interfingering with the primarily alluvial facies of the Uinta, Wasatch, Bridger, Colton
and DeBeque formations, is common. The southern basins were occupied by Lake
Uinta, the focus of this thesis, which was partially split by the low Douglas Creek
Arch into the eastern Piceance Basin of Colorado and the western Uinta Basin of

Utah (Cashion, 1967; Carroll and Bohacs, 1999).

1.4.1.1 Greater Green River and Fossil basins

Towards the north, the Greater Green River Basin is divided by intra-basin anticlines
into four structural sub-basins, occupied by the large ancient Lake Gosiute. The
Rock Springs uplift, the largest anticline, trends north-south across the centre of the
greater Green River Basin and separates it into the Green River Basin to the west
and the Sand Wash, Washakie, and Great Divide basins towards the east (Baars et
al., 1988; Mederos et al., 2005). Anticlinal structural separators such as the
Cherokee Ridge divided the southern Sand Wash Basin from the central Washakie
Basin, which is separated from the Great Divide Basin in the north by the Wamsutter

Arch. To the west of the Greater Green River Basin lies the Fossil Lake deposits of
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the Fossil Basin. These basins are all predominately found in Wyoming (Bohacs et

al., 2000).

The first deposition of Green River Formation in the Greater Green River Basin is
the Luman Tongue, a freshwater lacustrine environment with lean oil shale deposits.
Above this lies the Tipton Shale Member, which represents the transition from a
freshwater lake with less-rich organic mudstones to a saline lacustrine environment
with organic-rich mudstone deposition. Increasingly evaporitic conditions led to
widespread deposition of evaporitic minerals in the Green River Basin during the
Wilkins Peak Member, which comprises cyclic evaporitic mudflat environments
during shallower intervals and organic-rich mudstones representing deeper lake
depths. Around the basin margin and in the contemporaneous sub-basins of the
Greater Green River Basin, strata indicative of saline lacustrine and mudflat
deposits, including organic-rich oil shale deposits, are present during deposition of
the Wilkins Peak Member. In the youngest member of the Green River Formation in
the Greater Green River Basin, widespread oil shale deposition in saline conditions
transitioned to freshwater leaner oil shale deposits in the eastern basins.
Contemporaneously, in the western Green River Basin there is an absence of
organic-rich material, where floodplain and freshwater lacustrine mudstones and

channel sandstones predominated (Roehler, 1993).

One of the richest palaeontological sites on Earth, Fossil Basin is divided into three
members: the Road Hollow Member at the base, the Fossil Butte Member, and the
overlying Angelo Member. Lacustrine deposits of the Green River Formation are
~400 feet thick and comprised of laminated, organic-rich beige-brown carbonate
mudstone, limestone, siltstone, sandstone, and evaporites, with frequent oil shale

and volcaniclastic beds (Buchheim, 1994). The famed fossil fish beds of Fossil Basin
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are found in the Fossil Butte Member, before the freshwater lake turned hypersaline

in the Angelo Member (Oriel and Tracey, 1970).

1.4.1.2 Uinta and Piceance basins

Towards the south, the long-lived Lake Uinta occupied the Uinta and Piceance
basins, with the freshwater Uteland Butte Member representing the base of the

Green River Formation in the Uinta Basin (Figure 3). Transitioning to a saline
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River Formation in the Uinta Basin (right). The study interval, the Mahogany Zone,
represents the base of the Upper Green River Formation and lies in the Parachute Creek
Member of the Green River Formation. (Modified from Vanden Berg and Birgenheier, 2017,

Johnson et al., 2018; and Birgenheier et al., 2019).
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environment in the Carbonate Marker Unit, the middle Green River Formation
comprises a series of lacustrine mudstones and ephemeral fluvial sandstones
associated with hyperthermal events of the EECO (Gall et al., 2017; Birgenheier et
al., 2019; Birgenheier et al., 2020). The Mahogany Zone is bounded by two laterally
extensive sandstones known as the ‘S1’ and ‘S2’ sandstones, deposited during
periods characterised by fluvial incursions from the south (Gall et al., 2017). These
sandstones represent two of many marker beds present through the Green River
Formation. Much of the Mahogany Zone is comprised of continuous parallel
laminated to minorly undulose laminated mudstone with little bioturbation (Roehler,
1993; Whiteside and Van Keuren, 2009; Figure 4). The oil-shale rich sections have
a mottled undulose appearance, which in outcrop, results in a paper-thin weathering
style. In the underlying B-Groove, and overlying the Mahogany Zone in the A-
Groove, lie two tuffs that bracket the Mahogany Zone. The Curly Tuff (49.32+0.3
Ma) and younger Wavy Tuff (48.67+0.23 Ma; Smith et al., 2008; 2010) are
considered ash-flow deposits and sourced from the north-eastern Absaroka and

Challis volcanic provinces (Smith et al., 2010; Rosenberg et al., 2015). Above the

I:l Delta deposits - Laminated oil shale

:I Littoral to sublittoral siliciclastis - Soft-sediment-deformed

[ siliciclastic turbidites

and carbonates oil shale D Subaqueous evaporites

I:l Littoral to sublittoral - Oil shale breccias

oil shale

Figure 4: Green River Formation facies model for lacustrine-fluvial deposits and

corresponding facies associations. (Modified from Tanavsuu-Milkeviciene and Sarg, 2012).
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Mahogany Zone, the lake transitions into an increasingly saline environment, as the
terminal basin infilled with water and sediment before the alluvial facies of the Uinta
Formation became established. During peak deposition of the Mahogany Zone, the
lake- depocentre was in the east of the basin, shifting westwards in the upper Green
River Formation as the Lake Uinta was infilled from the east to the west (Bohacs et

al., 2000).

1.5 Organic Geochemistry

Several key biomarkers were discovered in the Green River Formation, including
perhydro- beta-carotene, various steranes and triterpanes and their aromatic forms,
and gammacerane. However, biomarkers and their isotopic composition have not
been analysed in an extensive stratigraphic context—the existing literature has
worked on isolated data from limited samples from a few beds (Collister et al., 1994).
In this thesis, | examined over 500 meters of core from multiple drill holes of varying
distance from the palaeoshore. | specifically focus on the Mahogany Zone interval—
the quintessential oil shale, containing one of the highest kerogen concentrations of

any Paleogene, or indeed any, oil shale in the world.

Within the Mahogany Zone of the Green River Formation, four common categories
of lipid biomarkers dominate: terrestrial leaf wax-derived n-alkanes; hopanoids
(including bacterial); chlorophyll-derived isoprenoids; and algal-derived steranes
(Tissot, 1987; Collister et al., 1994). Higher plants synthesise hydrocarbons with a
strong predominance of odd over even numbered n-alkanes, which when preserved
in the rock record can inform about terrigenous organic matter input. In particular,
n-Cz7, n-C2s, and n-Cs1 are indicative of vascular plant material, which when
transported into local lacustrine basins are considered to be minimally transported

by fluvial systems and to represent <2000 years of deposition (Davies-Vollum and
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Figure 5: Representative GC-MS Single lon Current chromatogram of a Green River

Gammacerane

Formation sample from the Mahogany Zone showing n-alkanes identified at m/z=57. High
amounts of pristane and phytane, derived from water column photosynthetic production in
the lake, are present. Odd/even predominance of n-alkanes is clear. (B) Single ion
chromatogram at m/z=191, showing hopanes of the Mahogany Zone and gammacerane,

a salinity stratification biomarker.

Wing, 1998). Pristane and phytane are derived from chlorophyll-a, the
photoautotrophic pigment and precursor molecule involved in oxygenic
photosynthesis during the light absorption and transfer into chemical energy.
Phytane contains an extra carbon atom, unlike pristane which is formed through the
dehydroxylation of phytol, with increasing ratios between pristane and phytane long
used as a general indicator of redox conditions (Didyk, 1978; ten Haven et al., 1987,
Witkowski et al., 2018). Lower molecular weight n-alkanes (e.g. n-C17) are frequently
attributed as aquatic in origin and comparison with terrestrially-derived material
through various indices (i.e. average chain length; carbon preference index;
terrestrial-to-aquatic ratio) can be a powerful tool for fingerprinting organic matter
sources (Collister et al., 1994; Bourbonniere and Meyers, 1996; Ficken et al., 2000;
Bi et al., 2005; Figure 5). The presence of gammacerane (the daughter molecule of
tetrahymanol, which is considered to be derived from bactiverous ciliates living at

the chemocline) in large amounts suggests the presence of a stratified water column
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and potential hypersalinity in the depositional setting (Venkatesen, 1989; ten Haven

et al, 1989; Sinninghe Damste et al., 1995; Peters et al., 2005).

Studies on modern plants have shown a strong correlation between the hydrogen
isotopic ratios (°H/'H) of leaf wax lipids and the isotopic composition of meteoric
water (Chikaraishi and Naraoka, 2003; Sachse et al., 2004, 2012; Sessions et al.,
2004; Smith and Freeman, 2006; Hou et al., 2007; Feakins and Sessions, 2010). In
this thesis, compound-specific n-alkane d?H data allow for inferences of hydrological
change over the mid-latitudes during the deposition of a key oil shale interval. Leaf
waxes conserve the &°H of the source water from the surrounding vegetative
environment, and the 3?H of phytane may give an insight into the lake hydrology as
it is considered to derive from chlorophyll present in autotrophic aquatic micro-

organisms.

The extremely organic-rich facies of the Green River Formation presents an ideal
opportunity to interrogate the controls on the deposition and preservation of an
organic-rich section during the termination of the EECO, through organic

geochemical tools unavailable in less organic-rich sections.

1.6  Thesis aim, objectives and hypotheses

This dissertation aims to determine multiple aspects of paleo-reconstructions of the
hydrological cycle during the EECO: the role of large, extremely organic-rich lakes
in regulating greenhouse climate; competing drivers of the development, peak and
waning of large organic carbon deposits; and multiple co-located sites for a single

event. Specifically, this thesis has three main objectives:
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1) An evaluation of the sedimentary character and organic petrography to
assess the vertical- and micro-scale variation in sources of organic matter
(Chapter 2).

2) The recovery of lipid biomarkers from multiple lacustrine sites to constrain
productivity controls and burial indications during accumulation of a section
exhibiting highly variable organic content (Chapter 3).

3) The recovery of compound-specific hydrogen isotopes from multiple
lacustrine sites in the mid-to-low latitudes to constrain the hydroclimate

regime during the terminal phase of the EECO (Chapter 4).

The underlying premise is that the hydrogen isotope composition of higher terrestrial
plants and aquatic organisms record source water d?H variations reflecting a variety
of climatic parameters, such as temperature, evaporation and water vapour source.
A correlation between environmental waters and &%Hipigs) allows inferences to be
made about hydroclimate variation. However, the interpretation of &°H signals is
complicated by significant ecological and environmental differences reported among
existing studies (Sachse et al., 2004, 2012; Sessions et al.,, 2004), and by
uncertainty about how the hydrological cycle might have differed during gradual vs.
transient warming events. Conflicting processes from ecological, environmental,
and geological processes may be integrated into the isotopic signal, further limiting

understanding of meteoric water transport.

Disentangling these spatial and temporal processes is critical to interpreting the
hydrogen isotopic signal, and for proper comparison to the results of other
palaeoclimate investigations of the hothouse climate of the EECO. Controls of
organic matter production and distribution, and the high levels of micro-scale
heterogeneity exhibited in the organic-rich mudstones of the Mahogany Zone
remain unresolved, further compounding successful isotopic interpretation. To

15
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address this, in Chapter 2, | evaluate the organic matter distribution through detailed
organic petrography and SEM analysis coupled with more traditional

sedimentological characterization, all at high-resolution. | hypothesised that:

H1 — Variations in the organic matter type follow predictable patterns, and that

influxes of terrigenous material identifiable at the micro-scale are reflected in
lower TOC values. Understanding the sedimentary character of the sections
supported organic geochemical investigation as it allowed those results to be placed
in the context of the larger depositional system, confirming intervals where material
had been transported to the sample core locations from elsewhere in the basin and

therefore were not indicative of original conditions at the sample location.

Persistent anoxic water column conditions and a low sediment supply existed
throughout deposition of Mahogany Zone in the Uinta Basin, indicating other
controls on TOC variability through section. Quantifying these controls, and the
degree to which thermal maturation may have affected the character of organic
compounds of the Mahogany Zone, is essential to the successful interpretation of
hydrogen isotope signals. To address this, in Chapter 3, | generated lipid biomarkers
through three cores to allow for disentanglement of multiple drivers and evaluation
of water column conditions, including variations in salinity, redox, and

remineralisation conditions. | hypothesised that:

H2 - Fluxes in primary productivity, reflecting water column conditions rather

than variable dilution and/or preservation of organic matter, are the key driver
of TOC levels through the Mahogany Zone. After quantification of biomarker
compounds for source delineation and water column conditions, | was then able to
use compound specific stable isotopes to differentiate features reflecting wider

climatic change from those reflecting more local processes.
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Given that the distribution of terrestrial n-alkanes in the lacustrine record may vary
temporally and spatially in response to ecosystem shifts, n-alkane hydrogen isotope
values may reflect changes in the dominant vegetation type surrounding the lake
instead of a hydroclimate signal. To address this concern, in Chapter 4, | generated
compound-specific hydrogen isotopes in both n-alkanes and phytane through the

Mahogany Zone at three different sites. In particular, | hypothesised that:

Hs — N-alkanes and phytane in the lacustrine rock record capture temporal

variations in the original source water signal, reflecting the behaviour of the
hydroclimate operative during the termination of the EECO. These results
provide the first high-resolution compound-specific hydrogen isotope records in the

North American continental interior during the termination of the EECO.
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Chapter 2 Controls on organic matter variation during
deposition of the Mahogany Zone of the Parachute Creek

Member, Green River Formation, Utah
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This chapter is modified from an invited research article accepted for publication in the peer-
reviewed 2021 Utah Geological Association guidebook ‘The Lacustrine Green River
Formation: Hydrocarbon Potential and Eocene Climate Record’: Elson, A, L., Marshall, J,
E. A., and Whiteside, J. H. 2021. Controls on organic matter variation during deposition of
the Mahogany Oil Shale Zone of the Parachute Creek Member, Green River Formation,
Utah (Accepted). A. Elson conducted preliminary fieldwork and described the cores,
retrieved rock plugs and undertook organic petrographical and SEM analysis of the thin
sections, and wrote the manuscript. All the co-authors provided editing and feedback. Total

organic content values for Skyline 16 were generated by Mike Vanden Berg (Utah
Geological Association, Salt Lake City) and Justin E. Birdwell (USGS, Denver).

Abstract

The Green River Formation of Utah, Colorado, and Wyoming represents a ~10
million-year early-middle Eocene record of an unusually large, productive lacustrine
system composed of several interconnected basins. This system gave rise to one
of the largest oil shale deposits in the world, which preserves a rich trove of
information about the climate and ecosystems that prevailed during the Early
Eocene Climatic Optimum. This study uses multiple analytical approaches, including
both traditional methods and novel proxies, to determine what brought about the
accumulation of the unusually-rich oil shales (>40% TOC) of the Mahogany Zone in
the Uinta Basin portion of the Green River Formation.

The organic-rich mudstones of the Mahogany Zone exhibit strong micro-scale
heterogeneity, indicating complex controls on organic matter production and
distribution. Petrographic observations indicate highly variable amounts of terrestrial
organic matter (spores, wood and plant debris), with the most abundant being

amorphous organic material in thin organic-rich laminae. Biomarker ratios indicate
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that the organic-rich laminae consist of different types of microbially derived organic
matter, primarily bituminite and organo-minerallic aggregates of the fluorescent
liptinite group. These largely lacustrine-derived laminated deposits are argued to
have been produced by large intra- to inter-annual algal blooms and other enhanced
microbial productivity events paced by longer-term sub-orbital cycle fluctuations,
such as El Nifio—Southern Oscillation or sunspot variations. The Mahogany Zone
deposits appear to have sequestered enough carbon (~76.07 Gt estimated) to
suggest that, in aggregate, they were large enough to cause a draw-down of
terrestrial CO2 and exert a significant negative feedback effect on climatic warming.
During the climatic cooling that occurred on the declining limb of the Early Eocene
Climatic Optimum, the sedimentary provenance in the Uinta Basin shifted from
southerly sources dominated by large ephemeral fluvial systems, to northerly
sources rich in feldspathic and carbonate detritus derived from northern sites in
Wyoming. The latter were delivered to the Uinta basin via a network of
interconnected lacustrine basins. Increasing volcaniclastic material delivered from
these northerly basins infilled the Uinta Basin from east to west, and their arrival
heralded the end of organic-rich deposition, most notably the prolific oil shales for

which the Green River Formation is renowned.

2.1 Introduction

The terrestrial carbon cycle has absorbed ~25% of anthropogenic carbon emissions
over the last 50 years, but future behaviour under increasing pCO: is uncertain with
terrestrial reservoirs potentially acting as either a net CO2 source or sink (House et
al., 2003; Keenan et al., 2016). Two key uncertainties in this system are variation in

the lateral riverine transport of terrestrial organic carbon from upland terrestrial
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ecosystems to lakes, and variation in the primary productivity in the lacustrine

environment.

The early Eocene (~56-47.8 Ma) Green River Formation in Utah, Colorado, and
Wyoming provides a ~10-million-year record of unusually large, productive lakes,
Lake Uinta in the Uinta and Piceance basins of Utah and Colorado, and Lake
Gosiute in the Greater Green River Basin of southwest Wyoming and northwest
Colorado, that capture the Early Eocene Climatic Optimum, the warmest climate
interval in the Cenozoic (Zachos et al., 2008, 2001; Bradley, 1929; Smith et al.,
2008; Smith and Carroll, 2015; Westerhold et al., 2018a). Lake Uinta reached a
highstand in the Mahogany Zone, representing an interval of prolific productivity,
preservation, and sequestration of organic matter. Here, a combination of
approaches from organic petrology and geochemistry are integrated to characterize
this organic matter (OM), and the controls on its production and burial during this
interval, shedding light on both lateral transport and the primary productivity of large

continental lake systems.

211 The Green River Formation

Late Cretaceous (Maastrichtian) Laramide-related deformation resulted in the
formation of three intermontane basins filled by alluvial and open- to marginal-
lacustrine sediments of the Green River Formation. Lake Uinta was sited over
Piceance Basin of Colorado on the east and the Uinta Basin of Utah on the west,
and during lake lowstands was split by the low Douglas Creek Arch (Cashion, 1967;
Carroll and Bohacs, 1999). The Douglas Creek Arch flooded over during lake
highstands, and during the highstand represented by the Mahogany Zone, Lake
Uinta reached ~14,900 km? in areal extent (Cashion, 1967). Bathymetrically, the

Uinta Basin is highly asymmetric with a gently sloping southern flank, and a deep
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northern structural trough where it abuts the southern flank of the Uinta Mountains
(Johnson et al., 2019). The Uinta Basin was infilled from east to west during the final

lacustrine phase (Smith et al., 2008).

In the Uinta Basin, the Mahogany Zone provides a ~400 kyr record during which
unusually organic-rich sediments accumulated (Smith et al., 2008; Whiteside and
Van Keuren, 2009). The Mahogany Zone is comprised of continuous organic-rich
mudstones with parallel to slightly undulose laminations and little bioturbation,
deposited in the profundal zone of the paleo-lake. Within the Mahogany Zone, the
unusually organic-rich Mahogany Bed marker (Figure 2) has peak total organic

carbon (TOC) of 45 wt.% (Whiteside and Van Keuren, 2008).

The long-term evolution of the Uinta Basin was driven by continental-interior
tectonics and the balance of sediment and water fill, as postulated by models of
Carroll and Bohacs (1999) for the Greater Green River Basin of Wyoming (see
Section 1.3). Time constraints on the depositional interval of the Mahogany Zone
are provided by “CAr/*°Ar ages of two prominent bracketing tuffs: 49.32 +0.30 Ma for
the older Curly Tuff and 48.67 +0.23 Ma for the basal Wavy Tuff (Smith et al., 2008;
2010). As Eocene-aged continental sections with comparable age constraints are
rare, these precise ages for the well-preserved highly organic-rich sections of the
Mahogany Zone enable novel insights into the complex controls on organic matter

variation in a large continental interior basin.

2.1.2 Paleoclimate

The Early Eocene Climatic Optimum (EECO) represents the zenith of the long-term
warming trend in the early Cenozoic, when global temperatures were elevated ~5-
10°C above present levels. The EECO was punctuated by at least twenty intervals

of rapid warming, termed hyperthermal events, induced by large releases of gases
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such as carbon dioxide and methane to the atmosphere. Hyperthermal events
identified in continuous ocean records and therefore well-constrained through orbital
tuning include the PETM (~56 Ma), the ETM2 (~53.7 Ma) and ETM3 (~52.8 Ma)

(Nicolo et al., 2007; Stap et al., 2009).

The base of the Mahogany Zone, considered the largest and most economically
important oil shale of the Green River Formation (214.5 billion barrels of oil in
potential reserves for the Mahogany Zone; Vanden Berg, 2008; Birdwell et al.,
2015), represents a major climatic shift marking a transition out of the greenhouse
world of the EECO (Birgenheier and Vanden Berg, 2011). The transition into a
modern cooler icehouse climate occurs against a background of declining
atmospheric CO> concentrations through the Eocene (Pearson and Palmer, 2000).
The associated reduction of weathering and high sedimentation rates facilitated the
development of higher lake levels and a significant decrease in the preservation of
episodic fluvial-deltaic facies in the Uinta Basin (Gall et al., 2017; Birgenheier et al.,

2019).

213 Organic Matter Inputs During the Mahogany Zone

Lacustrine laminated organic-rich sediments are commonly the result of seasonal
variation, showing annual couplets. The Mahogany Zone sediments are strikingly
laminated on a sub-millimeter scale (Fischer and Roberts, 1991), representing
hypolimnial strata deposited in an anoxic setting, with little to no bioturbation
(Bradley 1929, 1931). Couplets (doublets and triplets) of organic ooze, interlayered
with fine particles of precipitated carbonates (organic-rich calcimicrites), are thought
to represent annual varves (um to mm scale) and have afforded estimates of
accumulation rates (Bradley, 1929; Crowley et al., 1986; Ripepe et al., 1991). Paler-

coloured laminae (often called ‘whiting events’; see Section 1.3) represent spring
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and summer production of carbonate which follow phytoplanktonic blooms that
destabilise the bicarbonate equilibrium of the upper water column. These blooms
lead to the formation of darker organic-rich laminae when organic matter settles out
of the water column (Allen and Collinson, 1986; Johnson et al., 2018), and are
typically carbonate-poor (Washburn et al., 2015). Terrestrial organic material such
as leaf wax material, spores and pollen and plant debris also occur in locally

significant amounts in the Mahogany Zone.

The factors that control the marked fine-scale heterogeneity observed in oil shales
such as those in the Mahogany Zone are poorly understood. The tight timing
constraints on Mahogany Zone deposition provides a unique opportunity to
investigate an extremely organic-rich interval with a multitude of tools that will permit
a better understanding of organic matter production and preservation and carbon

sequestration in an unusually organic-rich Eocene lake basin.

2.2 Methods

Core plugs were obtained from Mahogany Zone sections from three drill cores
located in central and eastern parts of the Uinta Basin: Utah State 1, the P-4
Chevron White Shale Project core, and Skyline 16. Detailed lithological descriptions

and organic geochemical analyses (figure 1, 8) were made using this material.

The Utah State 1 core is in the central part of the Uinta Basin, drilled by TOSCO
(The Oil Shale Corporation) and represents the most offshore of the three (Location:
T9S, R21E, Sec. 26, UTM 12T 627029 4429992). The P-4 Chevron White Shale
Project core (herein referred to as P-4) was drilled in the eastern part of the basin,
targeting a more marginal, lacustrine environment of the Mahogany Zone than the
former (Location: T10S, R25E, Sec. 19, UTM 12T 659426 4421812). The final core,

Skyline 16 (Location: T11S, R25E, Sec. 9, UTM 12T 661444 4415107), was drilled
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by the Utah Geological Survey, and represents the shallowest lake water levels and

the most marginal of the three. It consists of a section of the Mahogany Zone which

is thinner than that in P-4 and Utah State 1.

Utah State 1

Green River Formation- Parachute Creek Member

RS 2150

i

2200

Wavy Tuff
48.66% 0.23*

2250

A-Groove

Mahogany Zone

Mahogany Bed

CurlyTuff

4932+ 030" =22t " °

Legend:

Tuffaceous Bed
Muddy Siltstone
Planar-laminated
mudstone
Undulose-laminated
mudstone

Maﬁugiﬁy BéT

B-Groove

2400

Figure 1: Comparison of the sedimentological descriptions of the three drill cores used in

this study: Utah State 1, P-4 and Skyline 16. Bolded correlation lines represent important

marker beds that run through the cores, including the Mahogany Bed Marker and the Curly

and Wavy tuff beds. Present location of the drill sites shown in map inset in top center. Map

modified after Grande, 1984. *Radioisotopic dates from Smith et al., 2010 (See Appendix

A, B, C for full sedimentary logs).

Skyline 16 is a pristine core slabbed in 2010 and its proximity to the paleoshore-line

coupled with the presence of highly organic-rich facies makes it ideally situated to
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capture the full range of organic matter variation in the Mahogany Zone. Thin
sections were cut at the National Oceanography Centre Southampton’s Rock
Preparation and Thin-Sectioning Laboratory and selected to capture the range of
heterogeneity present in mudstone petrology. These sections were carbon coated
for scanning electron microscope (SEM) analysis using a Leo 1450VP SEM and an
Oxford Instruments X-Act 10 mm? area SEM-Energy Dispersive Spectrometer
utilising the AZtec Energy software system. Along with SEM analysis, energy
dispersive X-ray spectroscopy (EDS) was performed through a lamina set.
Differences in X-ray response to the electron beam allowed for elemental mapping,
and then the grouping together of elements for mineral identification. Once minerals
were identified, they were assigned colors for creation of thin section maps. Bulk
element analysis allowed for the calculation of several paleo-proxies for these

intervals.

For petrological analysis, the carbon coat was removed by polishing with alumina
powder. Two microscopes with multiple capabilities were used for this analysis,
enabling us to investigate the biological origin of Mahogany Zone organic matter in
the three classical methods of organic petrology. The first is a Zeiss UMSP 50 that
can be flipped between incident white light tungsten illumination and incident light
fluorescence illumination with filter set 9 (band pass excitation at 450-490 nm, with
a dichroic beam splitter at 510 nm and a 520 nm long pass filter). This excitation
wavelength provided a weak visible light fluorescence of liptinitic macerals. The
second is an Olympus BHS equipped with blue excitation (band pass excitation at
380-490 nm, dichroic beam splitter at 500 nm and a 515 nm long pass) that gave a
stronger fluorescence, and then can be flipped into transmitted white light mode. All
images were captured with a Canon EOS 70D SLR attached to a phototube and

operated with the EOS utility software.
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To isolate biomarkers for the identification of relative amounts and sources of
lacustrine organic matter, total lipid extracts (TLE) were isolated from powdered rock
samples of Skyline 16 using a Thermo 350 Accelerated Solvent Extractor with the
following program: preheat = 5 min; heat = 5 min; static = 5 min; pressure = 1500
psi; flush = 70%, purge = 300 s.; cycles = 3; solvent = dichloromethane:methanol
(9:1, v/v). Solvent extracts were placed in a Genevac EZ-2 vacuum centrifuge until
dry and then pipetted to small vials, where excess solvent was evaporated under a
stream of N2 gas. Once the samples had been gravimetrically quantified, TLEs were
separated into fractions using small silica gel columns. Samples were de-
asphaltened and then eluted with hexane, hexane: dichloromethane (DCM) (4:1,
v/v), and DCM: methanol (MeOH) (1:1, v/v) yielded aliphatic, aromatic and polar

fractions, respectively.

Identification of plant and algal biomarkers was made with a Thermo Trace 1310
gas chromatograph (GC) coupled to a Thermo TSQ8000 triple quadrupole mass
spectrometer (MS). The GC used a DB-5 column (30 m x0.25 mm inner diameter,
0.25-pm film thickness) with the following oven program: 40°C (held for 2 min),
increased at a rate of 6°C/min to 310°C, and then held for 20 minutes. Compound
identification of n-alkanes were made using mass spectra and comparison with an

in-house reference oil (North Sea Qil-1; Weiss et al., 2000).

2.3 Results

2.3.1 Core Correlation

Core logs through the Mahogany Zone from the basin center (Utah State 1) to the
basin margin (P-4 and Skyline 16) have many correlatable surfaces (Figure 1, 2).
The thickness of the Mahogany Zone varies, from 83 ft in Skyline 16 to 102 ft for P-
4 and Utah State 1. This difference in thickness is largely from slump deposits
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Figure 2: (Left) Schematic log of the Mahogany Bed Marker in core P-4. (Middle)
Mahogany Bed Marker in core Skyline 16. Clear minor faulting and slip/deformation is
common due to high organic content. (Right) Highly contorted paper-thin laminae and box

folding in the Mahogany Bed Marker at Nine Mile Canyon, Utah.

present in P-4 and Utah State 1, which are much thinner in Skyline 16. These slump
deposits are thickest at P-4 and thin towards the basin center. Tuffaceous material
is present in higher amounts in Skyline 16, with several tuff layers thinning out before

reaching the location of P-4.

2.3.2 SEM
2.3.2.1 Organic Matter Variation

Multiple styles of organic matter have been preserved in Skyline 16, varying from
distinct laminations of organic-rich material (Figure 3-l), to isolated lenses of organic
matter (appearing black in figure 3), to microbial mat textures (Figure 3-i), commonly
in close association with carbonate minerals and pyrite. Discontinuous kerogen

laminae are also common.

The microbial mats are highly undulose in form, usually warped around larger silt-
sized grains. In organic-rich laminations, the microbial mat textures layer on each
other, often connected vertically as well as horizontally. In leaner laminations (lighter
grey in figure 3), there is some horizontal connectivity of the more-dispersed organic

matter present, but very little vertically.
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Skyline 16

Figure 3: Scanning Electron Microscope (SEM) analysis images of thin sections from the
Skyline 16 core, ranging from centimeter scale (left), millimeter scale (middle) and
micrometer scale (right). Thin sections were selected by visual inspection to capture the
range of heterogeneity present in mudstone petrology. White squares show the location of
the increased magnification image immediately to the right. (a) 420.0 ft- Planar laminations
with loop bedding and interspersed pyrite. (b) 420.0 ft - Common highly reflective pyrite and
planar laminations. (c) 420.0 ft - Common grains of calcite, dolomite and albite. (d) 429.5 ft
- Parallel laminations with loop bedding and both pyrite dispersed through the section and
concentrated in bedding planes. (e) 429.5 ft - Fibrous iron sulfide, in the form of marcasite,
very common along bedding planes. (f) 429.5 ft - Altered feldspars and weathered grains of
quartz, with marcasite common. (g) 437.9 ft - Organic rich section with undulose pyrite rich
laminations, with pyrite lenses and occasional thin pyrite laminae. Loop bedding is common.
(h) 437.9 ft - Lenses of microbial mats and undulose laminations of organic matter-rich
material (black) with common marcasite. (i) 437.9 ft - Organic matter rich laminations and
lenses throughout, with microbial mat textures in the upper half of the frame. Marcasite is

dispersed throughout. (j) 503.8 ft - Parallel laminations with loop bedding and pyrite rich
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laminations and a 3mm band of pyrite across lower half of section. (k) 503.8 ft - Parallel
laminated mudstone with small pyrite grains. (I) 503.8 ft - Organic-rich and clast-rich
alternating laminations, with quartz, feldspar, calcite and dolomite common. Labels are as
follows: c- calcite, d- dolomite, p- pyrite, f- plagioclase feldspar, al- albite, g- quartz, om-

organic matter, ap- apatite, m- muscovite mica.

2.3.2.2 Mineralogy

Pyrite has variable habits (Figure 3), ranging from being disseminated to aligning
along laminae or being in high-enough quantities to form pyritic framboids, lenses
and laminations (Figure 3-g). Orthorhombic forms of iron sulfide, known as
marcasite, are commonly spread through the matrix and are joined together in larger

aggregates.

The silt-sized grains mostly comprise euhedral dolomite, calcite (from whiting
events), highly altered feldspars (including albite), and large grains of quartz. A
portion of the silt-sized grains form coarser clast-rich laminae, alternating with OM-
rich and clay-rich lamina, while other grains are disseminated through the matrix.
The clay-rich groundmass has high amounts of illite and amorphous organic matter

(AOM).

2.3.2.3 Sedimentology

Appearing parallel laminated at the coarsest scale (Figure 3), many of the laminae
at fine scale are disrupted by silt-sized grains. Loop bedding is particularly common
in organic-rich levels (Figure 3-g), and is likely the result of the stretching of
unlithified to progressively more lithified, laminated sediments of deep lacustrine
facies in response to successive minor seismic shocks (Rodriguez-Pascua et al.,

2000).
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2.3.3 SEM-EDS

Organic-rich layers are filamentous and undulose, and organic-rich laminae bundle
together to form OM-rich and OM-lean sections, which express as the darker and
lighter laminations at core scale (Figure 4). In organic-lean laminae, alternating

bands of silt-enriched and clay-dominated mudstone are clear. The silt-sized
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Figure 4: (A) Scanning electron microscope (SEM) analysis of a thin section at 463.9 ft depth from
the Skyline 16 core. The highlighted box indicates the location of panels B and C. (B) Backscattered
electron image of one frame (magnification x 40) of a SEM analysis through a sequence of polished
laminae from the Skyline 16 core (at 463.9 ft). (C) Energy Dispersive X-Ray Spectroscopy image
through the same laminae set as B with a classified, grouped, and color-coded presentation. See

legend in the lower left for mineral identification.
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components are composed of euhedral dolomite, irregular grains of quartz, albite,
ankerite, plagioclase and orthoclase feldspars, pyrite and sphalerite. Many quartz
grains appear subhedral, and are present along with weathered feldspar minerals
and ankerite. Pyrite is present as individual grains dispersed through the laminae-
set, but some have encrusted dolomite and albite. Similarly, some albite encrusts
cores of plagioclase feldspar, and outer rings of ferroan dolomite are present (Figure

4-c). Clay-rich groundmass and laminations are mostly comprised of illite.

234 Organic Petrology

Organic macerals and kerogen are typically analysed by reflected and transmitted
light respectively. Organic maceral types can be broken into the five following
groups: (1) amorphous, (2) exinite, (3) vitrinite, (4) inertinite, (5) liptinite. Kerogen
type is usually defined by the relative proportions of these maceral groups, and can
be sub-divided into the following types: sapropelic, humic-sapropelic, sapropelic-
humic and humic. In this study, two microscopes and three different illuminations
result in different expressions of the organic matter in thin section. The
nomenclature used for different illuminations in this study is depicted in Table 1.

Table 1: Organic petrography nomenclature for the microscopic illuminations used in this

study (Teichmdiller and Ottenjann, 1977; Burgess 1974; Van Gijzel, 1979; Senftle et al.,
1987).

Reflected light Transmitted light UV light
Huminite/Vitrinite Woody Vitrinite
Inertinite Coaly Inertinite
Liptinite Herbaceous Liptinite
-Sporinite Sporinite
-Cutinite Cutinite
-Liptodetrinite Liptodetrinite
-Alginite Algal Alginite
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groundmass filling with negative mineral groundmass
pseudomorphs solid bitumen
2.3.4.1  Organic Matter Variation

Organic matter fluoresces under excitation from UV light, attesting to the low thermal
maturity of the Mahogany Zone, and ranges from orange to bright greens and
yellows. Terrestrial organic matter is commonly seen here, with frequent woody
debris and collapsed spores oriented along bedding (Figure 5-d, 5-h, 6-g, 6-h). Thin
undulose plant remains, resembling cutinite (tenuicutinite?), commonly lie along
laminations and separate more OM-rich and OM-lean layers, and the original
internal structure of wood remains are commonly preserved and visible in incident

UV light.

Algal organic matter is seen as brightly fluorescent filamentous lamalginite,
liptodetrinite, and liptinite (Figure 7-e, 7-f), and is deformed around larger silt-sized
grains and woody plant material. Filamentous liptinite is a very common form of OM

throughout the Mahogany Zone.

Much of the OM in the photomicrographs is dispersed in the matrix, present as
amorphous organic material (AOM; transmitted light) or bituminite (reflected/UV
light), resulting in much of the background fluorescence (Figure 5-b). In laminations
that are darker brown, the OM comprises non-fluorescing bands of bituminite in

close association with pyrite and carbonate minerals.

Large organo-mineralic aggregates (OMA) are common (Figure 7-a, 7-b),

fluorescing brightly and varying in shape from undulose and bleb-like, to flatter
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more-lenticular shapes. The OMA commonly deflects liptinite and cutinitite

filaments, loading onto the laminae and deforming them.
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Figure 5: Photomicrographs from the Skyline 16 core, under incident UV light from a Zeiss
microscope. (a) Common wood fragments oriented along bedding. Dispersed organic
matter (orange fluorescence) through the upper and lower frames, as well as pyrite
(reflecting bright blue). Spore in lower frame. (b) Thin undulose plant remains (black),
commonly along laminations and separating organic matter-rich and carbonate-rich layers
(see arrow in the upper frame). (¢) Euhedral calcite grains common (upper frame arrow)
and large woody material with internal structure preserved can be seen (lower frame). (d)
Laminations of organic-rich and carbonate-rich material, with common spores (arrows)
through the upper and lower frames. Organic-rich laminae are warped around large grains
(calcite and quartz in the lower frame) and woody remains (dark blue-grey). (e)
Discontinuous plant material (upper frame arrow) and clear alternating laminations of
organic-rich and carbonate rich material (lower frame). (f) Collapsed spore (upper frame)
and a transition from a light stronger fluorescing band to a dark brown band that fluoresces
less, with common pyrite, marcasite and carbonate grains throughout (lower frame). UV: Bi-
bituminite; Li-liptinite; Ld- liptodetrinite; Sp- sporinite; La- lamalginite; Cu- cutinite; Vi-

vitinite; py- pyrite; In- inertinite.

2.3.4.2  Mineralogy

Siliceous material is commonly in close association with OM throughout the studied
section. Pyrite is commonly observed, in varying morphologies including large
framboids and overgrowths around grains and OM; filaments of marcasite are also
observed. The most common habit of pyrite is in the form of very small (<5 um)
disseminated pyrite framboids, with infrequent small (<0.1 mm) disseminated pyrite

grains.

Occasionally, small pyrite grains are observed along OM-rich laminae (Figure 7-c,
7-d), with siliceous bands present above and below. Silt-sized components which

form the coarser laminae are observed to include quartz, euhedral calcite and
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dolomite. The matrix is composed of amorphous organic carbon and dispersed clay

minerals.

100 pm

Figure 6: Photomicrographs from Skyline 16 core samples, under white transmitted light
(TL, top) and then incident UV (bottom) at x 20 magnification on the left-hand column and
x 40 magnification on the right-hand column, from an Olympus BHS microscope. (a) Visible
light. (b) Visible light, grains. (c) UV. (d) UV, spores, OM-rich laminations (fluorescing bright
green). (e) Visible light. (f) Visible light, collapsed spore in center of frame (orange). (g) UV,
large pyrite grains (black) and wavy laminae of fluorescing organic matter. (h) UV, collapsed
spore fluorescing brightly. TL: ca- calcite; w- woody; py- pyrite; am- amorphous organic
matter; sp- spore; hb- herbaceous; Pf- framboidal pyrite. UV: Bi- bituminite; Li-liptinite; Ld-

liptodeterinite; Sp- sporinite; La- lamalginite; Vi- vitinite.
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200 pm

Figure 7: Photomicrographs from Skyline 16 core samples, under white transmitted light
(upper pane) and then incident UV (lower pane) at x 20 magnification, from an Olympus
BHS microscope. (a) Large OMA with fluorescing OM laminations being deflected (bright
fluorescent laminae in lower pane). (b) AOM and grains, collapsed spore on upper left. (c)
Large grains of pyrite in an organic-rich layer, with siliceous bands above and below. (d)
OM-rich laminations (fluorescing bright green) with large pyrite overgrowth. (e) Wavy

laminations of brightly fluorescing organic matter, with carbonate-rich and siliciclastic-rich
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laminations inter-layered. (f) Siliceous layers at the base and top of the frames, with brightly
fluorescing OM in the middle, and occasional wood material along bedding. TL: ca- calcite;
w- woody; py- pyrite; am- amorphous organic matter; hb- herbaceous; Pf- framboidal pyrite.
UV: Bi- bituminite; Li-liptinite; Ld- liptodeterinite; Sp- sporinite; La- lamalginite; Cu- cutinite;

Vi- vitinite.

2.3.4.3 Sedimentology

Laminae of siliciclastic material are composed of sets of intercalated clay minerals
and quartz-rich layers. Although parallel laminated at core scale, at micron level,
many of the laminae are undulose in nature, and the clear laminations evident in
hand specimens become indistinct at higher magnifications. Lens-shaped

aggregates of quartz are common, ~100 uym thick and varying in lateral extent.

235 Geochemical Analysis
2.3.5.1  Organic Geochemistry

Total organic carbon (TOC) (generated by M. Vanden Berg, of the Utah Geological
Association, and J. Birdwell at the USGS, Denver) is elevated throughout the
Skyline 16 section, peaking in the middle of the Mahogany Zone where the water
column is assumed to be the most stratified (Table 2). TOC is highly variable
throughout the Mahogany Zone, with values fluctuating from 1.1 to 29.2% (figure 8-

a).

The ratio of terrigenous-to-aquatic n-alkanes (TAR index; Bourbonniere and

Meyers, 1996) was used to quantify relative inputs of organic matter:

TAR= (C27+C29+C31)/(C15+C17+C19)

The TAR index is based on the assumption that odd-numbered longer-chained n-

alkanes are derived from vascular plants (Cz27-31), whereas short-chain n-alkanes
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(C15-19) are derived from photosynthetic algae and bacteria in the water column.
Typically applied to data from marine settings, TAR values >1 indicate substantial
terrigenous organic matter contributions (Silliman et al., 1996). It has been observed
that the TAR index may result in the over-representation of terrestrial sources, but
despite this, it is still useful as a qualitative proxy for defining relative inputs of
terrestrial versus aquatic organic matter contributions. The TAR results for the
Mahogany Zone (Figure 8-b) reveal variability in the dominant source of OM through
the section. Although algal input is always dominant, there are four episodes of
relatively high terrestrial input which also correlate to lows in TOC and increased
terrestrial material in thin section (Figure 8-g), peaking at 453.9 and 477.9 ft,
reducing to negligible values by 493.7 ft (Figure 9). Peaks in TOC are concurrent

with intervals where the relative contribution of aquatic organic matter is highest.

Higher plants (i.e. vascular tissue containing) synthesize hydrocarbons with a strong
predominance of odd over even numbered n-alkanes, so the odd over even
predominance (OEP) of longer-chain n-alkanes can be used to evaluate terrestrial

organic matter input (Scalan and Smith, 1970):

OEP= (C27+(6xC29)+C31)/(4xC2s+(4xC30))

OEP values are elevated, ranging from 4.14 up to 10.23, with the highest values
towards the top and the base of the Mahogany Zone (Figure 8-c; 425.2 ft and 515.6
ft) during intervals of lower TOC. The OEP and TAR records are broadly similar. The
highest TOC values correspond to the lowest OEP values, indicating the organic
matter mixture is comprised of little terrestrial material. Low TOC values do not
systematically correspond to high TAR or OEP values although intervals with the
highest TOC have lower terrestrial organic matter (Figure 9). This scatter observed

at lower TOC values implies that there were multiple controls dominating the TOC
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values, likely a result of the high sensitivity of lacustrine basins to variations in
primary productivity of different photoautotrophs in the water column, dilution of

organic matter, and preservation conditions.

Table 2: Skyline 16 TOC, TAR and OEP. (Left) Total organic content (TOC) vs. depth, with
elevated, but highly variable TOC throughout the Mahogany Zone (*generated by Vanden
Berg and Birdwell, at the USGS, Denver). (Middle) Terrigenous/Aquatic ratio vs. depth, a
biomarker ratio used to quantify algal lipid vs. plant material inputs. (Right) Odd Over Even

Predominance vs. depth, is used to quantify terrestrial organic matter input.

Depth (ft) TOC* TAR OEP

420 3.32 1.28 8.74
4221 2.33 0.96 9.09
425.2 2.14 0.82 10.12
429.5 2.74 2.20 7.14
431.5 5.02 1.46 7.93
437.9 13.18 0.56 4.14
444.9 11.04 1.46 5.34
453.9 7.54 3.00 8.33
463.9 26.57 1.58 6.96
468.1 8.14 1.18 5.82
472.1 29.18 1.03 5.29
477.9 4.44 3.23 7.78
485.8 13.71 2.02 5.43
493.7 23.76 0.41 6.32
496.3 2.38 1.98 7.61
503.8 3.01 2.90 7.88
508.1 1.12 2.94 8.76
510.6 8.99 1.16 5.99
515.7 1.61 0.97 10.43

2.3.5.2  Inorganic Geochemistry

The K/AI ratio ranges from 0.22 to 1.07 (Figure 8-d), revealing small variations in
weathering input. This is supported by invariant Si/Al ratios (3.40-4.89; Figure 8-f;
Table 3), which indicate a lack of coarser grains and low levels of aeolian transport
as a source of quartz silt into the basin (Weltje and von Eynatten, 2004; Plewa et
al., 2012). Very low Ti/Al ratios (0.040- 0.056; Figure 8-e) reveal a very low sediment
input, at levels suggestive of sediment starvation (Young and Nesbitt, 1998; Whitlock

et al., 2008). Ca/Al ratios are relatively low, varying from 1.02 to 10.99 (Figure 8-9),
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indicating high lake levels through the Mahogany Zone with potential shallowing
towards the top of the section (Sun et al., 2008). The Mn/Fe ratio is essentially zero
(0.009- 0.035; Figure 8-h), revealing that the lake floor was continually anoxic

(Davison, 1993; Loizeau et al., 2001).

Table 3: Elemental microanalysis for thin sections analyzed by SEM.

Depth (ft) K/AI Ti/Al Si/Al Cal/Al Mn/Fe

420.0 0.74 0.059 3.94 3.15 0
429.5 1.03 0.045 3.80 0.83 0
437.9 0.31 0.073 4.54 2.40 0
463.9 0.41 0.049 3.78 1.51 0.0069
503.8 0.95 0.052 3.58 1.55 0

2.4 Discussion

241 Organic Matter Distribution

The different forms of organic matter observed in the Skyline 16 samples strongly
influence the facies, structural competence and TOC values. Organic matter
distributed in the matrix varies from amorphous organic material to discrete

interlayers with siliciclastic-rich and carbonate-rich laminations.

The processes by which large amounts of primary organic productivity in lakes can
be gathered from surface waters are coagulation and the binding of aggregates to
mineral matter (Alldredge and Silver, 1988; Graf 1992; Simon et al., 2002). These
processes ultimately result in a flux of organic carbon to the lake floor, which is
estimated at ~76.07 Gt during Mahogany Zone deposition. This estimate comes
from ~214.5 billion barrels of oil reserves in the Mahogany Zone for the Uinta Basin
and ~191.7 billion barrels of oil reserves in the Mahogany Zone for the Piceance
Basin, based on the Fischer Assay oil yield from Birdwell et al., (2015) and does not

take into account carbon sequestered as carbonate minerals. Collectively, this
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represents a significant sink of terrestrial carbon into Lake Uinta during the

termination of the EECO.

The close association of algal material and clay minerals and the presence of blebs
(thin laterally discontinuous lenses of silt and sand) in the deposits studied here
suggest that some sediment was delivered to the lake floor as organo-mineralic
aggregates (OMA), consistent with previous suggestions (Johnson et al., 2018).
Lacustrine organic matter removed by the formation of OMA could provide an
important carbon source for heterotrophs in the water column (Kigrboe et al., 2001).
The drifting and sinking of algal-rafted debris have been hypothesized as
mechanisms for the transport and deposition of sand-sized grains, as well as faecal
matter, in a deep carbonate mudstone facies during a lake transgression (Olsen et
al., 2018). The mechanism for algal-rafted debris involves mats of cyanobacteria or
green algae growing in the littoral zone, where they trap sand- and silt-sized
particles, plant material and other debris, prior to breaking free as smaller rafts.
Photosynthesis, through the release of Oz as a waste product, imparts a buoyancy
to such algal-rafted debris, permitting the debris to drift into the more distal zones of
the lacustrine system, eventually sinking and wrapping around sandy material. It is
hypothesised that heavier clasts (mm-size) contract together when the algal mat
founders, forming blebs which sink, leaving no visible trace of the mat. Such
structures are commonly observed in the Mahogany Zone (Figure 3-l, 4-b), and
along with OMA contained in smaller clasts, suggest that algal-rafted debris and
OMA are important components of the organic-rich intervals. Very thin laminae and
lenses of liptinite (<30 um) likely represent intra-annual events, whereas thicker

laminae are indicative of seasonal algal blooms (Ripepe et al., 1991).
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Figure 8: Stratigraphic and geochemical data through the Mahogany Zone of the Skyline 16 core. (a) Total organic content (TOC) vs. depth, with
elevated, but highly variable TOC throughout the Mahogany Zone. (b) Terrigenous/aquatic ratio (TAR) vs. depth, a biomarker ratio used to quantify
algal lipid vs. plant material inputs. (c) Odd/even predominance (OEP) vs. depth. (d) K/Al ratio showing small variations in weathering input. (e) Ti/Al
ratio, indicating low levels of sediment input. (f) Si/Al ratio with very low values through the section, indicating a lack of coarser grains. (g) Ca/Al ratio
showing low values indicative of a deep lake level through the Mahogany Zone, and shallowing towards the top of the section. (h) Mn/Fe ratio showing

continually anoxic lake floor conditions.
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Dark laminations of organic matter at the millimeter-scale are comprised of bundles
of bituminite and liptinite, representing multiple intra- and inter-annual events. As
such, traditional ‘varves’ observed at the core-level likely represent longer-term sub-
orbital-scale climate cycle fluctuations that affect primary productivity in lake surface
waters, possibly linked to solar spot periodicities at the decadal and sub-decadal

scale (Kuma et al., 2019) or El Nifio—Southern Oscillation.

Several studies that have addressed the deposition of the organic-rich zones within
the Green River Formation estimate a thickness of 100-200 um for an annual
lacustrine couplet (Bradley, 1929; Washburn et al., 2015; Walters et al., 2020). In
thin section, many laminations and lenses of organic matter and carbonate
precipitates are thinner and discontinuous, suggesting significant intra-annual

variability in the deposition of these components.

The organic matter content in the Mahogany Zone is heterogenous at the millimeter-
to micrometer-scale, both vertically and horizontally. Organic matter type varies,
with large amounts of AOM dispersed throughout the matrix. In sections containing
bituminite, large organo-mineral aggregates and liptinite laminae are commonly
present. Terrestrial organic input is represented by common woody debris, plant
remains, and spores, and intervals with large relative proportions of terrigenous
input correspond to lows of TOC (Figure 9). This may be related to higher energy
events washing in large quantities of terrigenous matter, organic matter and
sediments together, resulting in a lower proportion of algal lipids in these discrete
intervals due to the dual effects of increased leaf wax contribution and sediment

dilution.
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Figure 9: (A) Total organic content vs. odd/even predominance. Very high TOC (>10 wt.%)
corresponds to the lowest OEP values with the least organic-rich samples (<5% wt.% TOC)
clustering in the higher OEP range, indicating more terrestrial organic matter at these
intervals. (B) Total organic content vs. terrigenous/aquatic ratio. The highest TOC values
correlate with lower TAR values similarly to the OEP; however, a large amount of scatter

exists due to low TOC, low TAR values that are absent in the OEP record.

242 Lake Chemistry

The formation of pyrite requires a supply of terrigenous iron, organic matter, and
sulfate under relatively high pH conditions, although marcasite formation is favoured
at lower pH. The majority of pyrite observed was in the form of very small (um-scale)
disseminated framboids, indicative of a persistently anoxic-sulfidic water column
supersaturated in sulfate and iron. The presence of larger pyritic framboids indicates
that the pore waters in the sediment column were at least episodically sulfidic, and
the alignment of small pyrite grains along lamina indicate that there was only minimal
to moderate physical reworking of the anoxic/dysoxic sediment column at the site of
Skyline 16. The presence of ferroan dolomite crusts on many of the dolomite grains
also indicates minimal reworking of the sediment column. The preservation of small

fibrous forms of marcasite with a narrow size distribution among the grains indicates
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that the mineral formed directly in the euxinic water column (c.f., Berner, 1969;
Wignall and Newton, 1998; Schieber, 2007). Algal blooms decrease the pH locally
in the water column, and sufficiently large blooms would allow fibrous marcasite to
form instead of pyrite in the sulfidic water column. Furthermore, large algal bloom
events may have led to episodic sulfur production, resulting in abundant pyrite-rich
laminations in very small disseminated framboids. Pyrite particles may have also
been introduced from airborne sources or the distal plumes of turbidites, and then

settled to the lake floor.

Interestingly, saline minerals such as shortite and nahcolite are not commonly found
in Skyline 16, despite hypersaline phases occurring synchronously with the upper
R-6 (the organic-rich interval beneath the focus interval of this study) and the

Mahogany Zone (Vanden Berg and Birgenheier, 2017).

Abiogenic calcium carbonate deposition is attributed to precipitation events during
warmer months, when carbon dioxide sequestration from the water column by
planktonic photosynthesis lowered the pH of surface waters and precipitated
calcium carbonate (Eugster and Hardie, 1978). Detrital carbonate could also be
derived from dust storms, which vary in intensity over decadal time-scales (Ripepe
et al., 1991). However, inorganic proxies in this study demonstrate low levels of
aeolian input, suggesting this mechanism is unlikely to account for the observed
amounts of carbonate. Micritic carbonate is commonly dispersed at the finer scale
as part of the groundmass and dolomite at the coarser scale (Figure 4-c) similar to

previous work in the northern Uinta Basin (Johnson et al., 2019).

243 Transported material

Ankerite, a calcium-iron-magnesium-manganese carbonate mineral closely related

to dolomite and formed in iron-rich hydrothermal veins and metamorphic rocks, is
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generally observed in thin section as very weathered grains with irregular
boundaries. Albitic feldspar is common in the neighbouring Piceance Basin and
considered to be authigenic in origin, due to subhedral to euhedral crystal habits
and a maximum size of ~20 ym (Desborough, 1975; Birdwell et al., 2019). Large
clast sizes (>100 um; Figure 4-c) of anhedral albite suggests a detrital origin
(produced from granitic detritus) from sources that are not proximal to the lake. The
more frequent small clasts (<20 pm) of subhedral albite are likely formed
authigenically, similar to the albite observed in the Piceance Basin. Previous studies
suggested clastic input was sourced from the south of Lake Uinta, with large fluvial
systems transporting texturally mature sediments to the lacustrine system during
the EECO hyperthermals (Gall et al., 2017; Birgenheier et al., 2019). This resulted
in the ephemeral deposition of large sandstone sheets before the waning of the
EECO at the base of the Mahogany Zone. However, the textural immaturity of
sedimentary grains observed in this study suggest that a different source provided
material to Lake Uinta. The infrequent presence of highly subhedral ankerite and
anhedral albite may support a provenance located toward the north, from the
volcanic centres of the granitic Absaroka Mountains (Wyoming), or the volcanic
fields of the Challis Arc (Idaho) which were delivering detritus to the Greater Green
River Basin (Figure 4-c; Moye et al., 1988; Hiza, 1999) during deposition of the
Mahogany Zone (Smith et al., 2008). Volcaniclastic material deposited in the
Piceance Basin during this interval has been petrographically linked to the Absaroka
volcanic field, indicating a hydrologically linked Lake Gosiute and Lake Uinta and a

transport direction towards the south (Johnson et al., 2019).

Paleo-reconstructions for the Mahogany Zone support the transport of water and
sediment from Lake Gosiute of the Greater Green River Basin (which was coevally

infilling with material from the Idaho River during the development of the Mahogany
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Zone), into the Piceance Basin, and then over the flooded Douglas Creek Arch, and
into the Uinta Basin. Thus, simultaneous north-south filling of Lake Gosiute
delivered water and sediment into Lake Uinta via the connected basins, carrying
sediments over a protracted transport route, and likely contributing to increased
water depth (Smith et al., 2008; Chetel and Carroll, 2010). Other sources than the
Absaroka or Challis fields could include the Wind River Mountains, which also
provided volcanic material to the Uinta Basin (Johnson et al., 2019; Smith et al.,

2010).

Although the decline of the EECO is known to have had a profound effect on the
basin in terms of large-scale changes in sedimentary expression (i.e., from an
ephemeral fluvial system to a deep, highly productive lake; Birgenheier et al., 2019;
Plink-Bjorklund, 2015), it also resulted in a change to a more northerly sedimentary
provenance. Much of the transported detritus would have been delivered by lateral

transport in bed load or dense suspension.

2.5 Conclusions

The behaviour of the terrestrial carbon cycle is a key uncertainty in the warm world
projected for our future. Understanding dominant sources and variations of organic
matter in large terrestrial COz2 sinks, such as the Green River Formation during the
deposition of the Mahogany Zone, is crucial for better forecasting of terrestrial

responses to climate perturbations.

Organic matter types and distribution vary widely within the Mahogany Zone, but
amorphous organic matter derived from algal blooms is dominant throughout. Highly
changeable amounts of terrestrial input were transported to the basin, with periods
of lower relative inputs of organic matter sourced from terrestrial ecosystems

correlating to highs of TOC. This suggests that the primary productivity of the
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lacustrine algal community, preserved as AOM, is the principal contributor to the

extremely high TOC in the Mahogany Zone.

Details of the form and distribution of the organic matter provide important clues into
the controls on primary productivity and deposition. Longer-term sub-orbital cycle
fluctuations such as ENSO or sunspot variation resulted in accumulation of organic
matter in millimeter-scale laminations, with lighter carbonate- and siliciclastic-rich
laminae interspersed at the microscale in the darker high-TOC laminations observed
at the core scale. This decadal-scale pacing of conditions favourable to high-TOC
deposition in a Cenozoic warm world is an important consideration for carbon
drawdown by large lakes in models of terrestrial carbon cycles of the past, present
and future. Indeed, large organic-matter fluxes and associated carbon drawdown
over decadal periodicities suggest that large, highly productive lakes may act as

important terrestrial COz sinks and play a moderating role in a warming world.
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Chapter 3 Tectonically driven brine input controls on primary

productivity in an organic-rich Eocene lake
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Highlights:

o Biomarkers record variable water column conditions at peak oil-shale
deposition

e Highly variable salinity and hypersalinity persisted during lower TOC intervals

e Salinity changes acted as a key ecological stressor on biota in the water
column

e This led to a cessation of conditions favouring prodigious organic C

accumulation
Abstract

The long-lived Eocene lakes of the Green River Formation host a sedimentary
archive of terrestrial response to the Early Eocene Climatic Optimum (EECO, 53.26
to 49.14 Ma) and include the Mahogany Zone of the palaeo-Lake Uinta, which spans
the less understood decline and termination of the EECO and represents the
optimum preservation of organic matter (~45% TOC). The molecular geochemistry
of three Mahogany Zone cores is investigated. Two of the studied cores (P-4 and
Skyline 16) sample the basin-margin while Utah State 1 recovered basin-centre
conditions. Molecular fossils from the Mahogany Zone display high gammacerane

indices (>0.87) and Pr/Ph values, indicative of anoxic stratified conditions and
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hypersalinity development. The lowermost and uppermost parts of the Mahogany
Zone indicate strong but highly variable hypersalinity and stratification coupled with
lower productivity. A broad peak in productivity observed in the middle section of
each record, indicated by generally higher TOC accumulation, is characterised by
low to moderate stable salinity stratification. This suggests that highly variable
salinity and hypersalinity acted as key stressors to ecological development. When
lake conditions experienced highly variable salinity conditions suboptimal for algal
productivity, episodes of hypersalinity in the water column created conditions that
were too extreme to support a biodiverse community, resulting in intervals of low
TOC preservation. The spatial and temporal variations in salinity conditions reflect
long-term tectonic controls on riverine and lake water distribution among the sub-
basins of the regional Uinta Basin, modulated by climatically-driven evaporitic cycles
expressed in the Greater Green River Basin. Understanding the key tectonic and
climatic controls that led to high-TOC and saline mineral-rich deposits such as the
Mahogany Zone provides insights into the response of large super-productive lakes
to environmental perturbations and their role in organic carbon sequestration during

periods of high atmospheric COs2.

3.1 Introduction

3.11 Climatic warming in the early Eocene

The onset of the Eocene is marked by a negative 3'3C excursion associated with
transient warming at the Paleocene-Eocene Thermal Maximum (PETM), followed
by ~six million years of gradual warming that culminated in the Early Eocene
Climatic Optimum (53.26 to 49.14 Ma) and then gradual cooling leading to Antarctic
ice-sheet expansion and the development of icehouse conditions close to the

Eocene-Oligocene boundary (Pagani et al., 2005; Zachos et al., 2001, 2008; Foster
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et al., 2017; Inglis et al., 2020; Westerhold et al., 2020). The EECO witnessed the
highest atmospheric CO2 concentrations and global temperatures in the last 65
million years (i.e., ~10-16°C warmer than pre-industrial values; Kirtland Turner et
al., 2014; Lauretano et al., 2018; Westerhold et al., 2018a; Zachos et al., 2001,
2008) with peak warming from 51.5-50.9 Ma. Superimposed on this longer-term
Eocene warming are periodic isotopic excursions in 8'3C and &'80 records
(Westerhold et al., 2020) that are recognized as short-lived episodes of drastically
elevated temperatures (>5°C) associated with the release of light carbon and &'3C
excursions of ~-1 to -6%o., varying widely between different sites and substrates
(e.g., the PETM, ~56 Ma; ETM2, ~53.7 Ma; and ETM3, ~52.8 Ma; Nicolo et al.,
2007; Zachos et al., 2008, 2010; Stap et al., 2009; Dunkley Jones et al., 2010; Sluijs
and Dickens, 2012). These hyperthermals are paced by the 100-kyr and 405-kyr
eccentricity cycles (Zachos et al., 2010; Littler et al., 2014; Westerhold et al., 2017).
The PETM and ETM2 have been much more extensively studied than the declining
limb of the EECO, which is characterised by less extreme hyperthermals and
appears to be driven by astronomically paced changes in ocean ventilation of
dissolved organic carbon (Sexton et al., 2011). In a broader context, the early
Eocene witnessed large-scale ecosystem responses to these climatic-oceanic
changes that were recorded in the terrestrial and marine record through extinction
events and evolutionary turnovers (McKenna, 1983; Wolfe, 1985; Huber and
Caballero, 2011), at a time when much of the globe was comparable to today in
terms of plate geometry including the positioning of ridges and subduction zones

(Hyland and Sheldon 2013; Muller et al. 2016; West et al., 2020; Stein et al., 2021).

3.1.2 Continental vs. marine contexts for palaeoclimate studies

Marine records used in palaeoclimate studies are typically more continuous and

have lower sedimentation rates (~cm kyr™') compared to terrestrial records (~m
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kyr'') due to susceptibility to erosion and hiatus (Westerhold et al., 2018b).
Continental interior basins infilled with fluvial and lacustrine strata are highly
sensitive to climatic and tectonic controls (Carroll and Bohacs, 1999; 2001; Pietras
and Carroll, 2006) and often comprise important but understudied records of

palaeoclimate change (Inglis et al., 2017; van Dijk et al., 2020).

Recent studies of early Eocene continental records from North America (e.g.
Bighorn Basin; Abels et al., 2016; Wang et al., 2017; Westerhold et al., 2018b)
identified eccentricity-paced carbon isotope excursions that allow for comparison to
key marine EECO records (e.g. Ocean Drilling Program (ODP) Site 1262 and Site
1263, Walvis Ridge, Atlantic Ocean; Zachos et al., 2010; Littler et al., 2014;
Lauretano et al., 2015). Much of North America (up to latitudes of 65 °N) was warm
and humid during the early Eocene (Dilhoff et al., 2013), resulting in expansive
temperate to sub-tropical forests (Greenwood and Wing 1995; Smith et al., 2012;
Breedlovestrout et al., 2013; Greenwood et al., 2016; West et al., 2020). Lignite-
derived MAAT estimates for continental temperatures in the mid-latitudes range

from 20 to 26 °C (Inglis et al., 2017).

313 Climatic and tectonic influences on Green River Formation
deposition

The lacustrine and fluvial deposition of the Green River Formation represents the

peak hyperthermal regime of the EECO through the more stable post-EECO climate

state. The sequence spans north eastern Utah, north western Colorado and south

western Wyoming, occupying several Laramide-related intermontane fault-bounded

basins. The large ancestral lakes Uinta and Gosiute occupied the southern and

northern basins, respectively (Figure 1) and produced one of the largest oil shale
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deposits in North America, containing thermally immature hydrocarbon resources

estimated at 1.32 trillion barrels (Johnson et al., 2010).
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Figure 1: Locations of the three cores in this study, Utah State 1, P-4 and Skyline 16. Lake

Uinta was at highstand during deposition of the Mahogany Zone, submerging the Douglas

Creek Arch and hydrologically linking the Uinta and Piceance basins (Modified from Pietras

et al., 2020).

In the Uinta Basin, the Green River Formation was deposited in a series of cyclically

alternating organic-rich and organic-lean intervals, culminating in the deposition of
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the prolific Mahogany Zone, when the lake was at its deepest (Cashion, 1967;
Johnson et al., 2010). The sedimentary cycles have been attributed to tectonic
controls (Pietras et al., 2003a, 2003b; Smith et al., 2003; 2010) and orbital pacing,
with the 405-kyr eccentricity cycle resulting in a greater seasonal contrast during
eccentricity maxima and appearing to correspond to cyclic drier phases in the Uinta
Basin (Bradley, 1929; Fischer and Roberts, 1991; Whiteside and Van Keuren, 2009;
Kocken et al., 2019). The Mahogany Zone is primarily composed of kerogen-rich
dark brown oil shales and lighter brown-grey carbonaceous mudstone, ranging from
~1-45% total organic content (TOC). Organic geochemical and detailed core
analyses indicate a persistently stratified water column throughout deposition of the
Mahogany Zone (Tissot et al., 1978; Vanden Berg and Birgenheier, 2017), yet high

TOC variability indicates an overarching control distinct from redox conditions alone.

In addition to the dominant carbonate and organic-rich mudstones, the Green River
Formation contains clastic and saline sediments deposited during major fluvial
incursions and evaporitic phases associated with key climatic and tectonic events,
including the EECO (Dyni, 2006; Gall et al., 2017; Birgenheier et al., 2019). The
hydrological regime underwent profound reorganisation in this climate transition
(Carmichael et al., 2017), with thick fluvial sandstone deposits forming in an
ephemeral flash-flood environment in the Uinta Basin during the hyperthermals of
the EECO. Finer-grained sediments marking a lower-energy precipitation regime
and decreased sediment supply developed during the stable post-EECO climate
state, when the lake deepened (Gall et al., 2017; Birgenheier et al., 2019).
Contemporaneous fluvial and floodplain deposition adjacent to the Lake Gosiute in
present-day Wyoming, represented by the volcaniclastic Bridger Formation, yields

geochemical and floral data recording mild temperatures and little to no frost during
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the termination of the EECO (~49.14 Ma; Westerhold et al., 2018a; Chetel et al.,

2011; Stein et al., 2021).

Previous geochemical and geophysical studies have revealed that generally, the oil-
shale-rich intervals of the Green River Formation, including the prolific Mahogany
Zone, represent the wetter peaks of the 405-kyr cycle. Dry phases of the 405-kyr
cycle appear to correspond with saline intervals and significant evaporite deposition
in the centre of the Uinta Basin (Dyni, 1974a, 1974b; Whiteside and Van Keuren,
2009; Vanden Berg and Birgenheier, 2017). However, large thickness variations at
both high and low frequencies and lateral variation in the terrestrial basin
compounds the orbital signal (e.g., Olsen and Kent, 1999; Machlus et al., 2008).
The hypersaline nature of the Piceance Basin has been well documented (Johnson,
1985; Tanavsuu-Milkeviciene and Sarg 2012) and details of the hypersaline phase
in the Mahogany Zone have been recently reported (Vanden Berg and Birgenheier,

2017), but their wider climatic and tectonic contexts await further studies.

Valuable insights into climatic and regional tectonic influences can be obtained
through the study of organic biomarkers. There is a long history of pioneering
organic geochemical research in the Green River Formation, and several key
biomarkers were discovered here, including; steranes and triterpanes, perhydro-
beta-carotene, and gammacerane (Hills et al., 1966; Tissot et al., 1978; Dyni, 1987).
As a closed lacustrine system, the Green River Formation was extremely sensitive
to basin and climatic changes, and the ~400 kyr depositional cycle (Smith et al.,
2008b; Whiteside and Van Keuren, 2009) of the markedly TOC-rich Mahogany Zone
is ideally suited for high-resolution geochemical studies to disentangle the complex
controls on the duration and extent of this large organic-carbon sequestration event.
High-resolution continental records over the termination of the EECO (~49.14 Ma)
are rare and the eccentricity-paced cyclicity observed in the oil-yield values and C/N
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ratios (Whiteside and Van Keuren, 2009) in the Green River Formation mirrors the
beat of the early Eocene hyperthermals found in both the marine and continental
realms (Machlus et al., 2008; Zachos et al., 2010; Sexton et al., 2011; Littler et al.,

2014; Lauretano et al., 2015; Stein et al., 2021).

3.2 Materials and Methods

3.21 Site description

A plethora of industry cores have been commissioned because of the economic
significance of the lower and middle Green River Formation’s prolific hydrocarbon
potential. Three cores, varying in proximity to the paleo-shoreline, were sampled
through the organic rich Mahogany Zone across the Uinta Basin. Utah State 1,
drilled by TOSCO (The QOil Shale Corporation), captures a deeper, basin-centre
position during deposition of the Mahogany Zone (UTM 12T 627029 4429992). The
P-4 Chevron White Shale Project core (hereafter referred to as P-4) was drilled in
the eastern Uinta Basin, closer to the basin-margin and edge lacustrine environment
of the Mahogany Zone (UTM 12T 659426 4421812). The most proximal core,
Skyline 16, represents a basin-margin, lacustrine setting, containing a shallower and
marginally thinner section of the Mahogany Zone (UTM 12T 661444 4415107). It

was drilled by the Utah Geological Survey.

3.2.2 Age model

The Green River Formation is punctuated by numerous tuff layers from the north-
eastern Absaroka and Challis Volcanic provinces. Two dated tuff horizons (Smith et
al., 2008) in close vicinity of the Mahogany Zone of the P-4 drill core have been used
to develop an age model. Detailed sedimentological analysis supports a linear

sedimentation rate and the main facies present is profundal laminated mudstone
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(Walters et al., 2020; Whiteside and Van Keuren, 2009; Smith et al., 2008). The
Curly and Wavy tuffs are dated with 4°Ar/*°Ar stepwise degassing on euhedral biotite

crystals to 49.32 £0.33 Ma and 48.66 + 0.27 Ma respectively.

3.23 Organic geochemistry
3.2.3.1  Biomarker Methods

Gammacerane, a saturated triterpenoid hydrocarbon derived from tetrahymanol,
has been widely utilised as a biomarker for salinity stratification and hypersalinity.
Bacterivorous ciliates (such as Tetrahymena) residing at or below the chemocline
biosynthesize tetrahymanol (gammacer-33-ol) during intervals when their diet is
deprived of sterols. Upon diagenesis and early catagenesis, gammacerane is
released and its ratio to the Cso hopane is therefore useful as an indicator of
hypersalinity and water column stratification (Venkatesen, 1989; Sinninghe Damsté
et al., 1995; Peters et al., 2005). Pristane (C19) and phytane (Cz0) are isoprenoid
alkanes derived from algae and photosynthetic bacteria, higher plants, and
archaebacteria (ten Haven et al., 1987; Didyk et al., 1978). The ratio (Pr/Ph)
between these compounds has been used to understand redox conditions in sub-
aqueous environments, with values <0.8 indicating anoxic conditions and values
between 0.8-3.0 suggesting a sub-oxic environment (ten Haven et al., 1987; Amane

and Hideki, 1997; Sarmiento and Rangel, 2004).

The primary source of organic matter in lacustrine environments is chiefly composed
of phytoplankton, although large contributions may be sourced from decaying
terrestrial higher plant matter depending on the surrounding terrigenous vegetation
and fluvial controls (Dyni, 2006). N-alkane average chain length distributions can be

used to identify ecological shifts in the vegetation such as those associated with
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varying inputs of longer-chain terrestrial plant material (Ficken et al., 2000; Jansen

et al., 2010).

3.2.3.2  Organic Geochemistry Methods

Rock plugs through the Mahogany Zone from Utah State 1, P-4 (2274-2376 ft; 683—
785 ft respectively; sub-sampled at the Lamont-Doherty Earth Observatory of
Columbia University) and Skyline 16 (430-513 ft; sub-sampled at the Utah
Geological Association, at depths with known total organic carbon measurements),
were removed with a water-cooled drill press (Delta DP300L), and powdered by
agate mortar and pestle. Samples retrieved from the Mahogany Zone drill cores are
typically comprised of light brown to black, laminated mudstones with TOC values
ranging from 0.35 to 44.6 wt. %, averaging 11.2 wt. % (Whiteside and Van Keuren,
2009). Samples are subdivided into the upper, middle and lower Mahogany Zone in
the Results and Discussion for ease of comparison (Tables 1, 2 and 3). Molecular
extraction and fractionation were conducted at the National Oceanography Centre
Southampton. Total lipid extracts (TLE) were isolated from powdered rock using a
Thermo 350 Accelerated Solvent Extractor with the following program: preheat = 5
min; heat = 5 min; static = 5 min; pressure = 1500 psi; flush = 70%, purge = 300 s.;
cycles = 3; solvent = dichloromethane:methanol (9:1, v/v). Solvent extracts were
reduced to dry with a Genevac EZ-2 vacuum centrifuge, transferred to small vials,
evaporated under a stream of nitrogen, and then gravimetrically quantified. The
TLEs were fractionated using small silica gel columns and fractions were eluted with
hexane, hexane: dichloromethane (DCM) (4:1, v/v), and DCM: methanol (MeOH)
(1:1, vlv), yielding the aliphatic, aromatic and polar fractions, respectively. Activated
copper was added to each fraction to remove elemental sulphur. Biomarker
identification was performed using a Thermo Trace 1310 gas chromatograph (GC)

coupled to a Thermo TSQ8000 triple quadrupole mass spectrometer (MS). The GC
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used a DB-5 column (30 m x0.25 mm i.d, 0.25-um film thickness) with the following
oven program: 40°C (held for 2 min), increased at a rate of 6°C/min to 310°C, and
then held for 20 minutes. Compound identification of n-alkanes and
pristane/phytane was made using mass spectra and comparison with an in-house

reference oil (North Sea Qil-1).

The gammacerane indices for the Utah State 1, P-4 and Skyline 16 cores were
calculated as: (Gammacerane/(Gammacerane*C30a)*10). Average chain length
(ACL) and the degree of ‘waxiness’ can characterise the n-alkane distribution of
samples and reveal variations in paleoecology. ACL values incorporate the

weighted averages of carbon chain lengths and has been calculated as follows

(Ficken et al., 2000):

((25%C25)+(27%C37)+(29%C29)+(31XC31)+(33XC33))
C25+C27+C29+C31+C33

ACL=

The waxiness ratio, an environmental source parameter that evaluates the input of
waxy terrestrially-derived material to aquatic organic matter (Connan and Cassou,

1980), is calculated as:

Waxiness= 2 n-C21-C31/Z n-C15-C20

3.3 Results

3.3.1 Gammacerane Indices

In Utah State 1, the gammacerane indices range from 0.16—0.53, with relatively
moderate values in the lower Mahogany Zone (0.25-0.53; 2338.5-2380.6 ft)
remaining low (0.16-0.20) between 2316.3 and 2330.25 ft, and after this increasing
up through the section to values of 0.46 (2296.2 ft). In the basin margin core P-4,

gammacerane index values vary from 0.07-0.87 with the peak oil shale of the
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Mahogany Bed deposited at a time with a moderate gammacerane index (Figure 2;
0.28). Several peaks with high (>0.7) gammacerane indices are identified and

values increase slightly upwards through the Mahogany Zone.

In Skyline 16, the gammacerane index values vary from 0.034-0.84 indicating
heterogeneous conditions and salinity stratification through the Mahogany Zone.
Values are more variable towards the top and base of the section, and also generally
higher, suggesting intervals of hypersalinity are captured in these samples (Figure
4). In the middle of the section around the Mahogany Bed (460 ft), gammacerane
index values remain low, but above zero, indicating some degree of salinity
stratification is present through the Mahogany Zone at the most proximal core
location. The gammacerane indices show that the water column had robust salinity
stratification through the Mahogany Zone of the sampled cores.

Table 1: Depth in feet with total organic content, gammacerane indices, pristane/phytane,

carbon preference index, and waxiness values for Utah State 1.

Depth Mahogany (TOC Gl Pr/Ph CPI Waxiness
(ft) Zone
Subdivision

2272.3  |Upper 2.08 0.35 0.75 28.90 4.31
2275.2  |Upper 15.39 0.34 1.04 27.94 0.78
2279.2  |Upper 4.03 0.45 0.85 28.95 2.97
2280.3  |Upper 16.49 0.29 0.94 28.25 2.15
2283.6  |Upper 13.34 0.27 0.94 27.86 2.05
2284.2  |Upper 11.26 0.30 1.00 28.15 1.74
2286.3  |Upper 15.08 * * * *
2290.3  |Upper 11.13 0.37 1.07 28.32 1.84
22921 Upper 8.48 0.40 1.00 28.47 2.16
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2296.2  |Upper 4.93 0.46 0.94 28.59 343
2301.2  |Upper 3.32 0.39 0.70 29.01 7.19
2302.07 |Upper * 0.29 0.77 28.53 3.17
23031 Upper 5.3 * * * *
2304.7  |Upper * 0.35 0.83 28.57 1.42
2308.3 [Middle 16.05 0.24 0.80 28.69 2.03
2311.5 |Middle 11.56 0.21 0.75 28.87 3.12
23141 Middle 4455 0.19 0.77 28.36 1.81
2316.3 |[Middle 20.36 0.21 0.80 28.76 2.44
2317.4  |Middle 29.21 0.20 0.77 28.86 2.78
2318.2 |[Middle 18.16 0.18 0.78 28.92 2.79
2319.4 |Middle 7.73 0.18 0.68 28.87 3.38
2322.7 |Middle 23.46 0.17 0.80 28.76 2.07
2327.6  |Middle 11.03 0.18 0.64 29.24 5.84
2330.3 [Middle 10.58 0.16 0.75 28.83 2.82
2332.4 |Middle 0.35 * * * *
2333.9 [Middle 9.18 0.24 0.71 28.78 3.22
2335.1 Middle 4.73 0.22 0.74 28.80 2.95
2337.2 |Middle 19.08 0.22 0.61 29.36 6.10
2338.5 |Middle 16.91 0.28 0.75 28.69 2.65
2341.2  |Middle 20.31 0.28 0.77 28.74 2.50
2344.3 |Middle 8.24 0.30 0.73 29.25 4.10
2348.5 |Lower 7.98 0.36 0.91 28.59 2.11
2351.1 Lower 1.24 0.49 0.35 29.00 12.18
2353.1 Lower 6.99 * * * *
2355.1 Lower 1.48 * * * *
2357.3  |Lower 12.17 0.45 1.20 27.68 0.71
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2359.3 Lower 3.77 0.39 0.88 28.74 1.78
2362.6 Lower 26.02 0.53 1.19 28.21 0.57
2365.2 Lower 4.71 0.25 0.81 29.26 4.19
2368.1 Lower 2.73 0.42 1.06 29.06 1.55
2371.5 Lower 11.2 0.37 0.81 28.63 1.15
2374.7 Lower 7.57 0.46 0.97 28.39 1.27
2377.2 Lower 2.95 0.33 0.84 29.49 2.47
2378.9 Lower 3.33 0.50 0.73 29.98 4.62
2380.6 Lower 0.42 0.54 0.88 29.70 1.48

*Blank values due to an earlier TOC sampling strategy then analysis followed by biomarker

analyses on samples retrieved at a later date

Table 2: Depth in feet with total organic content, gammacerane indices, pristane/phytane,

carbon preference index, and waxiness values for P-4.

Depth (ft) [Mahogany |TOC Gl Pr/Ph CPI Waxiness

Zone

Subdivision
685.3 Upper 5.65 0.43 0.59 1.36 2.07
686.2 Upper 9.4 * * * *
687.4 Upper 2.83 * * * *
690.8 Upper 8.47 * * * *
691.6 Upper 7.86 * * * *
692.3 Upper 11.86 * * * *
693.5 Upper * 0.25 0.61 1.30 0.87
694.2 Upper 24.89 * * * *
695.5 Upper 12.51 * * * *
696.3 Upper 9.04 0.27 0.61 1.99 1.15
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697.3 Upper 4.16 0.47 0.53 2.41 4.14
699.0 Upper 10.18 0.55 0.49 2.26 1.78
699.7 Upper 8.6 0.73 0.52 2.42 2.10
700.4 Upper 4.08 0.64 0.49 2.57 5.45
702.1 Upper 4.32 0.30 0.52 2.46 4.00
704.5 Upper 5.33 0.21 0.46 2.62 5.12
705.1 Upper * * 0.21 3.48 18.61
705.9 Upper 5.16 0.07 0.40 2.52 6.46
705.9 Upper 5.24 * * * *
707.0 Upper 6.31 0.18 0.49 2.52 5.70
708.4 Upper 28.55 0.24 0.41 1.48 2.88
708.4 Upper 28.58 * * * *
708.7 Upper 15.27 0.73 0.53 1.69 0.83
709.8 Upper 9.24 0.27 0.41 1.92 2.64
709.8 Upper 9.39 * * * *
711.6 Upper 12.84 0.23 0.47 1.21 4.15
712.9 Upper 6.91 0.19 0.45 2.07 2.71
712.9 Upper 7.53 * * * *
713.9 Upper 10.71 0.21 0.44 1.71 3.07
714.5 Middle 9.79 0.15 0.45 1.87 1.55
714.5 Middle 10.91 * * * *
715.8 Middle 15.24 0.29 0.43 1.69 2.31
716.7 Middle 43.06 0.16 0.45 1.73 1.92
716.7 Middle 35.66 * * * *
718.6 Middle 29.55 0.11 0.42 1.97 1.96
719.9 Middle 11.5 0.28 0.37 2.04 2.75
719.9 Middle 12.24 * * * *
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720.5 Middle 21.74 0.08 0.39 1.58 3.29
722.2 Middle * 0.30 0.36 2.49 4.71
722.7 Middle 7.29 0.07 0.35 2.35 4.59
722.7 Middle 8.8 * * * *
724.9 Middle 9.04 0.09 0.40 1.78 1.48
725.6 Middle 25.72 * * * *
727.2 Middle 7.65 0.09 0.39 242 3.90
728.5 Middle * 0.16 0.38 1.99 4.11
729.8 Middle 25.65 0.10 0.38 2.32 1.97
731.9 Middle * 0.10 0.42 2.05 1.32
733.8 Middle 10.56 0.22 0.36 2.34 412
735.4 Middle 6.26 0.16 0.09 3.01 6.12
737.4 Middle 5.39 0.15 0.39 1.98 3.89
738.7 Middle * 0.20 0.39 212 3.60
740.6 Middle 16.08 * * * *
742.5 Middle 3.27 0.23 0.39 1.41 5.05
744 .4 Middle 4.06 0.27 0.45 1.25 3.89
745.4 Middle 16.42 0.22 0.43 2.54 1.87
746.7 Middle 10.66 * * * *
748.5 Middle * 0.13 0.42 2.05 4.08
750.6 Lower 10.68 0.23 0.45 2.18 417
752.7 Lower 7.63 * * * *
755.1 Lower 3.4 0.37 0.52 1.50 3.94
757.2 Lower 10.94 0.87 0.50 1.92 213
759.1 Lower 9.87 * * * *
760.9 Lower 1.62 0.48 0.35 1.42 7.46
761.9 Lower 1.88 0.30 0.26 1.55 33.21
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763.2 Lower 7.92 0.43 0.53 0.86 3.86
765.0 Lower 2.15 0.45 1.42 1.00 16.81
766.4 Lower 9.39 0.45 0.48 1.16 2.91
767.5 Lower 15.81 * * * *
768.3 Lower 2.48 * * * *
768.9 Lower 3.49 * * * *
769.5 Lower 25 0.27 0.30 1.73 2.90
770.4 Lower 8.39 * * * *
771.6 Lower 18.35 * * * *
772.8 Lower 1.77 * * * *
773.8 Lower 2.61 0.32 0.35 2.33 2.90
774.8 Lower 1.1 * * * *
775.6 Lower * 0.38 0.59 1.60 3.73
776.1 Lower 29 > 0.54 2.91 3.82
777.1 Lower 7.23 * * * *
778.5 Lower 5.23 0.14 0.97 0.67 2.89
781.7 Lower * 0.28 0.93 0.84 1.91
782.2 Lower 2.58 * * * *
783.5 Lower 5.81 * * * *
784.5 Lower 2.17 o 0.82 3.21 2.90

*Blank values due to an earlier TOC sampling strategy then analysis followed by biomarker

analyses on samples retrieved at a later date

** Missing gammacerane indices values due to inability to isolate gammacerane with the

close overlapping Cs1r homohopane in the chromatograph
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Table 3: Depth in feet with total organic content, gammacerane indices, pristane/phytane,

carbon preference index, and waxiness values for Skyline 16.

Depth (ft) |Mahogany |TOC Gl Pr/Ph CPI Waxiness
Zone
Subdivision

420.0 Upper 3.32 0.50 0.49 413 1.71
4221 Upper 2.33 0.54 0.51 417 1.31
425.2 Upper 2.14 0.84 0.51 4.30 1.08
429.5 Upper 2.74 0.53 0.53 3.45 2.81
431.5 Upper 5.02 0.42 0.59 3.45 2.04
437.9 Upper 13.18 0.11 0.60 1.85 0.96
4449 Upper 11.04 0.61 0.58 2.85 2.04
453.9 Middle 7.54 0.22 0.36 3.82 3.63
463.9 Middle 26.57 0.03 0.35 3.34 2.09
468.1 Middle 8.14 0.08 0.35 2.84 1.97
4721 Middle 29.18 0.13 0.38 2.52 1.62
477.9 Middle 4.44 0.11 0.37 3.52 3.71
485.8 Middle 13.71 0.17 0.48 2.89 2.49
493.7 Lower 23.76 0.22 0.56 2.52 0.79
496.3 Lower 2.38 0.54 0.49 3.17 2.28
503.8 Lower 3.01 0.72 0.47 3.17 3.17
508.1 Lower 1.12 0.36 0.50 3.22 3.03
510.6 Lower 8.99 0.26 0.52 2.32 1.49
515.7 Lower 1.61 0.66 0.70 4.48 1.10
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Figure 2: (Top) Utah State 1 core results: Stratigraphic column through the Mahogany

Zone, Utah State 1. From left: gammacerane indices show variations in salinity stratification

((gammacerane/gammacerane + C300B)*10); pristane/phytane ratio indicating anoxic to

sub-oxic water column conditions; ‘waxiness’, which evaluates terrestrial material input
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(£ n-C21-Caz1/Z n-C45-Cy); ACL is average chain length of analysed organics and
characterises the n-alkane distribution of samples, allowing for identification of ecological
shifts; total organic carbon (TOC) reveals variation of oil shale richness. (Middle) P-4 core
results: Stratigraphic column through the Mahogany Zone, P-4. Gammacerane indices of
analysed hydrocarbons, with high values suggesting hypersalinity. (Bottom) Skyline 16 core
results: Stratigraphic column through the Mahogany Zone, Skyline 16. Gammacerane
indices, with high values indicating hypersaline intervals. **TOC values for Skyline 16
generated by M. Vanden Berg and J. Birdwell at the USGS, Denver. MB= Mahogany Bed
Marker. (*Radioisotopic dates from Smith et al., 2008).

3.3.2 Pristane/phytane

The pristane/phytane ratio is a paleo-redox proxy of water column conditions. In
Utah State 1, pristane/phytane values are elevated (0.35-1.20; Figure 2) compared
to the other cores analysed, indicating reducing to sub-oxic conditions through the
Mahogany Zone in the lake depocentre. In the P-4 lake margin core, values range
from 0.09-1.42 becoming variable towards the base of the core, reducing through
the Mahogany Zone and appearing to become oxic (Pr/Ph = 1.42) at an interval that
correlates to a tuffaceous debris flow (see appendix B; P-4 core log).
Pristane/phytane values remain below 1 in Skyline 16 throughout the section (0.35—
0.7), indicating strongly reducing conditions for the duration of the Mahogany Zone

in this core.

3.3.3 Pristane/n-C17 vs. phytane/n-C1s

Pristane/n-C17 vs. phytane/n-C1s provides insight into redox conditions and the
degree of thermal maturation of a sample (Figure 3; Peters et al., 2007). Utah State
1, P-4 and Skyline 16 plot in distinct groups, with the two proximal cores overlapping
the most, indicating the most similar water column conditions. Utah State 1, the most
basinal of the lacustrine sites, predominately plots in the sub-reducing zone with 12
samples indicating fully reducing conditions. Tuffaceous debris flows transport in

organic matter from shallower oxic environments, resulting in rare values indicating
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oxygenated water conditions in P-4, which aside from three samples that indicate
sub-reducing conditions, is found to be reducing through the section. Skyline 16
values indicate reducing water column conditions through the Mahogany Zone, and
none of the three cores underwent maturation to a strong degree, indicating a

thermal immaturity that is ideal for organic geochemical studies.

3.34 Gammacerane indices vs pristane/phytane

Gammacerane indices vs pristane/phytane provides the relationship between
salinity stratification and water column anoxia, and the variation of this with proximity
to the Douglas Creek Arch. Utah State 1, P-4 and Skyline 16 have been subdivided
into the upper, middle and lower Mahogany Zone (Figure 4; Table 1, 2, 3). An
increasingly reducing environment is observed as the cores become more proximal,
and more reducing values are generally found in the middle (‘peak’) Mahogany Zone
compared to the upper and lower sections of the cores. Highly variable salinity
stratification values are found in the upper and lower sections of the Mahogany Zone
in all three cores, whereas only moderate values of salinity stratification, coupled
with a reducing water column, are seen during the peak Mahogany Zone. Box and
whisker plots for the sub-divided cores demonstrate increased variability of salinity
stratification in the upper and lower Mahogany Zone, with least variable values
consistently found during the peak Mahogany Zone (Figure 4). Utah State 1, the
basin-centre core, has generally elevated salinity stratification values compared to
the P-4 and Skyline 16 cores. However, less variation is observed in the salinity
stratification and values indicative of extreme hypersalinity are not present, whereas
hypersalinity is likely to have existed during the upper and lower sections of P-4 and
Skyline 16. P-4 has the highest variability of gammacerane indices values through
the upper, middle and lower Mahogany Zone. Skyline 16 shows a similar variability

in the upper and lower core, but variation in values is very minor during the mid-

71



Chapter 3
Mahogany Zone. This is reflected in both of the other sites, which also show the
least variability in salinity stratification and chemocline fluctuation during the mid-

Mahogany Zone.

Pristane/n-C17 vs. Phytane/n-C1s
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Figure 3: Cross plot of Pristane/n-C17 vs. Phytane/n-Csg, for Utah State 1, P-4 and Skyline
16. Utah State 1, the most basinal of the lacustrine sites, predominately plots in the sub-
reducing zone, whereas the more proximal sites P-4 and Skyline 16 group in the reducing

zone. Tuffaceous debris flows result in rare values indicating oxygenated water conditions.

3.35 Average Chain Length

The average chain length through the basin centre core ranges from 27.7-23.0 and
has some greater variation towards the base and top of the section (Figure 2). In P-
4, average chain length values are homogenous through the section, with more
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variation observed in the deepest samples (781.7-763.15 ft) and values ranging
between 26.3-29.7. Average chain length values in Skyline 16 range from 28.5—
30.2, with values slightly higher than Utah State 1 and P-4. Minor variability is
present up through the Mahogany Zone, representing changes in different

proportions of various compounds being preserved.

3.3.6 Waxiness

The degree of waxiness in Utah State 1 range from 0.2—11.6. Several peaks of
increased terrigenous material are present through the section, with large events
present at 2301.2 and 2351.1 ft (Figure 2). In the basin-margin P-4 core, waxiness
values range from 0.8-33.2, with far higher terrestrial material present here than
observed in the Utah State 1 waxiness proxy record. Very large peaks representing
high proportions of leaf waxes in comparison to aquatic organic matter are present
at 705.1 and 761.9 ft, which are similar horizons where the same perturbations are
observed in the Utah State 1 core. The degree of waxiness in the Skyline 16 core
varies between 0.8-3.7, representing variable amounts of longer chain n-alkane
input from leaf waxes. These values are low in comparison to the large peaks seen
in Utah State 1 and especially P-4, which may be a result of a lower resolution record
in Skyline 16 and a sampling bias missing these infrequent large leaf wax-
contributing run-off events, where lacustrine turbidites and hypopycnal flows

gradually deposit the suspended clay fraction (Boggs, 1995).

3.3.7 Total Organic Carbon

TOC values are highly elevated and vary through the three cores, with highest
values recorded in the basin-centre (Figure 2). In Utah State 1, TOC ranges from
0.4-44.6% and varies between high and low values rapidly, peaking at the laterally

extensive Mahogany Bed Marker (2314 ft; Figure 2). P-4, located adjacent to the
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basin-margin during the Mahogany Zone, has TOC values ranging from 1.1-43.1%.
The proximal core of Skyline 16 is located on the basin-margin and contains the

lowest TOC values of the three cores, varying from 1.1-29.8%.

3.4 Discussion

3.41 Fidelity of the biomarker ratios
3.4.1.1  Other sources of organic matter

Pristane (Pr) and phytane (Ph) are primarily derived from the phytol side chain of
chlorophyll-a in the phytoplankton community (Witkowski et al., 2018), with phytane
preferentially preserved in reducing conditions and pristane preferentially preserved
during oxic conditions. The Pr/Ph ratio has long been used as an indicator of
reducing and oxic conditions in the water column (Didyk et al., 1978; Hughes et al.,
1995), however, these compounds can be produced by multiple sources (e.g.
methanogens and halophiles; Risatti et al., 1984, ten Haven et al., 1987). Phytane
can also be derived from bis-phytanyl ethers found in archaebacteria, and pristane
from tocopherols (Philp, 1994), which in sufficient amounts may lead to a decoupling
of Pr/Ph from redox conditions. We argue that inputs from alternative sources
contribute minimally to the pristane/phytane record, due to being vastly outweighed
by the extreme productivity of the algal community within the photic zone during the
Mahogany Zone. Methanogenesis can be inhibited by highly sulphidic conditions in
lacustrine environments, and evidence for high levels of iron sulphides in the Green
River Formation decreases the likelihood of large methanogen inputs (Tuttle and

Goldhaber, 1993).

Gammacerane, a pentacyclic triterpenoid first discovered in the Green River
Formation (Hills et al.,, 1966) is only known to derive from tetrahymanol

(Venkatesen, 1989; ten Haven et al., 1987; Sinninghe Damste et al., 1995; Peters
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et al., 2005), where an increase of the ratio of the concentration of gammacerane to
that of the Cso hopane is linked to increases in salinity and water column
stratification. Other sources of tetrahymanol have been identified in the natural
world, and include cultures of an anaerobic rumen fungus (Piromonas communis)
(Kemp et al., 1984), as well as ferns (Zander et al., 1969) however, the pathway to
gammacerane generation is during stressed environmental conditions, where the
precursor molecule is forced to accept tetrahymonol in lieu of sterols, make it highly
unlikely that significant alternate sources of tetrahymanol, not reflective of the saline
environment, existed either in the water column or from external transport. The

gammacerane indices are thus truly reflecting lake water column salinity conditions.

3.4.1.2  Mass transport deposits

As well as being produced by multiple sources, pristane and phytane can be
transported by mass transport deposits, and so may not faithfully record redox
conditions at the time of deposition (ten Haven et al., 1987). Debris flows and lower
energy distal turbidites are identified in the Mahogany Zone and often related to ash-
flow deposits (Birgenheier and Vanden Berg, 2011). This may go some way in
explaining the apparent presence of oxic conditions in the basin-centre during
periods of oil shale deposition (Figure 3). Skyline 16, which has minimal debris flow
facies represented during the Mahogany Zone, may better represent true redox
conditions in the basin than P-4 and Utah State 1. Minimal thermal maturation to the
signal is supported by the high pristane/C17 to phytane/C1s values and moderate

average chain length values, indicating no major alteration.

3.4.1.3  Terrestrial input to the basin

The large variations of leaf wax (0.2—11.6; Figure 2) reflected in the waxiness ratio

may be the result of multiple controls, including variations in the minor amounts of
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n-alkanes produced in the lake. A change in basin drainage capture or vegetation
amount could influence the amount of leaf wax being transported into the lake
system or high levels of run off from the mountains and shorelines surrounding the
lake could increase the levels of terrestrial input (Eglinton and Eglinton 2008;
Sachse et al., 2004; 2012). This may also be expressed in subtle changes of the
sedimentology, with occasional laminae of clastic grains in the laminated calcareous
mudstones of the P-4 and Utah State 1 cores and rare higher energy siltstone and
sandstones representing the distal plumes of turbidites, which may indicate a
change or avulsion in fluvial style (Gall et al., 2017). Subtle variations in the
sedimentology, with occasional siltier laminations do not indicate a significant
change in local fluvial systems and may represent an increase in runoff due to local
weather changes or an intense short-lived storm, accounting for these rare spikes
seen in both the P-4 and Utah State 1 cores. Leaf wax transport and increased
runoff of freshwater into the lake would be higher under these conditions (Diefendorf
and Freimuth, 2017), with decreasing volumes of terrestrial material towards the
basin centre as observed between Utah State 1 and P-4. These multi-core events
which deliver spikes of leaf wax into the basin may be related to the eccentricity
pacing at the ~100 kyr and ~400 kyr scale observed in this formation (Fischer and
Roberts, 1991; Whiteside and Van Keuren, 2009) and are not clearly reflected in the

more sparsely sampled Skyline-16 core, likely an effect of the sampling density.

3.4.2 Inter-site variation in redox values

The spatial variation in Pr/Ph values from algal lipids from Skyline 16 to Utah State
1 may have been affected by several processes, including inputs from multiple
fluvial systems, mass transport deposits, and the mixing of lake layers during
seasonal overturning (Sachse et al., 2004), the latter potentially resulting in the

remineralisation of organic matter. Less reducing Pr/Ph values observed in Utah
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State 1 may be a result of the increased fetch the basin-centre core received, in an
open lake setting. A more significant fetch would lower the seasonal thermocline
and overturn the upper water column during windier periods, resulting in
remineralisation of organic matter. Seasonal overturning may be less severe at the
more sheltered proximal sites, presenting less opportunity for remineralisation (Kelts
and Talbot, 1990). Volcanic material can strongly influence redox conditions, and
high amounts of transported tuffaceous material, such as the Curly and Wavy tuffs,
and numerous thinner unnamed ash beds, is present in the centre and eastern Uinta
Basin (Birgenheier and Vanden Berg, 2011). Ash-flows transported from the Challis
and Absaroka volcanic provinces (Smith et al., 2008; 2010) via the Piceance Basin
may have supported strongly reducing conditions in the basin-margin cores, located
proximal to volcanic material input, as well as providing more nutrients to the photic
zone, driving further water column stratification in comparison to the basin-centre

core.

343 Spatial and temporal variations in salinity stratification and
hypersalinity
At all three locations, higher gammacerane index values are in the upper and lower
Mahogany Zone with minor-moderate values in the mid-Mahogany Zone (Figure 4).
Converse to expected trends, severity of hypersalinity decreases with distance from
the Douglas Creek Arch and is stronger in the shallower cores. Although
hypersalinity is weakest in the depo-centre, higher gammacerane indices over the
entire section (see Figure 4-b) indicate a more stable salinity stratification in the
basin-centre compared to a less stable, hypersaline-prone environment in the basin-

margin cores.
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Figure 4: (A) Gammacerane Indices vs Pristane/Phytane, for the Mahogany Zone in the
Utah State 1, P-4 and Skyline 16 cores, subdivided into upper, middle and lower
sections. (B) Box and whisker plots for the sub-divided cores, revealing increased
variability of salinity stratification in the upper and lower Mahogany Zone of the three
cores, with least variable values always found during the middle (peak) Mahogany Zone.
Salinity stratification values extend to lower values in the P-4 and Skyline 16 cores, and
these cores generally show greater variability in salinity conditions than the basal Utah
State 1 core. Whiskers represent highest and lowest values, and the box indicates the

position of the upper quartile, mean and lower quartile for each set of results.
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3.4.3.1  Precipitation/evaporation controls

Drivers of salinity stratification in lacustrine basins are often attributed to enhanced
evaporation in the region, concentrating saline minerals in the residual lake water.
Closed lacustrine basins, like the Uinta Basin, are particularly vulnerable to this
process. The Mahogany Zone was deposited at a global onset of Eocene cooling
(~48-49 Ma; Inglis et al., 2015; Smith et al.,, 2010; Gall et al., 2017), with
temperatures slowly decreasing from the EECO. On the backdrop of global cooling,
Lake Uinta was at a highstand, indicating that levels of evaporation strong enough

to decrease lake level and/or concentrate saline minerals in this basin were unlikely.

3.4.3.2  Water balance-driven variations in brine input

Regionally, the Green River Formation basins of Utah, Colorado and Wyoming were
interconnected through the highstand period of the Mahogany Zone. The northern
Greater Green River Basin was far shallower and flatter in relief than its southern
counterpart and experienced high evaporation as a result (Bohacs et al., 2003;
Smith et al., 2010). Contemporaneous to oil-shale deposition in Lake Uinta, the
Greater Green River Basin experienced infilling from sediment and water capture of
the ldaho River. This forced displacement of evaporitic-mineral rich water and
volcaniclastic sediments from the Lake Gosiute down to the Piceance Basin of
Colorado and then into the connected highstand Lake Uinta (Figure 1; Johnson,
1985; Smith et al., 2008). The Skyline 16 and P-4 cores are located closer to the
Douglas Creek Arch and as a result, would have been very sensitive to intermittent
brine input associated with the transported Greater Green River Basin material
(Figure 5). This is reflected in the high variability seen in the gammacerane indices
for both P-4 and Skyline 16 (Figure 3, 4). Lower variability is seen at Utah State 1,
but stronger salinity stratification of the water column persisted in the centre of the
lake, where dense saline waters collected in the depo-centre, resulting in a brine
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pool occupying the deepest part of the lake floor. The presence of large nahcolite
nodules in Utah State 1, which would have precipitated in such stratified hypersaline
lake bottom waters in the depocenter, (Vanden Berg and Birgenheier, 2017) and
absence of these in Skyline 16 and P-4, which contain smaller crystals of shortite,
supports this. Increasing inputs of volcaniclastic sediments have been proven to
have played a role in organic carbon sequestration during the PETM, and so
Tuffaceous layers in the Mahogany Zone may have precipitated authigenic
carbonate and sequestered carbon (Longman et al., 2021). However, the richest
TOC intervals are typically found in the laminated brown mudstone samples, with

tuff layers relatively depleted in TOC (Whiteside and Van Keuren, 2009).

/
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 sediment
| transport/

Variable
salinity input

Fine-grained sandstone, siltstone and mudstone
AN
deposited in shallow water marginal environment

Dark Brown Oil Shale- carbonate, feldspar
and quartz minerals

Fine-grained sandstone, siltstone and mudstone

= Shallow evaporitic lacustrine mudstone, siltstone
deposited in flood plains and channels

and sandstone

Saline-rich water and fluvio-volcaniclastic [ Fissile low organic content mudstone
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Figure 5: lllustrative model of the Uinta Basin during Mahogany Zone deposition, showing
connected basins of the Green River Formation. Basin infilling in the northern Greater
Green River Basin, coupled with high evaporation in the shallower-relief basin there, forced
evaporitic saline waters and volcaniclastic sediments (delivered from capture of the Idaho
River system) into the Piceance and Uinta basins. Due to a location nearer Douglas Creek
Arch, sediments in the Skyline 16 and P-4 cores experienced large salinity changes as a
result of intermittent brine input (associated with transported material), which is reflected in
the variability of their gammacerane indices (see Fig. 4). Dense saline waters collected in
the deepest parts of the basin, resulting in brine pool at the lake floor and less variable but

stronger salinity stratification of the water column at Utah State 1.
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3.4.3.3  Salinity stratification stymying primary productivity

In contrast to expectations, intervals with the strongest salinity stratification are not
associated with highest TOC. Instead, elevated gammacerane indices correlate with
relatively low values in TOC (Figure 2). During the peak Mahogany Zone and
deposition of the Mahogany Bed Marker (~45% TOC; Whiteside and Van Keuren,
2009), salinity stratification is moderate and variability is low in all three cores (Figure
4), indicating that stability of the environment supported high primary productivity
rates and the richest oil shale of the Green River Formation. In the upper and lower
sections of the Mahogany Zone, where TOC values are lower, both higher variation
in salinity stratification and additional hypersaline phases may have impacted the
photosynthetic community, likely through stressing ecological conditions and
hampering primary productivity in the basin. This may have restricted the
photosynthetic organisms to species which are more halophilic and tolerant of the
extreme conditions as accumulation of brine in the eastern palaeo-center resulted
in the growth of large nodules of nahcolite similar to the adjacent Piceance Basin
(Brownfield et al., 2010a; Johnson and Brownfield, 2015). Additional minor inputs of
evaporite brine may have been mobilised at the shallow lake margin to the lake
depocenter before precipitation of shortite and nahcolite in saline pore waters

(Vanden Berg and Birgenheier, 2017; Jagniecki et al., 2013).

As intervals with high TOC appear to be linked to a lower intensity of salinity
stratification, fluxes in primary productivity may be the most important control of the
highly variable TOC through the Mahogany Zone (<1-45 wt.%; Figure 2) and the
resultant organic carbon drawdown to the terrestrial realm. This is estimated for the
Mahogany Zone as ~76.07 Gt of organic carbon over the ~400 kyr cycle of peak oll
shale deposition in Lake Uinta (214.5 billion barrels of Mahogany zone oil in-place

for the Uinta Basin based on Fischer Assay oil yield; Birdwell et al., 2015). Low
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sedimentation rates persisted in the highstand lake (Birgenheier et al., 2019;
Walters et al., 2020) and most of the sediments are sourced from suspension
settling, unlike earlier in the basin history, when large fluvial systems developed in
the EECO and large deltaic systems prograded into the Uinta Basin (Gall et al.,
2017; Birgenheier et al., 2019). It is unlikely that variation in sediment supply and
the subsequent clouding of the water column and dilution of organic matter exerted
the major control on TOC, as much of the Mahogany Zone comprises carbonate or
organic-dominated mudstones (Whiteside and Van Keuren, 2009). Similarly, a
continually reducing environment through the Mahogany Zone, as evidenced by low
pristane/phytane ratios and the presence of gammacerane, as well as supporting
evidence from prior studies (Dyni, 1987; Vanden Berg and Birgenheier, 2017),
indicate that variation in preservation conditions would not have been a major driver
for the TOC trends. Spatial and temporal variations in salinity conditions were the
result of water balance-driven variations of brine input into the terminal Uinta Basin
(Figure 5), before the transition into an organic-lean environment. Dual tectonic and
climate influences in the Green River Formation are reflected in the terminal Uinta
Basin, at sub-orbital and orbital scales (Fischer and Roberts, 1991; Roehler, 1993;
Whiteside and Van Keuren, 2009). Although tectonically driven drainage changes
exerted a strong control on the variation in fresher and saline material transported
to the Piceance and Uinta basins, climatically driven precipitation/evaporation cycles
would have strongly affected the shallower Greater Green River Basin and
concentrated the resultant transported material. Deteriorating ecological conditions
in the lake, through increasing salinity stratification and large volumes of dense
saline waters collecting, coupled with the increasing input of volcaniclastics, may

have been a driver in the cessation of the orbitally paced organic rich and lean
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intervals that culminated in this large organic carbon drawdown event and the

extraordinarily organic-rich Mahogany Zone (Whiteside and Van Keuren, 2009).

3.5 Conclusions

The long-term tectonic and climatic evolution of the Lake Uinta region and
consequent variations in environmental conditions have had profound control on the
organic matter in the Green River Formation. Density stratification of the water
column persisted through the Mahogany Zone and periods of hypersalinity
developed. Closer to the source of saline material, such as the proximal locations in
the east of the Uinta Basin, were more sensitive to changes in salinity stratification,
which is reflected in the high variability of salinity conditions in the P-4 and Skyline
16 lake margin cores. The changeability of salinity stratification and hypersalinity
was a key stressor of ecological conditions in the Mahogany Zone. The sediments
with high TOC from the basin-centre core, which is subject to less variable, more
moderate salinity stratification, and from the mid-Mahogany Zone, which hosts peak
oil shale accumulations, consistently exhibit the least variability in salinity
stratification. Pristane/phytane values indicate that the sediments sampled by the
basin-centre core accumulated under the least reducing conditions, suggesting a

decoupling of the pristane/phytane proxy from redox conditions.

Spatial and temporal variations in salinity conditions were the result of long-term
tectonic controls driving the water balance between fresher and brine-rich inputs to
the terminal Uinta Basin. The locus of evaporitic mineral formation was in the
neighbouring Lake Gosiute of the Greater Green River Basin. Tectonically induced
landform changes in the connected Greater Green River Basin caused large
volumes of dense saline waters to flow across the Douglas Creek Arch during lake

highstands and collect in the bathymetric lows in the Uinta Basin during periods of
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increased evaporite precipitation. The resulting increased ecological stress on biota
living in the water column, coupled with the increased supply of clastic material, may
have been an important driver leading to the cessation of conditions favouring
prodigious organic accumulation in the Mahogany Zone. The Mahogany Zone
represents the last of the eccentricity-scale organic-rich cycles of this long-lived
lake, and acted as a large carbon sink (~76.07 Gt) following the peak hothouse

climate of the Cenozoic.
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Highlights:
e Leaf wax and algal lipid 8°H reconstruct the hydrological cycle in the early

Eocene

e Leaf wax and algal 8°H values exhibit large lake inter-site variability (up to

100%o)

e Gradual variations in 3?H values indicate a stable hydrological cycle in the

EECO

e Stable hydroclimate may have promoted organic matter burial within the

lake system

e High Corg burial may have acted as an important negative climate feedback

Keywords: Eocene; Green River Formation; EECO; hydrogen cycle; compound-

specific hydrogen isotope analysis; lacustrine
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Abstract

The early Eocene was characterized by a series of transient episodes of rapid global
warming superimposed on the long-term early Cenozoic warming trend, culminating
in the Early Eocene Climatic Optimum (~53.3 to 49.1 million years ago). Details of
the hydroclimate regime operating during the EECO are poorly constrained,
especially for continental interior sites. The Green River Formation (GRF) of Utah
and Colorado was deposited in a suite of large, unusually productive lakes that
offers an ideal opportunity to study the hydrological response to warming. Here we
report on the hydrogen isotopic composition (8°H) of leaf wax (long-chain n-alkanes)
and algal (phytane) lipids preserved in the organic-rich Mahogany Zone (49.3 to
48.7 Ma) and use these data to reconstruct precipitation and lake water 8°H records,
respectively. Algal lipid and leaf wax 8?H values exhibit a strong linear relationship
(R? = 0.78), suggesting that algae and higher plants are utilising the same hydrogen
sources for biosynthesis. We observe large variations in algal and leaf wax &°H
values (~50 to 75%o) in the basin as a whole, suggesting that locally variable water
sources also influenced lake water °H. However, leaf wax and algal lipid 3%H values
show little variation through the Mahogany Zone, suggesting a uniform hydrological
regime. This contrasts with the more variable hydrological regime that prevailed
during early Eocene hyperthermals. The early Eocene hyperthermals in the Uinta
region do not coincide with the deposition of similarly organic-rich sediments,
suggesting that a stable hydrological regime may promote conditions that enable
the preservation of organic matter within continental-interior lake systems,
potentially leading to an important negative climate feedback during the early

Eocene and other greenhouse climates.
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4.1 Introduction

The early Eocene (56.0 to 47.8 million years ago; Ma) Green River Formation
provides a 15 Myr sedimentary record of intermittently interconnected terminal
continental-interior basins that extended across north eastern Utah, north western
Colorado and south western Wyoming (Bradley, 1929; Tissot et al., 1978; Dyni,
1987; Smith et al., 2008, 2010) (Figure 1). In the GRF of the Uinta Basin, Utah, Lake
Uinta varied from freshwater to saline, with at least three hypersaline intervals
identified (Vanden Berg and Birgenheier, 2017). The first of these coincides with the
interval richest of organic content in the GRF, the Mahogany Zone. Deposited over
~400 thousand-years (kyr), the lacustrine strata comprise of sediments deposited in
the deepest part of the paleo-lake (Tissot et al., 1978). This unusually organic-rich
section is found throughout the basin and contains a thin (0.5m) marker bed of peak
total organic carbon (TOC; 43 wt.%; Whiteside and Van Keuren, 2009), referred to
as the Mahogany Bed marker. The Mahogany Zone is constrained by radioisotopic
dating (49.32 + 0.30 to 48.66+ 0.23 Ma; Smith et al., 2008; 2010), and has the
potential to provide important constraints on continental climate during the early
Eocene, as Early Eocene-aged terrestrial sections with good age constraints are

relatively sparse.

The Mahogany Zone was deposited during the end stages of an interval of peak
warming known as the Early Eocene Climatic Optimum (EECO; 53.3 to 49.1 Ma).
The EECO was the most intense and prolonged period of climatic warming in the
past 66 million years, with global surface temperatures reaching ~10-16°C above
pre-industrial levels during peak EECO conditions (Zachos et al., 2001; Inglis et al.,
2020). The EECO is also characterised by an intensified hydrological cycle
(Carmichael et al., 2017) with evidence for enhanced rainfall in high-latitudes (Inglis

et al.,, 2020). However, the hydrological response within the low to mid-latitude
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continental interiors has been only assessed in a few studies (Hyland and Sheldon,
2013; Carmichael et al., 2017). A better understanding of hydrological cycle
perturbations during the early Eocene could provide important insights into a range
of biogeochemical processes, including soil erosion rates, methane cycling and
organic carbon burial (Carmichael et al.,, 2017 and references therein). These
processes could have acted as either positive or negative climate feedbacks,
helping to increase or decrease global temperatures, respectively. However, this
requires better constraints on the hydrological cycle of these large early Eocene

lakes.
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Figure 1: The lateral extent of the Green River Formation spanning north-east Utah, north-
west Colorado and southern Wyoming (Grande, 1984). This study focused on the southern
Uinta Basin in Utah, through three Mahogany Zone sections varying in proximity to the
paleoshore. Utah State 1 is in the basin-centre during the deposition of the Mahogany Zone,
whereas P-4 and Skyline 16 represent the basin-margin during this time. Locations of the

cores are indicated in red circles.

Here we determine compound-specific hydrogen isotope (6°H) values in leaf waxes
and algal lipids to reconstruct precipitation changes and interrogate hydrological

change over the mid-latitudes during the deposition of this key interval. Leaf waxes
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record the d?H of the source water from the surrounding vegetative environment,
whereas phytane is commonly derived from autotrophic aquatic microorganisms
and provides insights into the °H value of lake water (Volkman et al., 1998; Eglinton
and Eglinton 2008; Sachse et al., 2004; 2012). We use lipid 3°H values to infer
changes in the &°H value of precipitation during the latest EECO (~49.1 Ma) and
assess the stability of the hydrological cycle during this event. We also explore the
role of the hydrological cycle in the deposition of the organic-rich Mahogany Zone

during the termination of the EECO.

4.2 Background and methods

421 Site description

Continual industry interest in the oil shales of the GRF has resulted in numerous
boreholes, particularly in the Uinta Basin. We sampled a centre to margin transect
of the profundal zone through three Mahogany Zone sections (Figure 1). The main
facies present is continuous parallel- to minorly undulose laminated mudstone with
little bioturbation. Drilled by the TOSCO corporation, the Utah State 1 core
represents a deeper, basinal zone of the Uinta Basin (reported as longitude/latitude
in decimal degrees: 40.010576, -109.511638). The P-4 Chevron White Shale
Project core (P-4) was drilled in the eastern section of the Uinta basin, targeting a
basin-margin, lacustrine environment (39.931419, -109.134227). Drilled by the Utah
Geological Survey, the Skyline 16 core represents a more proximal basin-margin,
lacustrine setting and contains a more condensed section of the Mahogany Zone

(39.870658, -109.112281).
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422 Age model

The Green River Formation is punctuated by numerous tuff layers from the north
eastern Absaroka Volcanic Province. Two dated tuff horizons, named the Wavy and
Curly tuffs, are located above and immediately below the Mahogany Zone of the P-
4 drill core (Smith et al., 2008) and have been used to develop an age model for the
P-4, Skyline 16 and Utah State 1 Mahogany Zone sections. Detailed
sedimentological analysis supports a near-linear accumulation rate of 100-200
pm/yr (Smith et al., 2008; Whiteside and Van Keuren, 2009; Walters et al., 2020).
The tuffs are dated with “°Ar/ 3°Ar, measured on single crystal analysis of biotite, to

49.32 +0.33 Ma (Curly Tuff) and 48.66 + 0.27 Ma (Wavy Tuff).

4.2.3 Organic geochemistry

Rock plugs through the Mahogany Zone from Utah State 1, P-4 and Skyline 16
(2274-2376 ft, 683- 785 ft and 430-513 ft respectively) were removed with a water-
cooled drill press (Delta DP300L), and powdered by agate mortar and pestle.
Molecular extraction and fractionation were conducted at the University of
Southampton. Total lipid extracts (TLE) were isolated from powdered rock using a
Thermo 350 Accelerated Solvent Extractor with the following program: preheat = 5
min; heat = 5 min; static = 5 min; pressure = 1500 psi; flush = 70%, purge = 300 s.;
cycles = 3; solvent = dichloromethane:methanol (9:1, v/v). Solvent extracts were
evaporated using a Genevac EZ-2 vacuum centrifuge and subsequently
fractionated using silica gel columns. The TLE was eluted with hexane,
hexane:dichloromethane (DCM) (4:1, v/v), and DCM:methanol (MeOH) (1:1, v/v),
yielding the aliphatic, aromatic and polar fractions, respectively. Activated copper

was added to each fraction to remove elemental sulphur.

90



Chapter 4

Biomarker identification was performed using a Thermo Trace 1310 gas
chromatograph (GC) coupled to a Thermo TSQ8000 triple quadrupole mass
spectrometer (MS). The GC used a DB-5 column (30 m x0.25 mm i.d, 0.25-uym film
thickness) with the following oven program: 40°C (held for 2 min), increased at a
rate of 6°C/min to 310°C, and then held for 20 minutes. Compound identification of
n-alkanes and pristane/phytane was made using mass spectra and comparison with

an in-house reference oil (North Sea Oil-1).

Compound-specific isotope analysis was conducted using a Thermo Scientific Trace
1310 GC with a DB-5 column (30 m x 0.25 i.d.25- uym film thickness) coupled to a
Delta V plus isotope ratio—Mass Spectrometer via a Thermo GC Isolink and Conflo
IV. Samples were injected splitless and the GC program was as follows: 40° for 2
minutes then 6°C/minute to 310°C, and then held for 15 minutes. Results are
reported in per mil notation (%), implying a factor of 1000 and were corrected using
a mixture of n-alkanes, several with known isotopic values (n-C1e to n-Cso), the A-7
standard reference material obtained from Arndt Schimmelmann (Schimmelmann
et al., 1999). Triplicates of the standards were run before and after the analysis of
every five samples and a blank sample of sand (typical standard deviations as
follows; Utah State 1: 4.28%o; P-4: 1.25%0; Skyline 16: 4.84%o), with results rejected
when the standard deviation for standards ran in triplicate exceeded 5%.. Error bars
in Figure 2 represent the standard deviation of the n-alkane A-7 mix run in concert
with samples, and the Hs* factor calculated prior to each sample sequence was
consistently below 4 ppm V-'. Hydrogen isotopes are expressed relative to Vienna
Standard Mean Ocean Water (VSMOW) with a precision of £1.5%0. and an average

error of 3.27 %eo.

Several methods for characterising the n-alkane distribution of a sample have been
developed, including the carbon preference index (CPl), average chain length (ACL)
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and OEP (odd over even predominance). The carbon preference index (CPI) was
calculated through each core location (Marzi et al., 1993) to determine variation in

n-alkane chain length and sources:

CPI= (2X(C23+C25+C27+C39))
(Ca2+2X(C24+C26+C28)+C30)

ACL represents the weighted averages of carbon chain lengths and can be

calculated as (Ficken et al., 2000):

ACL= ((25XC55)+(27%XCy7)+(29%XCp9)+(31%XC31)+(33XC33))
C25+C27+C29+C31+C33

Vascular plants synthesise hydrocarbons with a strong predominance of odd over
even numbered n-alkanes, so OEP can be used to evaluate terrestrial organic

matter input. The formula used here (Scalan and Smith, 1970) to determine OEP is:

(Ca7+(6XC29)+C31)
EP=
o ((4xC8)+(4xC30))

4.3 Results

431 Lipid distributions

We found slight site-specific variations in n-alkane abundance, with moderate CPI
values (<5.0) indicating the presence of relatively immature organic matter input
throughout the three sections (Figure 2). In the distal Utah State 1 core, CPI values
are low and range from 1.4 and 2.4 and little variation is observed, with slight
fluctuation observed towards the base and top of the Mahogany Zone. In
comparison, the proximal P-4 core contains higher but more variable CPI values
ranging from 0.7— 3.5 with larger variations towards the base and top of the section.
The most proximal core, Skyline 16, exhibits the highest CPI values from 1.9—- 4.5
with a similar pattern of highest variation towards the base and top. Abundance of

&?Hiipids were too low in the deeper sections of P-4 and Skyline 16, however, the
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basin margin cores appear to vary in terrestrial input more than the basin centre

core, despite generally having higher CPI values.

Table 1: Depth in feet with odd-over-even carbon number predominance (OEP), average

chain length (ACL), carbon preference index (CPI), leaf wax 3°H and phytane 3°H values

for core Utah State 1 samples.

Depth (ft) |OEP ACL CPI Leaf wax 5°H Phytane &°H

2272.25 3.48 28.90 242 -158.86 -266.94
2275.15 3.06 27.94 1.88 * -279.25
2279.15 3.86 28.95 2.37 -161.13 -274.62
2280.3 2.56 28.25 1.72 * -281.65
2283.6 1.87 27.86 1.37 * -250.76
2284.2 2.94 28.15 2.04 * *
2290.15 3.39 28.32 2.14 -169.38 -274.86
2292.12 3.09 28.47 2.11 -157.17 -271.51
2296.22 3.51 28.59 2.28 -153.80 -281.41
2301.17 2.83 29.01 2.01 -156.34 -268.47
2302.07 3.1 28.53 1.94 -139.56 -260.36
2304.7 2.61 28.57 1.70 -162.97 -284.25
2308.3 2.52 28.69 1.69 * -291.45
2311.45 2.64 28.87 1.76 -166.79 -277.75
23141 2.47 28.36 1.69 -165.19 -289.57
2316.3 2.37 28.76 1.76 * -265.28
2317.4 1.96 28.86 1.66 -149.64 -265.58
2318.15 2.35 28.92 1.84 -151.41 -260.90
23194 2.51 28.87 1.72 * *
2322.7 2.33 28.76 1.74 -148.76 -256.54
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2327.6 2.59 29.24 1.89 -150.37 -283.00
2330.25 2.80 28.83 1.89 -156.75 -264.58
2333.85 2.69 28.78 1.80 -144.86 -273.10
2335.1 2.28 28.80 1.84 -153.14 -269.69
2337.2 2.99 29.36 2.04 * *
2338.5 2.57 28.69 1.75 * *
2341.15 2.95 28.74 1.85 -167.73 -292.42
2344.3 3.08 29.25 2.05 * *
2348.5 2.75 28.59 1.80 * *
23511 2.70 29.002 1.88 -150.64 -281.19
2357.3 2.52 27.68 1.49 * *
2359.3 3.00 28.74 1.76 -145.59 -254.77
2362.6 2.51 28.21 1.44 * *
2365.15 3.22 29.26 1.97 -142.08 -249.74
2368.07 2.59 29.06 1.54 * -262.38
2371.5 2.80 28.63 1.69 -111.20 -259.37
2374.7 2.31 28.39 1.46 * -268.12
2377.15 3.27 29.47 2.15 -155.83 -256.20
2378.9 2.68 29.98 1.88 * -245.78
2380.6 1.53 29.70 1.35 * *

* Abundance of H isotopes too low for measurement

Table 2: Depth in feet with odd-over-even carbon number predominance (OEP), average

chain length (ACL), carbon preference index (CPI), leaf wax 6°H and phytane &?H values

for core P-4 samples.

Depth (ft)

OEP

ACL

CPI

Leaf wax &°H

Phytane &°H

685.3

2.35

28.40

1.36
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693.45 1.34 27.78 1.30 -96.79 *
696.3 2.56 28.27 1.99 * *
697.3 5.13 29.03 2.41 * *
698.95 413 28.39 2.26 * *
699.7 4.68 28.47 2.42 -95.02 -237.87
700.4 4.14 28.84 2.57 * *
7021 3.63 29.06 2.46 -101.82 -238.77
704.5 4.12 29.16 2.62 * *
705.1 5.91 29.67 3.48 * *
705.9 4.48 28.87 2.52 -103.27 -238.40
706.95 3.87 29.18 2.52 * *
708.4 3.02 28.42 1.48 * *
708.7 1.88 > 1.69 -89.91 -240.88
709.8 3.41 29.04 1.92 * *
711.6 219 27.80 1.21 * -236.47
712.6 4.14 29.00 2.07 * *
713.9 3.39 28.77 1.71 * *
714.45 3.37 28.48 1.87 -102.15 -242.26
715.8 3.27 28.55 1.69 * *
716.7 3.31 28.58 1.73 -109.12 -245.82
718.6 3.66 28.81 1.97 * *
719.9 4.04 29.02 2.04 -102.37 -237.94
720.5 3.04 28.61 1.58 -110.15 -243.57
722.15 3.94 > 2.49 * *
722.65 4.91 29.28 2.35 -100.64 -240.80
724.9 3.64 28.31 1.78 * *
727.2 3.99 29.30 2.42 -107.94 -244 .47
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728.5 3.08 28.98 1.99 * *
729.8 4.21 28.62 2.32 * *
731.85 4.22 28.42 2.05 -143.04 -247.00
733.8 3.28 29.01 2.34 -104.32 -239.77
735.4 5.76 28.99 3.01 * *
737.7 4.47 29.15 1.98 -89.45 -224.65
738.7 3.81 29.22 2.12 -100.10 -232.91
742.5 3.57 29.16 1.41 -95.84 -225.45
744.4 5.46 28.57 1.25 * *
745.4 5.30 28.96 2.54 * *
748.5 3.49 ** 2.05 -108.07 -232.87
750.6 4.16 29.24 2.18 * *
755.1 4.19 29.35 1.50 * *
757.2 4.83 > 1.92 * *
760.9 5.24 29.22 1.42 * *
761.9 3.00 * 1.55 * *
763.15 0.70 27.25 0.86 * *
765.1 1.09 * 1.00 * *
766.4 1.48 27.87 1.16 * *
769.5 2.99 29.05 1.73 * *
773.8 5.17 29.80 2.33 * *
775.6 6.13 29.74 1.60 * *
7761 7.41 29.94 2.91 * *
778.5 1.65 30.81 0.67 * *
781.7 0.49 26.27 0.84 * *
784.5 10.60 29.82 3.21 * *

* Abundance of H isotopes too low for measurement
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**Missing ACL index values due to too low abundances of the n-Css alkane

Table 3: Depth in feet with odd-over-even carbon number predominance (OEP), average

chain length (ACL), carbon preference index (CPI), leaf wax 3?°H and phytane 3°H values

for core Skyline 16 samples.

Depth (ft) |OEP ACL CPI Leaf wax &5°H Phytane 5°H

420 8.74 29.28 413 -197.38 *
422 .1 9.09 29.55 4.17 * *
425.2 10.12 29.59 4.30 * -276.02
429.5 7.14 29.30 3.45 -169.47 -278.80
431.5 7.93 29.05 3.45 -166.34 -265.36
437.9 4.14 28.47 1.85 -208.51 -290.34
4449 5.34 28.55 2.85 -184.52 -287.90
453.9 8.33 29.22 3.82 -178.59 -295.60
463.9 6.96 29.13 3.34 -174.46 -295.37
468.1 5.82 28.45 2.84 -168.23 -295.52
4721 5.29 28.64 2.52 -164.06 -292.93
477.9 7.78 29.29 3.52 -157.56 -292.34
485.8 543 29.28 2.89 * *
493.7 6.32 28.65 2.52 * *
496.3 7.61 29.65 3.17 * *
503.8 7.88 29.33 3.17 * *
508.1 8.76 29.77 3.22 * *
510.6 5.99 29.44 2.32 * *
515.7 10.43 30.16 4.48 * *

* Abundance of H isotopes too low for measurement.
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Figure 2: (Top) Utah State 1 core results: Stratigraphic column through the Mahogany
Zone, Utah State 1 (a) Left: 3?H of phytane values. Right: 3?H of Cz9 n-alkane through the

basin centre. (b) CPl measurements with higher values indicating an increased input of
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In the lake centre setting of Utah State 1, OEP values range between 1.5— 3.9,
varying more in the lower and upper section of the Mahogany Zone. The OEP ratio
in the lake margin setting of P-4 varies from 0.5 to 10.6, displaying a high amount
of variation of n-alkanes at the top and towards the base. OEP values in Skyline 16
fluctuate from 4.1 up to 10.2, with higher values observed towards the upper and
the lower portions of the Mahogany Zone. Utah State 1 samples generally have
lower OEP values than those in the P-4 and Skyline 16 cores indicating less leaf

wax material (tables 1-3).

In the basinal Utah State 1 core, ACL is characterised by very similar values through
the section (27.7 to 30.0), with stronger variation in values towards the base and top
of the section. ACL values in P-4 range from 26.3— 30.8, with more variation
observed in the deepest samples (781.7— 763.15 ft). In Skyline 16, ACL values vary
from 28.5 to 30.2, showing minor variability with values slightly higher than Utah

State 1 and P-4 (tables 1-3).

The hydrocarbon fraction also contained a range of C29—C3ss hopanes that occur as
ap- and Ba- isomers. Due to the low abundance of BB- isomers, the degree of
hopanoid isomerisation was assessed using the C31 hopane 22S/(22S + 22R) index.
In the Utah State 1 core, values range from 0.1— 0.7, whereas in the P-4 core, values
range from 0.1-0.2. C31 hopane 22S5/(22S + 22R) values for Skyline 16 are very low

and range from 0- 0.1.

4.3.2 Compound-specific hydrogen isotope values
4.3.2.1  Utah State 1

5°H values of the C29 long chain n-alkane range from -111.2 to -169.4%o (Figure 2).
The highest &%H value (-111.2%o) is found at 2371.5 ft (correlating to the Curly Tuff
bed, an ash layer deposited in a tuffaceous debris flow; Smith et al., 2008) and the
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lowest &°H value (-169.4%o) is found at 2290.15 ft. Low d?H values at 2314.1 and
2311.45 ft (-165.2 and -166.8 %o respectively) represent beds that are rich in organic

matter, including the Mahogany Bed at 2314 ft.

5°H values of phytane are very low, ranging from -245.7 to -292.4%., with the highest
5°H values observed at the base of the section. 8°H phytane values in the Mahogany
Zone become progressively lower upwards through the section. Values are more
variable in comparison to C2o n-alkane 3°H values. Extremely low values are
observed at 2314.1 and 2308.3 ft (-289.6 and -291.4%. respectively) and coincides

with low &2H Cz9 n-alkane values.

4322 P-4

C29 n-alkane &?H values from the more proximal P-4 core range from -89.4 to -
143.0%0, which are higher than values in Utah State 1 and Skyline 16. Less
variability is observed in this proximal core (typically £10%.) and no clear trend is
observed upwards through the section. The most negative 3°H value is seen at 731
ft (-143.0%0) and the second lowest recorded is -110.1%o, immediately below the

deposition of the Mahogany Bed.

In the proximal P-4 core, 8’Hphytane Values are very low and vary from -247.0 to -
224 .6%0. Larger amounts of variation are seen in this section compared to the P-4
C29 n-alkane &?H profile, however they are similar to the variation in isotopic values
seen in the basin centre Utah State 1 8°H phytane section. We observe an upwards
trend of increasingly negative 8°H values in the middle and upper sections with more

positive 5?H values towards the base (748.5— 738.0 ft).

4.3.2.3  Skyline 16

0°H values in the Skyline 16 core for C2o n-alkane vary from -164.1 to -208.5%o

(472.1 ft and 437.9 ft respectively). Upwards through the Mahogany Zone, &°H
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values become increasingly lighter aside from an isotopically heavy set of data
points, which are also observed in Skyline 16 phytane &°H data (429 ft and 431 ft).
Despite these isotopically heavier 3?H points, the data suggest an upwards trend in

lighter 8?H values through the Mahogany Zone samples in Skyline 16.

Basin margin &°H phytane values in the Skyline 16 core vary from -295.6 to -
265.4%0. Much of the section, however, shows much more limited variation. For
example, within the upper Mahogany zone there is only a 2%. difference over the
sampled interval. In the more sparsely sampled upper core, basin margin values

become more positive and variable than in the rest of the section.

4.4 Discussion

441 Controls on phytane &2H values within the Uinta Basin
4.4.1.1  Non-algal sources

The hydrogen isotopic value of phytane is affected by multiple controls, including
but not limited to: variations in environmental water sources, changes in phytane
source, and contributions of snow melt, which need to be properly considered when
interpreting the isotopic record. Phytane is mostly derived from the phytl side chain
of chlorophyll-a and averages the input from the whole phytoplankton community
(Witkowski et al., 2018). However, phytane can have multiple sources (e.g.
methanogens and halophiles; ten Haven et al., 1987), which may influence phytane
5°H values. We argue that inputs from methanogens and halophiles are relatively
minor, due to the extreme productivity of the lake autotrophs within the photic zone
and evidence for predominantly microbial organic matter found in petrographical
studies (Elson et al., 2021). These lake autotrophs would have likely vastly

outweighed the potential input from these alternate sources.
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4.4.1.2  Changes in water source

Early Paleogene topography reconstructed for the Uinta Mountains reached at least
3000 metres high with a basin floor paleoelevation of, at most, 1000 metres high
(Sewall and Sloan, 2006; Gao and Fan, 2018) and may have supplied snowmelt to
the surrounding lake basins potentially affecting surface water 5°H values (Norris et
al., 1996). The input of highly depleted deuterium snowmelt into the lake basin may
affect growth water &?H values. However, proxy estimates from the basin have
placed mean annual air temperature (MAAT; Wing, 1998) and warm month mean
temperature (WMMT) estimates at ~16°C and ~40°C (Snell et al.,, 2013),
respectively. Combined with floral and faunal studies, this suggests that
temperatures would rarely drop below zero (Wing, 1998). Well- preserved palm
trees (e.g. Phoenix windmillis; Snell et al., 2013), have also been found through the
Green River Formation, indicating CMMT > 5°C and MAT > 10°C around the basins.
This suggests it is unlikely that temperatures were low enough for sustained input

of isotopically light snowmelt into the Uinta Basin locally.

442 Controls on leaf wax 82H values within the Uinta Basin

The hydrogen isotopic composition (5°H) of leaf wax biomarkers (8°Hwax) primarily
reflects plant source water and — by extension — the hydrogen isotopic composition
of precipitation (8?Hprecipitation; Sachse et al., 2012). However, a fractionation factor
(Eprecipitation) iS required to estimate &?Hprecipitation. Here we employ a net fractionation
factor of 110 £ 20 %o as this captures the variability in modern Cs gymnosperms and
angiosperms (Sachse et al., 2012; Pedentchouk et al., 2008), which results in
O?Hoprecipitation Values of -43%o (Utah State 1), +7%o (P-4) and -67%o. (Skyline 16). These
values are isotopically heavy in 2H (-53%o, -103%. and -23%. respectively, relative to

modern values of -96%o, -99%. and -100%.; Bowen and Revenaugh, 2003), which
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may be the result of several factors. Warmer source waters will yield more ?H-
enriched water vapour and additionally, under warmer climates, decreased rainout
at the low-latitudes result in high &°H precipitation at the mid-to-high latitudes.
However, there are large (~75%o) inter-site variations that suggest additional

controls on &?Hprecipitation Values (see below).

4.4.2.1  Diagenesis

Hydrogen exchange processes can alter &?Hipia values slowly over time and
overprint the original environmental signature (Sessions et al., 2004). The most
common way to assess hydrogen exchange is to compare long-chain n-alkane and
isoprenoid (e.g. phytane) &°H values (Pedentchouk et al., 2006). In immature
sediment samples, isoprenoids (e.g. phytol) are 2H-poor (ca. -150 to -200%o) relative
to long-chain n-alkanes. However, with increasing maturation, the offset between
isoprenoids and long-chain n-alkanes diminishes to zero. In the Uinta Basin, the
offset between isoprenoids (phytane) and n-alkanes is consistent and large (~100
to 140%0; Figure 3), suggesting minimal hydrogen exchange. The Green River
Formation is also known for the thermal immaturity of its vast oil shale resources
(Birgenheier and Vanden Berg, 2011). Relatively low thermal maturity is supported
by high OEP (4.1 to 10.4) and lower CPI values (<5) recorded through the
Mahogany Zone. Overall, this suggests that the impact of diagenesis on &°H values
is minimal. Higher CPI values may indicate that 3°H data has been influenced by
hydrogen exchange, however there is no systematic relationship with measured n-
alkane &°H and CPI, suggesting no evidence for post-depositional alteration of the
5°H values.

Low Cs1 hopane 22S5/(22S + 22R) values (< 0.1) are characteristic of relatively low
thermal maturity, whereas high values (~0.5) suggest high thermal maturation

(Mackenzie et al., 1980). Low and stable Cs1 hopane 22S/(22S + 22R) indices are
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observed at Skyline 16 (average: 0.06, n = 18, c = 0.04; see appendix D) and P-4
(average: 0.08, n = 31, o0 = 0.06), indicating low thermal maturity. Although higher
values are observed at Utah State 1 (average: 0.20, n =40, 0 = 0.17), the presence
of long-chain n-alkanes with an odd-over-predominance (1.3— 4.5) and high n-
C17/pristane and n-Cis/phytane values (>1; see chapter 3) suggest relatively low

overall thermal maturation.
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Figure 3: Hydrogen isotope distributions of (A) phytane and (B) n-alkanes generated from
three different sites in the Uinta Basin. Phytane &?H values are consistently 2H-depleted
relative to long-chain n-alkanes, primarily due to the different biosynthetic pathways. Large
inter-site variations in phytane and n-alkanes are the result of strong 8°H controls via local
processes. Whiskers represent highest and lowest values, and the box indicates the

position of the upper quartile, mean and lower quartile for each set of results.

4.4.2.2  Plant type

Changes in the plant community can influence the apparent fractionation between

O?Hwax and d?Hprecipitation Values (gprecip). In modern C3 plants, €precipitation Values range
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between ca. -80 to -150%o (Sachse et al., 2012 and references therein). However,
accounting for changes in plant community in ancient settings is challenging
(Feakins, 2013). Recent work has used the pollen assemblage to calculate plant-
specific fractionation factors (e.g. Feakins 2013; Inglis et al., 2020). However, this
was not possible here because of the very high content of amorphous organic matter
(AOM) in the samples. By volume this comprises the bulk of the samples so that
any attempt to dissolve the sample in hydrochloric acid (HCI) or hydrofluoric acid
(HF) is near impossible. The AOM both shields the mineral content which is also not
sufficiently abundant that removing it disaggregates the sample to release the
palynomorphs. An attempt was made to disaggregate the AOM with a tunable
ultrasonic probe after the HF treatment but this had little effect. Alternatively, a shift
in the average chain length (ACL) could potentially reveal a change in the higher
plant community, as shown during the PETM (e.g. Schouten et al., 2007). Although
modern plant surveys cast doubt as to whether the ACL can discriminate between
key plant types (with the exception of mosses; Bush and Mclnerney, 2013), invariant
ACL values in the Uinta Basin sediments imply no significant change in vegetation

during the EECO.

4.4.2.3  Changes in source water 6°H

In modern sediments, leaf wax 8?H values are correlated with source water &°H (i.e.,
precipitation). However, evaporative ?H-enrichment of soil and/or leaf water can
modify leaf 3?H to more positive values, especially in (semi-)arid settings (Kahmen
et al.,, 2012) (Figure 4). The isotopic difference between terrestrial and aquatic
biomarkers has previously been used to constrain soil and/or leaf water evaporative
enrichment (&terr-aq following Rach et al., 2017) and is typically calculated using long-
chain n-alkanes (C29—Cass; i.e. higher plants) and mid-chain n-alkanes (C21—Cazs; i.e.

submerged macrophytes). However, other algal biomarkers can be used for the later
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(Rach et al., 2017). Here we use long-chain n-alkanes (C29—C33) and phytane (a
general phytoplankton biomarker derived mainly from chlorophyll-a) to constrain soil

and/or leaf water evaporation and the input of more positive 3°H values in the Uinta

Basin.
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Figure 4: Co-variation of phytane- and Cy9 n-alkane &?H values within early Eocene Uinta
Basin sediments together with a Deming regression (dashed line) and simple linear
regression (solid line). Also shown are the 95% confidence interval for the simple linear

regression.

We find that phytane &?H values are consistently more negative relative to long-
chain n-alkanes. This yields low gterr-aq Values (ca. -100 to -140%o) across all three
sites. This large offset is primarily due to the different biosynthetic pathways; leaf
wax lipids are produced via the acetogenic pathway (relatively high °H) whereas
phytol (and by extension, phytane) is produced via the DOXP/MEP pathway
(relatively light in 2H) (Rontani and Volkman, 2003). The significant positive linear
relationship between d?Hterr and d?Haq (1> = 0.78; p < 0.001) suggests minimal
evaporative H-enrichment of soil and/or leaf water within the Uinta Basin (Figure

4). It also implies that leaf wax &?H values reflect lake water H values, rather than
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precipitation 8°H values. This has been observed in modern evaporative lake
systems (Garcin et al., 2012) and is consistent with evidence for evaporative
conditions in the Eocene-aged Uinta Basin (Vanden Berg and Birgenheier, 2017). It
is likely that the salinity of the Uinta Basin was also highly variable and explains the
wide variability in leaf wax and phytane &°H within the basin (Vanden Berg and

Birgenheier, 2017).

The &°H signature of the lake surface water incorporated in the lipids of
photosynthetic algae would have been particularly sensitive to water balance
changes in the basin, either through precipitation/evaporation or the addition of
isotopically distinct water from other sources. Previous work in the Uinta Basin has
identified three hypersaline zones within the upper GRF (Vanden Berg and
Birgenheier, 2017). The first of these hypersaline phases coincides with deposition
of the Mahogany Zone and is restricted to the eastern side of the basin, where the
depocentre of the lake was located. Drivers of hypersalinity have been attributed to
the input of Lake Gosiute water and associated high-density brines from the Greater
Green River Basin to the north, which was far more evaporitic in nature and was
undergoing north-south infilling (Smith et al., 2008). Water delivered from the
shallower, evaporitic basin would have been isotopically heavier relative to
O?Hprecipitation and transported to Lake Uinta, where it would be incorporated in the
source water of autotrophs in the water column during episodic intervals related to
the closure of Lake Gosiute (Figure 5). Further to the south-east and shallower than
the other locations, Skyline 16 may have received less input from this source of high
&%H water in comparison to Utah State 1 or P-4. The avulsion of river channels and
adjustment of regional fluvial systems to a decreasingly energetic hydrological
regime may have also resulted in different water sources being delivered to P-4 and

Skyline 16, despite their relative proximity (Gall et al., 2017; Birgenheier et al., 2019).
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The response of d?Hpnytane to basinal changes reveal a competing signal of original
source water d?H and post-rainout alterations related to basin-closure to the north

and contemporaneous input of 2H-rich, saline water.

443 Orogenic effects

Intercontinental basins are particularly sensitive to tectonic controls that can have
numerous consequences for basin accommodation, sediment supply and lake
stratification (Carroll and Bohacs, 1999). Changes in tectonic upheaval may cause
increased airmass rainout, resulting in an ‘amount effect’ response of the mid-
latitude hydroclimate delivering ?H-light precipitation to the basin (Dansgaard, 1964;

Sachse et al., 2012).

During deposition of the GRF, steady subsidence of the Uinta Basin increased
accommodation space, while the sediment supply fluctuated, often paced by the
Eocene hyperthermals (Gall et al., 2017). At the time of deposition of the Mahogany
Zone, this long-term tectonic subsidence continued as a result of flexure from
Laramide related uplifts, including the Uinta Mountains towards the north and the
Uncompaghre Uplift and San Rafael Swell towards the south. Paleocurrent data
suggests the Douglas Creek Arch, a key structural high controlling connectivity
between the Uinta and Piceance Creek basins, was uplifted during the Sunnyside
Delta interval of the middle GRF and prior to Mahogany Zone deposition
(Birgenheier et al, 2019). In addition to the relatively short time span studied and the
presence of several topographic highs surrounding the Uinta Basin, it is unlikely that
changes in tectonic upheaval, resulting in a potential amount effect (Dansgaard,

1964) was a driver for the minor upwards depletion of 3?H observed in this section.
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444 Early Eocene GCM comparisons

Comparisons of general circulation models (GCM) and geological proxy data is
increasingly being utilised to understand hydrological change during the early
Eocene climate. Recent studies have attempted to simulate the amount of
precipitation in the western US during the early Cenozoic, with varying boundary
conditions (e.g. 6x pre-industrial COz2, high or low orbital forcing) (Carmichael et al.,

2016; Kiehl et al., 2018).

Carmichael et al., (2016) compare GCM-derived precipitation from the extended
EoMIP ensemble (Eocene Modelling Intercomparison Project; Lunt et al., 2012)
under a range of COz simulations. Elevated COz2 is simulated to cause a near- global
increase in modelled palaeo-temperature, but the warming in regions is
accompanied by variable precipitation patterns, with increases and decreases in
precipitation reported in climate models. In the western US, mean annual
precipitation (MAP) change in response to increasing CO2 is varied amongst
models. Precipitation is stable with up to 6x COz2 relative to pre-industrial (~900—
1200 mm/yr MAP) in HadCM3L whereas increased precipitation (~900—-2900 mm/yr
MAP) is produced in CCSM3 with higher CO2 simulations of 4x COz2, 8x COz2, 16x
CO2 (Lunt et al., 2010; Liu et al., 2009; Huber and Caballero, 2011; Carmichael et
al., 2016). This range in precipitation change for increasing CO2 highlights the
importance of efforts to link proxy records with modelling outputs, as the impact of
the Mahogany Zone as an organic carbon sink, along with other organic-rich events

(e.g. Azolla event; Brinkhuis et al., 2006), will vary under different CO2 conditions.

Changes in orbital parameters investigated in Kiehl et al., (2018) reveal a decrease
in precipitation in the North American continental interior with the addition of
maximum orbital forcing parameters and maximum insolation in Northern

Hemisphere summers. This has been attributed to a weakening of moisture
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transport from the Pacific resulting in enhanced seasonality of the regional water
hydroclimate and a drier North America. Hyperthermal events identified in the
Greater Green River Basin of Wyoming are agued to occur at eccentricity minima
(Smith et al., 2014), which may have hosted wetter conditions in the region
according to GCM simulations (Kiehl et al., 2018). This is supported by recent work
in the Uinta Basin where hyperthermals are identified as ephemeral deposits in the
Sunnyside Delta interval of the GRF, during intervals of enhanced precipitation (Gall

et al., 2017; Birgenheier et al., 2019).

4.4.5 Stable hydrological cycle promoted OC burial during the EECO

For the US continental interior, our leaf wax and phytane &°H data indicate only
gradual changes in source water &°H in the Uinta Basin during deposition of the
Mahogany Zone. This could indicate a stable hydrological cycle during the
termination of the EECO, which differs from the more variable and dynamic
hydrologic response observed during transient climatic events in the region, i.e., the

PETM and EECO hyperthermals (Hyland et al, 2018).

w Uinta Mountains E

...‘

fvﬁ Z({PLJ _v:;

1 Nutrient / p ’{é/

input // Saline and D-enriched water

Uinta Basin // from the Greater Green River Basin Ficeance Basin
Z X
Remineralization of o \ _ Highstand lake level- connected basins
organic matter 5

Douglas Creek
Arch

Utah State 1 P-4 Skyline 16

- Dark Brown Oil Shale- carbonate, feldspar - Fissile Organic Shale (low grade) [— —— |
and quartz minerals 0 Kilometres 50
Siltstone, Mudstone and fine-grained Siltstone, Mudstone and fine-grained Sandstone
l:l Sandstone deposited in flood plains and deposited in shallow water marginal environment
channels
l:l Littoral and Fluvial sediments :l Bedded Nahcolite @ Bedded Nahcolite and Halite

Figure 5: The Uinta and Piceance basins connected by Lake Uinta at highstand, with

locations of the basinal Utah State 1, proximally-located P-4 and the shallowest core,
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Skyline 16. Saline-rich and isotopically enriched water originating in the Greater Green
River Basin (Figure 1) was transported into the connected Piceance Basin and over the
submerged Douglas Creek Arch, into the Uinta Basin, spatially affecting source water for

the algal lipids in the paleolake Uinta (Adapted from Dyni, 1987).

Increasingly negative &°H values for the C29 n-alkane and phytane in the basin-
centre Utah State 1 core may be the result of increased precipitation locally, as the
hydrological cycle readjusts from the transient warming events in the early Eocene
to the prolonged peak warmth of the EECO and subsequent cooling into the mid
Eocene (Hyland et al., 2017; Gall et al., 2017). An increased perennial rainout
upwards through the section may have driven enhanced productivity in the lake
basin, as the high and episodic sediment supply (and associated clouding of the
water column) waned from an ephemeral hydrologic system during the Eocene
hyperthermals (Gall et al., 2017; Birgenheier et al., 2019), towards a limited

sediment supply, lower energy highstand lake.

A stable hydrological cycle is also reflected in the low siliciclastic input observed
through the interval, with reduced seasonality and perennial fluvial discharge
providing a steady nutrient supply during the post-hyperthermal EECO (Birgenheier
et al., 2019). Reduced siliciclastic input during the post-hyperthermal EECO would
have also limited dilution from inorganic (clastic) sediments and thus promoted rich
organic matter accumulation within the lake. In contrast, the Eocene hyperthermals
are associated with high seasonality and ephemeral fluvial discharge, leading to
large siliciclastic inputs (Gall et al., 2017; Birgenheier et al., 2019). The hyperthermal
phase also lacks evidence for OC-rich deposits (Birgenheier et al., 2019).
Collectively, this suggests that during the termination of the EECO, the development
of a stable hydrological cycle may have been critical to the development of the OC-
rich (>35%) Mahogany Zone (~48-49 Ma). The gradual change in 5°H of the aquatic

and terrestrial compounds also indicates that stability following an episodic
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hydrological cycle during the earlier Eocene hyperthermals was a driver for the
development of the Mahogany Zone. These large highly productive saline lakes
possibly acted as carbon sinks, providing a negative climate feedback mechanism

during intervals between hyperthermals (Birgenheier et al., 2019).

Intriguingly, the deposition of the Mahogany Zone is coincident with the onset of
long-term Eocene cooling (~48-49 Ma; Inglis et al., 2015; Smith et al., 2010; Gall et
al., 2017). Large amounts of organic carbon would have been sequestered in Lake
Uinta (~76 Gt; Elson et al., 2021), similar to the OC-rich (>5%) deposition observed
in deposits from the same time period in the High Arctic (Brinkhuis et al., 2006) and
Nordic Seas (Brinkhuis et al., 2006; Barke et al., 2012). This suggests a link between
carbon cycling and global climate evolution. Unlike the Uinta Basin, the high Arctic
is characterised by low salinity conditions. However, both are strongly stratified,
largely anoxic basins (Brinkhuis et al., 2006; Vanden Berg and Birgenheier, 2017)
characterised by limited siliciclastic input (Birgenheier et al., 2019). Both suggest a
stable hydrological cycle during the EECO and imply a causal relationship between
the hydrological cycle, organic matter burial and carbon cycling during the early

Eocene.

4.5 Conclusions

Leaf wax and algal lipid 3?H analysis reveal that a stable hydrological regime existed
in the mid-latitude continental interior during the latest EECO (~49.1 Ma). Leaf wax
and algal lipid 3%H exhibit a linear relationship indicating they capture the original
source water &?H signal. However, large inter-site variation implies that the &°H
values of source waters varied locally, which may have arisen from the input of 2H-

rich, saline water from Lake Gosiute. Consequently, we urge caution in the use of
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long-chain n-alkanes as a proxy for poleward moisture transport without proper

consideration effects arising from multiple local water sources.

Unlike the more variable hydrological regime of the early Eocene hyperthermals, the
limited variations in 3?H values from base to top of the Mahogany Zone suggests a
relatively stable hydrological cycle during the latest EECO. We interpret this to
indicate that the hydrologic cycle responds differently during rapid vs. gradual
climatic perturbations. A stable hydrological regime appears to provide conditions
that promote organic matter productivity and preservation within large lacustrine
systems and may serve as an important negative climatic feedback during intervals

of sustained global warmth.
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Chapter 5 Conclusions

The aims of this dissertation were to determine three aspects of paleo-
reconstructions of the hydrological cycle during the EECO: the role of large,
extremely organic-rich lakes in regulating greenhouse climate; competing drivers of
the development, peak and waning of large organic carbon depositional systems;
and multiple co-located sites for a single event. Specifically, this thesis has three

main objectives:

1) An evaluation of the sedimentary character and organic petrography of
extremely rich lacustrine strata to reconstruct the controls on vertical- and
micro-scale variation in terrestrial organic carbon (Chapter 2).

2) The recovery of lipid biomarkers from multiple terrestrial sites to constrain
productivity controls and burial indications during accumulation of a section
exhibiting highly variable organic content (Chapter 3).

3) The recovery of compound-specific hydrogen isotopes from multiple
terrestrial sites in the mid-to-low latitudes to constrain the hydroclimate

regime operative during the terminal phase of the EECO (Chapter 4).

5.1 Micro-scale heterogeneity of organic matter distribution and

type

In Chapter 2, | detailed the highly heterogeneous lacustrine deposits in the
prolifically organic-rich Mahogany Zone to assess the vertical- and micro-scale
variation in sources of organic matter. | integrated organic petrography and
geochemistry with sedimentary observations to show wide variation in organic
matter types and distribution in these Eocene lakes. | observed that amorphous
organic matter derived from microbial blooms is the dominant form of organic matter
throughout the Mahogany Zone. Longer term sub-orbital cycle controls on the
accumulation of organic matter occurs at a lamination scale, suggesting decadal
periodicities in organic-matter fluxes and associated carbon drawdown. Intervals
with high proportions of terrestrially derived organic matter correspond to less TOC-
rich intervals (Chapter 1; H1). The decadal pacing of conditions favourable to high

algal productivity and prolific-TOC deposition in a Cenozoic warm world is an
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important consideration for carbon burial by large lakes in carbon cycle models for

the past, present and future.

5.2 5.2 Salinity controls on primary productivity

In Chapter 3, | generated biomarker records from three drill cores to evaluate intra-
basinal variability in molecular fossils extracted from the Mahogany Zone and the
response to regional drainage changes and exposure to a prolonged hothouse
climate and subsequent extreme biotic stress in a lacustrine basin. My lipid
biomarker records reconstructed palaeo-lake salinity conditions that were previously
limited to the upper hypersaline phases of the Lake Uinta, confounding earlier
attempts to fully understand how basin changes drove variation in organic carbon

drawdown.

| demonstrated that variability in salinity stratification and hypersalinity in the lake
basin was a key stressor of ecological conditions in the Mahogany Zone and the
result of water balance-driven variations of brine input transported from the
connected northern Green River Formation basins into Lake Uinta. (Hz2). The
resulting increased ecological stress on biota living in the water column, coupled
with the increased supply of clastic material, may have been an important driver
leading to the cessation of conditions favouring prodigious organic accumulation in

the Mahogany Zone.

5.3 Reconstruction of the mid-latitude terrestrial hydroclimate

In Chapter 4, | generated compound specific hydrogen isotopic records (3%H) of leaf
waxes (n-alkanes) for precipitation 8°H reconstruction and algal (phytane) lipids to
provide insight into lake water 3%H values in the photic zone. Algal lipid and leaf wax
02H values exhibited a strong linear relationship (R? = 0.8), indicating that algae and
higher plants are utilising the same hydrogen sources for biosynthesis (Hs). Local
processes, such as locally variable water sources and precipitation/evaporation
cycles, influenced isotopic values resulting in inter-site variation of algal and leaf
wax &?H (~50 to 75%0), however Chapter 4 also demonstrated relatively invariant
hydrogen isotopic records throughout the deposition of the Mahogany Zone,
suggesting a uniform hydrological regime during the EECO. Chapter 4

demonstrated that the hydrological cycle operated differently during gradual vs.
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transient warming events, and that a stable hydrological regime promoted organic
matter preservation within these large lake systems. The results from Chapter 4
suggest that these organic-rich, long-lived large lakes acted as an important
negative feedback mechanism by providing a ~76.06 Gt carbon sink during the post-
hyperthermal EECO.

The isotopic investigations from algal lipids and leaf waxes addressed the response
of the mid-latitude, North American continental interior hydrological cycle during the
declining limb and termination of the Early Eocene Climatic Optimum. My records
provide a time series of changing microbial communities and their biomarker
signatures, complementing a wealth of scientific enquiry into the prolifically organic-

rich Green River Formation.

5.4 5.4 Future work

Recent advances in the use of phytane as a pCOztracer in the ancient marine realm
might prove useful for continental sections. This proxy is predicated on the stable
carbon isotopic fractionation associated with photosynthesis (€p) in phytane
increasing as pCO:2 increases (Witkowski et al., 2018). This proxy has been
employed in marine sediments as the environment is likely homogenous and stable,
avoiding potential decoupling that may occur in local carbon cycles of terrestrial and
lacustrine settings (identified and discussed in Chapter 3). The Mahogany Zone of
the Uinta Basin may be an ideal location to adopt a terrestrial-derived phytane-
derived Ep study, due to the immaturity of the organic material, the high amounts of
phytane and the tightly constrained geochemical and sedimentological nature of the
succession. This would provide a novel insight to the atmospheric concentration of
carbon dioxide recorded in the continental interior and may support future studies

on terrestrial records that are not as prolifically TOC-rich as the Mahogany Zone.

Furthermore, carbon isotopes of highly-depleted hopanoids in the Green River
Formation may provide insight into the methane cycling of large organic-rich lakes
in hothouse worlds supporting understanding of the dual carbon source/sink nature

that can exist in lacustrine basins.

While this investigation benefited from access to multiple cores across the Uinta

Basin, the most distal basin to the locus of salinity (Chapter 3), questions remain
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about the control of local processes on hydrogen isotopes. Future studies should,
therefore, attempt to recover compound specific hydrogen isotopes across the
various basins of the Green River Formation to understand and map the strong local
processes of evaporation-driven salinity on hydrogen isotopes, and the usefulness

of hydrogen isotopes as a palaeo-salinity indicator in terrestrial basins.

118



Appendix A

Appendix A Utah State 1 Core Log- Mahogany Zone
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Appendix C Skyline 16 Core Log- Mahogany Zone
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Table 1: Depth in feet with the hopane Cs1 S and R isomer peak values, and the
calculated Czq 22S/(22S + 22R) index, for Utah State 1.

Depth (ft) |Ca1 S peak area Cs1Rpeakarea |C31S/(C31S+C3R)
2272.25 73482335.25 556220857.9 0.12
2275.15 39234607.99 42610168.77 0.48
2279.15 129422887 66284713.51 0.66
2280.3 35277065.44 38688927.91 0.48
2283.6 14928491.34 17734400.7 0.46
2284.2 37855337.04 42900216.46 0.47
2290.15 34212965.44 43505129.39 0.44
2292.12 48601420.81 58286956.74 0.45
2296.22 11015626.13 13409610.71 0.45
2301.17 30874652.79 34331427.82 0.47
2302.07 14093346.23 16706262.49 0.46
2304.7 29662860.31 373124490.5 0.07
2308.3 28914636.04 373371071 0.07
2311.45 53930377.99 748149348.4 0.07
23141 23807986.54 435079835.3 0.05
2316.3 60608383.71 1178118562 0.05
2317.4 70857436.75 1274243445 0.05
2318.15 66213020.7 1356461110 0.05
23194 6530117.676 111245395.5 0.06
2322.7 77657052.05 1444386937 0.05
2327.6 58079408 800000000 0.07
2330.25 80907372.23 1114660733 0.07
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2333.85 72396107.94 459023208.7 0.14
2335.1 103204722.8 831714419.4 0.11
2337.2 65365065.65 4527164291 0.13
2338.5 110407670.4 775149016.4 0.12
2341.15 42863314.52 255239829 0.14
2344 .3 58856864.76 295202256.7 0.17
2348.5 45323135.95 424308149.3 0.10
23511 21423700 77297384.85 0.22
2357.3 27045564.97 160817405.4 0.14
2359.3 47650982.06 209257376.9 0.19
2362.6 66138909.42 635856160.7 0.09
2365.15 40251028.36 342606903.4 0.11
2368.07 25719284.15 1841473151 0.12
2371.5 5578737.777 54492316.16 0.09
2374.7 7471166.863 87331512.93 0.08
2377.15 87396014.81 467716925.3 0.16
2378.9 92200004.09 280103857.5 0.25
2380.6 12180286.14 38624398.64 0.24

Table 2: Depth in feet with the hopane Cs31 S and R isomer peak values, and the
calculated C31 225/(22S + 22R) index, for P-4.

Depth (ft) |Ca1 S peak area Cs1Rpeakarea |C31S/(C31S+CsR)
685.3 8566499.89 72429108.33 0.11
697.3 12936732.55 63416523.31 0.17
698.95 10205028.80 60709097.95 0.14
699.7 12744181.30 62886339.84 0.17
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700.4 34899303.62 127504063.28 0.21
7021 24361261.00 148243371.22 0.14
704.5 11364958.87 96351142.48 0.11
706.95 27448327.54 317639219.59 0.08
708.4 9667407.05 178679015.06 0.05
709.8 12628279.51 145962178.22 0.08
711.6 6877763.26 97455090.44 0.07
712.6 9468132.31 152451796.92 0.06
713.9 13877390.21 322752721.28 0.04
714.45 14402477.32 384440425.32 0.04
716.7 10412407.77 349728205.84 0.03
718.6 10976933.58 643153487.85 0.02
720.5 8774156.05 500608378.97 0.02
722.65 5288151.59 193355051.17 0.03
724.9 12947346.40 660891114.38 0.02
727.2 12348509.11 457765828.85 0.03
729.8 10253630.12 487018670.08 0.02
731.85 20820960.58 574248444.70 0.03
738.7 8217084.07 117147364.76 0.07
742.5 4550936.47 57056849.42 0.07
750.6 15734762.29 64612762.33 0.20
755.1 6152659.70 36187744.44 0.15
760.9 3454658.16 24792363.35 0.12
763.15 52083820.98 195268029.16 0.21
766.4 6249017.64 326129628.68 0.02
775.6 4753322.47 72395126.76 0.06
781.7 10268721.48 346442381.88 0.03
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Table 3: Depth in feet with the hopane C3¢1 S and R isomer peak values, and the
calculated Czq 22S/(22S + 22R) index, for Skyline 16.

Depth (ft) |Ca1 S peak area Cs1Rpeakarea |C31S/(C31S+CszR)
420 9511316.078 101970117.3 0.09
422 3472869.892 62345831.31 0.05
425 3609913.408 28774371.29 0.11
429 4820366.457 30304101.5 0.14
431 3532215.919 46107798.64 0.07
437.9 3283032.219 306264114.8 0.01
4449 8969486.879 63330934.81 0.12
453.9 5724429.142 155396489 0.04
463.9 Low hopane abundance

468.1 3750483.3 253209656.4 0.01
4721 10997433.71 366832512.8 0.03
477.9 9023861.879 315756801.1 0.03
485.8 13153070.05 147542631.6 0.08
493.7 3795703.486 1260893301 0.00
496.3 6342325.886 49405408.18 0.11
503.8 7612908.066 63562010.16 0.11
508.1 4459067.257 90001136.47 0.05
510.6 4371509.924 335711384 .4 0.01
515.7 3891458.103 73967357.76 0.05
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