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ABSTRACT

Twenty-nine Woodford Shale rock samples were acquired from the Wyche-1
core derived from the Wyche Farm Shale Pit, Pontotoc County, Arkoma Basin,
Oklahoma. The TOC (total organic carbon) values ranged from 3.47-16.90 wt.%, with
organic matter predominantly comprised of immature Type II kerogen with significant
hydrocarbon potential. A sequence stratigraphic framework of the Wyche-1 core was
integrated with biomarker data to reveal additional controls on compound distribution.
Water column structure and chemistry were assessed following the identification of four
novel C,s aromatic carotenoids; isorenieratane, paleorenieratane, renieratane and
renierapurpurane, of which, only isorenieratane had been previously documented in the
Woodford Shale. Paleorenieratane was measured via CSIA (compound specific isotope
analysis) and was significantly enriched relative to algal biomass, (8"C=-12%, *
1.5%,). suggesting carbon fixation via the reverse TCA (tricarboxylic acid) cycle
utilized by the sulfur oxidizing bacteria Chlorobiaceae. The lower Woodford was
characterized by isolated periods of photic zone euxinia, with the middle Woodford
deposited during persistent photic zone euxinia as evinced by elevated concentrations of
the C4o aromatic carotenoids. The upper member reflects ‘normal’ marine conditions
characterized by bottom water anoxia. Periods of euxinia correlate with 3" order HSTs
(highstand systems tract) in the lower and middle Woodford, which likely caused
cessation of upwelling and decreased circulation and vertical mixing leading to a
stagnant, poorly ventilated water column permitting the development of a thick, well-

defined chemocline in a restricted shelf environment.
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CHAPTERT .

1. Introduction
1.1. Evolution of Hydrocarbon Applications and the Role of the Woodford Shale
Hydrocarbons, the simplest organic molecules on Earth, comprise an industry
worth approximately $1.5 trillion dollars' and deeply rooted in the fabric of human
society. During the Neolithic period, hydrocarbons were used in the form of natural-
occurring bitumen to provide seals for containers and jars (Binet et al., 2002; Connan,
1999), while today petroleum products find applications in almost all facets of everyday
life. Despite the numerous complaints from environmentalists concerning global
warming, hydrocarbons serve too integral of a role to simply vanish due to the advent of
alternative propulsion mechanisms. In addition to fuel: adhesives, sealants, paints and
plastics are formed from these organic compounds, which also are commonly used in
crop protection, mining operations, industrial processes and household products (Moore
et al., 2008). The wide-ranging applications of hydrocarbons may not have been
realized had it not been for the efforts of Edwin Drake, who in 1859 drilled the first
economically successful well in Titusville, PA (Binet et al., 2002). This resource was
quickly relied upon as the heart of transportation was born and rapidly evolved in the
late 1800s as both the internal combustion engine and internal compression engines
were invented by Charles Duryea and Rudolf Diesel respectively (Smil, 1994; Totten,

2007). The success of any resource is reliant upon demand and adequate technology to

1 Derived from a ~$50/barrel and total world production of 92.94 million barrels/day
(http://www.eia.gov/forecasts/steo/report/global_oil.cfm;



recover and process the resource in an economic fashion. It was a similar set of
circumstances which allowed for the ‘shale revolution’ to be realized in the United
States of America.

The increased pursuit of shale as a source of oil was sparked and facilitated by
the onset of several technological advancements in resource extraction methods. Shales
are often laterally extensive units typified by unique physiochemical. geochemical and
stratigraphic features while lacking thickness, porosity and permeability. This has led
to the term ‘unconventional’ reservoir (although shales may also serve as the source and
seal of hydrocarbons) relative to other lithologies, such as sandstones or carbonates
termed ‘conventional’ reservoirs (Jarvie et al., 2007). According to Cardott (2005), an
unconventional resource is defined as requiring elevated financial investment and
heightened technological prowess to retrieve relative to conventional resources. Gas
shales, oil shales, coal bed methane, methane clathrates, tight sands/carbonates and tar
sands may be classified as unconventional (Cardott, 2005). The commercial application
of horizontal wells integrated with hydraulic fracturing at multiple stages permitted the
exploitation of unconventional reservoirs in an economical manner. In addition, the
onset of 3D-seismic and microseismic fracture mapping spawned incredibly detailed
subsurface mosaics assisting the navigation of the well bore, especially in faulted
formations, such as the Woodford Shale in the Arkoma Basin (Aguilera et al., 2014).

The Woodford Shale was initially drilled in 1939 in southeastern Oklahoma and
had only been completed 22 times by 2004 (Vulgamore et al., 2007). However, the
success of the Barnett Shale in Texas reignited interest in the Woodford Shale, leading

to 143 completions by late 2006 and nearly 350 wells drilled in 2007 (Haines, 2006;



Cardott, 2007; Vulgamore et al., 2007). The proliferation of advanced drilling
techniques allowed the potential of this unconventional resource to be realized, earning
the formation recognition as a member of the ‘magnificent seven’ (Figure 1; Cardott,
2012). The shale play has been estimated to contain 4 trillion ft* of gas (Kulkarni,
2011) and 250 million bbl of crude oil (Comer, 2005), as well as possessing favorable
lithologic characteristics for hydrocarbon extraction, such as elevated amounts of
biogenic silica and organic matter (Kirkland et al., 1992; Kuuskraa et al., 2011; Romero
and Philp, 2012; Molinares, 2013). According to conodant biostratigraphy, the
lithologic and geochemical features of the Woodford Shale are a result of 29 My. of
deposition (Johnson et al., 1985), with other research concluding 33 My. were required
(392-359 Mya.) to form this multi-billion dollar resource (Paxton et al., 2006). In that
time span, the depositional environment likely experienced significant variations in
redox conditions, sediment input, water chemistry, light intensity and many other
components essential to support life. Fluctuations in the biological community will be
recorded during deposition and reflected in the organic geochemical composition
determined via biomarker analyses, yielding an enhanced conception of the

paleoenvironment responsible for the formation of the Woodford Shale.
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Figure 1. Primary North American shale plays as of 2011. Yellow diamonds indicate
‘magnificent seven’ (modified from EIA 2011).

This study utilizes an integrated geological and geochemical approach to
enhance current knowledge of the depositional environment responsible for the
formation of the Woodford Shale in the Arkoma basin. Previous work by Romero
(2008) provided preliminary geochemical data, with significant findings related to
potential photic zone euxinia during deposition. This has been elaborated upon here,
and will be one of the primary foci throughout this discussion. Molinares (2013)
outlines a detailed stratigraphic framework, accompanied by descriptions of nine
different lithofacies in addition to palynological and trace element data. This project

benefits from these previous studies by enabling highly specific geochemical analysis to




be assisted and constrained by sequence stratigraphy. permitting the construction of

sensible applications and conclusions of both known and novel biomarkers.

1.2. Biomarkers

Biomarkers are molecular fossils preserved in sediments and hydrocarbon
accumulations. It was the discovery of biologically derived organic components in
preserved organic matter by Treibs (1936) which created the foundation of biomarker
geochemistry. Following this breakthrough, scientists continued to push the limits of
biomarker research in an attempt to understand ancient environments lacking
‘observable’ fossils (Eglinton and Calvin, 1967), eventually leading to the recognition
of the biological composition of petroleum (Whitehead, 1973). These defunctionalized
biological lipids, in the form of carbon skeletons, are capable of being traced to
precursor structures derived from a specific suite of organisms or a vast array of
biological ancestors (See Figure 2 for illustration of this principle; Philp, 1986;
Volkman, 2005; Brocks and Summons, 2013). Essentially, these compounds represent a
record of life from the time period in which they were synthesized. Life itself evolves
and dies, flourishes and dwindles, and is inherently limited to external conditions
governing its existence (i.e. environments). Therefore, biomarkers reflect temporal
(Holba et al., 1998; Moldowan, 2000; Rampen et al., 2007) and environmental changes
in the geologic past (Sinninghe Damste et al., 2003; Brocks and Schaeffer, 2008; Sousa
Junior et al., 2013), but also possess the capacity to serve as proxies for determining the
levels of thermal stress (Seifert et al., 1983; Mackenzie, 1984; Kolaczkowska et al.,

1990) and biodegradation (of oils; Seifert and Moldowan, 1979; Moldowan and



McCaffrey, 1995: Mille et al., 1998) a source rock has experienced. These
biogeochemical fossils can potentially highlight variations in the biosphere (e.g.
biodiversity, trophic organizations), chemosphere (elemental cycling, temperature
fluctuations, water column chemistry), geosphere (tectonic movement, clathrate
destabilization) and indirectly the atmosphere (volcanic eruptions, methane injections).
The following discussion will utilize one of the most implemented biomarker classes,
hopanes (e.g. Philp and Mansuy, 1997; Peters et al., 2005), as well as a detailed
discussion of the relatively underutilized C4 aromatic carotenoids (Summons and
Powell, 1987; Requejo et al., 1992) to underline the value of these incredibly diverse

compounds in paleoenvironmental reconstructions.

.. Light
¢ 4

e 2 Biological Product OH OH

Bacteriohopanetetrol

- Déstrucﬁon of Functional Groups -

Figure 2. The biomarker theory, illustrated by the generation of bacteriohopanetetrol
(biological) by prokarya and its subsequent degradation to a commonly used class of
biomarkers, the hopanoids (geological).



Hopanoids represent ‘the most abundant natural products on Earth® (Ourisson
and Albrecht, 1992), demonstrated by the omnipresent temporal and spatial distribution
characteristic of this compound class (Rohmer et al., 1979). Hopanes are most often
associated with aerobic prokaryotic bacteria (Rohmer et al., 1984; Farrimond et al.,
1998). derived from three derivatives of 3-deoxyhopane; diploterol (Cso derivatives),
bacteriohopanetetrol (Css derivatives), and bacteriohopanetetrol methylated at various
positions of the ring system (Rohmer et al., 1979). The nonelongated hopanoids occur
in less abundance (diploterol) relative to elongated hopanoids (bacteriohopanetetrol
(BHP) in bacteria, which possess a polar side chain connected to C-29 of the hopane
structure (Ourisson et al., 1987; Kannenberg and Paralla, 1999). These compounds,
specifically BHPs, are postulated to serve analogous roles in bacterial cell membranes
as sterols in eukarya (Ourisson and Albrecht, 1992; Kannenberg and Paralla, 1999).
Due to the simple nature of prokarya, cell membranes serve a vital role in maintaining
the organism’s metabolic function throughout its existence, regulating the flux of
components in and out of the cell itself. In order to fulfill this role properly cell
membranes must be flexible, which is a function of fluidity. The fluidity of the
membrane is dependent upon hopanoids to govern the flexibility. The BHPs tend to be
more structurally sound than glycerol lipids, allowing for membrane fluidity to be kept
within an ideal range for a variety of cell processes (Kannanberg and Paralla, 1999).
The role of BHPs as membrane alterants assists in explaining their ubiquitous character

in sediments and source rocks.

Hopanoids serve an equally integral role to the geochemist as in nature for

bacteria. A great deal regarding depositional environments, redox conditions, maturity



and age can be discerned from observation of the distributions and presence of these
compounds. For example, norhopane (Ca9) predominance relative to the hopane (Cso) is
typically a diagnostic marker for carbonate/evaporitic/marl environments. Low C,4/Cy;
and Cy¢/Cys accompanied by high Cy/C;; cheilanthane ratios and C3;R/H (Cj
homohopane/Cs3o hopane) ratios will further support this environmental interpretation
(Peters et al., 2005). Elevated levels of gammacerane often suggest a stratified water
column during the time of deposition, and in Type I kerogens or lacustrine source rocks
may indicate hypersalinity (ten Haven et al., 1985; ten Haven et al., 1988; Sinninghe
Damste et al., 1995b). Redox conditions can be illuminated through applications of the
C;s homohopane index (C35S/C34S), which is extremely sensitive to oxic environments.
In the presence of oxygen (high Eh), the side chain of the C;5 homohopane will be
rapidly degraded, resulting in lower abundances of this compound relative to the Ciy4
homohopane (Peters and Moldowan, 1991). Simply the observation of certain
compounds in a sample affords knowledge regarding the age in which these
environmental conditions persisted. Recall, biomarkers are products of life and as a
result reflect the extinction and proliferation of particular species. For example,
oleanane (another pentacyclic triterpenoid) is a product of angiosperms (Whitehead,
1974; Grantham et al., 1983; ten Haven and Rullkétter, 1988), which did not prosper
until the Cretaceous based on fossil evidence (Ge Sun et al., 1998). Therefore, source
rocks containing oleanane may be inferred to be of Cretaceous age or younger although
exceptions do exist (Peters et al., 2005). In addition to these environmental and
temporal clues, the isomerization effects with increasing levels of thermal stress provide

valuable insight to the level of maturity reached by a particular source rock. The S and



R isomers of the homohopanes undergo systematic changes as a result of increased
thermal stress, with the less stable R isomer converting to the S stereoisomer. This ratio
will eventually equilibrate (Figure 3) at the early oil window (0.55 for C3; homohopane
isomers; Zumberge, 1987), but is useful in assessing the likelihood a source rock has
reached thermal maturity (Seifert and Moldowan, 1980). Despite the diverse range of
hopanoid applications to understanding paleoenvironments, these compounds lack a
specific source (Brocks and Summons, 2013). Linkage to prokarya is not definitive

relative to more powerful biomarkers with proven derivations from an explicit

organism.

Abundance

Figure 3. Stereochemical isomerization of the Cs;; homohopane S and R as a function of
increasing thermal maturity.



The carotenoids in the scope of this study are derived from a clear source,
organisms from the family Chlorobiaceae in the phylum Chlorobi (Imhoff, 1995).
Chlorobiaceae, or green sulfur bacteria (GSB), are obligately phototrophic and
obligately autotrophic anerobes (Frigaard and Dahl, 2008). The GSB exclusively
produce the carotenoids isorenieratene (I; brown strain; see Appendix I for structures),
chlorobactene (VI; green strain), paleorenieratane” (II; origin unknown) and possess a
unique organelle, the chlorosome, composed of bacteriochlorophyll (BChl) ¢, d, and e
(Hartgers et al., 1994; Bryant and Dahl, 2006; Frigaard and Dahl, 2008). Chlorosomes
assist in the proliferation of GSB at extreme depths of the photic zone (>100m)
characterized by low light intensities (Pfennig and Truper, 1989; Overmann et al.,
1992), proving essential to GSB which lack flagella (characteristic of Chromatiaceae,
purple sulfur bacteria) and instead utilize gas vacuoles for propulsion (Gorlenko, 1988).
The GSB, capable light scavengers, require H,S as an electron donor in addition to light
to sustain metabolic function (Truper and Genovese, 1968; van Gemerden, 1983).
Carbon is fixed via the reductive tricarboxylic acid cycle (i.e. reverse TCA, reverse
citric acid cycle; Sirevag and Ormerod, 1970) resulting in biomass enriched in B¢
(Quandt et al., 1977; Sirevag et al., 1977; van der Meer et al., 2001) which retains this
isotopic signature despite structural changes during burial and diagenesis (Grice et al.,
1996; Koopmans et al., 1996b; Sinninghe Damste et al., 2001). This isotopic effect
assists correlation of particular biomarkers to the GSB, which is beneficial from a

paleoenvironmental perspective due to the specific and unique requirements of GSB.

2 paleorenieratane is a diaryl isoprenoid with a unique 2,3,6/3,4,5 substitution pattern proposed
to be biosynthesized by Chlorobiaceae (Hartgers et al., 1994; French et al., 2015).

10



From an interpretative viewpoint, GSB provide powerful insight into the
conditions characterizing past environments due to the unique settings in which they
require to live and thrive. Euxinia (i.e. photic zone euxinia/photic zone anoxia; PZE)
refers to invasion of the photic zone by hydrogen sulfide (H,S), which causes anoxia
throughout the affected section of the photic zone (Figure 4; Grice et al., 2005; Tulipani
et al., 2015). Euxinic waters are a rarity in the modern world, with the Black Sea
serving as a prime example (e.g. Overmann et al., 1992). The GSB require anoxia,
being strict anerobes, as well as H,S and light, as outlined previously. Therefore, the
observation of carotenoids, such as isorenieratene and its derivatives, in sediments or

source rocks provides substantial evidence PZE persisted in the geologic past.

Aerobic Algal/Bacterial Communi
= Oxic (0,)

- Chemocline

Light attenuation

>— Euxinic (H,S)

‘I

Figure 4. Water column biological composition and structure during periods of euxinia, i.e.
invasion of photic zone by H,S.
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Isorenieratane (I; see Appendix I for structures) is produced via the
hydrogenation of double bonds along the isorenieratene chain (Schaefle et al., 1977).
Isorenieratene is a carotenoid specifically synthesized by the brown strains of GSB, or
those comprising the deepest regions of the photic zone in euxinic systems.
Occurrence of the biomarker, isorenieratane (I), in source rocks or oils will therefore
suggest conditions existed which supported communities of GSB, yielding information
regarding the position/depth of the chemocline, redox conditions and microbial
community composition (Brocks and Schaeffer, 2008; French et al., 2015). This
compound is particularly easy to identify due to both its prominent molecular ion
(M"=546) and the broadened peaks which typify many of the C49 compounds due to
decomposition during analysis. If isorenieratane (I) is absent, it is important to realize
other diagenetic products of isorenieratene and isorenieratane (I) exist that can evidence
photic zone euxinia. According to Koopmans et al., (1996b), three groups of
isorenieratene derivatives exist. The Cy compounds (isorenieratane) formed via
hydrogenation reactions of the isorenieratene chain, C;; and C;; compounds from
toluene/m-xylene expulsion of isorenieratene before reduction, or short-chain
compounds (aryl isoprenoids) generated from continuation of diagenesis and
catagenesis which degrades high molecular weight compounds (HMW) produced by
inter- intramolecular reactions between isorenieratene and reduced inorganic sulfide
species (Koopmans et al., 1996b; Sinninghe Damste et al., 2001). However, utilization
of aryl isoprenoids (VII and VIII) as indicators of euxinia must be executed correctly,

as these compounds may be formed from B-carotene during burial (Koopmans et al.,
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1996a). Unlike isorenieratane’(I), occurrence of aryl isoprenoids (VII and VIII) alone
is not sufficient to claim euxinic conditions persisted. The aromatic carotenoids, such
as isorenieratene, are restricted to a specific phylum whereas -carotene, in contrast, is
widespread throughout the entire plant kingdom (Liaeen-Jensen, 1979). In order to
apply aryl isoprenoids (VII and VIII) in a similar fashion as isorenieratane (I) if it is
absent, compound specific isotopic analysis (CSIA) must be conducted to ensure "*C is
enriched relative to algal biomass (Summons and Powell, 1987; Hartgers et al., 1994;
Clifford et al., 1998). If this enrichment is not observed and B-carotane (X) is present,
then it is likely aryl isoprenoids do not signify derivation solely from the isotopically

enriched Chlorobiaceae.

The practice of biomarker application is limited, despite the vast array of
information biomarkers provide. Increasing levels of thermal stress may degrade
particular compounds relative to more stable structures (e.g. carotenoids degrade at Tpax
of 445°C, gammacerane and phytane are susceptible to thermal alteration as well), and
microbial activity in the subsurface will selectively remove biomarkers in oils as
biodegradation progressively increases (Peters et al., 2005). Also, biomarkers are
inherently flawed due to preservation biases. Biomarkers are assumed to reflect the
biosphere of the depositional environment, but it is possible other organisms existed
whose biological products were unable to be preserved in the sediments. This means

interpretation is tentative with respect to these limitations, requiring additional proxy

? Isorenieratane may be formed from B-carotene, in principal, if both cyclohexeny! functional
groups are aromatized.
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data to infer paleoenvironments. Geology. specifically sequence stratigraphy, can assist

geochemical analyses through reinforcement of proxy observation and interpretations.

1.3. Sequence Stratigraphy

The cycles associated with accommodation are a vital element in the science of
sequence stratigraphy. Sequence stratigraphy. according to Slatt (2013), “is the study of
sedimentary rock relationships within a chronostratigraphic or geologic-time
framework.” This science hinges on the observation that the oceans rise and fall
cyclically through geologic time (Slatt and Rodriguez, 2012). As a result of this rise
and fall in sea level, sequences are generated by a diverse set of processes that occur
over differing ranges of time. First order cycles, such as the global supercontinent
cycle, can last 200-400 Myr., while fourth-order and fifth order cycles, which include
Milankovitch cycles, are the shortest lived at 0.01-2 Myr (Eriksson et al., 2013). Table

1 highlights these stratigraphic cycles and the reasons these processes materialize.

Table 1. Various cycles operating over different temporal periods which influence the geologic
record preserved today (Eriksson et al., 2013).

Sequence type Duration (Myr)  Other terminology

A. Global supercontinent cycle 200-400 First-order cycle (Vail et al., 1977)

B. Cycles generated by continental-scale mantle thermal processes 10-100 Second-order cycle (Vail et al., 1977), supercycle
(dynamic topography . and by plate kinematics. including Vail et al.. 1977 ). sequence (Sloss, 1963

Eustatic cycles induced by volume changes in global nud-oceanic
spreading centres,

Regional cycles of basement movement induced by extensional
downwarp and crustal loading.

~N

C. Regional to local cycles of basement movement caused by regional  0.01-10 3rd- to 5th order cvcles (Vail et al. 1977). 3rd-order cycles also termed
plate kinematics. including changes in intraplate-stress regime megacyclothem (Heckel. 1986). or mesothem (Ramsbottom. 19791,
D. Globa! cycles generared by orbital forcing. including glacio-eustasy,  0.01-2 4th- and 5th-order cycles (Vail et al.. 1977, Milankovitch cycles,
productivity cycles, etc. cyclothem (Waniess and Weller, 1932), major and munor cycles (Heckel, 1986).

An important cycle to realize in order to understand the context of this paper
pertains to fluctuations in sea level. In general, a sea level cycle is composed of a fall,

turnaround and rising stage. For a visual representation of the following information,
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see Figure 5 below. During the falling and turnaround stage, the LST (Lowstand
Systems Tract) is deposited. The rising stage results in two deposits, known as the TST
(Transgressive Systems Tract) formed during the abrupt and fast rise in sea level, and
the HST (Highstand Systems Tract) that is deposited at a later stage in sea level rise
which is less rapid than that seen during the TST (Slatt and Rodriguez, 2012). The
condensed section (usually a shale) and mfs (maximum flooding surface)’ are typically
the most organic-rich, since they represent periods of geologic time in which fine-
grained sediment is deposited over a laterally extensive marine section. Through
recognition of various system tracts within a core, gamma ray log, SP log, or other
sources, the characteristics and processes responsible for creating the shale can be better
understood (Figure 6). Also, sequence stratigraphy allows for correlation from a
regional scale to a local scale and the focus to settle on the most conducive sections of

the formation for hydrocarbon generation and storage.

4 The mfs represents the maximum landward extent of the shoreline and is deposited atop the
CS (Slatt, 2013).
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Figure 5. A visual representation of the sea level cyclicity recorded in shales, permitting
sequence stratigraphic frameworks to be developed (Slatt, 2013).

Shoreline moves seaward: shelf
becomes exposed and eroded.

Falling sea level

' "Lowstand/Falling Stage

N Z Systems Tract” time
v o ’\ /T
Shoreline moves landward Rising sea level \ \-@

< o

"Transgressive
Systems Tract” time

r

A Erosion Surface (sequence boundary-SB)

| Transgressive
' B Surface of erosion (TSE)
{

e 2 ~ .
Progradation  ghqrefine moves seaward .
(regression) —_— Rising sea level
—— \//

"Regressive/Highstand
Systems Tract” time

Figure 6. Geomorphic and depositional mechanisms as a function of fluctuating eustatic
conditions (Slatt and Rodriguez, 2012).
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However, the sequence stratigraphic record is fragmented, littered with
numerous gaps in geologic time. In addition to these gaps in time, Eriksson et al.
(2013) discuss the ‘fractal’ nature of the preserved record. To elaborate, layer
thicknesses vary widely due to the differences in sedimentation rates, sedimentation
hiatuses, accommodation space available and the processes active (as a function of sea
level cycles) over the period of geologic time the layer is deposited. These small-scale
variations are difficult to detect with sequence stratigraphy alone. Therefore, it has
been realized that integration of select geochemical data may enhance the resolution of
understanding ancient environments, as integration of geologic data will assist
interpretations founded on biomarker proxies. Organic geochemistry utilizes a variety
of techniques in order to better understand various properties of an oil, source rock or
reservoir rock. Geochemical data can enhance assessment of stratigraphic models,
either supporting or challenging the interpretations derived from sequence stratigraphy
alone. The data, as mentioned before, may provide information not observed on the
larger-scale stratigraphic models and it also has the potential to produce more accurate

illustrations of the paleoenvironment.

1.4. Geological Context and the Woodford Shale

The Arkoma basin is a product of the Oklahoma basin, one of the three’ major
tectonic provinces that prevailed during Paleozoic time. Thin marine shales interbedded

shallow marine carbonates and sands that composed the expansive, shelf-like region the

5 In addition to the Oklahoma basin, the Oklahoma aulacogen to the south and Ouachita trough
comprise the three major tectonic provinces (Johnson and Cardott, 1992; Northcutt et al., 2001).
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Oklahoma basin covered (Johnson et al., 1989). The early Devonian deposits were then
uplifted, vulnerable to erosion forming the pre-Woodford-Chattanooga unconformity
which was subsequently overlain with organic-rich silts and clays in the late Middle to
early Late Devonian. The hemipelagic rain (Slatt, 2013) and hyperpycnal flows were
sourced by a westward advancing Woodford-Chattanooga sea characterized by anoxic
bottom waters and clouded by high rates of sedimentation that populated most of the
basin. In the Pennsylvanian, the Oklahoma basin was dissected by piercing uplifted

crustal units to form the clearly bounded marine basins observed today (Figure 7 and 8;

Johnson and Cardott,, 1992).
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Figure 7. Paleogeographic maps of strata distribution in Oklahoma basin post-uplift in early
Devonian (left) and Late Devonian (right) (Northcutt et al., 2001).
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Figure 8. Primary geological provinces of Oklahoma in the modern (Cardott, 2012).

The Arkoma basin is a structurally warped foreland basin populated with
significant quantities of hydrocarbons that strikes east-west as it extends from the
Mississippi River and Reelfoot Rift fault zone in Arkansas to the Anadarko-Ardmore
basin systems in the southeast of Oklahoma. The complexity of the basin is
demonstrated by a multitude of high-angle normal faults formed syndepositionally
during the Ouachita orogeny (Pennsylvanian) and acute angled basal detachment faults.
In Oklahoma, the Arkoma basin and Ouachita Mountains are separated by the listric
Chocktaw Fault which represents the easternmost thrust of the frontal Ouachita
Mountains (Sahai and Cemen, 2008). This marks the southeastern boundary of the
basin, with the southwestern extent terminating in the Arbuckle Mountains. The basin
is separated from the Ozark Uplift by the south-dipping Mulberry Fault in the northeast,
with the northwestern boundary slightly less apparent being marked by separation of

folded and unfolded strata. In the west, the basin is bounded by either the western
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extent of deformed Desmoinesian strata or the eastern boundary of the Seminole Arch
in the subsurface (Figure 8; Suneson et al., 2005). Overall, the basin is nearly 40 miles
wide and 260 miles in length, resulting in coverage of almost 13,000 square miles
(Molinares, 2013). Depths range from 2 km to 10 km, with the deepest regions found in
southeastern Oklahoma (Figure 9; Coleman, 2004), which is one of the primary reasons
the Arkoma Basin is ‘one of the most prolific petroleum-producing basins in North
America’ (Suneson et al., 2005) and ‘[the Woodford Shale] unquestionably the most

prolific source rock for oil and gas in Oklahoma’ (Johnson and Cardott, 1992).
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Figure 9. Simplified cross section of the Arkoma Basin in eastern Oklahoma displaying post-
orogenic, syn-orogenic, preo-rogenenic and basement features. (Coleman, 2004).

The Woodford Shale was unconformably (SB/TSE; sequence
boundary/transgressive surface of erosion) deposited during the Late Devonian-Early
Mississippian (Frasnian-Tournaisian) on the shelf carbqnates (Hunton Group) in the
form of dark, fine-grained siliciclastic hemipelagic rain and/or hyperpycnites and
turbidites (Slatt et al., 2012). In the Arkoma basin, the Woodford Shale ranges from

100-250 feet thick, thinning to less than 50 feet where it outcrops in the Lawrence
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Uplift (Molinares, 2013). The Lawrence Uplift was one of the crustal blocks uplifted
during Pennsylvania time, and is bounded in the north by the Ahloso Fault and to the
south by the Stonewall Fault. Uplift was more severe in the west relative to the east,
resulting in older strata being exposed in the west (Slatt et al., 2012). The Woodford
Shale in the region of the study area, the Lawrence Uplift (see Figure 10), is
approximately 120 feet thick and is described as a competent dark brown-black shale
characterized by significant amounts of organic matter (Barrick et al., 1990; Over,
1992; Romero and Philp, 2012). Previous work on the study area yielded total organic
carbon (TOC) values of 5.01-14.81% dominated by Type II and some Type I kerogen,
with vitrinite reflectance (R,) values of 0.29-0.63%. These data indicate an excellent
source rock composed of marine organic matter of marginally mature nature.
Biomarker proxies, such as pristane (Pr), phytane (Ph), sterane (C30/Ca9) and terpane
(C23Tri/H) values signify a mixture of marine and terrigenous input deposited in anoxic
bottom waters (Figure 11). It was interpreted from the presence of gammacerane
(XXXVII; see Appendix I for structures) that highly saline conditions and density-
driven water column stratification persisted throughout deposition as well as periodic
euxinia inferred from aryl isoprenoids (VII and VIII; Romero, 2008; Romero and
Philp, 2012; Slatt and Rodriguez, 2012). These environmental conditions stabilized and
fluctuated with depth (i.e. time) but, before further discussion of geochemical and

geological data, a brief aside regarding Woodford terminology will be undertaken.
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Figure 10. Location of study area, the Lawrence Uplift in the Arkoma Basin, Pontotoc County,
OK. (Turner et al., 2015, modified from USGS 2012).
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Figure 11. Redox and organic matter type as a function of specific isoprenoid ratios (Romero
and Philp, 2012).
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The Woodford Shale is divided into three units: the lower, middle and upper
members. Divisions are typically formulated using some proxy to determine variations
in eustatic conditions throughout the deposition of the shale. For example, Urban
(1960) divided the Woodford into the appropriate members via palynological data and
Northcutt et al. (2001) and Paxton (2007) utilized gamma ray spectroscopy to achieve
similar divisions. Variations in geomechanical properties (Abousleiman et al., 2007;
Portas, 2009; Sierra et al., 2010) and lithologic attributes (Slatt et al., 2012) assist in
dividing the shale into appropriate members as well. From a lithologic perspective, the
following is applicable to the Woodford Shale in this study. The lower Woodford is a
black-gray, fissile, siliceous/carbonaceous shale and is distinguished from the upper by
the absence of phosphate nodules and occurrence of silicified logs. The middle
Woodford is a pyritic, black shale typified by the highest gamma ray values due to its
organic-richness which may be a product of the late Devonian oceanic anoxic events
(OAE). Lastly, the upper member is a quartzose, phosphatic gray-black shale littered
with numerous phosphate lenses and phosphate/pyrite nodules ranging in size from less
than half an inch to more than a meter in diameter (Slatt et al., 2012; Molinares, 2013).
The ‘lower, middle and upper’ Woodford in this study is discussed in the same context
as Romero (2008) and Romero and Philp (2012) (lower-middle boundary = 185ft.,
middle-upper boundary = 118ft.), which was originally developed by Buckner et al.
(2009; Figure 12). A continuation of the previous discussion will resume now that a

general understanding of various Woodford members has been achieved.
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Figure 12. Wyche-1 borehole well log data compiled from Abousleiman et al. (2007); Buckner
et al. (2009); Portas (2009); Sierra et al. (2010); Slatt et al. (2012); Romero and Philp (2012); in
Molinares (2013).

Prior to discussing eustatic fluctuations coinciding with Woodford deposition, a
discussion of geochemical studies (Romero, 2008; Romero and Philp, 2012) conducted
on the Wyche-1 core from the Wyche Farm Shale Pit will be concluded. The lower and
upper Woodford are characterized by dysoxic to suboxic deposition (Pr/Ph) in periodic
euxinic conditions (inferred from the aryl isoprenoid ratio, AIR). Persistent euxinia and
anoxia, coupled with elevated water salinity (relatively higher gammacerane indices),
typify the middle Woodford. Chemocline depths varied, being shallower and more
stable in the middle Woodford while fluctuating and deeper during formation of the
lower and upper members. Euxinia, and the associated chemocline depth, was inferred

from observation of the 2,3,6-aryl-isoprenoid (VII) configuration. The persistence of
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this unique environment was calculated using the aryl isoprenoid ratio, or AIR (short-
chain aryl isoprenoids (Ci3-C7)/middle-chain (Cs-C52), with lower ratios indicating
persistent euxinia and higher ratios indicative of intermittent euxinic conditions. The
lower and upper Woodford were deposited in episodic PZE, and the middle deposited in
a persistent period of PZE according to AIR results. In addition, relative hydrocarbon
potential (RHP) was calculated ((S1+S;)/TOC) in order to assess the temporal changes
of Woodford deposition in the Arkoma Basin (Romero, 2008; Romero and Philp, 2012).
The RHP consists of a rising-upward vertical organic facies sequence (VOFS) and a
falling-upward VOFS. The former infers a transition from oxic to anoxia, representing
an increase in sea level and enhanced preservation of organic matter illustrated by the
transition to organic-rich facies. The latter indicates progressively leaner organic facies
due to increasing oxic conditions in the water column due to the retreating sea (Fang et
al., 1993). With proper application, the RHP can be utilized to discern differences in
the stratigraphy to assist in identification of various system tracts.

From organic geochemistry alone, it was determined a total of five falling and
rising stages of sea level comprise the Woodford data set to be used in this study
(Romero, 2008). An appreciable transgression occurred at the base of the lower
member, which was deposited throughout two transgressive-regressive cycles. The
middle member was formed as a result of a significant transgression, or sea level rise,
partially explaining the more stable and anoxic conditions observed. The upper
Woodford was deposited during an overall regression (HST), characterized by high
rates of deposition (Figure 13; Romero, 2008; Romero and Philp, 2012). This tentative

sequence stratigraphic framework was developed through comparison of RHP data with
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Figure 13. Sequence stratigraphic framework developed via RHP analysis and correlation to
preexisting characterizations of the Woodford (Romero and Philp 2012).

existing sequence stratigraphic framework by Buckner et al. (2009) and Slatt et al.
(2011). Years later, Molinares (2013) conducted extensive lithologic and sequence
stratigraphic research to produce a framework specifically for the Wyche-1 core
researched in this current study. Nine different lithofacies were identified, in addition
to a detailed sequence stratigraphic framework which will be integrated into the
findings from this study. The lower and middle Woodford represent a 2" order TST
and the upper signifies a 2" order HST. 3™ Order cycles were then recognized via
observation of stacking patterns in the Woodford derived from correlation of detailed
lithofacies descriptions and gamma ray log measurements. The lower and middle

Woodford are characterized by five 3™ order cycles, with six 3™ order cycles found in

26



the upper Woodford (Figure 14: Molinares, 2013). Recently, Turner et al. (2015)
identified changes in sea level and resulting system tracts via gamma ray (GR) logs and
chemostratigraphy. The gamma ray (GR) data infers an increase in sea level throughout
the lower and middle members, and places the maximum flooding surface (mfs) at
approximately 130 feet. The mfs divides rising and falling sea levels by recognition of
a reversal from a 2™ order TST to a 2" order HST. Chemostratigraphy further
enhances this interpretation by identification of four fourth-order parasequences
representing retreat and advancement of the shoreline which occur during an overall g
order sea level rise (TST). The HST is composed of four 4™ order parasequences
identified via recognition of clay, biogenic quartz, carbonate and detritus elemental

surrogates (Turner et al., 2015; Figure 15).
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1.5. Objectives

Many organic geochemical studies on the Woodford Shale exist, but lack focus
on integration with other proxy data and seldom constrain results in a stratigraphic
context. Due to the prolific nature of the Woodford as a source rock and resource play,
studies often focus on industrial applications in lieu of detailed paleoenvironmental
interpretations. The identification of Cjp aromatic carotenoids will allow for an
enhanced conception of the Woodford paleoenvironment to be constructed, specifically
pertaining to water column structure and chemistry. Romero (2008) and Romero and
Philp (2012) produced excellent initial results on the Wyche-1 core, but were limited by
a lack of sequence stratigraphic data specific to the studied data set and some
experimental novelties. The sequence stratigraphic framework by Molinares (2013)
provides an overall view of temporal variations throughout the Wyche-1 core, but can
be further enhanced via integration of detailed biomarker data. For example,
biomarkers may assist in better understanding the mechanisms governing productivity
and preservation during fourth-order parasequences and third-order system tracts.
Biomarker and geological proxies possess individual deficiencies, but integration of
proxy data is capable of eliminating some of the pitfalls. Therefore, the goals of this
study are as follows:

1. Integrate the sequence stratigraphic framework developed by Molinares (2013)
with organic geochemical data generated in this study to provide enhanced

understanding of the Woodford paleoenvironment.
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Specifically, develop a foundation supported by C4 aromatic carotenoids,
carotenoid derivatives, benzohopanes, hopenes, and other novel biomarkers,
which may then be utilized to construct paleoenvironmental interpretations.
Investigate the paleowater column structure and chemistry using preexisting
applications of select biomarkers and attempt to propose, augment or refine
these applications to enhance the current understanding of the Woodford
paleoenvironment.

Perform CSIA on the C4 aromatic carotenoid, paleorenieratane, to gain greater
source specificity and resolution of formerly interpreted data to clarify
conclusions. In particular, infuse the occurrence of paleorenieratane with
significance via determination of its origin.

Assess the temporal flux of the microbial community to supplement the core

interpretation of the Woodford paleoenvironment.
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CHAPTER 11

2. Methods
2.1. Area of Study

Twenty-nine rock samples (Table 2) were collected from Dr. Roger Slatt’s core
lab in Sarkey’s Energy Center located on the main University of Oklahoma campus.
The Wyche-1 core was taken from the Wyche Shale Pit located at UTM: 14S
X=716339 Y=3839956 (34.67875°N, -96.63864°E; Figure 16). Wyche-1 was drilled as
a research well, producing core and log data for the OU-Devon-Schlumberger
enterprise. The drilled core is approximately 200 ft. long and is comprised of Woodford
and pre-Welden formations with portions missing due to previous research
projects/analyses and remnant sections placed in plastic wrap in cardboard boxes.
Samples were removed from the core as either whole pieces, or as chips in the event

unique features (e.g. radiolarian tests, phosphate nodules) were present.

Figure 16. Aerial satellite view of the Wyche-1 quarry in Pontotoc County, OK.
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Table 2. Woodford samples with associated depths and locations obtained from the
Wyche-1 core for geochemical analyses.

Sample Depth  County Global Position Member

WSLU-1 93.83 Pontotoc 2N 6E S2 Upper
WSLU-2 109.17 Pontotoc 2N 6E S2 Upper
WSLU-3 112.5 Pontotoc 2N 6E S2 Upper
WSLU-4 126.17 Pontotoc 2N 6E S2 Middle
WSLU-5 131.75 Pontotoc 2N 6E S2 Middle
WSLU-6 13295 Pontotoc 2N 6E S2 Middle
WSLU-7 134 Pontotoc 2N 6E S2 Middle
WSLU-8 145.17 Pontotoc 2N 6E S2 Middle
WSLU-9 153.58 Pontotoc 2N 6E S2 Middle
WSLU-10 160.17 Pontotoc 2N 6E S2 Middle
WSLU-11 160.83 Pontotoc 2N 6E S2 Middle
WSLU-12 169.33 Pontotoc 2N 6E S2 Middle
WSLU-13 170.92 Pontotoc 2N 6E S2 Middle
WSLU-14 172 Pontotoc 2N 6E S2 Middle
WSLU-15 172.42 Pontotoc 2N 6E S2 Middle
WSLU-16 173.83 Pontotoc 2N 6E S2 Middle
WSLU-17 174.42 Pontotoc 2N 6E S2 Middle
WSLU-18 181.92 Pontotoc 2N 6E S2 Lower
WSLU-19 185.92 Pontotoc 2N 6E S2 Lower
WSLU-20 186.42 Pontotoc 2N 6E S2 Lower
WSLU-21 187.75 Pontotoc 2N 6E S2 Lower
WSLU-22 191.08 Pontotoc 2N 6E S2 Lower
WSLU-23 191.33 Pontotoc 2N 6E S2 Lower
WSLU-24 192.75 Pontotoc 2N 6E S2 Lower
WSLU-25 193.75 Pontotoc 2N 6E S2 Lower
WSLU-26 195.42 Pontotoc 2N 6E S2 Lower
WSLU-27 203.08 Pontotoc 2N 6E S2 Lower
WSLU-28 207 Pontotoc 2N 6E S2 Lower
WSLU-29 209.92 Pontotoc 2N 6E S2 Lower

2.2. Experimental Procedure
2.2.1. Preliminary Sample Treatment

Rock samples were scraped with a razor blade and dipped in an azeotropic
solution of 1:1 CHCl; (dichloromethane) and methanol (CH3;0H) with sterilized metal
tongs to minimize experimental bias from handling, plastics, drilling mud and other
potential contaminants. Samples were dried for 24 hours in a hood to ensure complete

solvent evaporation before being crushed to < US Standard mesh No. 40 (0.425mm) in
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a cleaned (soap+water> DCM—> MeOH—>clean) porcelain mortar and pestle. Samples
were crushed until adequate powder was acquired for bulk geochemical analyses and
extraction/fractionation procedures. Samples for Rock Eval/TOC were stored and
transported in glass vials, while samples awaiting solvent extraction were preserved in

several wraps of aluminum foil.

2.2.2. Rock Eval 6 Pyrolysis and Total Organic Carbon

Approximately 1g of each sample were sent to the Research and Technology
Center at Chesapeake Energy Corporation located in Oklahoma City, OK for bulk
geochemical evaluations. The TOC analysis was performed on a LECO-C144 Carbon

series and pyrolysis data were generated by a Vinci Technologies Rock Eval 6 analyser.

2.2.3. Extraction of Soluble Organic Matter

Prior to sample extraction, the respective Soxhlet extraction system (Soxhlet
apparatus, thimble and glass wool) was preextracted for 24 hours with a 1:1 mixture of
DCM and MeOH. Cellulose thimbles were weighed prior to extraction in the event
kerogen data was required. Powdered sample was introduced to the thimble by
carefully pouring crushed rock from an aluminum foil funnel to avoid powder
adherence to the wall of the thimble. After sample introduction, glass wool was
inserted to assist in repressing sample overflow during peak levels of solvent while
cycling. Activated copper (treated with concentrated HCI) was placed in each 500mL
round-bottom flask after approximately 375-400mL of solvent was added. Round-

bottoms were attached to the solvent extractor and samples were subjected to 24 hours
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of cycling with mild heat applied to avoid unintentional alteration of extracted organic

matter.

2.2.4. Bitumen Fractionation

After 24 hours, samples were allowed to cool before rotary evaporation to
remove excess solvent and facilitate transfer to 20mL vials necessary for quantifying
the bitumen. Prior to transfer, bitumen was passed through three layers of thoroughly
packed glass wool using DCM initially, followed by MeOH to ensure total transfer of
extracted organic matter was accomplished. Samples were dried using a Meyer
Organomation N-evap analytical evaporator under a gentle nitrogen stream before
obtaining sample mass. Variable amounts of bitumen were transferred to 40mL
centrifuge tubes and deasphaltened (50-80mg) using an unconventional method due to
the immature nature of many samples in this study. A 300uL mixture of 1:1 DCM and
MeOH was added to samples prior to n-pentane introduction. A glass burette was filled
with n-pentane for controlled administration of nonpolar solvent to the samples. Drop
by drop, n-pentane was added to samples in an ice bath subjected to sonication via a
Branson B2510 ultrasonic cleaner. A notable ‘critical point’ was observed, where n-
pentane could be introduced rapidly without premature precipitation of organic
material. After successful introduction of excess n-pentane, samples were placed in a
freezer (~ -2°C) overnight to allow adequate time for deasphaltation. The following
day, samples were centrifuged in a Daman IEC Model K centrifuge for 15 minutes to
ensure asphaltenes and other polar components remained in the pellet while the

supernatant was decanted off using a pipet. The supernatant (maltene) was transferred
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to 250mL round-bottom flasks and subjected to rotary evaporation to facilitate transfer

to 4mL vials using DCM as the carrier solvent.

2.2.5. Maltene Fractionation: Gas Chromatography and High Performance Liquid
Chromatography

All samples were diluted to 3mg/mL in n-hexane prior to screening via an
Agilent Technologies 6890 Gas Chromatograph. A splitless capillary injection system
and 60m J&W Scientific DB-1 122-0162 fused silica column (0.250 mm i.d. and 0.25
um liquid filmed coating). An initial temperature was set to 40°C and held for 1.5 min
after sample injection, followed by a temperature ramp of 4°C/min. At 310°C, the oven
became isothermal for 24 min. until method completion. Helium was utilized as the
carrier gas, with a flow rate of 1.4mL/min. Post-screening, maltene fractions were
filtered through glass wool with DCM to ensure fraction purity prior to HPLC
fractionation. Samples were diluted to a concentration of 10mg/60uL in preparation for
injection into an Agilent Technologies 1050 series HPLC. An external standard (n-Cpo
+ n-Cy4 + toluene + xylene + dimethylnapthalene + phenanthrene + chrysene) injected
before the initial analysis and every 5 analyses after that. Saturate, aromatic and polar
(resin/NSO) components of the maltene were collected and analyzed in a similar

fashion as the maltene fraction discussed above.

2.2.6. Gas Chromatography-Mass Spectrometry

Twenty-nine saturate and aromatic fractions were concentrated to 3mg/mL in

2.2 4-trimethylpentane (iso-octane) and spiked with tetracosane (saturates) or deuterated
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phenanthrene (aromatics) in preparation for GCMS analysis. An Agilent Technologies
7890A Gas Chromatograph (column: J&W Scientific DB-5MS 122-5562 fused silica
column; injector: type=splitless, T=310°C carrier gas: He; transfer line: T=310°C)) was
integrated with an Agilent Technologies 5975 XL Mass Selective Detector (ion source:
T=250°C. EI @ 70eV; quadrapole analyzer: T=200°C). Single-ion monitoring (SIM) or
multiple ion detection (MID) was employed to evaluate the distributions and
concentrations of hydrocarbons in each sample, with full scan used to assist with
different identifications. The GC temperature program initialized at 40°C and held for
1.5 min. before a temperature ramp to 315°C preceded an isothermal period of 50 min.
Important note: it appears C4o+ compounds (e.g. aromatic carotenoids) do not fully elute
at 310°C or in a timely manner, explaining the absence of these compounds from
previous studies (Romero 2008; Romero and Philp 2012). At 315°C, elution occurs
between 105-115 minutes with the outlined temperature program and instrument
settings, but greater amounts elute relative to an internal standard at 320°C. However,
this temperature may prematurely degrade and damage instrument components, so

315°C seems an appropriate compromise experimentally and instrumentally.

2.2.7 Gas Chromatography-Mass Spectrometry-Mass Spectrometry

Select saturate and aromatic fractions requiring compound verification were
analyzed by a Thermo Scientific TRACE 1310 GC coupled with an 8000 triple stage
quadrupole (TSQ) operating in splitless injection mode. A 60m by 0.25mm i.d. J&W
scientific DB-SMS fused silica capillary column coated with a 0.25pum liquid film.

Single reaction monitoring was used to facilitate identification of compounds coeluting
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(e.g. gammacerane) with others to ensure the integrity of the quantified data. The
temperature program involved an initial 40°C isothermal stage for 1.5 min before
ramping to 300°C at 4°C/min with a final hold time of 34 min with helium as the carrier

gas with a flow rate of 1.4mL/min.

2.2.8. Compound Specific Isotope Analysis (Gas Chromatography-Isotope Ratio Mass
Spectrometry)

Compound specific isotope analysis (CSIA) was performed on WSLU-8, which
contained the highest concentrations of paleorenieratane. High concentrations were
needed to yield accurate data, and until further concentrates are generated, only WSLU-
8 will be analyzed. Stable carbon isotope values were obtained using an Agilent 6890
series GC system with a split/splitless capillary injection system equipped with a 25m
by 0.25mm i.d. J&W scientific fused silica capillary column with a 0.25um liquid film
interfaced to a Finnigan GC combustion III reactor and Finnigan Delta plus XL. The
temperature program began at 280°C and was held for 1.5 min before increasing at
4°C/min to 300°C before being held isothermal for 34 min. Helium was used as the
carrier gas flowing at 1.4mL/min. The high injection temperature and short column
were used to enhance the peak height of paleorenieratane for easier, more accurate

measurement.

2.2.9. Identification
Hydrocarbons were identified using preexisting literature; ion scans (50-600) of

appropriate elution windows, comparison of parent ions (M+) with published reports
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CHAPTER III

3. Results and Discussion: Bulk Geochemical Data

3.1. Rock Eval: A Brief Review

The Institut Francais du Petrole developed the pyrolysis procedure commonly
used to assess various crucial characteristics of a source rock, Rock Eval, in 1977
(Espitalie et al., 1977). This temperature-programmed pyrolysis instrument allows for
observation of reactions which take hundreds to millions of years in a sedimentary basin
to be simulated in a mere 20 minutes (Espitalie et al., 1977; Peters, 1986; McCarthy et
al., 2011). The instrument requires 50-100 mg of pulverized rock, which is loaded into
a crucible for automated analysis. Samples are introduced into an atmosphere of inert
nitrogen for subsequent pyrolysis (generation of organic products from heating organic
matter in an anoxic system) and oxidation via a series of temperature ramps controlled
by sensitive thermocouples, ranging from 100°C-850°C (Peters, 1986; Behar et al.,
2001; McCarthy et al., 2011). The flame ionization detector (FID) records the organic
products released during different heating stages, while infrared detectors quantify the
amount of carbon monoxide and carbon dioxide produced from crushed samples.
Typically, the first stage is characterized by an isotherm 300°C for 2-4 minutes,
followed by a temperature ramp of 25°C/min to an apex of 850°C. From the initiation
of a run to the heating ramp (300°C isotherm), free hydrocarbons (bitumen) are released
and can be quantified through observation of the corresponding S; peak, measured as
milligrams of hydrocarbons capable of thermal distillation from one gram of rock.

These organic products were not generated by the pyrolysis, but in the subsurface due to
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natural processes. Expulsion, however, was facilitated by pyrolysis. As the
temperature rapidly increases to 850°C, pyrolitic products begin to be released and
detected due to decomposition reactions occurring in the kerogen. The increased
temperatures are able to provide the necessary thermodynamic conditions to generate
hydrocarbons from the insoluble organic matter, reaching the required activation
energies causing a spike in organic components during this stage of the experiment.
This spike is called the S, peak, and it grants knowledge regarding the remaining
potential of a source rock if maturation continues, reported as milligrams of remaining
hydrocarbons (i.e. hydrocarbons generated by thermal breakdown of kerogen) per gram
of rock. The apex of the S; peak represents Tmax, the pyrolysis temperature at which
peak hydrocarbon generation occurs. This is often used to assess the maturity of the
sample, and lends knowledge of the optimal temperature for hydrocarbon generation
from that particular specimen. The S; peak signifies the carbon dioxide produced
during thermal cracking of kerogen, and is reported as milligrams of CO, per gram of
rock (up to 390°C; Peters, 1986; Behar et al., 2001). The S;is comprised of carbon
dioxide (S4CO,) and carbon monoxide (S;CO), representing the residual organic carbon
and the S5 (CO,) is produced from carbonate decomposition (McCarthy et al., 2011).
The pyrolysis peaks are utilized in the form of several indices used in source rock
characterization, such as kerogen typing and maturity assessment. Figure 18 provides a
visual representation for reference of the previous discussion and Table 3 signifies

acronyms used throughout this section.
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Figure 18. Temperature programmed Rock Eval 6 pyrolysis results and associated
products and heating ramps (McCarthy et al., 2011).

Table 3. Legend of bulk geochemical abbreviations and associated units used throughout

this section.

Rock Eval Nomenclature

Parameter Meaning Unit
OE Total Organic Content wt.%
S1 Free Hydrocarbons mg HC/g rock
S2 Hydrocarbon Potential mg HC/g rock
S3 Gas from Kerogen Cracking  mg CO2/g rock
HI S,/TOC mg HC/g OC
0) S3/TOC mg CO2/g OC
TMAX Apex of S, 5
NOC Normalized Oil Content (S;/TOC) mg HC/g rock
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The hydrogen index (HI; S»/TOC)) and oxygen index (OI: S3/TOC) are two of
the most frequently used parameters generated from Rock Eval 6 data. The HI is often
plotted as a function (y) of the OI (x) on a pseudo-van Krevelen Diagram. In 1950,
D.W. van Krevelen published success of using elemental atomic H/C and O/C ratios to
characterize the nature of organic matter. This method was instantaneously accepted as
a novel technique to observe differences in organic matter and differentiate between
multiple source environments. The original plot benefitted from dimensionless atomic
ratios, basic reaction mechanisms and rapid illustrations of the coal’s chemical
structure, not kerogen. From an exploration perspective, the plot is used primarily as a
means of organic matter type determination and the nature of hydrocarbons produced.
Organic matter type is ultimately controlled by the persisting environmental conditions
during the time of deposition, with different environments contributing organic matter
of varying compositions. As a result of compositional variances, organic matter type
can be discerned via a van Krevelen Diagram. (van Krevelen, 1984). Integration of van
Krevelen (1950) atomic ratio method and Espitalie et al. (1977) pyrolitic indicies is
problematic (Orr, 1981; Katz, 1983; Jones, 1987), with almost a 70% difference in HI
values for H/C ratios between 1.2-1.4 (Type II marine; Grabowski, 1984). Also, the
van Krevelen diagram was initially designed for integration of atomic data, not pyrolitic
data, which lacks the ability to define organic matter quality and maturity as efficiently
(Baskin, 1997). Therefore, these discrepancies should be in mind during interpretation
of pseudo-van Krevelen diagrams and Rock Eval data, as is utilized in this study. The
premise of these interpretations is based on the assumption hydrogen-rich (high HI)

source material is more prone to production of oil, since oil is hydrogen-rich. In
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addition, hydrogen facilitates hydrocarbon production from kerogen, so a higher HI
enables greater and prolonged generative capacity. When there is no longer any
hydrogen, despite large amounts of remaining carbon, hydrocarbon genesis will cease
(Waples, 1981; Hunt, 1996). The HI and OI of a pseudo-van Krevlen diagram (Figure
19) are functions of biological contribution, which is governed by environmental
conditions and features. Marine and lacustrine environments are typified by biological
compositions rich in lipids and proteins, where H>>C (high HI). Terrestrial organic
matter is relatively depleted in these components (lower HI), but enriched in
carbohydrate and polysaccharides where O>>C (high OI; McCarthy et al., 2011). In
addition to HI and OI, other indices and cross plots have been developed that utilize the
pyrolysis results from Rock Eval. These applications fall into three broad categories;
organic richness, which may be determined via Rock Eval, but was generated using a
Leco SC-444 in this study, organic matter type and thermal maturity. The results will
be reported for each of these categories, with brief introductions elaborating on the
indices and cross plots employed to decipher the nature of the organic matter in the

studied dataset.
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3.2. Organic Richness

Total organic carbon (TOC) is a measure of the organic material (bitumen +
kerogen) in a source rock expressed as weight percent relative to the total mass of the
rock (Peters and Cassa, 1994). Standard methodology involves removing carbonate
content of a rock (~0.25g) via HCI in a filtering crucible, followed by combustion in an
oxygen atmosphere at ~1000°C. Oxidation leads to formation of CO,, which is carried
through two tubes of magnesium perchlorate (retains humidity) and a flow controller,
with subsequent measurement via sensitive infrared detectors. The output TOC is
calculated by specific algorithms designed to adjust the final result based on sample
mass and humidity measurements (Behar et al., 2001). Peters (1986) standardized the
TOC values with the classification scheme of poor, fair, good, very good, and (more
recently) excellent (Table 4).

Table 4. Source rock classification naming scheming based on TOC values (modified from
Peters 1986).

Source Rock Classification

Grade TOC (wt.%)
Poor 0-0.5
Fair 0.5-1.0
Good 1.0-2.0
Very Good 2.0-5.0
Excellent 5.0+

According to the formerly discussed nomenclature, the Woodford samples in
this study are predominantly excellent source rocks, with four samples plotting in the
very good range (Figure 20). Values range from a minimum of 3.47% at 126.17ft. in
the UW to a maximum of 16.90% at 207ft. in the LW (Table 5; Figure 20). If means
are calculated for individual members, the lower, middle and upper members possess

average TOC values of 9.66%, 7.46% and 8.19%; respectively. This is contrary to
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preexisting work, which claims the MW possesses the highest TOC of the three
members (Lambert, 1993; Comer, 2008a). The TOC variance illustrates the
heterogeneity and complexity that typifies the Woodford Shale, recognized in previous
work (Romero and Philp, 2012). Compared to Romero (2008), the UW is
approximately the same, with the middle and lower members characterized by about a
1% decrease in averaged TOC. This may be due to sample selection, or different
laboratory calibrations, but is considered negligible relative to the overall organic
richness of this core. There was significant variation from a mean of 8.29% of +3.04%
throughout the entire core, with the middle member exhibiting the most stable TOC
values (standard deviation + 2.23%) and the lower member displaying values
fluctuating +3.86% relative to the mean. This may be an artifact of enhanced stability of
the water column during deposition of the MW, as evinced by persistent euxinia during
this time period (Romero, 2008; Romero and Philp, 2012). The TOC log (Figure 20)
illustrates the relative stability of organic matter content in the MW. Greater sampling
intensity in select regions has highlighted some fine-scaled perturbations, such as
between 175ft.-170ft where TOC values oscillate between ~10%-5% in less than 1.5ft.
Overall, the TOC values decrease throughout the LW, remain relatively constant in the
MW, and decrease again in the UW. The variations in TOC are likely explained by the
parasequences identified by Molinares (2013) and Turner et al. (2015), and may be

linked to extinction horizons throughout the Woodford as well.
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Table 5. Bulk geochemical data of the Wyche-1 core, including Sy, S, S3, HI, OI, PI, Tia, Re, TOC, and NOC of the samples
with associated depths.

Sample |Depth (ft.)[ S; (mg/g) [S, (mg/g)[S; (mg/g)| Twmax (°C) |Calc. Ry |TOC (wt. %)| HI [ OI | PI | NOC
WSLU-1 93.83 0.51 26.31 0.50 428.0 0.54 4.66 550.93 115.90| 0.043 24.54
WSLU-2 109.17 1.64 57.02 0.89 426.0 0.51 9.32 539.18 | 14.58| 0.043 24.15
WSLU-3 112.5 2.74 66.29 1.00 427.0 0.53 10.60 555.69114.26| 0.038 | 22.00
WSLU-4 126.17 0.94 20.40 0.45 424.0 0.47 3.47 494.1714.47| 0.032 16.50
WSLU-5 131.75 1.45 45.05 1.64 416.0 0.33 10.00 450.50116.40] 0.031 14.50
WSLU-6 132.75 1.60 49.74 1.47 420.0 0.40 8.63 576.36117.03] 0.031 18.54
WSLU-7 134 1.80 49.51 1.29 424.0 0.47 8.66 589.74113.85] 0.024 14.36
WSLU-8 145.17 1.59 35.70 1.03 421.0 0.42 6.48 500.00 | 14.92] 0.030 15.38
WSLU-9 153.58 1.64 36.61 0.99 416.0 0.33 6.79 618.53112.75] 0.036 | 23.39
WSLU-10 160.17 1.58 40.52 1.18 419.0 0.38 7.14 582.70113.51] 0.036 | 22.07
WSLU-11 160.83 1.70 40.32 1.21 418.0 0.36 755 572.68113.33] 0.031 18.37
WSLU-12 169.33 1.32 30.50 1.01 419.0 0.38 5.86 561.44114.39] 0.037 | 21.29
WSLU-13 170.92 1.39 31.98 1.33 410.0 0.22 8.02 564.59110.73] 0.019 10.94
WSLU-14 172 2.21 59.96 1.53 421.0 0.42 11.10 611.80] 9.55 | 0.028 17.60
WSLU-15 172.42 1.45 36.62 0.94 422.0 0.44 6.59 567.51116.53] 0.038 22.13
WSLU-16 173.83 1.70 50.90 1.49 418.0 0.36 10.30 534.04116.03] 0.040 | 22.52
WSLU-17 174.42 0.56 23.00 0.54 426.0 0.51 3.90 520.48 | 17.24] 0.041 22.53
WSLU-18 181.92 0.83 28.39 0.67 427.0 0.53 5.12 554.49113.09] 0.028 16.21
WSLU-19 185.92 1.79 5522, 1.33 423.0 0.45 9.72 568.11 | 13.68]| 0.031 18.42
WSLU-20 186.42 1.44 48.53 1.13 424.0 0.47 8.35 581.20|13.53] 0.029 1725
WSLU-21 187.75 2.41 64.73 1.55 420.0 0.40 11.80 548.56 | 13.14] 0.036 20.42
WSLU-22 191.08 1.69 50.52 1.36 421.0 0.42 9.20 549.13|14.78] 0.032 18.37
WSLU-23 191.33 0.66 21.45 0.64 424.0 0.47 4.29 398.75116.58| 0.042 17.33
WSLU-24 192.75 2.45 64.68 1.50 421.0 0.42 11.10 625.381 9.43 | 0.040 | 25.85
WSLU-25 193.75 1.13 35.22 0.82 423.0 0.45 6.15 587.90112.97| 0.044 27.09
WSLU-26 195.42 1.48 39.02 1.00 420.0 0.40 6.95 571.71 | 14.90| 0.035 20.79
WSLU-27 203.08 1.78 47.07 0.97 424.0 0.47 7.61 540.18 | 13.78] 0.036 19.91
WSLU-28 207 3.28 86.62 2.09 419.0 0.38 16.90 512.5412.37| 0.036 19.41
WSLU-29 209.92 2.90 76.99 1.84 419.0 0.38 14.20 542.18112.96] 0.036 20.42 |




One of the highest TOC values in the MW at 131.75ft. appears to correspond
with the maximum flooding surface (mfs) identified by Turner et al. (2015) and

Molinares (2013) (Figure 21). The highest TOC values in the LW provide initial
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Figure 21. Integration of gamma ray log and sequence stratigraphic data with TOC data
generated in this study.
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evidence for highly reducing conditions characterizing this member, with perturbations
in the TOC abundance explained by increased circulation possibly influenced by the
progressive deepening of the water column during deposition of the lower and middle
members in a 2" order TST. Transgressive and regressive 3" order hemicycles,
reflecting the advance and retreat of the sea, may also be controlling the organic content
observed in the rock. Relatively lower TOC values, although minimal, in the MW and
UW may reflect the general decrease in bottom water anoxia and more periodic nature
of this environmental condition. The predominance of regressive 3" order hemicycles in
the UW (Molinares, 2013) likely produced the attenuating TOC values with decreasing
depths in Figure 21. Stability of the water column as the Woodford assumed a more
distal position could explain the stabilization of TOC values in the MW from 170ft.-
135ft. Effects of sea level fluctuation on the biosphere will be discussed later to provide
insight regarding the extent to which either preservation or productivity affected this
system. These inferences are supported by Turner et al. (2015), but slightly contrast
with Romero (2008) and Romero and Philp (2012). Romero (2008) utilized the AIR to
determine the duration of PZE in each member, and found persistent PZE characterized
the MW. If PZE stabilized during this period then stratification was likely not
compromised. This temporal cohesion would allow for a balance to be reached in the
environment, which may be recorded by the consistent TOC values found in the MW.
However, the utilization of Pr/Ph to assess the redox state of the bottom is reportedly
flawed, affected by maturity, biodegradation, lack of source-specificity and coelution of
isomers and structurally similar compounds (Didyk et al., 1978). The lower and upper

members were deposited in dysoxic-suboxic conditions and the middle deposited in
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predominantly anoxic bottom waters, interpreted by Pr/Ph (Romero, 2008; Romero and
Philp, 2012). However, discussion later in this study will provide evidence displaying
potential pitfalls of this ratio due to coelution with other compounds, such as crocetane,
which yield misleading data. For example, heightened abundance of crocetane will
cause lower Pr/Ph ratios due to coelution with phytane (Huang and Armstrong, 2009).
It is known from previous work (Romero and Philp, 2012) euxinia dominated MW
deposition. Crocetane is a possible diagenetic product of paleorenieratane, which is
found in greatest abundance during the MW, leading to potential misinterpretation of
Pr/Ph ratios and the water column redox state (Greenwood and Summons, 2003). In
addition, productivity reflects the overall biomass generated by the biosphere, indirectly
controlling TOC. Certain organisms are capable of generating thick mats, which may
cause increased competition for light beneath the mats. Proliferation of one species
may negatively impact the overall generation of biomass throughout the water column,
leading to slightly lower TOC values, as observed in the MW. Analysis of biomarker
data will permit the evaluation of the microbial community composition and assist in

refining interpretations derived from bulk geochemical data.

3.3. Kerogen Characterization

As briefly discussed before, the primary means of assessing the kerogen type
comprising a source rock is through construction of a van Krevelen Diagram. However,
from HI alone, some interesting conclusions can be formulated (Figure 22). HI values
ranged from 400 to 625 mgHC/gTOC, with an average of 550 mgHC/gTOC for the

entire core. These data plot in the marine (oil-prone) region of an HI geochemical log,
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consistent with previous data of Woodford kerogen types (Romero and Philp, 2012;
Slatt and Rodriguez, 2012). The variability between different members is negligible,

with the LW, MW and UW characterized by average Hls of 545, 554, and 548,
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Figure 22. Hydrogen index and S, variability with depth in the Woodford Shale of the Wyche-1
core. HI is employed to evaluate the nature of the organic matter comprising a source rock and
S, to assess its hydrocarbon potential.

respectively. The minimum and maximum HI values (400 and 625) were separated by
only ~1 ft., which corresponds with a 7% difference in TOC as well. This highlights the

variability shale can exhibit and may be explained by an abrupt, short regression during
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the overall TST in the LW. Alternatively, a biotic crisis may have occurred, affecting
productivity and subsequent influx of organic carbon to the sediments. An upwelling
event has the potential to cause temporary hypoxia, leading to proliferation of organic-
walled plankton and bacteria and decimation of calcareous plankton (Meyer and Kump,
2008). The precipitous mass death would lead to a spike in the TOC, followed by lower
productivity (i.e. lower TOC). Radiolarian tests and biogenic quartz in the LW may
reflect this supposition, and further investigation driven by biomarkers will assist in the
confirmation of this theory. Other than the severe inversed spike in HI and TOC
discussed previously, HI appears to display greater variability in the MW than does
TOC, but the oscillations observed are relatively insignificant given the magnitude of
change. In addition, without supplemental evidence it is difficult to apply HI in a more
direct interpretative sense.

It is known that elevated levels of hydrogen in kerogen typically signify
excellent oil-generative capacity once certain thermodynamic conditions and pressures
are exceeded and sustained for thousands to millions of years (Peters, 1986). The oil-
potential for rocks with high HI is great due to the transformation of a hydrogen-rich to
carbon-rich rock during maturation (i.e. hydrocarbons; Peters and Cassa, 1994). The
hydrocarbon potential is typically measured using the S, peak, representing the
remaining generative capacity of the source rock if favorable thermodynamic conditions
are reached or sustained. The Wyche-1 core appears to possess very good hydrocarbon
potential, with a similar distribution shown by the TOC values in Figure 20 (Figure 22).
If the potential were to be attained, then the source rock would likely generate a mixture

of oil and gas. This was inferred from the location of the data points on a pseudo-Van
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Krevelen Diagram (Figure 23). The Woodford plots as a Type II kerogen according to
HI and OI values. However, Cornford et al. (1998) suggest using alternative typing
methods for immature to early mature source rocks via a S; v TOC scatterplot, partly
due to erroneous Ol values obtained in carbonate-rich samples (Figure 24). The slope
of this plot is essentially the HI, representing the kerogen quality as previously
discussed. This method is affected by maturity however, and should be used with
caution (if at all) with mature samples due to the diminishment of HI with increasing
maturity. According to this method, the samples still plot as Type II (marine) oil-prone
source rocks (Figure 24). The mineral matrix likely had no effect on kerogen
characterization, with only organic lean samples (S;=0-3 mgHC/g rock) predisposed to
measurement error (Dahl et al., 2004). The calibration results of the standard from the
lab that conducted the TOC and Rock Eval were accurate as well. Therefore, any flaws

associated with kerogen typing were likely caused by the immaturity of the samples.
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Figure 23. Pseudo-Van Krevelen Diagram plotting HI (y) and OI (x) to assess the kerogen type
of the Wgodford samples. Most samples plot as Type 11, with potential mixing from Type I and
Type III in some samples characterized by predominantly Type II.
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3.4. Thermal Maturity

The levels of thermal stress imposed on the Woodford Shale in this study were
determined via Rock Eval pyrolysis, calculated R, and measured R,. The Tpay, the
pyrolysis temperature at which peak oil generation occurs (S, apex), is a commonly
used parameter to measure the maturity of a source rock. It can be affected by sample
composition, with elevated concentrations of organosulfur compounds typically
lowering the temperatures required to reach the oil window. The lower activation
energies of sulfur-carbon bonds require lower temperatures than carbon-carbon bonds to
break, leading to oil generation at temperatures up to 30°C less than typical Type II
kerogens (Tmax= 435°C; McCarthy et al., 2011). The sulfur content was not measured
for this study, nor were the required multi-heating rate experiments conducted to
determine kinetic parameters. Therefore, any effect sulfur may have on the generation
potential of the Woodford is not discussed here. Additionally, kerogen (Figure 25) is an
incredibly complex, poorly understood matrix. Each kerogen is unique, and it is not
possible to assign one Tpax value for a ‘class’ of source rock types. The number of
bonds between various elements will be different, resulting in a particular distribution
of activation energies. This distribution is highly unlikely to be replicated between two
Type II kerogens, making it improbable the temperature at which maximum
hydrocarbon expulsion occurs will be the same. However, the Tmax temperatures for the
samples ranged from 410-428°C, with a mean of 421°C (Table 5). These data indicate a
thermally immature rock throughout the core, with potentially the highest
measurements in the early oil window (Figure 26). Calculated vitrinite reflectance,

from Trmax, provided a similar conclusion regarding maturity. Samples plot in the
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STRUCTURE Ila: H/C = 1,38 0/C = 0,196 MW = 25815

Figure 25. Illustration of the structural complexity associated with a Type II kerogen,
underlining the uncertainty with which Ty, is so loosely applied (Vandenbroucke and Largeau
2007).

immature zone (Figure 26), minimally changing with depth. Romero (2008) obtained
similar results for calculated R,, shown in Table 6. In addition, vitrinite was measured
in the previous study, with an average of 0.55% R, for the three samples observed. This
is slightly higher than the average calculated R,, but can be explained by inherent flaws
associated when transforming values from one parameter to another. The calculated
values in this study also closely resemble vitrinite reflectance maps constructed by

Cardott (2012). The area marked LH (Lawrence Horst = Lawrence Uplift) is the

location of the study area (indicated by red arrow), and is characterized by R, of ~0.50
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maturity data.
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Table 6. Calculated vitrinite reflectance from the current study (left) and previous work of the
same core (right).

Connock (2015) Romero (2008)

Sample |Depth (ft)| Calculated R, Sample | Depth (ft) | Calculated R,
WSLU-1| 93.83 0.54 WCWF 1 [ 9221 0.63
WSLU-2 | 109.17 0.51 WCWF2 | 97.92 0.62
WSLU-3 | 1125 0.53 WCWF3 | 103 0.6
WSLU-4 | 126.17 0.47 WCWF 4 | 107.08 0.49
WSLU-5 1811575 0.33 WCWEF 5 111 0.47
WSLU-6 [ 132.75 0.40 WCWF 6 | 113.08 0.69
WSLU-7 | 134 0.47 WCWF 7 | 115.13 0.53
WSLU-8 | 145.17 0.42 WCWF 8 | 118.04 0.45
WSLU-9 | 153.58 033 WCWF 9 [ 121.17 0.53
WSLU-10|  160.17 0.38 WCWF 10| 123.13 0.47
WSLU-11]  160.83 L WCWF 11| 130.41 0.31
WSLU-12|  169.33 Lt WCWF 12| 139.15 0.49
WSLU-13(  170.92 Yoo WCWF 13| 151.08 0.38
WSLIIa) - e 042 WCWF 14| 157.83 0.42
WSLU-15] 17242 0 WCWF 15| 170.45 0.26
WERIS et WCWF 16| 181.04 0.36
WSLU-17| 174.42 0.51 e N
WELULBIa & WCWF 18| 19235 033
WoLL e Ve WCWF 19| 19821 0.29
xgtgg? ;ggﬁ‘é 8'3(7) WCWF 20| 208.08 0.42
WSLU-22| 191.08 0.42 et 049
WSLU-23| 191.33 0.47

WSLU-24| 192.75 0.42

WSLU-25| 193.75 0.45

WSLU-26| 195.42 0.40
WSLU-27| 203.08 0.47

WSLU-28| 207 0.38
WSLU-29| 209.92 0.38
AVERAGE 0.42

(Figure 27). Further analysis of maturity was conducted via construction of a
normalized oil content (NOC) log (Figure 28). NOC is a function of the S; peak
normalized to TOC, or the free hydrocarbons normalized to the TOC. If the organic
content is sufficient, the rock will begin to expel hydrocarbons at maturity, with more
hydrocarbons being generated as the correct conditions are maintained. A low NOC is

explained by either lack of hydrocarbon genesis due to immaturity, or thermal
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Figure 27. Contoured map of vitrinite reflectance of the Woodford Shale in eastern Oklahoma
(modified from Cardott 2012). Red arrow indicates the relative location of the Wyche-1 shale
pit in the Lawrence Uplift/Horst.

destruction of hydrocarbons as in overmature source rocks. Figure 28 indicates this
scenario, with previous maturity data ruling out the possibility of hydrocarbon
degradation, leaving immaturity, or volatilization of hydrocarbons prior to analysis, as
the correct explanation. Of the three members, the LW and UW appear to contain
certain sections nearing the low maturity window, but the probability of any significant

hydrocarbon generation is very low. Lastly, HI and Ty, Were integrated as a cross plot
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Figure 28. Geochemical log of normalized oil content displaying the immature nature of the
studied core. NOC was likely not affected by overmaturity due to geovalidation with Ty, S
and S, data.

to assess the kerogen type (HI) and maturity (Tmayx) simultaneously. Results confirm the
source rock is immature, but indicates some potentially mixed Type II kerogen (Figure
29). However, this observation can be accounted for as the placement of the Type II

vector, or the fact the data points predominantly plot along the Type II line meaning this
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is an aberration. Either way, Rock Eval is not as refined as biomarker analyses when

determination of the depositional environment is the objective.

Hydrocarbons
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Figure 29. Kerogen classification and maturity assessment via integration of HI and Ty, data.
This plot depicts the kerogen type and maturity level simultaneously, allowing for a convenient
composite of the primary interpretations from Rock Eval data.
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CHAPTER IV

4. Results and Discussion: Biomarker Analysis

4.1. Maturity Proxies

In order to validate the thermal maturity data determined from bulk geochemical
methods, an analysis of biomarkers particularly susceptible to thermal stress was
undertaken. Specifically, characteristic isomerization reactions at stereocenters and
alterations to structural configuration of the steranes and hopanes shed light on the
levels of thermal stress a source rock has experienced. Changes in configuration occur
due to molecular adaptation to increasingly energetic thermodynamic conditions,
resulting in the transformation of the molecule from an unstable to a more stable
structure (Peters et al., 2005). In addition, two novel maturation ratios were developed
and assessed explicitly for the immature to early mature windows involving
isomerization of the C,; cheilanthanes (tricyclic terpanes) and the hydrogenation of
unsaturated pentacyclic terpanes to saturated derivatives.

In nature, there is no known organism capable of synthesizing sterols in the S
configuration at C-20. Therefore, all sterols and subsequent steroid derivatives can be
assumed to initially have undergone some diagenetic and/or catagenetic effect when
observed in the S configuration (Volkman, 2005; Brocks and Summons, 2013). When
assessing maturity, the isomerization of C-20 in the Ca9 Sa, 140, 17a(H)-steranes is
highly applicable from the immature to mature range due to the gradual thermal
evolution of the S/R ratio until it reaches equilibirum at ~0.55 (Mackenzie et al., 1980;

Seifert and Moldowan, 1986; Peters et al., 1990). Intially, the biological 20R
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configuration is degraded, producing a mixture of the two isomers (Requejo, 1994).
Continued elevation of thermal stress will eventually begin to degrade both isomers,
underlining thermal degradation as the primary control mechanism of this ratio. In
certain cases, biased generation of the 20S (Dzou et al., 1995) or organic matter
composition (Strachan et al., 1989) may effect this ratio as well. Isomerization of the
C-14 and C-17 positions of the Cy9 20S and 20R steranes produces an additional sterane
maturity parameter slightly less susceptible to organofacies differences and more
appropriate at differentiating higher maturities due to a higher equilibirum ratio of ~0.7
than 20S/20R (Seifert and Moldowan, 1986; Peters et al., 1990). This ratio utilizes the
enhanced thermal resistance of the afif steranes relative to the less stable aoa
biologically-produced configuration. This parameter is still susceptible to particular
pitfalls, such as contribution of the aff§ steranes from kerogen as thermal stress
increases and organofacies effects. Despite these shortcomings, sterane ratios are
among the most heavily employed maturity parameters in biomarker geochemistry
(Farrimond et al., 1998). Isomerization reactions involving the pentacyclic triterpanes
(hopanes, XXXV) and tricyclic terpanes (cheilanthanes, XXXIII) are capable of
assessing source rock maturity based on similar premises as those above, but excel in
different regions of the oil window. The Cj3,-C3s 170-homohopanes undergo
steroechemical changes at C-22 earlier than most biomarkers applied to maturity
assessment (Ensminger et al., 1977). This allows for better characterization of source
rocks in the earlier stages of the oil window, making the 22S/(22S+R) ratio possibly the
most utilized hopane maturity parameter in petroleum geochemistry (Farrimond et al.,

1998). As maturity increases, the S/R ratio increases until equilibrium at ~0.55. Similar
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to the C3; 22R, the biologically produced 178, 21a(H)-moretanes (XL) are less resistant
to thermal degradation compared to the corresponding 17a, 21B(H)-hopanes (XXXV).
Unlike previous ratios where isomer mixtures increase to equilibria, the moretanes (XL)
should be absent in mature source rocks and oils, unless contaminated. Farrimond et al.
(1998) found the ratio to decline from 0.6 (moretane/hopane) to 0, whereas Seifert and
Moldowan (1980) observed a decrease from 0.8 to 0.05. The initial ratio will vary
between samples due to variations between depositional environments, with hypersaline
source rocks containing elevated concentrations of moretane/hopane relative to
interbedded shales (Rullkotter and Marzi 1988).

The Woodford in the Wyche Farm Shale Pit was found to be thermally
immature based on low (< 435°C) Tmax values (AVG=421°C). Biomarker parameters
(see Appendix II for specific formulae and Appendix III for identification) reveals a
similar conclusion (averaged values for Wyche-1 core in parentheses), with the Cy9 aoa
20S/20R (0.17), Cyo app/aca (0.35), C3; 22S/22R (0.37), and C3p moretane/hopane
(0.42) ratios yet to reach equilibrium (Table 7). When compared to Tmax data, no
relationships appear between the bulk geochemical data and biomarker data (e.g. Figure
30). The lack of a strong trend between the maturity parameters and the Ty values is
unsurprising given the immature state of the Woodford in this study. This is likely
explained by depositional effects imposed on the source rock that lead to various
genetic differences in biomarker composition and distribution throughout the core yet to
be normalized by thermal effects. Overall, the entire core is immature with minimal
variations in maturity with depth (Figure 31). Due to the very low maturities

characterizing the samples, an attempt was made to exploit the vast array of unsaturated
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Table 7. Biomarker parameters utilized to assess the levels of thermal stress the Woodford was subjected to in the study
area. Sterane, hopane, cheilanthane, moretane, and hopene ratios assist in evaluating the amount of thermal stress each
sample experienced.

Sample|Tyex °C) Cyo aaa 20S/(20S| Cyo app/(aaa C31 22S/(22S | C39 Moretane/| Cy; Tri Bp/ X C;30-C3s Hop-(17)21-enes /
il +20R) +app) +22R) Cs Hopane | (Bo+aa) EC30-Css Hopanes

WSLU-1| 428.00 0.13 0.25 0.36 0.36 0.19 0.15
WSLU-2 | 426.00 0.19 0.47 043 0.36 0.25 0.22
WSLU-3| 427.00 0.20 0.33 0.44 0.39 0.25 0.25
WSLU-4 | 424.00 0.19 0.31 0.42 0.30 0.16 0.17
WSLU-5| 416.00 0.17 0.29 0.30 0.56 0.21 0.29
WSLU-6 | 420.00 0.17 0.30 0.31 0.42 0.23 0.20
WSLU-7| 424.00 0.15 0.39 0.32 0.34 0.21 0.16
WSLU-8| 421.00 0.15 0.28 0.34 0.33 0.21 0.12
WSLU-9| 416.00 0.15 0.29 0.33 0.46 0.22 0.16
WSLU-10] 419.00 0.16 0.29 0.34 0.47 0.22 0.18
WSLU-11] 418.00 0.17 0.30 0.36 0.42 0.20 0.17
WSLU-12| 419.00 0.16 0.29 0.36 0.36 0.20 0.17
WSLU-13] 410.00 0.17 0.30 0.34 0.42 0.22 0.21
WSLU-14] 421.00 0.18 0.31 0.35 0.44 0.20 0.27
WSLU-15] 422.00 0.18 0.31 0.36 0.50 0.18 0.31
WSLU-16| 418.00 0.18 0.31 0.35 0.44 0.21 0.28
WSLU-17] 426.00 0.17 043 0.36 0.46 0.17 0.28
WSLU-18| 427.00 0.16 0.45 0.38 0.38 0.17 0.13
WSLU-19{ 423.00 0.18 0.48 0.37 0.45 0.23 0.19
WSLU-20| 424.00 0.17 0.46 0.38 0.41 0.22 0.19
WSLU-21| 420.00 0.17 0.47 0.37 0.42 0.22 0.18
WSLU-22| 421.00 0.17 0.47 0.37 0.38 0.21 0.19
WSLU-23| 424.00 0.18 0.31 0.38 043 0.18 0.26
WSLU-24| 421.00 0.18 0.32 0.38 041 0.20 0.23
WSLU-25| 423.00 0.18 0.31 0.39 0.40 0.18 0.26
WSLU-26] 420.00 0.18 0.31 0.38 0.38 0.20 0.22
WSLU-27| 424.00 0.18 0.33 0.39 0.43 0.21 0.23
WSLU-28] 419.00 0.20 0.35 0.37 0.49 0.21 0.31
WSLU-29| 419.00 0.21 0.35 0.38 0.56 0.20 0.40
Average 421.38 0.17 0.35 0.37 0.42 0.21 0.22
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Figure 30. Cross-plot displaying the relationship between the hopane isomerization ratio and
Tmax. No other conventional maturity parameters correlated with bulk geochemical data.

compounds typically not detected in such abundance in a source rock. Similar to
Aquino Neto et al. (1986), the thermally unstable C,; BB cheilanthane comprise the
numerator and the diagenetic Bo and aa products the denominator of a ratio suited to
qualitatively describe source rocks from the immature-early mature window.
Unfortunately, the minimal maturity differences throughout the sample set likely
explained the lack of trend observed. Additionally, the C30-C3s hop-17(21)-enes (XLI)
were normalized by the corresponding hopanes (XXXYV), but little relationship was
observed with depth. However, the sum of the C;30-C3s hopenes/ Cszo-C3s hopanes
plotted against the Cy sterane S and R isomers produces a subtle relationship (Figure

32). Despite the sterane isomers lack of agreement with the Tpax values, this is an
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Figure 31. Geochemical logs of sterane and hopane isomerization ratios illustrating potential maturity variances in the
Wyche-1 core. Note the pronounced shift in the Cao BB/(BB+aa) steranes between 191ft.-1 T4t.
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Figure 32. Relationship between the series of C3-Css hopenes divided by the corresponding
hopane counterparts as a function of the sterane isomer maturity parameter. Note the axis scale,
as the very slight relationship between the two are likely reflecting environmental features, not
maturity effects.

interesting observation and could be tested in a larger maturity and depth range for
application. A significant (R,>0.9) relationship exists between the hopenes/hopanes
and the diasterenes (XXXI)/diasteranes (XXXII) (Figure 33). The transformation of
unsaturated to saturated compounds appears to be controlled by similar thermodynamic
conditions, but mineral matrix effects may bias the latter proposed parameter if
lithofacies variations exist, and hydrogenation likely operates independently of
maturity. Consequently, reduction is proposed to be the primary control on these ratios
in this study and not thermal stress. It should be noted the Ca9 afff/aao steranes exhibit
an exceptional shift between 191ft.-174ft. (Figure 31) where none of the other maturity
ratios display a similar shift. It is difficult to explain this in the scope of maturity alone,

since neither the Ty or biomarkers reflect this trend. Instrumentation error, incorrect
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Figure 33. Assessment of additional maturity parameters specific to immature-early mature.
The hopenes and diasterenes are divided by the hopanes and diasteranes, respectively.
Hydrogenation in immature-early mature source rocks is probably genetic function, unrelated to
maturity.
calculation of standard concentration, or other experimental errors could be responsible,
but this shift is confined to a specific depth interval by six points with elevated Bf
steranes, making error unlikely. Barring experimental issues, it could be a function of
abrupt changes in the depositional environment, especially if conditions became more
restricted leading to hypersalinity (ten Haven et al., 1986), resulting in the observed
predominance of PP steranes. These six data points (191ft.-174ft.; Figure 31) may be
affected by various organofacies within the Woodford or delineate environmental
changes.

The biomarker maturation proxies supported inferences from Tmax data,

indicating a thermally immature source rock with minimal depth variation. Well

established maturity parameters reliant on thermally-induced isomerization reactions
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exhibited sub-equilibrium values for both the immature-mature and immature-early
mature proxies. Proposal of a novel maturity parameter exclusive to immature-very
early mature source rocks involving the series of C3o-C;s hopenes (XLI)/C3o-Css
hopanes (XXXV) vs. the Cy aoca S/(S+R) yielded a relationship, but the strong
relationship with other unsaturated/saturated ratios (e.g. diasterenes/diasteranes)
suggests that reduction is the primary control. Additionally, the C,; BB chielanthanes
were divided by thermally stable fa and oo counterparts, but no relationship with any
preexisting maturity parameter was observed, likely a result of the ubiquitious
immaturity of the Wyche-1 core. When plotted against the other proposed maturity
parameter (hopenes/hopanes), no trend was depicted (Figure 34). Genetic differences
and lack of a specific source (e.g. prokaryotes=>hopanes) likely compound any thermal
effects imposed on cheilanthane sterochemistry. Other than the inability to test the
proposed maturity indicators adequately, the immature nature of the samples ensures
subsequent biomarker analyses will reflect genetic environmental artifacts and not

secondary products of thermal alteration.
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Figure 34. Cross plot of the two proposed maturity parameters, the sum of the Cjo.s
hopenes/the sum of the Cs.35s hopanes vs. the C,; Bp cheilanthane/ C,, Ba+oaa cheilanthane.

4.2. Lithologic Proxies

The diasteranes (XXXII), diasterenes (XXXI), C3o diahopane, neohop-13(18)-
enes (XXXIX), and benzohopanes (XLII and XLIII) comprise a unique suite of
biomarkers capable of characterizing the lithology of a source rock. This application is
constructed upon a foundation of previous research outlining the effects of mineral
matrices on rearrangement reactions required to produce these compounds, or
correlations between distinct environments/lithologies and the occurrence of particular
biomarkers (e.g. benzohopanes).

Diasteranes (XXXII), diasterenes (XXXI), diahopane and neohop-13(18)-enes
(XXXIX) signify acidic and potentially oxic-suboxic (low pH and high Eh) conditions
prevailed during diagenesis (Moldowan et al., 1986; Brincat and Abbott., 2001). These

acidic conditions may be present in the form of clays or water chemistry. Acid sites
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found on clays like montmorillonite, or H,S saturated pore waters, provide an adequate
setting for catalyzed rearrangement of the sterol/sterene backbone (van Kaam-Peters et
al., 1998). Most interpretations employ clay content as a likely rearrangement
requirement (Rubinstein et al., 1975; Sieskind et al., 1979), but bacterial oxidation of
H,S at the sediment-water interface has the potential to produce significant H', lowering
the pH to levels conducive for sterene rearrangement (Jorgensen, 1989). Corbett and
Smith (1969) proposed the 17a-diahopane structure was derived from a hopanoid
precursor characterized by D-ring functionality. Peters (2005) interpreted the 17a-
diahopane as a product of D-ring oxidation and acid catalyzed rearrangement via clay
mediation of some hopanoid precursor. Prokaryotic bacteria deposited in oxic-suboxic
waters and clay-rich sediments appear to correlate with the interpreted environments
where these rearranged hopanes are found in the highest concentrations (Philp and
Gilbert, 1986). Neohop-13(18)-enes (XXXIX) are structural clones of the hopane
carbon skeleton (XXXYV), excluding the methyl shift from C-18 to C-17 (Sinninghe
Damste et al., 2014). These unique rearranged hopanes are suggested to be formed by
dehydration and isomerization of the hopanols or hop-17(21)-enes (XLI) (Moldowan et
al., 1991), but earlier work by Berti and Bottari (1968) found hop-17(21)-enes (XLI)
subjected to substantial acidic environments during isomerization formed neo-13(18)-
enes (XXXIX). Sinninghe Damste et al. (2014) infers from Ensminger (1977) that the
formation of neohop-13(18)-enes (XXXIX) requires more aggressive reaction
parameters or lengthened reaction times to form relative to hop-17(21)-enes (XLI).
This is based on the observation by Ensminger (1977) who noted the lack of neohop-

13(18)-ene (XXXIX) formation from diplotene exposed to montmorillonite at room
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temperature for one hour. Therefore, neohop-13(18)-enes (XXXIX) may be indicative
of harsher, more acidic conditions during diagenesis, but isotopic data is conflicting
regarding the proposed hop-17(21)-ene precursor (Sinninghe Damste et al., 2014).

Neohop-13(18)-enes (XXXIX) were found to be enriched by 3.5 %y t0 5.5 /40
relative to hop-17(21)-enes (XLI) (Sinninghe Damste et al., 2014), indicating an
alternative source as suggested by Farrimond and Telnaes (1996). However, this
contrasts with other research reporting depleted values for both biomarkers (Koster et
al., 1998). Similarly, ratios of diasteranes (XXXII) vary significantly within similar
lithologies, explained by variations in acidity and oxicity of a particular environment
(Moldowan et al., 1986). This may be correct, but further study suggests clay mineral
availability (not absolute percentage, but relative to TOC) may impact these ratios as
well. The sensitive nature of formation explains the surprisingly high concentrations of
diasteranes (XXXII) relative to steranes (XXVII, XXVIII, XXIX, XXX) in some
carbonate/marls, and the varying amounts of these biomarkers in samples of similar
lithology (van Kaam-Peters et al., 1998). To account for this effect, benzohopanes
(XLII, XLIII) could be employed to assess any potential aberrations of the diasterenes
(XXXI) or diasteranes (XXXII).

Benzohopanes (hexacyclic hopanes; XLII, XLIII) are postulated to form via
dehydration reactions of bacteriohopantetrol (BHP; XXXIV) very early in diagenesis
with subsequent cyclization forming the aromatic ring and side-chain degradation
forming the lower homologs (Hussler et al., 1984). However, Rinaldi et al. (1988)
proposed homologs of lower carbon numbers were formed from biological oxidation

prior to diagenetic effects while others believe mineral matrices mediate acid-catalysis
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due to the occurrence of these compounds in immature source rocks (Hussler et al.,
1984). Despite conflicting belief on formation, the association of benzohopanes (XLII,
XLIII) with sulfur-rich carbonate and evaporite lithologies provides these compounds
with interpretative powers to the geochemist. Connan and Dessort (1987) found the
C3,-C36 homologs to occur predominantly in carbonates and evaporites characterized by
extremely anoxic conditions (determined via Pr/Ph). Benzohopanes (XLII, XLIII) are
not necessarily limited to carbonate or evaporite source rocks though, with noted
occurrences in many oils and source rocks in low abundance (Hussler et al., 1984).

In this study, the diasterane/sterane and diasterene/sterane ratios (for all
formulae and biomarker identifications discussed in this section, refer to Appendices II
and III; Appendix IV contains a biomarker reference table to assist in following the
discussion) are conflicting (Figure 35), likely a result of early diagenetic effects
imposed by mild thermal stress. In order to address this discrepancy, ratios were
compared with the diahopane/hopane parameter to evaluate governing mechanisms. It
was found the diasterenes/steranes paralleled the rearranged hopane ratio (Figure 36),
and the diasterane/sterane ratio failed to display any relationship (Figure 35). This may
be a result of the low diasterane abundances relative to the diasterenes, with the ratio of
diasterenes/diasteranes ranging from 1.83-7.78 throughout the entire core and an
average value of 4.29 (Table 8). The lack of diasterene conversion to diasteranes
potentially destabilizes the use of diasteranes as lithologic proxies, resulting in primary
use of the unsaturated precursors. The diasterenes/steranes (DSE/S), diahopane/hopane

(C30 /H) and neo-13(1 8)-enes/hopane (NeoH/H) ratios (clay proxies) will be discussed
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Table 8. Biomarkers affected by lithology (diasteranes, diasterenes, diahopane, neohop-13(18)-enes via clay-induced
rearrangement; benzohopanes via correlation with carbonate/evaporite facies) and/or water pH (diasterenes, diahopane,

neohop-13(18)-enes increase with lower pH).

C37-Cy C17-Cy Cy7-Csp C3,-Cs Sk

Sample | Diasteranes/| Diasterene/ | Diasterenes/ |CsoDiahopane/ Benzohopanes| 2;" %

o Cy7-Cyo Cy7-Cy C37-Csp CsoHopane /C3,-C3s Ce oHopenes/

Steranes Steranes Diasteranes Homohopanes| opang
WSLU-1 0.21 0.58 2.76 0.03 0.48 0.74
WSLU-2 0.28 1.10 3.88 0.04 0.51 1.04
WSLU-3 0.30 1.59 5.33 0.05 0.50 1.20
WSLU-4 0.31 0.99 3.21 0.06 0.42 0.70
WSLU-5 0.25 1.29 5.25 0.08 0.29 1.76
WSLU-6 0.27 0.99 3.69 0.06 0.29 1.39
WSLU-7 0.24 0.58 247 0.05 0.36 0.99
WSLU-8 0.36 0.66 1.83 0.05 0.36 0.71
WSLU-9 0.38 0.93 2.45 0.06 0.42 0.93
WSLU-10 0.36 0.96 2.66 0.06 0.43 1.07
WSLU-11 0.27 1.03 3.86 0.07 0.32 1.13
WSLU-12 0.28 1.00 3.55 0.07 0.38 1.07
WSLU-13 0.29 1.15 4.01 0.07 0.49 1.27
WSLU-14 0.27 1.41 5.23 0.07 0.32 1.62
WSLU-15 0.21 1.47 6.84 0.08 0.39 1.74
WSLU-16 0.23 1.39 6.04 0.07 0.42 1.57
WSLU-17 0.21 1.16 5.57 0.06 0.42 1.27
WSLU-18 0.24 0.70 2.98 0.05 0.26 1.04
WSLU-19 0.32 0.99 3.12 0.06 0.34 1.44
WSLU-20 0.30 0.96 3.21 0.06 0.41 1.26
WSLU-21 0.28 0.95 3.46 0.06 0.42 1.31
WSLU-22 0.28 1.01 3.54 0.05 0.41 1.29
WSLU-23 0.22 1.54 6.94 0.07 0.39 1.31
WSLU-24 0.33 1.32 4.01 0.06 0.36 1.49
WSLU-25 0.32 1.46 4.55 0.07 0.50 1.62
WSLU-26 0.33 1.2 3.80 0.06 0.40 1.36
WSLU-27 027 1.27 4.70 0.06 0.37 1.24
WSLU-28 0.24 1.84 7.65 0.08 0.39 1.73
WSLU-29 0.29 2.29 7.78 0.12 0.51 2.24
Average 0.28 1.17 4.29 0.06 0.40 1.29




simultaneously due to the similar behaviors of each proxy with depth, and the apparent
relationship between them (Figure 37). The LW is characterized by an overall decrease
in DSE/S, Cs0 /H and NeoH/H continuing until 181.92 ft. in the MW. The MW exhibits
a subtle decrease following a sharp increase just after the first minimum at 181.92ft
before another excursion extending into the UW. The UW displays diminishing
diasterenes, diahopanes and neo-13(18)-enes relatively, with DSE/S appearing more
sensitive to potential controls than the Cs/H. The benzohopanes/homohopanes
(carbonate/evaporite proxy) exhibit a cyclic pattern from the base of the core to the MW
at 160.83ft., where the ratio stabilizes somewhat until an abrupt decrease at 131.75ft. at
which the clay proxies increase acutely. After this deviation, the carbonate proxy
increases into the UW and stabilizes again (Figure 38). In the context of this
discussion, the assumption is made biomarker parameters are controlled by lithology
(i.e. clay content) alone, and not water acidity. Potential effects from pH/Eh variations
will be addressed, with incorporation of the interpretations from this section, in the

discussion on water chemistry.
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Figure 37. Relationship between well-established clay-catalyzed rearranged biomarkers and the
neohop-13(18)-enes with associated reaction pathways adjacent to each figure. The correlation of the
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The carbonate proxy is difficult to interpret due to rapid fluctuations in the LW
and lower portions of the MW. Carbonate deposition may have been more predominant
in the UW, increasing as mentioned above. As the shoreline retreated. the depositional
environment may have become more restricted causing CaCO; to supersaturate the
water column. The elevated levels of CaCOj3 eventually would precipitate from solution
once a critical point is achieved, forming carbonate/evaporitie lithologies. Further
evidence discussing the possibility of subaerial exposure can be found in DeGarmo
(2015) to supplement this explanation. The behavior in the LW and lower MW may be
an artifact of the shorter parasequences involving the advance and retreat of the
shoreline. Figure 38 appears to confirm this interpretation, with 3" order transgressive-
regressive cycles controlling the abundance of benzohopanes (XLII, XLIII). The mfs
and ensuing HST portray a clearer relationship with inferred carbonate lithology. A
drop in the abundance of benzohopanes (XLII, XLIII) at the mfs is logical, explained
by possibly the most open marine settings in the MW. The superceding HST would be
expected to create more restricted settings, as discussed above, with more carbonate-
rich strata and potentially higher concentrations of benzohopanes (XLII, XLIII)
deposited as observed in this study. Clay proxies indicate an overall decrease in clay
content during LW and UW deposition, with slightly more persistent conditions in the
MW regulating relatively consistent values for this member. The decrease in clay
content in the UW is likely a result of increased terrigenously-source sediment diluting
marine clays, reducing the population and availability of acid sites available to catalyze
backbone rearrangement. A similar explanation provides insight regarding the spike in

clay proxies at the mfs, representing the greatest stand of eustatic sea level. The mfs
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marks the base of the condensed section, an interval characterized by condensation.
Geologically, condensation describes the incorporation of large temporal intervals into a
comparatively thin unit, a result of slow deposition caused by sediment starvation
during the maximum landward extent of the shoreline. Prolonged depositional rates
theoretically permit a greater period of time for diagenetic reactions to occur in a given
interval of sediment, allowing for more rearrangement to occur resulting in elevated
levels of these rearranged biomarkers to ‘normal’ biomarkers. This possibility reveals
an alternative mechanism controlling the concentration of rearranged steranes and
hopanes in sediments. Shales are, by definition, clay-rich. The concentrations of
diasterenes/steranes, diahopane/hopane and neo-13(18)-enes/hopane may not
necessarily be subject to the availability or abundance of clays in shales, but rather the
rate of deposition. Assuming acidic site availability is the rate-limiting factor, many
shales can be considered excellent environments facilitating rearrangement reactions.
The governor of the extent to which these reactions occur may be depositional rate,
evinced by the sharp rise in these ratios at the mfs as previously mentioned. Slower
depositional rates may allow for more rearrangement to occur in one layer of sediment
than if sediment was rapidly deposited, potentially hindering the extent of
rearrangement in that same layer. It is difficult to extrapolate this logic beyond the mfs,
with other regions of the core exhibiting contrasting trends (e.g. increase of
diasterene/sterane at the onset of the HST), which instill uncertainty to this proposed
application of rearranged biomarkers.

Lithologic proxies in this study show greatest application potential at the mfs,

with an inverse relationship between clay proxies (diasterenes (XXXI) , diahopane, and
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neohop-13(18)-enes (XXXIX)) and indicators for carbonate/evaporite lithologies
(benzohopanes (XLII, XLIII)). In other regions of the core fluctuations can be
explained by 3" order transgressive-regressive cycles, especially in regards to the
benzohopanes (XLII, XLIII). The UW exhibits the expected behavior of these proxies
during an HST, with the influx of terrigenous material diluting fine silicates (clays)
causing a drop in diasterene (XXXI), diahopane and neohop-13(18)ene (XXXIX)
concentration and an increase in benzohopanes (XLII, XLIII), possibly explained by
shallowing and subaerial exposure of the marine environment during this period (for
more on subaerial exposure of the UW, refer to DeGarmo, 2015). Alternatively, the
decrease in these biomarkers may result from an elevated rate of deposition, regulating
the amount of time for diagenetic reactions to affect the arrangement of specific
biomarkers. It is proposed, in shales, that rearrangement reactions are inversely
proportional to depositional rates. The spike of diasterenes (XXXI), diahopanes and
nehop-13(18)-enes (XXXIX) in the condensed section lend support to this claim, due to
the slow deposition characterizing this interval. Further experiments are necessary to
elevate this proposal beyond pure conjecture, but the sequence stratigraphic model

supports the possibility of this occurrence.
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4.3. Age Dating the Woodford Shale

Biomarkers comprise a sliver of the biogeochemical record of life through
geologic time, reflecting temporal changes of the biosphere. The Cambrian explosion
540 Mya. marked the rapid diversification of preexisting organisms and the introduction
of most phyla present in modern ecosystems (Maloof et al., 2010). Since that period,
organisms have evolved, flourished, or perished. These changes through time have
been well documented and certain organisms are known to be limited to defined regions
of geologic time due to extinction or proliferation. As a result, biomarkers, the
geological fossils of biological products, possess the potential to be used as tentative to
excellent age-dating tools to ensure analyzed hydrocarbons are genetic features and not
secondary contaminants.

Initially, the C,s/Cyy sterane ratio was used in order to establish a general
understanding of the age-range of the samples. The steranes are comprised of the
cholestanes (Cp7; XXVII), ergostanes (Cps; XXVIII) and stigmastanes (Cy; XXIX),
which are biosynthesized by no particular eukaryotic group. Despite the lack of source-
specificity beyond linkage to eukarya, the ergostanes (XXVIII) and stigmastanes
(XXIX) display a methodical evolution during the Phanerozoic, with the Cas/Cy9 ratio
increasing in marine samples through geologic time. This increase in abundance of the
ergostanes (XXVIII) is a result of marine diversification from simple phytoplankton
assemblages to more complex organisms, such as dinoflagellates, diatoms and
coccolithophores, which began to thrive in the Mesozoic (Grantham and Wakefield,
1988). An alignment with the geological sterane record was observed in this study.

Samples from the Wyche Farm Shale Pit plotted between 0.38 and 0.65, with most data
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points plotting within the error of the chart (Figure 39) developed by Grantham and
Wakefield (1988). The distribution of C,5/Cyo falls nicely into the 0.5-0.7 range typical
of Devonian-Triassic source rocks, providing insight regarding the general age of the
Woodford in this study. However, the Devonian was recently observed to contain
fluctuating Cys/Cy9 ratios, with the early Devonian and Devonian-Carboniferous
boundary exhibiting significantly higher values which would initially be interpreted as
Triassic (Schwark and Empt, 2006). The middle-late Devonian is more consistent with
Grantham and Wakefield (1988), but the higher values in this study may be explained
by this oscillating biological behavior of the sterane precursors (Schwark and Empt,
2006). Further analysis was required in order to refine interpretations and ensure the

integrity of the age-dating interpretations.
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Figure 39. Sample distribution based on C,s/C,¢ sterane ratios to infer general age window of
data. (from Grantham and Wakefield 1988). Dotted black lines account for variation within
each geological period.
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The lack of triaromatic 23,24-dimethylcholesteroids and triaromatic dinosteroids
confirms the samples are Paleozoic and not Mesozoic in age (Barbanti et al., 2011).
Due to the difficulties of detecting the saturated analogues, the triaromatic cholesteroids
were used to great effect in differentiating Mesozoic and younger oils from Paleozoic
samples by Barbanti et al. (2011). With a Paleozoic age established for hydrocarbon
mixtures, the n-alkane predominance was assessed to further constrain the geologic
period in which deposition occurred.

The slight odd-even predominance between the »-C;s-n-C;7 in most of the
samples and »-C;7-n-Cy; in one sample may indicate a slight contribution from the
cyanobacteria Gleocapsomorpha prisca (Reed et al., 1986; Fowler, 1992). This species
of cyanobacteria flourished from the Cambrian to the Devonian, reaching a biological
peak during the Ordovician. The lack of higher concentrations of the n-C;s, n-C;7, and
n-Cyg casts doubt onto this interpretation, but the unique behavior of n-alkanes should
be recognized (Figure 40). Additionally, the n-alkanes in Figure 40 are from the
saturate fraction of an immature source rock, not oil, where these observations were
initially made, casting further doubt on the age determination of the studied samples
using n-alkane distributions.

However, the identification of paleorenieratane (II) is the most important age-
dating biomarker of this discussion. The presence of this unique 2,3,6/3.4,5 substituted
C4o aromatic carotenoid is highly specific to Devonian source rocks, and was initially
thought to be limited to this geologic period (Requejo et al., 1992; Hartgers et al.,
1994). Further investigation has expanded the occurrence window to span from the

Neoproterozoic to the early Triassic, but relatively high concentrations, as found in this
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study, appear to be limited to the Devonian (French et al., 2015). Devonian oil from the
Canning basin in Australia exhibits a very similar distribution of aromatic carotenoids
as observed in this study. With more data, especially during the Devonian, carotenoid
distribution could be used as a timely molecular clock. In all, these results align nicely
with preexisting age dating work on the Woodford that determined a late Devonian-
early Mississippian age (Paxton et al., 2006). The lack of aromatic dinosteroids,
appropriate sterane ratios and the occurrence of paleorenieratane in high abundance

suggest the analyzed fractions in this study were derived from the Devonian period.
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Figure 40. GC chromatogram of the saturate fraction from WSLU-1, located at 93.8 ft.

4.4. Depositional Environment
The Cj sterane index (C30/ZC,7-C3o regular steranes) is a strong indicator of
marine depositional environments (Moldowan et al., 1985; Peters et al., 1986). The Cso

steranes (i.e. 24-n-propylcholestanes; XXX) are biosynthesized exclusively by
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Sarcinochrysidales which comprise an order of marine pelagophyte/chrysophyte algae
(Raederstorff and Rohmer, 1984; Moldowan et al., 1990). Typically, a Cs( sterane index
exceeding 4% is interpreted as an input of marine organic matter to the source rock
(Hays et al., 2012). The samples in this study ranged from 2.39%-5.74%, with an
average of 3.55%, somewhat low for a marine depositional environment (Table 9; for
all formulae and biomarker identifications discussed in this section, refer to Appendices
I and IIT). This is possibly due to the relatively high abundance of C,9 steranes
(XXXIX) relative to the Cy7 steranes (XXVII), suggesting a potential contribution of
terrestrial organic matter to the system, although the C,g steranes (XXXIX) are likely
synthesized by primitive green algae (Scwark and Empt, 2006). Overall, the C;, sterane
index decreases with depth, displaying the lowest values in the LW and highest
concentrations in the UW (Figure 41). The low abundance of C,;-Css n-alkanes
solidifies the marine origins of the organic matter in these samples, as well as the high
sterane/hopane, pristane/phytane and dinorhopane/hopane ratios (Table 9, 10;
Moldowan et al., 1985; Hughes et al., 1995; Peters et al., 2005). The cross plot of the
C26/Cys cheilanthanes against the Cj3; R hopane/C;y hopane has also been used to
differentiate source rock environments (Peters et al., 2005; Hays et al., 2012).
Interestingly, the majority of samples plot within the carbonate section due to higher
ratios of the C3; homohopane/hopane than reported for most marine shales (Figure 42).
Marine source rocks often display C,¢/C,s cheilanthane ratios <1.2, and higher C3R
hopane/Csp hopane ratios (>0.2). The higher C3;R hopane/Cjp hopane parameter may
be explained by the immature nature of this core, with thermal degradation yet to affect

the homohopanes or due to the initial application of this cross plot for oils, not source
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Table 9. Biomarker proxies capable of characterizing ancient environments and organic matter origin.

Sterane | Cy7/Cy Cy6/Css C;1R/ C;9 Norhopane/

SamplelEBe/kh Index (%) | Steranes | Cheilanthanes| C;,Hopane C;p Hopane HATH (ne/g 0C)
WSLU-1 2.06 4.95 0.70 0.88 0.58 0.67 0.33
WSLU-2 1.58 5.74 0.57 0.91 0.46 0.64 0.17
WSLU-3 1.48 5.57 0.81 0.99 0.49 0.73 0.05
WSLU-4 1.61 4.53 0.82 0.81 0.41 0.74 0.09
WSLU-5 1.52 3.38 0.90 0.93 0.72 0.82 0.12
WSLU-6 1.23 3.13 1.14 0.90 0.66 0.73 0.26
WSLU-7 1.19 3.14 0.76 0.77 0.62 0.69 0.06
WSLU-8 1.23 422 0.85 0.78 0.49 0.55 0.24
WSLU-9 1.42 3.97 0.83 0.76 0.51 0.56 0.19
WSLU-10 1.43 4.10 0.85 0.89 0.51 0.63 0.16
WSLU-11 1.55 4.05 0.87 0.84 0.55 0.70 0.32
WSLU-12 1.58 3.56 0.87 0.83 0.51 0.67 0.36
WSLU-13 1.58 3.64 0.87 0.84 0.53 0.68 0.31
WSLU-14 1.72 3.13 0.81 1.07 0.63 0.82 0.09
WSLU-15 1.77 2.85 0.76 1.07 0.68 0.96 0.16
WSLU-16 1.91 297 0.79 1.11 0.62 0.81 0.17
WSLU-17 2.12 289 0.54 1.25 0.63 0.84 0.10
WSLU-18 1.89 2.70 0.53 1.04 0.53 0.69 0.10
WSLU-19 1.61 3.68 0.68 0.99 0.61 0.68 0.08
WSLU-20 1.95 3.22 0.62 0.92 0.53 0.64 0.06
WSLU-21 1.81 3.45 0.63 0.99 0.61 0.63 0.04
WSLU-22 1.65 3.34 0.67 0.95 0.59 0.67 0.08
WSLU-23 1.91 2.69 0.74 1.21 0.59 0.85 0.08
WSLU-24 1.80 3.08 0.89 0.98 0.57 0.72 0.02
WSLU-25 1.84 2.76 0.85 1.03 0.55 0.78 0.34
WSLU-26 1.87 3.49 0.74 0.97 0.53 0.74 0.01
WSLU-27 1.92 3.22 0.96 1.03 0.53 0.74 0.04
WSLU-28 1.81 3.17 1.01 1.01 0.58 0.80 0.22
WSLU-29 1.70 2.80 0.97 1.05 0.62 1.14 0.05
Average 1.68 3.55 0.79 0.96 0.57 0.74 0.15
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Figure 41. Geochemical logs representing the environmental fluctuations controlling the type of organic matter input into the
system and organisms occupying the water column.
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Figure 42. Differentiation of source input via hopane and cheilanthanes. This cross plot was
init.ially developed for oils, which may explain the Woodford samples plotting in the carbonate
region.

rocks (Peters et al., 2005). In addition, the Cy9 norhopane/C3y hopane ratios are elevated
(Wyche-1 core AVG=0.74) providing support for significant carbonate contribution to
the source material. A drop in this ratio between 170ft.-130ft. coincides with an
increase in the Cj sterane index and C,3/Cy9 steranes, validating the use of this ratio as
a tentative carbonate proxy (Figure 41). Carbonates are typically deposited in more
anoxic environments where the expansion of the oxygen minimum zone may invade the
habitats of sterane-producing autotrophs. This would lead to an increase in these
organisms, and corresponding biological products, as carbonate content decreases if
oxicity is assumed to fluctuate linearly with carbonate production. A rapid

diversification of the algal community (173.83ft.) from a predominantly primitive algal

community to a heterogeneous group of red, brown (modern) and green (ancient) algae
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may signify an increase in resources. A larger habitat, produced from an expanding
oxic zone, would support a more complex community. This potential community shift is
sustained throughout the MW, coinciding with a sharp drop in the NH/H ratio
(169.33ft.), which may be indicating a decreased potential for carbonate deposition.
Lastly, an isoprenoid/n-alkane plot was constructed after Hunt (1996) to provide a
general determination of organic matter type (Figure 43). Most of the samples plot as
mixed organic matter, with some of the MW plotting in the marine organic matter zone.
Potential sources of terrestrial contribution will be addressed in the following discussion
integrating geological observations with geochemical data. In short, the samples
received predominant input of organic matter from marine sources enriched in
carbonaceous material and secondary input from terrigenous sources. Integration of
these proxies with sequence stratigraphic data will assist in better understanding the

controls governing the depth fluctuations previously discussed.
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Figure 43. Determination of organic matter type after Hunt (1996). This diagram was used to
tentatively understand the source of organic matter in this study. More specific
plots/relationships are necessary to accurately define the depositional environment.
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The 2™ order TST (transgression) extending from the base of the LW to the
boundary between the MW/UW reflects deepening of the water column, allowing for
open marine settings to predominate over terrestrial influxes which may be affecting the
LW. Pelagophytes (marine algae) would be able to stabilize and flourish, possibly
resulting in the observed increasing Cso sterane index upsection. The C,7/C,9 and
C,3/Cy9 ratios do not appear to align with this interpretation, declining from the LW to
approximately 174 ft. This is followed by a sharp increase in the C,7/Cy9 and Cag/Cao
ratios followed by an apparent stabilization throughout much of the MW. An isolated
spike at 131.75ft. in the MW disrupts the stable algal community composition,
indicating rapid diversification at this depth. The C,g sterane (XXXIX) begins to
overwhelm the other steranes in the UW, reflected by a decline in the Cy7 (XXVII) and
C,s (XXVII) relative to the Cp9. Recall, the steranes possess little source specificity to
an exclusive species, but are preferentially synthesized in different proportions by
marine (high Cys), terrigenous (high C,9) and lacustrine (C,7) eukaryotic organisms.
Marine organic matter is typified by C,7/Cy ratios > 1, but the samples in this study
rarely exceed this value. Influx of terrigenous material during a transgression is
possible, with flooded coastal environments introducing terrestrial sediments to the
basin as the shoreline advances landward. The predominance of the Cy9 sterane
(XXXIX) in the UW, being deposited during a regression, can be explained by
sequence stratigraphy. As shorelines retreat and the HST forms, erosion will increase
as progradation occurs introducing considerable amounts of terrestrial material into the
basin, possibly accounting for the elevated levels of the Cy9 sterane (XXXIX, assuming

it is not derived from algae) and decrease in the Cs sterane index within this member.
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The 3™ order regression in the LW may explain the decrease in the Cy7 (XXVII) and
Cyg steranes (XXVIII) relative to the Cyg sterane (XXXIX), but still does not explain the
overall increase of the Cso sterane index in the LW. The superceding 2™ order TST
likely exerted influence on the smaller parasequences discussed previously, resulting in
an overall increase in marine algae over time. The 4" order sequences recognized by
Turner et al. (2015) appear to exert little control on the sterane distributions.
Alternatively, the Cyg sterane predominance may be an artifact imposed by the time in
which these samples were deposited. Recall in the earlier discussion on age-dating
tools that the C,3/Cy9 sterane ratio increases throughout geologic time (Grantham and
Wakefield, 1988), and was based on marine samples in that study. The gradual
evolution of algae is reflected in the geologic record by a decrease in the more primitive
green algae (Cyy) relative to the modern brown algae (Cys). As a result, the
interpretations assuming the Cyg sterane is terrestrial in origin may be flawed based on
the temporal evolution of the sterane distribution. Due to the lack of angiosperms and
other terrigenous contributors which just began to blossom during the Devonian, it is
difficult to evaluate the potential story of terrestrial input in this system and cross
examine the significance of the Cyg sterane. In addition, it was inferred by Comer
(1991) the low concentrations of terrestrial organic matter to the Woodford might be a
result of barren land, not a distal position. Other markers for higher plants, such as
tricyclic and tetracyclic diterpanes, were not detected while bicyclic sesquiterpanes
were in low abundance. However, 5-methyl-10-(4-methylpentyl)-des-4-25-
norabora(ferna)-5,7,9-triene (MATH; XLIV) was detected, which is a marker for

certain plant communities (e.g. early gymnosperms and coniferophytes).  This
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compound is supposedly derived from a fernane/arborane precursor subjected to strong,
acidic conditions responsible for the methyl shift and cleavage rearrangement to occur
(Vliex et al., 1994). The MATH (XLIV) log in Figure 41 exhibits erratic behavior,
with numerous spikes in the concentration. The UW displays the clearest trend,
possibly due to lack of sampling intensity, but is in agreement with previous
interpretation of the UW in this discussion. The increase in MATH (XLIV) in the UW
is likely a product of the increased input of eroded terrigenous matter being deposited
into the basin, as reflected by increased amounts of the C,¢ sterane (assuming its
derivation from terrestrial plants, but this is highly unlikely). Lack of clear
relationships throughout other members could be explained simply by assuming the
samples were deposited in a much more proximal location than currently believed. This
would explain the seemingly random control over the MATH (XLIV) abundance. The
presence of MATH (XLIV) indicates a shallow shelf setting (<300m) because transport
of this material to a distal position in the basin seems unlikely. Additionally, when
discussing ‘deep water’ in North American epicontinental seas the depth is inferred to
be no greater than several hundred meters (e.g. Potter et al., 1982; Algeo and Maynard,
1997; Jaminski et al., 1998). MATH (XLIV) may be a more sensitive proxy for
terrestrial input than 3™ order cycles detected by Molinares (2013), with the spike at
194ft. appearing to correlate with one of the 4" order parasequences identified
chemostratigraphically by Turner et al. (2015). Positive MATH excursions appear to
correlate with the apex (most landward extent of shoreline) of the 4™ order
parasequences at approximately 190ft., 175ft., and 130ft. (mfs), counter to expectations.

MATH, a terrestrially-sourced biomarker, should be found in HSTs during regressions,
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not in transgressions when a more distal position is assumed. Flooding of the shoreline
may lead to greater riverine influx from continental runoff, introducing terrestrial
material during a TST. This could also be explained by enhanced preservation during
these periods due to bottom water anoxia, resulting in a preservation bias controlling the
MATH concentrations more than the influx of terrestrial organic matter into the basin.
Several biomarker proxies discussed in this section appear to correlate strongly
with the maximum flooding surface found at the top of the condensed section (Figure
41). The C,7/Cy9 sterane ratio and MATH (XLIV) exhibit a sharp increase at 132.75 ft.,
with a slightly less noticeable spike in the C,3/Cy9 ratio. From a geologic perspective,
the maximum flooding surface represents the maximum landward extent of the
shoreline. Therefore, it is surprising to see the abrupt positive excursion of MATH, a
supposed terrestrial indicator, peak during this time. Instead of invoking some
farfetched transport mechanism to specifically deliver one terrestrial biomarker to the
marine sediments, a chemical approach is much more efficient at explaining this
phenomena. The low benzohopanes/homohopanes, and high diasterenes/steranes
diahopane/hopane, and neohop-13(18)-enes/hopane ratios mentioned previously may
indicate more than solely lithologic variations. Increasing acidity (likely between 6.5-
7.3; see Temporal Evolution of the Water Column with focus on Carotenoid
Applications for more detail) of the ocean water during this time explains the abrupt
changes observed in the geochemical logs of these biomarkers. MATH (XLIV) was
suggested to form in strongly acidic conditions from fernane/arbornane precursors
(Vliex et al., 1994), the same conditions facilitating the rearrangement of sterenes and

hopenes to diasterenes and diahopane, respectively. A lower pH may be a product of
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CO, adsorption from the atmosphere, impeding the formation of CaCOs; through
bicarbonate production and hindering the formation of carbonate material, potentially
impacting the generation of benzohopanes as well. Consequently, MATH (XLIV) may
be controlled by both terrestrial input and water chemistry in this system, but the
detection of the precursor fernanes and arbornanes was unsuccessful. The overall
increase in MATH concentration and significant spikes during the 2" order TST
challenges previous work (e.g. Over, 2002) suggesting a reduction in terrestrial influx
coinciding with sea level rise. Depending on the degree to which water chemistry
affects MATH, this may be of further interest in reassessing the extent of terrigenous
input during the 2" order TST in which the lower and middle members were deposited.
Assuming terrestrial input retains partial governance of this biomarker, the sharp
increase in MATH concentration challenges the assumption the Cy sterane is derived
solely from vascular plants, due to the decrease in abundance observed relative to other
steranes. If it was biosynthesized by a terrestrial source, then the ratios normalized by
the Cyo sterane (XXIX) should exhibit a decrease, not increase, where the MATH
spikes. In this study it seems the Cyy sterane (XXIX) is sourced by additional
organisms, such as green algae (e.g. Chlorophyceae; Volkman, 1986; Brocks and
Summons, 2013), and is unable to serve as a marker for terrigenous input. However,
the sterane distributions still remain relevant as indicators of potential source material if
analyzed as a whole according to Volkman (1986). The marine organisms responsible
for biosynthesizing the C,7 (XXVII)and C,g (XXVIII) steranes may explain the rapid
rise in abundance of these steroids in the condensed section. Marine unicellular green

(eustigmatophytes and prasinophytes) and multicellular red algae (rhodophytes) likely
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thrived during the eustatically stable time interval, allowing for dense colonies to
saturate the oxic layers of the water column. The lack of organic matter from other
sources in this quiescent period would allow for minimal dilution of the marine signal,
resulting in the steroids from marine algae to dominate the sedimentary record.

The Woodford samples are composed of a mixture of carbonaceous marine and
terrestrial organic matter, as evinced by isoprenoid/alkane distributions, the presence of
24-n-propylcholestane, MATH, relatively high C,9 norhopane/hopane ratios and the
absence of abundant C;;-C;s n-alkanes. High concentrations of MATH and high ratios
of C»7 and Cys normalized by stigmastane appear to serve as potential markers for the
maximum flooding surface in the sedimentary record. MATH may be governed by both
the abundance of source material and conducive conditions in the water column, with its
presence indicating a shallow shelf setting (<300m). The likelihood of stigmastane
derivation from more than vascular plants is high, with other marine inputs, such as
green algae, probable candidates. The chemical status of the water column will be
evaluated in depth in the following section, with focus on the variability of biomarker
distributions relative to system tracts providing additional evidence and explanation

surrounding these proposed biogeochemical eustatic proxies.

4.5. Temporal Evolution of the Water Column with focus on Carotenoid Applications
Ca0 Aromatic carotenoids, unlike the hopanes or steranes, are biosynthesized

solely by purple (PSB) and green (GSB) photosynthetic sulfur bacteria in marine

sedimentary environments (Brocks and Summons, 2013).  Paleoenvironmental

reconstructions commonly utilize the occurrence of these compounds as markers for
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photic-zone euxinia (PZE) in the paleowater column due to the PSB/GSB’s adapted
ability to thrive in H,S-saturated waters. (Summons and Powell, 1987; Requejo et al.,
1992; Koopmans et al., 1996a; Sinninghe Damste et al., 2001; Maresca et al., 2008;
Melendez et al., 2013; Sousa Junior et al., 2013; Tulipani et al., 2015). Specifically,
the presence and distributions of the C4 aromatic carotenoids allow for general
estimation of chemocline position and thickness. For example, the occurrence of
okenane (V) implies a shallow (12-25m) anoxic/oxic boundary depth and severe
penetration of H,S into the photic zone (Guerrero et al., 1985; Brocks and Schaeffer,
2008). However, unique physiological characteristics of sulfur oxidizing bacteria
remain untapped. The rationale on which chemocline depth is inferred relies on
multiple variables controlling the presence of PSB/GSB in the photic zone. Few studies
investigate alternative governing mechanisms other than the fact H,S invaded the photic
zone (exceptions include Brocks and Schaeffer, 2008; French et al., 2015). Light
availability, dependent on the depth of the anoxic/oxic boundary and water turbidity,
sulfide concentration, pH and competition from organisms in the oxic layer all will
impact the ability of PSB/GSB to flourish. Consequently, this intricate relationship
between the anoxic- and oxic-dwelling organisms with the persisting water state can
provide the geochemist with a means to tentatively glean environmental information at
a resolution unmatched by other biomarkers. This powerful tool relies on the fact only
two organisms, the PSB and GSB, synthesize Cj aromatic carotenoids in marine
environments (Brocks and Summons, 2013). Of the two, GSB are more resilient than
the PSB, tolerating larger variations in light availability, sulfide concentration, and pH.

Initially, the primary application (estimation of chemocline position) of carotenoids and
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associated derivatives will be discussed in the scope of this study, with additional
sections evaluating secondary applications of these unique aromatic biomarkers.
Paleorenieratane (II), isorenieratane (I), renieratane (III, rare) and
renierapurpurane (IV, rare) were detected in variable concentrations throughout the
Woodford Shale (Figure 44; Table 10, see page 105). Okenane and chlorobactane were
tentatively identified, but in unquantifiable amounts to be of interpretative significance.
Other than Nowaczewski (2011), who detected isorenieratane in low abundances in the
[-35 Woodford outcrop, this is the first reported occurrence of four C4 aromatic
carotenoids in the Woodford Shale, with two (paleorenieratane and isorenieratane)
observed in high concentrations. Identification was achieved by comparison with
preexisting chromatograms and similar mass spectra published in the literature (see
Appendix III for identified fragmentograms; Schaefle et al., 1977; Requejo et al., 1992;
Hartgers et al., 1994; Brocks and Schaeffer, 2008). Numerous carotenoid derivatives
outlined by Koopmans et al. (1996b) were detected as well, with potential applications
and significance beyond the scope of the current study, but will be reported in future
publications (see Appendix III m/z 237 for preliminary results). Paleorenieratane (II)
was the dominant C4 carotenoid in most samples, with isorenieratane (I) the second
most abundant. It appears the concentrations of these two carotenoids parallel each
other, lending a clue as to where the former Cy4 carotenoid may be sourced (further
discussion in section: Evolution of the Microbial Community and Possible Source
Organisms for Disputed Biomarker Origins). For the following discussion, it is
assumed that paleorenieratane (II) precursors occupy a slightly shallower niche of the

water column than isorenieratane (I), derived from the brown strain of GSB (bGSB).

101



WLSU-8

Paleorenieratane
Isorenieratane

Renieratane

RELATIVE ABUNDANCE

Renierapurpurane

Y

TIME

Figure 44. Aromatic TIC depicting C4 aromatic carotenoid distribution and abundance with
carotenoids labeled accordingly. Note the coelution of isorenieratane and renieratane.
Additional peaks are identified as predominantly C4 carotenoid derivatives and can be found in
Appendix III).

The brown strain is characterized by the chlorosome (a specialized light-
harvesting organelle) and photoadaptism, or the ability to alter the homolog
composition in response to changing light conditions (Borrego et al., 1997). The bGSB
are more efficient sulfide oxidizers at low light (found to survive as low as 20 lux (Biebl
and Pfennig 1978)), and have ~175% more light harvesting pigments than green and
purple strains (Overmann et al., 1992). Phototrophic bacteria found in regions of low
light often increase the size of photosynthetic units (Drews and Golecki 1995;
Overmann 2008), with PSB possessing 20-2000 bacteriochlorophyll (BChl) a
molecules/reaction center (Zuber and Codgell 1995) and the specialized chlorosomes of

the bGSB containing 5000-8000 BChl ¢ molecules/reaction center (Frigaard et al.,
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2003). PSB also require more CO; (8-10.5 mol quanta/mol CO;) than GSB (3.5-4.5
mol quanta/mol CO,; Brune 1989), which also possess prosthecae that increase the ratio
of surface area to cell volume (Gorlenko, 1988). These adaptations permit the bGSB to
inhabit deeper regions of the stratified waters incompatible for PSB growth (Gorlenko,
1988) and maintain metabolic function while expending less energy than the PSB
(Overmann, 2008). Despite being unknown from extant organisms, paleorenieratane-
precursors are assumed to not directly compete with the isorenieratene-producing bGSB
due to the positive linear increase of both Cy4y carotenoids suggesting little resource
competition. Isorenieratene scavenges lower wavelength light (460mp) the most
efficiently, which happens to also be within the range of the deepest penetrating
daylight wavelengths of 450-470mp, meaning paleorenieratane is likely produced from
an organism occupying a shallower region of the chemocline to avoid direct competiton
with the highly specialized bGSB. Okenone (okenane precursor) is derived from the
PSB (Chromaticeum), which are limited to the upper regions of the chemocline. These
bacteria are highly mobile (flagella) and are capable of utilizing multiple carbon sources
(e.g. pyruvate, propionate, lactate, fructose, malate, bicarbonate, acetate), but are
ultimately limited by the absorption spectra (peak at 850mp) despite these advantages
over the less motile and more restricted (carbon-source) GSB (Truper and Genovese,
1968). The first 25m of the water column absorbs all A above 640mp (Jerlov 1951;
Yentsch 1962), meaning the PSB require the chemocline (being strict anaerobes and
requiring sulfide as the electron donor) to be shallower than 25m. Lack of okenane® in

the samples is interpreted as a chemocline depth greater than 25m, intense equatorial

6 Detected(?) in negligible amounts of samples containing the highest concentrations of
paleorenieratane and isorenieratane.
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winds causing intermixing of the oxic-anoxic interface, murky waters, or the lesser
possibility of Chromaticeum outcompeted by some unknown organism. Alternatively,
absence of the okenane pigment may not imply the absence of PSB or a chemocline
deeper than 25m.

Paleorenieratane (II) and isorenieratane (I) are employed to infer the extent of
photic zone euxinia (PZE) during Woodford deposition. This is based on the
assumption the GSB were a planktonic community not restricted to benthic algal mats.
French et al. (2014) attributed the presence of GSB and PSB to benthic microbial mats,
not a planktonic source due to the correlation observed between wavy laminations and
algal mats. The lithofacies described by Molinares (2013) characterized by wavy
laminations is limited primarily to the UW, where the aromatic carotenoids are in
lowest concentration. Lack of lycopane, a carotenoid produced by the hydrogenation of
lycopene synthesized by all mat species (Brocks and Schaeffer, 2008) and wavy
laminations permit interpretation of paleorenieratane (II) and isorenieratane (I) as
biological products of planktonic GSB in this study. On average (Wyche-1 core
average), paleorenieratane (II) is three times more abundant than isorenieratane (I)
(12.13 pg/g OC to 3.70 pg/g OC), with both carotenoids displaying very similar
changes throughout the core (Table 10; for any formulae see Appendix II, and refer to
Appendix IV for a biomarker reference guide outlining the primary applications of the
compounds discussed in this section). These Cy4 aromatic carotenoids exhibit isolated
spikes in the LW, followed by an overwhelming rise to prominence in the middle MW

where paleorenieratane (II) abundance reaches 92.84 pg/g OC at 145.17ft. and
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Table 10. Biomarkers as indicators for water structure and chemistry in the Wyche-1 core. Paleorenieratane, isorenieratane and
potential derivatives (aryl isoprenoids) signify H,S-saturation of portions of the photic zone, gammacerane assists in inferring
water stratification, and 28,30-dinorhopane, HHI and Pr/Ph provide insight into the redox state of the Woodford paleoenvironment.

LCisCy | ZCi5Cyy 28. 30
Sample Paleorenieratane [Isorenieratane{ 2,3,6 Ar?'l 3,4,5 Ar'yl Dinhorzhopane Gammacerane |Homohopane| C;5/Cyy Pr/Ph
(ng/g 0C) (ng/g OC) |Isoprenoids| Isoprenoids 1€ Hongiic Index Index (%) |Homohopanes
(ug/g OC) | (ng/gOC) | P

WSLU-1 1977 0.70 13.63 3.61 0.16 0.18 12.61 136 2.06
WSLU-2 1.08 0.97 37.32 6.34 0.28 0.22 12.01 138 1.58
WSLU-3 0.58 1.08 2991 5.62 0.31 0.12 11.39 1127 1.48
WSLU-4 379 1.10 58.07 25.38 0.17 0.13 8.89 1.04 1.61
WSLU-5 5.76 1.47 75.02 36.66 0.35 0.28 6.42 1.12 1.52
WSLU-6 17572 2.76 80.51 49.38 0.32 0.32 7.37 1.24 1.23
WSLU-7 33.09 6.60 174.96 86.58 0.26 0.32 7.68 1.20 1.19
WSLU-8 92.84 13.82 240.55 142.17 0.37 0.43 6.72 1.03 1.23
WSLU-9 59.28 14.37 226.65 126.97 0.56 0.43 7.60 1.13 1.42
WSLU-10 37.07 10.63 216.85 109.72 0.48 0.43 6.51 1.04 1.43
WSLU-11 20.66 7.17 179.90 85.07 0.54 0.39 7.33 1.07 1.55
WSLU-12 23.71 7.76 200.89 92.90 0.47 0.38 7:31]. 1.04 1.58
WSLU-13 15.16 5.69 163.40 71.04 0.56 0.36 7.20 1.16 1.58
WSLU-14 2.68 1.32 61.79 23.37 0.38 0.28 7.03 0.99 1572
WSLU-15 0.97 0.63 61.63 16.52 0.36 023 6.99 1.07 174
WSLU-16, 1.76 2.09 64.52 16.22 0.33 0.27 7.46 1.08 1.91
WSLU-17 0.82 0.81 44.60 10.91 0.23 0.15 7.13 1.10 2112
WSLU-18 0.57 0.88 25.50 6.07 0.21 0.18 6.54 1.06 1.89
WSLU-19 7.05 447 8433 28.68 0.31 0.35 7.51 1.06 1.61
WSLU-20 235 335 64.31 14.51 0.29 0.28 7.24 1.11 1.95
WSLU-21 2.96 2,25 51.23 15.82 0.29 0.27 6.57 1.02 1.81
WSLU-22 832 5.06 85.34 31.94 0.28 0.26 6.93 1.04 1.65
WSLU-23 1.13 1513 50.25 13.71 0.26 0.16 6.87 1.03 1.91
WSLU-24 2.59 1.45 55.81 16.50 0.31 0.26 6.92 1.06 1.80
WSLU-25 1.49 237 92.80 20.39 0.33 0.21 6.54 0.97 1.84
WSLU-26 1.43 1.60 30.25 7.73 0.35 0.26 722 0.99 1.87
WSLU-27 3.40 3.81 86.22 20.30 0.33 0.26 8.02 1.01 1.92
WSLU-28 1.52 1.84 68.00 14.62 0.38 0.22 6.33 0.93 1.81
WSLU-29| 0.12 0.20 46.85 12.57 0.44 0.18 4.29 1.08 1.70
Average 12.13 3.70 9211 38.32 0.34 0.27 7.54 1.09 1.68




isorenieratane (I) reaches its maximum of 14.37 pg/g OC at 153.58 ft. The second half
of MW deposition records a rapid cessation of carotenoid dominance, with minimal
concentrations observed from latter sections of the MW into the UW (Figure 45). Based
on these observations, it can be inferred the LW was characterized by isolated episodes
of PZE. During these periods, chemocline depth likely did not exceed 25-50m,
allowing for the brief proliferation of GSB before interruption of well-stratified waters
led to temporary collapse of the marine GSB community. Upwelling of deep waters
may have disturbed the chemocline, causing a flooding of O,-rich waters that would
result in the decimation of the sulfur-oxidizing bacteria. In the Oklahoman Woodford,
upwelling is postulated to originate from the southwestern ocean with cold waters
transported along the seafloor of NW Texas before upwelling in the epicontinental seas
(Comer, 1991; Roberts and Mitterrer, 1992). However, the interpreted shallow shelf
position of the samples (<300m.) limits the transfer of significant amounts of deep
water to the shelf via major ocean currents (Shaw, 1964; Kirkland et al., 1992),
challenging the extent of upwelling as a control in the MW. This shallow, shelf basin
interpretation was initially suggested in this study from the presence of the terrigenously
sourced MATH. Isorenieratane (I), detected in high concentrations in this study, is
reported to be indicative of upper Devonian shelf environments for source rocks found
in the Holy Cross Mountains, Poland (Marynowski et al., 2000; Brown and Kenig,
2004; Hartkopf-Froder et al., 2007). Therefore, the presence of isorenieratane (I) in this
study is proposed to be indicative of a similar position relative to the shoreline due to
the observation of other biomarkers, such as MATH, supporting this interpretation. A

recent study also documented the lack of PZE in basinal settings, with deposition of
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Figure 45. Evolution of the chemocline throughout Woodford deposition as inferred by Cio aromatic carotenoid
distributions. The LW exhibits isolated PZE episodes with a protracted period of PZE in the MW, with all periods of PZE
correlating with 3" order HSTs.



Chlorobiaceae biomass restricted to shelf and slope facies (Slowakiewicz et al., 2015).
If the Appalachian Basin cratonic basins are used as analogs, the development of sills
may have limited exchange of deep water, impeding the development of upwelling
(Algeo et al., 2007). In the modern, GSB are not found in marine sulfidic upwelling
zones (French et al., 2014), further supporting the lack of upwelling during periods of
PZE. Strong equatorial winds may still have been present during MW deposition, as
suggested by Roberts and Mitterer (1992), but did not create upwelling of bottom
waters and instead affected the microbial community. The lack of okenane (V), a
product of PSB (found between 10-25m.), may be a result of a wind mixed layer
comprising chemical stratification of the first 80-100m. of the water column. Models
typically are unable to incorporate okenane and chlorobactane due to the oxygenation
created by wind-driven vertical mixing (Ozaki et al., 2011; Monteiro et al., 2012) unless
the atmospheric effects are adjusted to affect shallower depths. Upwelling is inferred to
be absent during periods of PZE, unless the stratification imposed by the chemocline
limited vertical water circulation as proposed by Comer (2012). Alternatively, PZE
may have been controlled by eustatic fluctuations caused by 3 order T-R cycles.
Typically, regressions may contribute to vertical mixing which is not reflected by the
carotenoid distributions. Isolated periods of PZE in the LW reflect the two regressions
in the LW, with the later regression characterized by two PZE episodes. This may
indicate additional controls on PZE, due to the unexplained drop in carotenoid
concentrations, at 187.75ft. If sea level dropped during these 3 order HSTs and the
Woodford was in a very shallow setting, carotenoid abundances may be explained by

the brief development of paleolakes. Paleolakes would resolve the ‘no analogue’
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problem termed by French et al. (2014), noting the lack of PSB/GSB in the modern
sulfidic marine environments. The MW marks the onset of persistent PZE, which was
preceded by a miniature depression in the GSB community from the last episode of PZE
in the LW (185.92-172.42ft.). Persistence of such conditions is underlined by the
continued increase in carotenoid concentration from 172-145.171t., reflecting the stable
and well-defined chemocline marking the boundary between the sulfur-rich waters
below and the oxygen-rich waters above. Strong stratification invokes the stagnant
circulation model (Molinares, 2013), rather than the upwelling circulation model, in this
region of the MW. This stability would allow for the GSB to proliferate, potentially
forming dense microbial mats at the oxic-anoxic interface, much more resistant to
periodic environmental threats than isolated, free-floating communities of bacteria in
the LW. Hydrographic restriction has been previously documented to exert controls on
sediment geochemistry (e.g. Algeo et al., 2007), and is suggested to control the
distribution of C4p aromatic carotenoids in this study. Contrary to previous claims,
upwelling may have facilitated the sustained PZE in the MW by providing essential
nutrients to aerobic organisms. Precipitation of large amounts of organic matter would
facilitate the persistence of anoxic waters below the chemocline reflected by the
expanding oxygen minimum zone (OMZ). Chemocline depth and thickness is
interpreted to be the shallowest and greatest (10-25m from the surface) at 145.171t., the
same point which corresponds to the paleorenieratane (II) maximum. This is assuming
the extent of a wind mixing was minimal. As previously mentioned, the lack of PSB
derivatives may be a result of the initial 50-80m of the water column being mixed and

oxygenated by atmospheric forces. If this occurred, the chemocline depth is adjusted
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approximately 50m (60-85m. from surface) to permit the survival of sulfidic organisms
below the deepened oxic-anoxic interface. These deeper depths parallel work in the
Black Sea, which found the chemocline at 80-120m., with seasonal fluctuations of 20-
50m. (Sinninghe Damste et al., 1993; Meyer et al., 2008). It is difficult to give a more
refined estimate due to the uncertainty associated with the origins of paleorenieratane
(IT). If paleorenieratane (II) was isotopically depleted, it likely occupied the same
position as the PSB-produced okenane. However, Hartgers et al. (1994) reported
8'3C=-12%,, similar to isorenieratane (I), meaning carbon is fixed via the reverse TCA
cycle utilized by Chlorobiaceae (GSB). Compound specific isotopic analysis of
paloernieratane (II) in this study yielded identical results, with paleorenieratane (II)
significantly enriched (8'°C=-12%, % 1.5%,,) relative to marine algal biomass (8"°C ~ -
30%0; Peters, 2005). The enriched carbon relative to algal biomass signifies derivation
from a potentially extinct strain of Chlorobiaceae, based on the more positive carbon
isotope delta values typical of GSB utilizing the reverse TCA cycle. Paleorenieratane-
producing bacteria are assumed to not directly compete with bGSB-producing
isorenieratane for the same region of the water column. This assumption is based on the
fact bGSB are so well adapted to low light other organisms would be outcompeted for
this niche. This means that paleorenieratane-producing bacteria occupy a shallower
region of the water column to avoid resource competition. The increased abundance in
paleorenieratane signifies the likely increase in habitat volume interpreted as the
shallowing and expansion of the chemocline and OMZ to grant greater area for these
bacteria to thrive. Analysis of the evolution of the microbial community throughout the

Woodford in the following section reveals the increase of carotenoid concentration
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coincides with a decrease in the sterane/hopane ratio, providing further evidence for
expansion of GSB habitat. Also, Truper and Genovese (1968) noted the three-fold
increase in sulfur oxidation by GSB when optimal light conditions were present. These
bacteria, specifically the bGSB, are adapted to survive in low light, but when light is not
a limiting factor metabolic activity is greatly enhanced. A shallower and thi.cker
chemocline would allow for the migration of GSB communities to better lit regions of
the water column, with elevated productivity levels resulting in greater amounts of
Chlorobiaceae biomass deposited in sediments. The high concentrations of Cyg
aromatic carotenoids reported from ~170-135ft. is strong evidence for a very shallow,
expanding and well-defined chemocline developing in the beginning of the MW.
Approximately halfway through the MW, destabilization and deepening/thinning of the
chemocline is marked by the rapid decrease in C4y carotenoid concentration. The
prolonged period of PZE in the MW strongly corresponds to eustatic changes
experienced during MW deposition. Persistent PZE commenced under a relatively long
(longest 3™ order parasequence in the core) 3" order regression and subsided during the
subsequent 3" order transgression. Isolated periods of PZE in the LW were connected
to 3" order cycles, but correlation of PZE over a longer time period with sequence
stratigraphy provides strong evidence for development of euxinic conditions during
regressions. The following transgression may have reestablished ocean circulation
patterns, currents and vertical mixing present in the LW, limiting stratification from
developing. The 2" order TST may provide additional explanation for the GSB
behavior in the LW and MW, assisting in the expansion of the OMZ on the shelf with

brief periods of PZE in the LW coinciding with the beginning of pronounced water
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stratification in the Woodford Sea. Further sea level rise on a 2" order scale, with
lesser 3" order regressions providing hydrographic restriction, created an expansive,
well developed OMZ saturated with H,S supporting large populations of GSB in the
MW. Restriction and water stagnation in the depositional environment would buffer
external disturbances capable of dismantling the well-defined chemocline. Development
of sills as sediment supply exceeds the rate of erosion in the 3™ order HSTs could assist
in restricting and isolating a body of water from the total system, allowing for unique
environmental conditions to develop, such as PZE. If progradation during the HSTs
created a barrier between the epicontinental Woodford Sea and the ocean in the south,
circulation likely was impeded and stagnant water developed. Isolated periods of PZE
in the LW may be a result of sill development (Figure 46), foreshadowing the
construction of a more resilient restrictive feature during the 3 order HST in the MW
that allowed for significant stratification to occur. This could explain the relationship
between 3™ order regressions and PZE, with PZE indirectly controlled by the restrictive
features created during progradation that permit a long period of chemical stratification
in a poorly ventilated sea. These bathymetric features would be destroyed during
eustatic turnaround as the 3™ order transgression (and ongoing 2" order TST) imposed
greater volumes of water capable exceeding sediment supply, eroding the sills and
causing intermixing of waters. The sill would be eroded relatively quickly, explaining
the rapid demise of PZE in the MW as intermixing disturbed the chemocline. Sill
erosion is not necessary, but would assist in establishing extensive vertical mixing
required to disturb the chemocline. Comer (1991) outlines the irregular seafloor

topography characterizing the Woodford Sea. Local bathymetric lows with little
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Figure 46. Theoretical circulation models explaining the development of restricted conditions
conducive to the development of PZE or well-mixed periods detrimental to the proliferation of
Chlorobiaceae.

circulation could develop unique conditions permitting GSB proliferation, similar to the
sill example. The extent of persistent PZE is marked by the return to ‘baseline’ of the
carotenoids in Figure 45 at ~130ft. Chemocline deepening (80-100m.) and stratification
breakdown resulted in constriction of the GSB habitat and subsequent decimation of
well-established GSB communities. Following this significant environmental change,
the UW possesses minimal concentrations of these carotenoids, but appears to sustain a
relatively stable population of the deepest-dwelling GSB. Wavy laminations observed
in the UW suggest a shallower water column, possibly too shallow to develop

stratification necessary for large GSB communities to thrive. The protracted 2™ order
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HST likely deposited large amounts of sediment into the environment, facilitating water
mixing and suppressing development a chemocline. Lack of sampling intensity may
belie potential chemocline excursions as observed in the LW, or limited sulfide
production and light availability could only sustain the most tolerant GSB strains in
small populations during UW deposition. Trace element data was integrated to assist
interpretations derived from organic proxies in an attempt to better outline the

paleowater structure and chemistry in the Woodford Sea.

Trace element data were aligned with aforementioned PZE proxies to help
validate and enhance previous interpretations, but little relationship was present (Figure
47). Vanadium and molybdenum become insoluble in euxinic waters, resulting in
enrichment of Mo and V in the sediments (Takahashi et al., 2014). During the inferred
PZE, V and Mo exhibit no significant enrichment relative to other regions of the core
interpreted as non-euxinic. The UW, which was likely the least euxinic of the three
members, reveals a critical flaw in the application of trace elements to understanding
water column chemistry. V increases, and Mo decreases, indicating additional
processes were controlling the deposition of these trace elements to the sediments. The
MW was very likely deposited in a sustained period of PZE as inferred from
Chlorobiaceae biomass, but V and Mo are relatively depleted. Mo spikes during the
onset of PZE, as indicated by isorenieratane (I) and paleorenieratane (II) concentrations
increasing, but does not exhibit elevated values during peak PZE. This may be a result
of the trace element input to the system, or the utilization of a significant portion of
these bioessential elements by organisms in the oxic layer (Takahashi et al., 2014). The

fact Chlorobiaceae require sulfide-rich waters for electron donors, similar to

114



Sl

Vanadium ‘ Molybdenum I Isorenieratane i Paleorenieratane

90
‘
- |
[ [
‘ [ ®
[ | Q
I Q
110 | =
| i i
e - - -
| I ' X
130 | ‘ &\/
| £ i o
< 150 | | L
= [ 3
|8 ! 2
| & f
& | O
j ]
170 O
42“ c {
" * v_, - - 4 k
190 | & / | | &
X | g
\\ 2
o
210 | S
0 200 400 60 |0 50 100 150 200 250 300 | O 5 10 15 2 o 20 40 60 80 100
ppm ppm ug/g OC pg/g OC

Figure 47. Assessment of organic (isorenieratane and paleorenieratane) and inorganic (vanadium and molybdenum) proxies of
PZE. The unique synthesis of Cyo aromatic carotenoids serves as a more direct indicator of PZE, challenging interpretations

based on trace element data.



cyanobacteria which oxidize water for the same purpose, means the organic data is
likely correct and inorganic proxies are controlled by alternative processes as discussed
above. Interpretation of C49 aromatic carotenoids illustrates the dynamic water column
structure throughout Wooford deposition. Euxinia was not as persistent as some
suggest (Roberts and Mitterer, 1992) with the MW deposited in predominantly euxinic
waters, the LW deposited in intermittent PZE and the UW deposited in an anoxic water
column with minimal concentrations of sulfide. The long period of PZE in the MW
may correlate with other Devonian basins characterized by H,S invasion of the photic
zone, suggesting a regional to global process(es) responsible for this unique
environmental state. Euxinia was not constrained to the Woodford Sea during the
Devonian, with other basins around the globe reported to contain sediments
characterized by elevated concentrations of Chlorobiaceae biomass. The Illinois
(Brown and Kenig, 2004), Michigan (Brown and Kenig, 2004) and Western Canadian
Sedimentary Basins (Maslen et al., 2009) in North America, the Canning Basin in
Australia (Melendez et al., 2013; Tulipani et al., 2015), and European sediments found
in the Pripyat River Basin (Clifford et al., 1998) and Holy Cross Mountains
(Marynowski et al., 2011) are typified by the Chlorobiaceae fingerprint indicative of
sustained PZE. Many of these studies propose elevated levels of HaS preceded the
Frasnian-Famennian biotic crisis, one of the five greatest biodiversity losses in the
Phanerozoic (McGhee, 1996). Identification of this extinction horizon in the following
section will allow future studies on this Woodford core to be integrated with the
aforementioned studies, which should reveal if the euxinia in the Woodford aligns with

global events or is independent of these, controlled by processes operating on a regional
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to local scale. In order to properly integrate studies utilizing C4 aromatic carotenoid
derivatives, such as the aryl isoprenoids, ratios (e.g. AIR) employing these derivatives

need to be evaluated as indicators for PZE.

PZE determined by carotenoids in this study parallels previous work done on
this core by Romero (2008) and Romero and Philp (2012), which utilized the 2.3,6-aryl
isoprenoids (VII) in the form of AIR (aryl isoprenoid ratio). This ratio is comprised of
the C3-C;7/C5-Ca2, 2,3,6-aryl isoprenoids originally proposed by Schwark and Frimmel
(2004) to evaluate the persistence of PZE in the geological record. It was found that the
upper and lower members were characterized by episodic PZE, with the MW subjected
to persistent PZE. This is in agreement with results for this étudy determined by
aromatic carotenoids, but the UW may have experienced minimal H,S invasion of the
photic zone (not as episodic as Romero and Philp 2012 imply) relative to the LW
(Figure 45). Use of aryl isoprenoids to infer PZE is unsound unless carbon is
isotopically enriched relative to algal biomass, similar to the precursor
isorenieratane/paleorenieratane (Summons and Powell 1987; Koopmans et al., 1996a).
For those reasons, the AIR was not used to assess PZE in this study due to the detection
of precursors permitting direct interpretation of the depositional environment (Figure
44). However, the aryl isoprenoids were evaluated with depth and plotted against
potential precursors to assess the potential origins of these compounds. Geochemical
logs of both the 2,3,6- (VII) and 3.4,5- (VIII) aryl isoprenoids reveal markedly similar
depth trends as isorenieratane (I) and paleorenieratane (II). When plotted against these
carotenoids, a relatively linear relationship appears for isorenieratane (I) and a more

logarithmic relationship for paleorenieratane (II) (Figure 48). The 2,3,6-aryl
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isoprenoids (VII) are likely sourced from isorenieratane (I) and the benzene ring with
methyl groups at the 2, 3 and 6 carbons in paleorenieratane (II). The 3.4.5 aryl
isoprenoids (VIII) are derived from the other benzene ring of paleorenieratane (II).
Therefore, the 2.3.6-configuration (VII) could be assumed to be 3 times as abundant as
the 3.4,5 configuration (VIII) if it is assumed that the sole source of these isoprenoids is
these two aromatic carotenoids. Surprisingly, this logic is supported extremely well by
the average concentrations of the 2,3,6-(92.11 pg/g OC) and 3.4.5-aryl isoprenoids
(38.32 pg/g OC; Table 10). If both configurations of aryl isoprenoids are derived from
aromatic carotenoids, then application of AIR is inherently flawed. For example, if a
mature sample had initially contained paleorenieratane (II) and no isorenieratane (I),
the application of AIR to assess PZE would only reflect one benzene ring from
paleorenieratane (II). The 3.4,5 aryl isoprenoids (VIII) should not be discounted, as
there is a relationship between these compounds and aromatic carotenoids. Schwark
and Frimmel’s (2004) statement of ‘Chlorobiaceae-indicative 2,3,6-methylation pattern’
could be incorrect if/when paleorenieratane is recognized as a biosynthetic product of
Chlorobiaceae. As a result, aryl isoprenoids may be used as indicators of water
stratification (PZE) when isotopically enriched or when strong trends exist between
precursors and derivatives. The AIR should be used only tentatively to evaluate the
extent of PZE, with modification to include 3.4,5-methylated configurations if found to
be isotopically enriched in carbon. These interpretations are supported by previous
works finding the 2.3,6- and 3.4,5-aryl isoprenoids to be diagenetic and catagenetic
products of Cy carotenoids (see Appendix ITI; Summons and Powell, 1987; Hartgers et

al., 1994). In addition, the tentative detection of B-carotane (X; lacking any taxonomic
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specificity) in minor quantities suggests potential contribution to the 2.3.6-aryl
isoprenoids (VII) as well. Any aryl isoprenoids that are products of this carotenoid are
not indicative of euxinic conditions, weakening conclusions based on these compounds

alone.

Gammacerane (XXXVII; Damste et al., 1995b), and to a lesser extent, 28, 30-
dinorhopane (i.e. bisnorhopane, XXXVIII; DNH; Damste et al., 2014) signify water
stratification characterized the depositional environment during deposition. However,
gammacerane (XXXVII) has been utilized as a marker for hypersaline, highly reducing
conditions (Moldowan et al., 1985; Fu Jiamo et al., 1986) and DNH as an indicator of
anoxia in clay-poor sediments (Katz and Elrod, 1983; Curiale and Odermatt, 1989).
Hypersalinity and anoxia are both capable of creating stratified waters either through
density-gradients (hypersalinity) or an oxic-anoxic interface, but in this system the
presence of each is likely a function of the chemocline separating H,S-rich waters from
shallower oxic waters. The co-occurrence of DNH (XXXVIII) and interpreted euxinia
is well-recognized (Grantham et al., 1980; Schoell et al., 1992), as the relationship
between DNH (XXXVIII) and sulfur-rich water columns is very strong. Interpretations
of DNH (XXXVIII) should be used with caution in mature samples, as this compound
is not bound in the kerogen. This was confirmed by numerous pyrolysis experiments on
kerogens associated with bitumens containing DNH (XXXVIII), but the compound was
never recognized in pyrolysates (Moldowan et al., 1984; Noble et al., 1985;
Tannenbaum et al., 1986). This absence from the sulfur-bound fraction (Kohnen et al.,
1992; Schoell et al., 1992), confirms the biological origins of DNH (XXXVIII), and

explains the dilution effect observed as samples mature and additional hydrocarbons are
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released into the bitumen from the kerogen. Gammacerane (XXXVII) and DNH
(XXXVIII), despite lacking source-specificity (although gammacerane (XXXVII) is
likely sourced from tetrahymanol (XXXVI)), are proven markers for stratified water
columns, and this will be assumed to be the primary application of these compounds
throughout this discussion.

The gammacerane index (see Appendix II for all formulae) reaches significant
levels (GI>0.2) in the lower and middle members, but falls below 0.2 for most of the
UW (Table 10; Figure 49). Unexceptional Gls (as observed in lacustrine/hypersaline
environments) contrast with Comer’s model (2008b), which claims hypersaline brines
promoted density stratification restricting vertical water exchange. As discussed
previously, the likely cause of stratification was the development of a chemocline
separating oxic waters above and sulfidic waters below, independent of density
differences produced by salinity variations. The LW exhibits periodic negative
excursions of the GI, with a positive excursion marking the lower-middle boundary. It
appears to reflect a similar behavior as isorenieratane in the MW, increasing and
decreasing in the same samples. In the UW, there is a subtle increase in the GI
followed by a gentle decrease. The dinorhopane index is of appreciable amount
(Wyche-1 core AVGpn=0.34), with peak values approximately 60% of the Cso hopane
in the MW. The DNHI consistently decreases from the LW into the MW before
increasing along with the GI and aromatic carotenoids at 174.42 ft. Unlike the GI, the
DNHI continues to oscillate in the MW, before a rapid decline premature to the GI
decrease. There is a more pronounced spike at 131.75ft. than in the GI, with an increase

from the MW into the UW where it steadily declines (Figure 49). Despite these

121



Tl

Isorenieratane l DNH Index | Gammacerane Index

90 |
{
{ =
| [
{ Q
Q
=]
-
{
l
| —
E 2
]
| & e
|
e s
[a
i
|
‘
*.--—-1‘--- 5 o e e R e e e
|
|
|
[ =
{ )
! 3
: S
|

| 0 5 10 15 20 (000 010 020 030 040 050 060000 010 02 030 040 050
pg/g OC ’

Figure 49. Geochemical logs of stratification proxies (GI and DNHI) compared to the PZE
indicator, isorenieratane for the Wyche-1 core. The Gl is relatively similar to the PZE log, with the
DNHI apparently affected by additional processes, such as direct competition with the GSB for
sulfur species.
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Figure 50. Cross plot of DNHI and GI displaying a relationship between these two biomarker
parameters that extends from the lower to the upper members. A relationship between the two
is likely founded on a requirement of stratified waters.

differences, the two indices appear to be related by a cross plot of DNHI v GI (Figure
50). The relationship is primarily driven by data from the MW, but other members fit
the trend relatively well. DNH (XXXVIII) has been proposed to originate from a
specific biological entity related to PZE by Sinninghe Damste et al. (2014). The PZE is
a form of ocean stratification, implying DNH (XXXVIII) is likely an indirect product
of water stratification via the development of a chemocline separating sulfidic waters
and oxic waters. A correlation was found between sulfur-bound isorenieratane (I) and
DNH (XXXVIII), substantiating the evidence for the relationship between DNH
(XXXVIII) and PZE (Kuypers et al., 2002; Sinninghe Damste et al., 2014). In this

study, a stronger relationship exists between the GI and C4 aromatic carotenoids
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bacteria for DNH’ (XXXVIII)) in the water column throughout deposition. Bacterial
ciliates feeding off bacteria (e.g. GSB) may be more resistant to poor-nutrient
concentrations (e.g. sulfur) required by chemoautotrophic bacteria. ~The DNHI
increases along with the GI in the MW, but appears to be more sensitive to
environmental conditions than the GI as displayed by the fluctuating data points
between 170-150ft. Initially, nutrients were likely not limiting factors but as the
chemocline persisted and became more defined, GSB began to compete with DNH-
precursors for nutrients. This explains the initial sharp increase of the DNHI and the
premature drop in concentration of DNH (XXXVIII) in the MW relative to
gammacerane (XXXVII). The DNHI exhibits an inverse relationship with
isorenieratane (I) in the LW and a positive relationship with this Cyg carotenoid in the
MW (Figure 51). If nutrients in the LW were limited and plentiful in the MW, then the
observed trends lend support to claims of competition between these two organisms.
Gammacerane-precursors mirror the isorenieratane (I) closely, reflecting the entire
period of stratification (PZE) well. This implies a more symbiotic relationship existed
between the GSB and bacterial ciliates. Correlation of the GI with the sequence
stratigraphic framework yields similar results relative to isorenieratane (I). The GI
marks a long period of strong stratification in the MW, characterized by stagnant waters
and limited vertical mixing. This permitted the development of a thick chemocline,
potentially as shallow as 10m, saturated with dense populations of GSB. The
proliferation of the GSB provided the gammacerane-precursors with adequate food

supply, resulting in the positive relationship between these two biomarkers. A similar

” These compounds will be the focal point of the discussion on potential sources for disputed
biomarker origins to avoid digression of the current context.
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relationship exists between the GI and paleorenieratane (II), but this trend is not as
apparent as the relationship between the GI and isorenieratane (Figure 51). The DNH-
precursors appear to undergo stress in the initial stages of PZE (oscillations) and the
latter parts of PZE, suggesting competition between some other organisms.
Alternatively, DNH (XXXVIII) may be sourced from a species yet to be recognized,
invalidating the prior reasoning. This study does not imply gammacerane (XXXVII) or
DNH (XXXVIII) are derived from a specific species, as more evidence (i.e. isotopic
data) is required to suggest these origins, but in the scope of this study strong empirical
evidence (Figure 51) exists relating the proliferation of GSB and PZE with the
development of gammacerane (XXXVII), and to a lesser extent, DNH (XXXVIII).
These findings are in agreement with previous studies that found gammacerane
(XXXVII) and DNH (XXXVIII) to be markers of water stratification (Sinninghe
Damste et al., 1995b; Sinninghe Damste et al., 2014).

Evaluation of the DNHI as a marker for anoxia is troublesome in this study due
to the relatively unchanged redox state (highly reducing) observed in the Woodford
(Figure 52). Previous work has claimed this biomarker to be a marker for anoxia in
high concentrations, but that concentration is not well defined (Katz and Elrod, 1983;
Dahl, 2004). Others report the presence of DNH (XXXVIII) is sufficient to infer
anoxia, in any concentrations (Slowakiewicz et al., 2015). Little relationship exists
between the slight changes in the homohopane index, which has been used to discern
highly reducing conditions persisted in the depositional environment (Peters and
Moldowan, 1991), and the DNHI. The homohopane index exceeds 10% (marker for

anoxia) only in the UW, with values below 10% characterizing the lower and middle
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members (Table 10). However, the C35/C34 ap(S+R) homohopane ratio exceeds 1 in
many of the samples (Table 10; Figure 52), noted to characterize marine anoxic

environments (Bishop and Farrimond 1995).
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pentakishomohopane is commonly observed in marine settings where reduced sulfur
species are abundant (e.g. H,S, polysulfides, thiosulfate or free elemental sulfur),
providing fuel for sulfurization reactions (Sinnighe Damste et al, 1995a) responsible for
preservation of the biologically-produced Css homohopane skeleton. During burial, the
weaker sulfur-sulfur and sulfur-carbon bonds are cleaved in sulfur-bound
macromolecules releasing the C;s hopane. Oxidative reactions and maturity will
destroy the C;s side-chain, producing the shorter-chain homologs (Sinninghe Damste et
al., 1995a). The lack of thermally mature samples in this study eliminates maturity as a
possible control on this parameter, allowing unbiased interpretation of the redox state in
the water column. Based on the data, the Woodford was likely deposited in suboxic
(based on the homohopane index)/anoxic (based on selective preservation of
pentakishomohopane) conditions, with anoxia decreasing with depth (Figure 52). If
solely the presence of DNH (XXXVIII) is assumed to indicate anoxia, the entire
Woodford was deposited in anoxic bottom waters. This is in agreement with
interpretations by Comer (1991) that persistent bottom water anoxia was present
throughout the majority of Woodford deposition and agrees with the predominance of
C35/C34 hopane ratio. The Pr/Ph values are given in Table 10, but are not discussed due
to biological input effects (ten Haven et al., 1987) and the immature nature of the
samples (Peters et al., 2005). The subtle change in the homohopane redox parameters
makes it difficult to attribute DNH (XXXVIII) fluctuations to redox variations, with the
more likely control being water stratification. Similar to proposed maturity parameters,
the hop-17(21)-enes were used in the numerator of a ratio to assess the redox state of

recent-ancient water columns. The C3s/C34 hop-17(21)-enes (XLI) plotted against the
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C35/C34 hopanes reveals the potential application of these homohopane precursors as a
redox proxy (Figure 53). Conversion of the hop-17(21)-enes (XLI) to neohop-13(18)-
enes (XXXIX) via clay mediated rearrangement may affect this ratio in certain cases,
but it appears to exert little effect on the applicability of this proposed redox proxy in
this study. Despite the detection of neohop-13(18)-enes (XXXIX) in appreciable
abundance (Table 8), the ratio remains comparable to the standard application of the
saturated homologs. The limited maturity range of the Woodford in this study limits the
evaluation of this ratio beyond observation of correlations, but this proposed redox

proxy may find application in immature-early mature source rocks elsewhere.
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Eustatic fluctuations could be influencing the observed changes in redox and
stratification indicators utilized in the previous discussion. In the LW during the first 3
order regression, the GI increases and the DNHI decrease (Figure 54) which
corresponds to the first PZE episode in the LW (Figure 45). The inverse nature of the
two indices reflects the possible competition between GSB and the biological source of
DNH (XXXVIII) previously outlined. Initial bursts of H,S into the photic zone in the
LW were not sustainable, likely due to limited nutrients and environmental factors. The
GSB were much more capable of scavenging sulfur compounds, assisting in the
development of a defined chemocline where bacterial ciliates (gammacerane, XXXVII)
were able to temporally thrive. The GI increases overall in the LW, with the DNHI
decreasing overall in a cyclic pattern. Both the GI and DNHI exhibit similar changes
(increase for GI and decrease for DNH) in the LW during 3" order regressions. If the
environment became more restricted, stratification could develop allowing for the
proliferation of gammacerane-producing organisms in stratified waters, with poor
circulation resulting in elevated anoxia as evinced by the increasing homohopane index
and DNHI. The transgression imposed stress on this stratification, which is reflected by
the stall in GI increase and sharp dips in the LW between the two 3" order regressions.
Rising sea level may also enhance circulation, minimizing anoxia within the basin and
causing a drop in the homohopane index. The MW, as with the Ci aromatic
carotenoids, possesses a much longer 3" order T-R cycle that clearly affected
environmental conditions and subsequent biomarker distributions. The GI and DNHI
increase in the MW at 172 ft., marking the onset of chemically induced stratification by

PZE. The GI is more stable throughout the persistent PZE interval, with a strong
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relationship with the carotenoid distribution during this time (Figure 51). The DNHI
begins to oscillate, indicating this stratification proxy may be more sensitive to 4™ order
T-R cycles not reported by Turner et al. (2015), abundance of available sulfide species
or periodic perturbations in the redox state. The turnaround of the 3™ order T-R cycle
in the MW marks a similar turnaround in biomarker parameters, signifying the collapse
of well-stratified waters during the 3" order transgression due to enhanced vertical
mixing and reduced constriction of the basin. The homohopane redox indicator does
not reflect this major shift in water column chemistry and structure. At 131.75ft. the
redox and stratification indicators, especially the DNHI, exhibit sharp changes
indicating expansion of the OMZ as the water column became increasingly stratified.
These appear to correlate with the mfs, possibly reflecting enhanced and prolonged
preservation rather than environmental changes. The homohopane index increases into
the UW, reflecting restriction induced by the 3™ order and 2" order regressions.
Stratification briefly develops during the short 3™ order transgression at the middle-
upper boundary, but breaks down as deposition continued and progradation facilitated
water mixing. Sample density limits the extent to which this can be explained,
especially when regression facilitates water stratification in the MW. The differences in
water chemistry and environmental controls likely explain this discrepancy, with pH,
light availability and sulfide concentration imposing additional controls on these
compound distributions.

The metabolic persistence of PSB and GSB is a function of the presence and
concentration of sulfide (i.e. electron donor; Gorlenko, 1988), light availability (Biebl

and Pfennig, 1978; French et al., 2014) pH (Gorlenko, 1988; Madigan, 2002) and
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salinity (Gorlenko, 1988; Frigaard and Dahl, 2008). Primary application of these
organisms to understanding the geologic record relies on the characteristic stratification,
PZE, typifying environments sustaining populations of sulfur bacteria.  An
understanding of the chemocline depth and persistence has been established employing
these sulfur oxidizing bacteria, with an attempt to extend applications of these
biomarkers beyond PZE to be proposed. There are few studies, if any, which have
attempted to utilize the physiological requirements of these organisms to characterize
paleoenvironmental conditions operating in conjunction with, or in isolation from, PZE.
Light availability is a function of water clarity, latitude (angle at which light
penetrates the water), and obstructions (e.g. algal/bacterial mats) in the depositional
environment.  Fluctuations in the amount of light penetration could mislead
interpretations of chemocline depth. For example, murky waters inhibit light
infiltration, stressing organisms poorly adapted to low light conditions while clear
waters allow for maximum light penetration. Fluctuations in the C4 aromatic
carotenoid distribution may not solely reflect the shallowing or deepening of the
chemocline, but water clarity as well. Chemocline depth may have been less than 25m
during Woodford deposition, but was littered with sediments perturbing light from
reaching adequate intensities to support the PSB population. Thick algal mats in the
oxic zone may have prevented light of the appropriate wavelength penetrating the
chemocline, denying PSB of necessary resources to sustain a population large enough to
be recorded in the sedimentary record. Latitude was likely not a factor in the absence of
PSB, with subtropical to tropical latitudes ideal for the proliferation of Chromatiaceae.

The 3" order regressions in the Woodford that appear to partially control PZE likely
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introduced considerable amounts of sediment and humic material into the environment.
Humic substances have been reported to absorb a significant portion of blue and
ultraviolet wavelengths, giving the bGSB an adaptive advantage over the GSB and PSB
(Parkin and Brock, 1980). This would explain the predominant occurrence of
paleorenieratane (II) and isorenieratane (I), and the lack of okenane (V; PSB) and
chlorobactane (VI; GSB) during periods of PZE. Chlorobactane (VI), produced by the
green strain (GSB) of sulfur bacteria, was found to thrive in water columns shaded by
PSB. Despite being specialized to absorb light of the blue-green spectra, green strains
are outcompeted by brown strains when exposed to blue-green wavelengths and the
opposite occurs when exposed to red-white wavelengths. Parkin and Brock (1980)
interpreted this to be a result of the shading effect by PSB, increasing the proportion of
long wavelengths comprising the spectra and complimenting the pigment tactics of the
green strain (Vila and Abella 1994). The deeper chemocline, or cloudy water,
prevented the development of PSB, causing the GSB to be outcompeted by the energy-
and light-efficient bGSB. A deeper chemocline is an acceptable interpretation, as bGSB
are enriched with carotenoids (isorenieratane I) and bacteriochlorophylls not found in
other strains (Gorlenko, 1988). This would enable survival of bGSB in poorly lit waters
over the less resistant green and purple strains. Light alone is not the ultimate control on
sulfur oxidizing bacteria distribution and concentrations, with the inversely proportional
sulfide gradient (relative to light) equally as important.

The existence of the brown strain and an unknown (paleorenieratane II) strain of
GSB in the Woodford samples implies sulfide concentrations were relatively high.

According to Gorlenko (1988), hydrogen sulfide is the primary control on the
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establishment of one species over another. The GSB have been reported to possess a
greater affinity for sulfide in experiments with PSB of similar growth rates and
subjected to identical light conditions. Chlorobiaceae deposit sulfur as extracellular
globules that can be utilized as an electron donor at a later time and only by that
particular cell, whereas Chromaticeae disperse the sulfur throughout growth media
rendering it useless for immediate donor-ship (van Gemerden, 1983). The affinity for
sulfide in GSB is underlined by the preferential use of this substrate over other sulfur
substrates (i.e. polysulfides), even if in greater abundance (Brune, 1989). Guerrero et
al. (1985) reported similar results supporting the greater affinity and toleration of high
sulfide levels in the water by GSB. It is of no surprise that sulfur affinities have
developed inversely proportional to light requirements in sulfur oxidizing bacteria. The
PSB require the least incisive light spectra, but tolerate lower concentrations of sulfide,
especially in the inhibitory, toxic form H,S; while bGSB tolerate much higher
concentrations of H,S, are sulfide-inclined, and require the least amount of light to
sustain metabolic activity. However, even bGSB require sulfur substrates for bacterial
photosynthesis, which are often provided by sulfur-reducing bacteria in marine
environments. If light is thought of as a top-down control on sulfur-oxidizing bacterial
communities, then the availability/concentration of sulfide species may be considered a
bottom-up control on these bacteria. Sulfur-reducing bacteria typically inhabit near or
at the bottom of the water column, with a secondary community existing in the upper
regions occupied by sulfur-oxidizing bacteria. Sulfide diffuses upward, where it is
utilized by the PSB/GSB in the photic zone. Cessation of sulfur reduction due to

collapse of the sulfur-reducing community could occur if extracellular sulfur is
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competed for by the GSB and the sulfur-reducers, which may halt the sulfur recycling
in the system. Some species of sulfur-reducing bacteria are unable to utilize sulfide as
an electron donor and require sulfur for this reaction. If GSB oxidize extracellular
sulfur, generating sulfate, then the recycling of sulfur will terminate and eventually the
sulfur-oxidizing bacteria will be elementally starved. This scenario is unlikely though,
with experiments by Biebl and Pfenning (1978) indicating that minimal amounts of
sulfur are necessary to sustain these populations, implying sulfur recycling is
considerably efficient in nature. Additionally, the affinity of GSB/PSB for sulfide
assists in regulating this sulfur balance, permitting the majority of extracellular sulfur to
be incorporated by sulfur-reducing bacteria. This demonstrates the importance of
sulfide, and presence of a source (e.g. sulfur-reducing bacteria), to the development of a
chemocline and recognition of PZE in ancient environments. From a chemical
perspective, sulfide production may have been inefficient to diffuse to shallower depths
required by okenane- and chlorobactane-producing bacteria. Alternatively, formation
of dense bGSB mats may have inhibited the transport of sulfur species to these better-lit
depths, or the sulfur-reducing bacterial population was not sufficient to produce the
amount of sulfide necessary to diffuse hundreds of meters through the water column. In
contrast, sulfur-reducing bacteria may have been prolific in sulfide production to the
extent that high concentrations proved toxic to other strains of GSB/PSB. This is
especially true at low pH values (Gorlenko, 1988), suggesting tolerance to sulfide may
have been a key factor controlling phototrophic sulfur-oxidizing bacterial populations.
The importance of pH hinges on the ability for these values to influence the

velocity at which a reaction proceeds. Low pH values are optimum for H,S retention in
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water as undissociated hydrogen sulfide molecules build up and produce inhibiting
effects on surrounding organisms. This will cause the selective growth of more tolerant
organisms (e.g. GSB relative to PSB) to capitalize on these stressful conditions as
discussed previously. It has been reported that a large variety of GSB species require
pH values in the range of 6.4-7.8 (Gorlenko, 1988) in lacustrine environments and 4-6
in hot springs (Madigan, 2002), so an attempt was made to observe any relationship
between biomarkers affected by water acidity and C4o aromatic carotenoid abundance
(Figure 55). The primary assumption regarding this discussion pertains to the
rearranged biomarkers diasterene (XXXI), diahopane (C3,/H) and neohop-13(18)-enes
(XXXIX) reflecting predominantly chemical, not lithologic, variations mediating
backbone rearrangement. Diasterenes (normalized to regular steranes) and neohop-
13(18)-enes (normalized to C3p hopane) display similar relationships overall and in
individual members of the Woodford Shale with the aromatic carotenoids isorenieratane
(I) and paleorenieratane (II). Overall, isorenieratane (I) and paleorenieratane (II)
increase with decreasing pH proxy ratios, with carotenoid abundances exhibiting
elevated values beginning between 0.96-1.27 DSE/S and 1.31-1.62 NeoH/H. Peak
carotenoid abundance narrows to a range of 0.66-0.96 DSE/S and 0.71-0.93 NeoH/H
(pH equivalents 6.4-7.8; Gorlenko, 1988), but several issues are likely already noted.
The ranges are strictly controlled by the overwhelming abundance of carotenoids in the
lower-middle MW, with values from all three members falling within the above ranges,
but producing no elevated concentrations of GSB derivatives. This is strong evidence
pH was secondary to a principle control(s) governing the proliferation of GSB in the

MW. Therefore, the following discussion does not imply pH was a serious control
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Figure 55. Cross plots of select rearranged biomarkers and C4 aromatic carotenoids geared
towards interpretation of pH effects on GSB metabolic function.

mechanism on the GSB, but implies a certain range of pH values assisted in the

advancement of GSB up the biological ladder. Variations in clay content may impact

these ratios as well, resulting in the apparent similarities between samples characterized

by different pH values at the time of deposition.
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heightened carotenoids in a mildly defined range is notable. The LW develops a
stronger relationship, with diminishing DSE/S and NeoH/H ratios corresponding with
rising carotenoid concentrations. The Cs0 /H is the least specific of the three proposed
pH proxies, with a limited range (0.03-0.08, excluding the aberration at 0.12) for both
Cy40 aromatic carotenoids. MATH (XLIV) was not applied to this evaluation due to the
non-ubiquitous nature of distribution, with hopanes and steranes two of the most
omnipresent biomarkers in aquatic marine environments.

Recognition of environmental conditions capable of misconstruing
interpretations based on carotenoid abundance requires a brief reevaluation of the
distribution of these compounds in the Woodford, specifically the MW. Minimal
invasion of the photic zone by H,S is required for PZE to exist, so isolated PZE
episodes in the LW are likely explained by chemocline depth independent of other
factors. Sustained PZE in the MW, but no development of shallower-dwelling sulfur
bacteria (e.g. PSB), implies either chemocline depth remained unchanged or other
processes were involved. The former is unlikely, reflected by the pronounced increases
in C49 aromatic carotenoids likely as a result habitat expansion (i.e. chemocline/OMZ
expansion). If the latter is assumed, the relationship between the 3" order regression
and persistent PZE in the MW may have been induced by humic input during
progradation. Increased concentration of particulate matter in the water, especially
humic sediments, would inhibit the penetration of light regardless of the absorption
spectra. Chemocline depth likely did rise, but the selective absorption by humic
material could have impeded the growth of okenane- and chlorobactane-producing

bacteria. The rapid increase observed in these biomarkers implies a bountiful supply of
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sulfide became available for use, possibly proving toxic (dependent on pH and
concentration) to other bacterial strains such as the PSB. A deepening of the
chemocline is less complex, but may have been controlled by other processes. Decline
in isorenieratane (I) and paleorenieratane (II) may have been due to cessation of sulfide
production by sulfur reducing bacteria, resulting in lessened amounts of sulfide
diffusing upward, diminishing the photic extent of the chemocline. ~The 3™ order
transgression likely increased the water depth, which may have impacted light
availability to sub-chemocline depths as the oxic zone expanded due to vertical mixing.
The Woodford was deposited in a dynamic water column as evinced by aromatic
carotenoids, gammacerane, 28,30-dinorhopane and aryl isoprenoids. Lack of okenane
and chlorobactane suggests the chemocline was deeper than 25m during episodic PZE
in the LW and between 10-25m in the MW; but light availability, sulfide concentration
and pH may affect this interpretation. Thick algal mats in the oxic zone or turbid,
murky waters littered with humic matter would adversely impact the sulfur oxidizing
bacteria immediately below the chemocline. An abundance of sulfide or low pH would
prove toxic to less tolerant organisms, causing the observed carotenoid distributions in
this study. Chlorobiaceae were dominated by the brown strain (paleorenieratane
excluded), which is well adapted to low light conditions provided by a deeper
chemocline, turbid waters or dense communities of oxygenic phototrophs. The LW
exhibits periodic PZE and an overall increase in water stratification. Isolated spikes of
carotenoid concentrations reflect brief expansion of the chemocline in this member.
The MW was deposited during a lasting episode of PZE, evinced by exceptional

Chlorobiaceae biomass input reflecting a thicker and shallower chemocline.
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Stratification was marked by enhanced amounts of gammacerane as well, which closely
mimicked c»arotenoid distributions. Redox state remained relatively constant throughout
LW and MW deposition, with the greatest increase leading up and into the UW
characterized by the formation of a 2" order HST. The AIR should be used with
caution to assess the extent of PZE, as contribution from paleorenieratane to the 3.,4,5-
aryl isoprenoids is a possibility overlooked by this ratio. The DNH is suggested as a
marker for anoxia and tentatively, stratification, with unidentified processes controlling

its abundance in this study.

4.6. Evolution of the Microbial Community and Possible Source Organisms for
Disputed Biomarker Origins

The entire discussion of the Woodford paleoenvironment extensively used
biomarkers as proxies for a variety of environmental conditions. Lithology, water
acidity, organic matter source, water column structure, and more are inferred from these
hydrocarbon skeletons preserved in the geologic record. These proxies are founded
upon intricate competition for resources between biosynthesizers, with the preserved
molecular fossils reflecting the suite of organisms able to most efficiently withstand the
dynamic environmental conditions. For example, H,S invasion of the photic zone
resulted in the proliferation of one type of organic (GSB) and the decimation of aerobic
organisms unable to tolerate the toxic H,S. This section will focus on the evolution of
the biosphere between 392-359 Mya (time of Woodford deposition according to Paxton
et al., 2006), with an initial discussion attempting to tentatively assign origins for

biomarkers with disputed or unknown beginnings based on empirical evidence.
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Paleorenieratane (II), renieratane (III) and renierapurpurane (IV) are three of
the four detected C4o aromatic carotenoids present in the Woodford samples evaluated
in this study. The source of paleorenieratane (II) has previously been discussed, likely
a sulfur oxidizing bacteria occupying a slightly shallower region than the bGSB
responsible for isorenieratane (I). Reported carbon enrichment of paleorenieratane
(8"C=-12,,, Hartgers et al., 1994) and in this study (8"°C=-12%, % 1.5%,.) indicates
derivation from an extinct or uncharacterized species of extant Chlorobiaceae (GSB).
Carbon fixation via the reversed TCA cycle (inferred from enriched carbon delta
values) suggests a deeper environment of the paleorenieratane-producing GSB relative
to the PSB utilizing depleted carbon sources via the Calvin Cycle. As a result,
paleorenieratane (II) is assumed to supplant chlorobactane (VI) in this system as the
optimal pigment for chemocline depths between 5-20m in the green strain of GSB. The
absence of chlorobactane (VI), a green pigment produced by GSB, could be explained
by the replacement of this pigment with paleorenieratane (II) in the green strain of
Devonian sulfur oxidizing bacteria in the Woodford Sea. Devonian oil derived from the
Canning Basin in Australia exhibits a significant predominance of paleorenieratane (1I)
relative to chlorobactane (VI) (French et al., 2015), tentatively supporting this claim. In
the analyzed samples, paleorenieratane (II) is the most dominant aromatic carotenoid
present, indicating a competitive advantage over the bGSB (isorenieratane I). This
could, and is proposed, to be a product of the shallower depths this pigment was at its
optimum absorption. If a shallower depth is assumed, then a massive population was
necessary to produce greater amounts of paleorenieratane (II) relative to isorenieratane

(I) due to the relationship between residency depth and pigment production as
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previously outlined (deeper = greater pigment production). Alternatively, greater
concentrations of paleorenieratane (II) may indicate an even deeper depth than bGSB,
sourced from extremophiles. Paleorenieratane (II) may have been synthesized by
bGSB and isorenieratane (I) was synthesized as a secondary pigment, but there is no
evidence currently to support these claims. A shallower position in the chemocline is
more likely, granting better quality light than greater depths characterized by poor light
intensity and irradiance. Numerous studies on GSB note the positive relationship
between light availability and growth rate (Guerrero et al., 1985; Overmann et al., 1992;
Borrego et al., 1997), citing exponential increases in growth rates when light is non-
limiting.  Therefore, paleorenieratane (II) is tentatively proposed to replace
chlorobactane (VI) as the dominant pigment in the green strain of sulfur oxidizing
bacteria in the Devonian, explained by the predominance over chlorobactane (VI) (not
detected in measurable concentrations) and isorenieratane (I) due to its shallower
position in the chemocline. Alternatively, separate strains of Chlorobiaceae generating
paleorenieratane (II) and chlorobactane (VI) may have occupied similar depths of the
chemocline, with GSB-producing paleorenieratane (II) outmaneuvering chlorobactane-
producing bacteria for environmental resources in the Woodford paleoenvironment.
Regardless, the position of the GSB synthesizing paleorenieratane (II) remains
unchanged. This claim is based on the evidence outlined above, and is proposed to
assist in guiding future work. Even if correct, the lack of detection post-Triassic
(French et al., 2015) may indicate extinction of the extant Chlorobiaceae in the early
Mesozoic (possibly the P-T extinction?) and render modern detection impossible.

Similar source specificity challenges are encountered when attempting to decipher the
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origin of two rare carotenoids detected in this study, renieratane (III) and
renierapurpurane (IV).

Renieratane (III) is difficult to assess due to coelution on the flank of the
isorenieratane (I) peak making quantification of this less abundant carotenoid
questionable (Figure 44). Renierapurpurane (IV), eluting immediately after
isorenieratane (I) and renieratane (III), is possibly derived from multiple sources in this
study. Renierapurpurane (IV) was initially linked to marine sponges via isolation
experiments (Yamaguchi, 1960; Schaefle et al., 1977; Liasaen-Jensen et al., 1982), but
sponges are not able to synthesize carotenoids de novo. Either renierapurapurane® (IV)
is synthesized by an unrecognized bacteria symbiotically related to sponges or is
produced from dietary modification of ingested carotenoids (Liaaen Jensen et al., 1982).
Cyanobacteria provide an alternative route for renierapurpurane (IV) synthesis via
synechoxanthin (IX), but observation of decarboxylation products 2,3-dimethylaryl
isoprenoids in the m/z 119 is pending. Decarboxylation of synechoxanthin (IX) is
assumed because this carotenoid, with the renierapurpurane (IV) skeleton, is a
dicarboxylic acid (Brocks and Summons, 2013). Other studies suggest a PSB
(Chromatiaceae) origin of renierapurpurane (IV), but the lack of okenane (V) in the
samples makes this interpretation unlikely. However, okenane (V) production may
have diminished in the Devonian, with a noticeable gap between the Silurian and the
Triassic (French et al., 2015; Figure 56). During this interval PSB may have resorted to
alternative carotenoids, such as renierapurpurane (IV), causing misinterpretation of

chemocline evolution. This is unlikely due to the Cyo aromatic carotenoid distribution,

® Renierapurpurin is the actual pigment synthesized by the sponges, and renierapurpurane is the
geological fossil (biomarker).
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with key absences of okenane (V) and chlorobactane (VI) coupled with elevated
concentrations of isorenieratane (I) suggesting an absence of PSB from the system, or
PSB that do not synthesize okenone as only 11 PSB species are known to produce this
okenane precursor (Smith et al., 2011). The bGSB are typically not found in
environments characterized by proliferate populations of PSB (Overmann et al., 1992)

and without PSB controlling the light spectra to lower depths, green pigmented strains
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Figure 56. Temporal occurrence and distribution of Cy aromatic carotenoids (French et al.,
2015). A represents stratigraphic distribution of C4y aromatic carotenoids according to current

literature and B represents the updated temporal occurrence of these compounds from French et
al. (2015).
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are often outcompeted by brown (Montesinos et al., 1983). This lowers the probability
of PSB as a possible source of renierapurpurane (IV) in the Woodford, and challenges
the former theory of paleorenieratane (II). However, an interesting observation
emerges if renierapurpurane (IV) is presumably produced by PSB, paleorenieratane (II)
by GSB, and isorenieratane (I) by bGSB (Figure 57). Isorenieratane (I) exhibits the

most intense relative increase in biomass in the LW, which is likely a result of low light
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Figure 57. Hypothetical evolution of the sulfur oxidizing bacteria population in the Woodford
Sea, assuming renierapurpurane, paleorenieratane and isorenieratane represent PSB, GSB and
bGSB; respectively.

conditions in the shallowest extent of the chemocline at this time. Paleorenieratane (1)
and renierapurpurane (IV) only display significant relative increases in the MW, where

PZE is known to be much shallower and extensive relative to the LW episodes.
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Renierapurpurane (IV). albeit low in concentration, could reflect a small population of
PSB in the MW. This is inferred from the lack of detection in other regions of the core
(trace amounts in the LW), with renierapurpurane (IV) only rising to prominence
(relative to other Woodford members) in the MW. The chemocline was at the proper
depth for PSB formation, and the selective enrichment of light passing through PSB
populations is reflected by the overwhelming paleorenieratane (II) dominance. Shading
by the PSB population allowed for the green strain to outcompete the brown strain,
leading to higher concentrations of paleorenieratane (II) relative to isorenieratane (I).
bGSB still flourished due to increased sulfide and light, but not as prolifically due to
reduced light irradiance from dense populations of GSB above. As the PSB population
collapsed in the MW, the green strain failed to sustain previous growth rates and
collapsed as well. The relatively less significant drop of isorenieratane (I) signifies the
greater resilience of the brown strain. However, until the m/z 119 fragmentogram is
analyzed or isotopic data is obtained, the source of renierapurpurane (IV) in this system
remains unclear.

The significance of the aromatic carotenoids as proxies for PZE remains
unchanged, despite the vague origins of paleorenieratane (II) and renierapurpurane
(IV). A strong relationship between gammacerane (XXXVII) and the Cyo carotenoids
(Figure 51) supports the utility of gammacerane (XXXVII) as a stratification indicator,
and evinces its origin from bacterial ciliates grazing the chemocline (Harvey and
McManus, 1991). The postulated precursor of gammacerane (XXXVII), tetrahymanol
(XXXVI), undergoes dehydration and hydrogenation to form gammacer-2-ene and

gammacerane, respectively (Venkatesan, 1989; ten Haven et al., 1989). Tetrahymanol
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(XXXVI) is sourced by multiple organisms including ferns (Zander et al., 1969),
photosynthetic nonsulfur purple bacteria (Kleemann et al., 1990) and bacterial ciliates
(Harvey and McManus, 1991). These predatory organisms are documented in both oxic
and anoxic settings, feeding on bacterial populations at the oxic-anoxic boundary.
Isotopic geochemical analyses yield information of the diet, and have been found to be
similarly enriched in carbon as the GSB previously discussed (Sinninghe Damste et al.,
1995b). The gammacerane (XXXVII) in the Woodford is likely a product of
bacterivorous ciliates grazing the chemocline, feeding on populations of Chlorobiaceae.
Due to lack of isotopic data, this is based on consistently similar behaviors of the
gammacerane index and carotenoid concentrations throughout the entire Wyche-1 core
(Figure 49). If CSIA were conducted on gammacerane, it would be expected to exhibit
enrichment in carbon-13 acquired from its primary energy source, the Chlorbiaceae.

The 28,30-Dinorhopane (XXXVIII; DNH) has been correlated with the
development of euxinic conditions in this study (Figure 49 and 51) and previous works
(Grantham et al., 1980; Schoell et al., 1992). Comparison of isotopic data derived from
DNH (XXXVIII) reveals carbon depletion relative to other hopanes, indicating
derivation from chemoautotrophic bacteria utilizing substrates depleted in BC for
chemosynthesis (Schoell et al., 1992). Currently, there is no known biological source of
DNH (XXXVIII), but the organism prefers conditions similar to those in which GSB
are found. The decrease of the DNHI after 153.58ft. precedes and attenuates more
quickly than the carotenoid diminishment which begins at 145.17ft. (Figure 49). There
appears to be a slight relationship between the DNHI and GI, but this is likely a product

of the similar conditions (PZE) controlling the indices. The DNHI demonstrates
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variable behavior, contrasting with carotenoid logs as well. This evidence challenges
the direct control of DNH (XXXVIII) by PZE alone, with secondary processes
contributing to its abundance. Neither the 3" or 2" order cycles exhibit any correlation
to this biomarker, with the chemoautrophs potentially more sensitive to variations in the
water chemistry. The concomitant rise of DNH (XXXVIII) and aromatic carotenoids
indicates a similar set of conditions is required for GSB and chemoautotrophs to
flourish, such as increased sulfide production from benthic sulfur reducing bacteria. If
DNH (XXXVIII) is synthesized from chemoautotrophs, then these organisms likely
competed with the sulfur oxidizing bacteria for sulfur substrates. This explains the link
between DNH (XXXVIII) and PZE, and the premature collapse of this population
relative to the GSB. GSB biomass is an order to two orders of magnitude greater than
DNH (XXXVIII) biomass, suggesting chemoautotrophs were outcompeted by GSB for
available sulfur species. However, the source of DNH (XXXVIII) remains unclear
without isotopic data to substantiate any evidence of a source organism. The origins of
other compounds, such as the cheilanthanes (XXXIII), will be discussed during the
following discussion on the temporal variations of the microbial community in the
Woodford.

Understanding the changing composition of the local biosphere will allow
environmental fluctuations to be better explained, building upon previous explanations
of the overall environment and chemocline. Biomarkers with questionable origins, such
as reneirapurpurane (IV) and DNH (XXXVIII), and correlation to sequence
stratigraphy will be excluded from the following discussion. ~ The biomarker

isorenieratane (I) will represent the GSB community reliant on anoxic, H,S-rich waters.
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The sterane/hopane ratio (S/H) indicates the composition of aerobic primary producers
with eukaryotes (algal)/prokaryotes (bacterial), and will partially reflect water column
oxicity and the extent of PZE. Cheilanthanes (XXXIII) may be derived from multiple
sources of prokaryotes or eukaryotes (Dutta et al., 2006), ranging from terrigenous
plants to algae and bacteria. The abundance of the cheilanthanes relative to the 17a-
hopanes (C/H) is similar to the S/H, suggesting a significant derivation from eukaryotic
organisms (algae) in the Wyche-1 core and will be employed similarly as the S/H.
Biomarkers for the heterotrophic community are limited, but gammacerane (XXXVII)
will be utilized for this sect of life. It is expected the gammacerane (XXXVII) will
loosely correlate with the periods of greatest disparity between the oxic and sulfidic
communities (see Appendix II for all formulae, Appendix III for identification and
Table 11 for all ratios used in the following discussion).

Overall, the S/H and C/H ratios are inversely proportional to the aromatic
carotenoid abundances (Figure 58). Only between 185.92-174.42ft. and following the
collapse of the GSB community do these ratios not maintain this relationship. The
increase of all parameters preceding the GSB rise at 174.42 ft. and a decrease in all
parameters following the GSB apex at 145.17 ft. indicates a significant environmental
shift capable of affecting the entire biosphere. Enhanced nutrient contents from
continental runoff may explain the rapid increase in algal and GSB communities at
174.42, with a rapid temperature change, reduction of nutrient input or excessive
amounts of H,S imposing great amounts of stress on the aerobic microbial community
from 145.17-131.75ft. Typically, a S/H ratio >1 signifies appreciable contributions from

planktonic and/or benthic algae and a ratio <1 indicates greater terrigenous input or
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microbial reworking of the OM (Tissot and Welte, 1984; Moldowan et al., 1985). All
the samples were significantly greater than 1, ranging from 2.63-6.95 (Table 11), which
suggests a strong depositional predominance of eukaryotic, marine biomass (e.g. algae)
in the system. The C/H ratio, as previously mentioned, is loosely similar to the S/H
geochemical log (as a result, S/H will refer to both the S/H and C/H ratio unless
explicitly mentioned otherwise). Smaller concentrations of the cheilanthanes (XXXIII)
relative to the steranes explain the more exaggerated imitation of the S/H log in Figure
58. The LW is characterized by inverse fluctuations of the S/H and the C4 carotenoids,
with interpreted periods of PZE impinging on the algal communities poisoned by H,S.
At the lower-middle boundary, the S/H, C/H, aromatic carotenoids and GI sharply
increase. This was likely caused by an influx of terrigenous nutrients initializing
eutrophication during a time of intense water stratification. Elevated Chlorobiaceae
and algal biomass preserved in the sediments implies a stable chemocline and dense
algal blooms, respectively. The rapid fall following this boundary in the C/H, Cao
carotenoids and GI could reflect severe anoxia caused by large amounts of oxidized
biomass precipitating to the sea floor. Algal blooms, a product of eutrophication,
eventually collapse and introduce massive amounts of organic material into the water
column. This material would become rapidly oxidized and lead to anoxia if unchecked.
Prior to the rise in carotenoid abundance in the MW, the C/H (and to a lesser extent,
S/H) exhibits a severe positive excursion. Eutrophication caused by an influx of
continentally derived material or upwelling of nutrient-rich water led to a brief period of
dense algal blooms near the surface. Increased sulfide production coupled with anoxia

post-bloom provided adequate conditions for GSB to begin dominating the Woodford
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Table 11. Biomarker parameters utilized to assess the temporal variance of the microbial community of the
Woodford paleoenvironment in the Wyche-1 core.

Sample Isorenieratane | Paleorenieratane | Renieratane | Renierapurpurane | Sterane/ | Cheilanthanes/ | Gammacerane
P (ng/g OC) (pg/g OC) (ng/g 0C) (ng/g OC) Hopane Hopanes Index
WSLU-1 0.70 1877 0.65 0.00 5.45 0.06 0.18
WSLU-2 0.97 1.08 0.29 0.00 6.78 0.10 0.22
WSLU-3 1.08 0.58 1.02 0.00 5.61 0.10 0.12
WSLU-4 1.10 3.79 1.09 0.00 3.28 0.07 0.13
WSLU-5 1.47 5.76 1.53 0.21 4.99 0.22 0.28
WSLU-6 2.76 17.72 2.81 0.58 5.40 0.19 0.32
WSLU-7 6.60 33.09 6.04 0.72 4.49 0.13 0.32
WSLU-8 13.82 92.84 12.69 1.58 2.63 0.09 0.43
WSLU-9 14.37 59.28 13.18 1.68 3.73 0.13 0.43
WSLU-10 10.63 37.07 10.13 0.61 3.76 0.13 0.43
WSLU-11 7.17 20.66 7.08 0.35 429 0.14 0.39
WSLU-12 7.76 23.71 7.82 0.35 4.62 0.14 0.38
WSLU-13 5.69 15.16 5.77 0.11 5.20 0.16 0.36
WSLU-14 1.32 2.68 1.40 0.03 5.18 0.14 0.28
WSLU-15 0.63 0.97 0.14 0.00 6.10 0.19 0.23
WSLU-16 2.09 1.76 2.29 0.00 5.49 0.14 0.27
WSLU-17 0.81 0.82 0.87 0.00 6.15 0.09 0.15
WSLU-18 0.88 0.57 0.89 0.00 5.51 0.10 0.18
WSLU-19 4.47 7.05 4.12 0.09 5.96 0.14 0.35
WSLU-20 335 235 3.05 0.00 6.11 0.12 0.28
WSLU-21 2.25 2.96 2.07 0.04 523 0.12 0.27
WSLU-22 5.06 8.32 441 0.05 5.31 0.12 0.26
WSLU-23 1.13 1918 1.30 0.00 5.08 0.15 0.16
WSLU-24 1.45 2.59 0.54 0.06 5.47 0.14 0.26
WSLU-25 2.37 1.49 2.16 0.00 6.02 0.14 0.21
WSLU-26 1.60 1.43 1.40 0.00 5.08 0.14 0.26
WSLU-27 3.81 3.40 421 0.00 5.49 0.11 0.26
WSLU-28 1.84 1.52 2.05 0.00 691 0.17 0.22
WSLU-29 0.20 012 0.10 0.00 6.95 0.21 0.18
Average 3.70 12.13 3.49 0.22 5.25 0.13 0.27




paleoenvironment at 160.83ft. A step-wise decline in the S/H ratio suggests significant,
isolated events resulted in rapid decreases in the algal community followed by a
prolonged period of relative stability. The PZE pulses in the LW hint at potential
environmental destabilization that is interpreted to occur at 160.83ft. Some event began
to exert control on the LW periodically, causing the minor disturbances observed. In
the MW, the carotenoids begin to increase following the final increase in the S/H before
all parameters stabilize from 169.33-160.83ft. This depth is important because it marks
the divergence of the environment from a moderately mixed, poorly stratified system to
a stagnant system characterized by extremely stratified waters and a very shallow
chemocline. Water exchange between the epicontinental Woodford Sea and the open
ocean was restricted, resulting in sluggish ventilation, permitting GSB proliferation.
The increase in the GSB concentration coincides with a steady decrease in the S/H ratio
until the paleorenieratane (II) peak at 145.17ft. The highest concentrations of the
aromatic carotenoids and lowest ratios of S/H occur at this depth, reflecting the
shallowest extent of the chemocline. Eukaryotes were restricted from the water-
atmosphere interface to possibly 10m, as the H,S penetrated the shallowest portions of
the photic zone. Cessation of sulfide production, reestablishment of vertical mixing, or
increased ventilation due to improved communication with the open ocean may be
responsible for the GSB decline after 145.17ft. The decrease in the GSB occurs
simultaneously with an increase in algae and other eukaryotic organisms. A
diminishing GI reflects degradation of the chemocline, with enhanced circulation
reoxygenating significant portions of the previously anoxic water column. Habitat

expansion via reoxygentation of previously H,S-saturated waters resulted in the
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increased aerobic eukaryote concentrations observed, but this prolific period was brief.
Immediately following this rise to dominance over the GSB, the community was
reduced to levels of the same magnitude during GSB dominance (132.75ft.). This
period is characterized by abrupt changes in many biomarker ratios, signaling a rapid,
ubiquitous alteration to the biosphere tentatively defined as the Frasnian-Famennian
biotic crisis (Over, 2002; Marynowski et al., 2011). Rapid changes in the C,7/Cy9 and
C,3/Cy9 sterane ratios imply a temporary change in the composition of the algal
community (Figure 59). The sharp increase indicates a shift from primitive green algae
assemblages to red and brown (modern) assemblages, which may have been better
adapted to environmental stressors. The Ci aromatic carotenoids rapidly decrease
during this same interval, suggesting degradation of stratified waters. More research is
needed to correctly identify this biological shift as the F-F (Frasian-Famennian) biotic
crisis, with additional notable changes occurring in sterane composition (e.g. 174.42ft.,
Upper Kacak Event?) and other biomarkers in the analyzed samples. Interpretations of
this study’s data and comparison with previous studies assisted in identifying the F-F.
The F-F is proposed to be preceded by extensive euxinia (high concentrations of GSB in
this study; Caplan and Bustin, 1999; Formolo et al., 2014) potentially fueled by
increased volcanism (Chen et al., 2005) resulting in the mass deposition of biomass
following a rapid drop in temperature (Formolo et al., 2014) creating the hot shales
characteristic of the F-F (mfs in Wyche-1 core; Vleeschouwer et al., 2013). Eukaryotic
communities recovered well from this event, but the GSB never returned to the previous
levels reported in the LW and MW. This is likely controlled by nutrients and

circulation, with the correlation between HSTs and GSB not observed in the UW. A
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lack of sulfide production would limit the ability for sulfur dependent organisms to
thrive, and enhanced circulation and vertical mixing from sediment deposition would
make it difficult for the water to become stratified. This is supported by the lower
values of the GI in the UW, confirming ventilated waters likely prevented the
development of the GSB in the UW.

Overall, the microbial community exhibited observable changes during
Woodford deposition primarily driven by changes in the chemistry and structure of the
water column. Algal populations are considerably more prominent relative to bacteria
as indicated by the S/H, and thrived in well-mixed waters with little chemical
stratification. Cheilanthanes appear to be derived from similar sources as the steranes
due to loose similarities between the S/H and C/H ratios with depth. Stagnant, poorly
ventilated periods in the MW allowed for the development and predominance of GSB
communities, with periods of PZE permitting similar conditions in the LW. Strongly
stratified, H,S-rich waters impinged on the aerobic phototrophs (e.g. algae), which is
reflected by an inverse relationship between the steranes and C4 aromatic carotenoids.
Development of stagnant, stratified waters likely reflects the isolation of the epeiric sea
from the open ocean for much of the MW deposition. Sluggish ventiliation subsided as
communication with the open ocean enabled currents to mix and ventilate stratified

waters, enabling the reestablishment of the aerobic communities in the late MW.
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CONCLUSIONS

The Woodford Shale in the Wyche Farm Shale Pit, Pontotoc County, Arkoma
Basin, OK is a very good-excellent source rock comprised of predominantly immature
Type 1I kerogen. Biomarker maturation proxies supported Tpa.x data, indicating a
thermally immature source rock with minimal depth variation.

The immature nature of the Wyche-1 core permitted direct interpretation of
genetic environmental artifacts without excessive concern for secondary diagenetic and
catagenetic effects that may adversely affect interpretations. Rearranged biomarkers
(diasterenes, diahopane, and neohop-13(18)-enes) and benzohopanes were initially
assessed as lithologic indicators constrained to the sequence stratigraphic framework
developed by Molinares (2013). In certain members, such as the upper Woodford, these
proxies aligned nicely with alternating system tracts, but in other sections of the core
alternative processes, like pH, were proposed to partially govern the distribution and
concentration of these compounds. Acid catalyzed backbone rearrangement is
suggested to be inversely proportional to depositional rates in shales, with elevated
concentrations of the diasterenes, C3o diahopane, and C,7, Cog and C3p neohop-13(18)-
enes observed at the maximum flooding surface and condensed section characterized by
low rates of deposition.

Utilization of geochemical clocks placed the samples in this study in the
Devonian period. The C,3/Cy steranes established a general age range; with a
Paleozoic age confirmed by the absence of triaromatic 23,24-dimethylcholesteroids and
triaromatic dinosteroids. The C49 aromatic carotenoid distribution, particularly the high

concentration of paleorenieratane, constrained the age to the Devonian period.
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A general geochemical characterization of the depositional environment was
conducted prior to water column structural analysis that found the Woodford samples in
this study to be composed of a mixture of carbonaceous marine and terrestrial organic
matter. Identification of MATH and isorenieratane suggests a shallow shelf setting less
than 300m deep, but MATH is proposed to be dually controlled by source input and
water acidity due to relatively high concentrations found at the maximum flooding
surface.

The lower Woodford was deposited in anoxic waters, intermittently stratified
with isolated periods of photic zone euxinia evinced by elevated concentrations of Cyg
aromatic carotenoids coinciding with 3 order HSTs. Upwelling and circulation likely
subsided during these restricted periods on the shelf, with GSB requiring stagnant, well-
stratified waters to proliferate and contribute large amounts of Chlorobiaceae biomass
to the settling organic matter. The middle Woodford was deposited during a relatively
long 3" order parasequence, with the rise and fall of Chlorobiaceae geological fossils
corresponding with the HST and TST of the parasequence. As the HST formed,
progradation to the south may have isolated the Woodford Sea from the open ocean,
disrupting circulation and forming a restricted basin. The cessation of upwelling is
probable, with no GSB species found in marine sulfidic upwelling zones or in non-
restrictive settings. As vertical mixing gave way to sluggish ventilation, stagnant waters
allowed for the development of a thick and shallow chemocline that continued to
expand until the TST. The inflation of the OMZ and H,S-saturated/stratified waters
began to impinge upon the aerobic algae and bacteria by constricting habitable space

and cutting off nutrient supply from upwelling, resulting in an overall decrease in
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productivity in the oxic zone, increasing the light availability at greater depths that
allowed for proliferation of sulfur oxidizing bacteria. Thick planktonic mats of
Chlorbiaceae likely developed, reflected by the high concentrations of paleorenieratane,
which was isotopically enriched relative to algal biomass (B =120 & 4.5%..)
suggesting carbon was fixed via the reverse TCA cycle. This indicates derivation from
an extinct or uncharacterized species of extant Chlorobiaceae, with the potential source
organism proposed to occupy a slightly shallower region of the chemocline relative to
the bGSB. The 3™ order TST in the middle Woodford is marked by the concomitant
decrease in C4o aromatic carotenoid and gammacerane concentrations and increases in
biomarkers utilized to infer the composition of the aerobic community. This implies
reoxygenation of the previously H,S-saturated waters and reestablishment of circulation
patterns as communication with the open ocean is achieved. Upwelling was probably a
factor, with algal blooms inferred from a rising sterane/hopane ratio as nutrient-rich
waters provided essential nutrients to the aerobic community. The upper Woodford was
marked by a deep, if present, chemocline and increasing anoxia that coincides with the

development of both 2™ and 3™ order HSTs.
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FUTURE WORK

Correlate biomarker distributions and occurrences, particular the C4 aromatic
carotenoids, with depositional models of the Woodford Shale to enhance the
current understanding of circulation in the Woodford Sea during the late
Devonian-early Mississippian.

Identify the Frasnian-Famennian biotic crisis and other extinction events in the
Woodford to provide further insight into the global, regional and local processes
affecting microbial communities in the Woodford Sea and attempt to correlate
changes in the Woodford paleoenvironment with other North American
epicontinental seas from the same time period.

Assess the relationship between potential C49 aromatic carotenoid derivatives,
(with guidance from Koopmans et al., 1996b), and C,oaromatic carotenoids to
develop a better understanding of diagenetic and catagenetic effects on these
novel compounds.

Develop an integrated sequence stratigraphic framework using organic
geochemical data to evaluate the impact of different organofacies (need to be
characterized) on biomarker distributions during 3" and 2™ order cycles. This
needs to be done before integrated models are applied to unconventional source
rocks, specifically shales, in basins with varying depositional histories.

Integrate trace element data from Turner et al. (2015) with organic data to
address conflicting trends (e.g. Mo and V contrasting elevated concentrations of
Chlorobiaceae biomass) as observed in this study, identifying the pitfalls and

strengths of both proxy methods.
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APPENDIX I: STRUCTURES

I isorenieratane

Il paleorenieratane

II1 renieratane

IV renierapurpurane

V okenane

VI chlorobactane
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/

VIII 3,4,5-aryl isoprenoid
VII 2,3,6-aryl isoprenoid Ll

~COH
, O IX synechoxanthin
HO,C
X B-carotane

Ao

C,,: XIMW =426
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C,,: XII MW =438

C,,;: XVMW =448
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C,,; XVIMW = 532

C,,: XVII MW = 538

C,,: XVIII MW = 532

C,,: XIX MW =536
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C,;: XX MW =426

C,,: XXI MW = 440

C,;: XXII MW = 440
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C,,: XXIV MW =530

C,,; XXV MW =524
C,,: XXVI MW =538
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XXVII cholestane

......

XXVIII ergostane

\\\\\\\

XXIX stigmastane

\\\\\\\

XXX 24-n-propylcholestane
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XXXI diasterene

~

XXXII diasterane

XXXIII cheilanthane

HO HO

OH OH

o XXXIV bacteriohopanepolyol
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XXXVII gammacerane

XXXVIII 28, 30-dinorhopane

191



XXXIX neohop-13(18)-enes
C. R=H
7
C,,: R=Methyl
C,,: R= Ethyl

XLI hop-17(21)-ene

192



XLIII benzohopane (m/z 197)

XLIV 5-methyl-10-(4-methylpentyl)-des-4-25-
norabora(ferna)-5,7,9-triene
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APPENDIX II: FORMULAE

Maturity Parameters

Formula

Ca9 aaa 20S/(20S+20R) Cy9 aaa 20S/(C29 00.020S+C29 aaa20R)

(Ca9 afp S+Ca9 afP R) / (Cy9 acra S + Cy9 aar R)+
Ca9 afp/(aca+app) (CaoaPB S + Cag afp R )
C3; 225/(228+22R) Cs1 aP 22S/ (Cs; ap 22S + Cs; af 22R)

C39 Moretane/C3y Hopane

C30 Po moretane / C3g off hopane

Cy; Tri pp/(Po+aa)

Cy BB/(CN B(1+ Ca1 00)

2 Cs30-Css5 Hop-(17)21-enes /
2C30-Cs3s Hopanes

(C30+C31+C32+C33+C34+C35 HOp'l 7(2 1 )-eneS)/
(C30+C31+C3p+C33+C34+C35 Hopanes

Lithology Proxies

Formula

C,7-C»9 Diasteranes/C>7-Cg Steranes

(C7+Cas+Ca9 Pa Diasteranes) /
(C7+C,81+Co9 Regular Steranes)

C,7-Cy9 Diasterene/ C17-C,9 Steranes

(Cp7+Ca5+Cy9 P Diasterenes) /
(Cp7+Co8+Ca9 Regular Steranes)

C»7-C39 Diasterenes/C»7-Csg Diasteranes

(Ca7+Cagt+Cy9 Pa Diasterenes) /
(Cp7+Ca1+Cy9 Pa Diasteranes)

CsoDiahopane/C3yHopane

C30 17a diahopane/ C3o 170,21 hopane

C3,-C3s Benzohopanes/
C;3,-C3s Homohopanes

(C32+C33+C34+C35 Benzohopanes)/
(C3+C331+C34+C35 Hopanes)

C27, C29-3() Neohopenes/C3oH0pane

(C27+Ca9+C30 neohop-13(18)-enes) /
(C30 Hopane)
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Environmental

y Formula
Indicators
Pr/Ph C9 Pristane/ Cyg Phytane
24-n-propylcholestane)/(Cy7+Cog+Cro+C
Sterane Index (%) gt e anfs)*pl}z)o MCartCastCogtCao
Cy7 a0 StR + C S+R)/ (C Sil
C,7/Co9 Steranes OEB[?S +R) 27 app JEesione Cas
Cr¢/C»s Cheilanthanes Ca6 Pa Cheilanthane /C,s Ba. Cheilanthane
C3,R/C3pHopane Cs1 22R Hopane/ C3p Hopane
C>9 Norhopane/C3y Hopane C»9 Hopane/ C3p Hopane
Cs9 TPP/C3y Sterane Csp Tetracyclic Polyprenoid/ C3y Sterane
MATH (ug/g OC) Absolute Concentration of MATH
Water Chemistry Formula

Paleorenieratane (pg/g OC)

Absolute Concentration of Paleorenieratane

Isorenieratane (pg/g OC)

Absolute Concentration of Isorenieratane

3 C15-C31 2,3,6 Aryl

Absolute Concentration of 2,3.6-aryl isoprenoids

[soprenoids (pg/g OC)

2 C15-C3] 3,4,5 AI’y] 2 ) . 5
Isoprenoids (ug/g OC) Absolute concentration of 3,4,5-aryl isoprenoids
28, 30 Dinhorhopane/Cj 2

Hopane (DNH Index) 28, 30 Dinorhopane/ C30 Hopane

Gammacerane Index

Gammacerane/ C30 Hopane

Homohopane Index (%)

(C35S+R Homohopane) / (C3|+C32+C33+C34+C35 S+R
homohopanes)*100

C35/C34 Homohopanes

C3s5 S+R Homohopane/ C34 S+R Homohopane

Pr/Ph

C)9 Pristane / Co Phytane
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Microbial Community

Formula

Paleorenieratane (pug/g OC)

Absolute Concnetration of Paleorenieratane

Isorenieratane (pg/g OC)

Absolute Concentration of Isorenieratane

Renieratane (pg/g OC)

Absolute Concentration of Renieratane

Renierapurpurane (pg/g OC)

Absolute Concentration of Renierapurpurane

Gammacerane Index

Gammacerane/ C30 Hopane

Sterane/Hopane

(Cy71+Ca+Cy9 regular steranes)/
(C29+C30+C3 1+C31+Cs3 hopanes)

% Cag.29 Tri/Hopanes

(Cp8+Cy9 cheilanthanes) / (Co+C30+C31+C32+Cs3
hopanes)

C,7/Cy9 Steranes

(Cy7 000 SHR + Cyy GBB S+R)/ (Cy9 aaat SR + Cy9
aBp S+R)

C,8/Cy9 Steranes

(Cys oo S+R + Copg (lﬁB S+R)/ (Cy9 aaa SHR + Cyg
afp S+R)
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L6l

Relative Abundance

Peak No. Compound

1
2a
2b
2c
3a
\ 3b
4a
4b
S5a
Sb
6a
6b
7
8a
8b
9a
9b
10
11
12
13
14
15
16
17

ko,

C,, cheilanthane
C,, BB cheilanthane
C,, pa cheilanthane
C,, aa cheilanthane
C,; Ba cheilanthane
C,; aa cheilanthane
C,, Pa cheilanthane
C,, aa cheilanthane
C,; Pa cheilanthane
C,s aa cheilanthane
Cy4 Pa cheilanthane
C, aa cheilanthane
C,, tetracyclic terpane
C,4 Ba cheilanthane
Cy; aa cheilanthane
C, Ba cheilanthane
C,, aa cheilanthane
C,, neohop-13(18)-ene
C,, 18a trisnorhopane
C,; 17a trisnorhopane
28, 30-dinorhopane
C,, neohop-13(18)-ene
C,, norhopane
C,,diahopane
C;, hop-17(21)-ene
2b 3b*

4a

Sa 6a
e 4b " Sb 6b .
2a
bl a

m/z 191

12

10
11

8b
a—

9a 9b

131

WSLU-8 SATURATE

19

17 22 25

29

Peak No. Compound

18
19
20
21
22
23a
23b
24a
24b
25
26
27
28a
28b
29
30
3la
31b
32
33
34a
34b
35
36a
36b

32

Cy 17021 Moretane
C;, 17210 Hopane

C,, neohop-13(18)-ene
Cyy 17021 Moretane
C,y hop-17(21)-ene

C;; Ba cheilanthane

Cy; aa cheilanthane

C,, 17B21a 22S Hopane
C,, 17B21a 22R Hopane
Cs; hop-17(21)-ene
gammacerane

C,, 17a21p Moretane
Cy, 17B21a 22S Hopane
C;, 178210 22R Hopane
C;; hop-17(21)-ene

C;, 17a21P Moretane
Cy: 17B21a 22S Hopane
C;; 17821a 22R Hopane
Cyy hop-17(21)-ene

C:, 17a21p Moretane
Cyy 17210 228 Hopane
Cy, 17p21a 22R Hopane
Cy4 17021 Moretane
Cyc 17p21a 22S Hopane
Cys 1721a 22R Hopane
Cys 17021 Moretane

35AL36b 37
et O I

T T T T T T T T T T L T T
46100 48.](1) 50&] 52(113 54(11) 56(;0 58&) SO(I]J 6200 64&2: 6600 6800 7000 7200 7400 76.00 7800 8000 8200 8400 8600 8800

TIME (minutes)
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Relative Abundance

Relative Abundance

WSLU-1 SATURATE

3500 1000 4500 50.00 5500 6000 65.00 7000 7500 80.00 8500 9000
TIME (minutes)
WSLU-2 SATURATE
3500 4000 45.00 50.00 5500 60.00 65.00 7000 75.00 80.00 85.00 90.00

TIME (minutes)
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Relative Abundance

Relative Abundance

WSLU-3 SATURATE

35r°° 40.00 45.00 50.(‘30 55.00 60.&) 65.00 70.& 75.00 80.00 85.00 980.00
TIME (minutes)
WSLU-4 SATURATE
35‘!!) AOIC!J 4560 50&0 55(‘?0 eodo 650’0 70& 75(1'! 8006 8506 90(!5

TIME (minutes)
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Relative Abundance

Relative Abundance

i WSLU-5 SATURATE

T T T T T T T
3500 40& 45.00 50.00 55.00 60.00 65.00 7000 75.00 8000 8500 90.00

TIME (minutes)

WSLU-6 SATURATE

T T T T
35.00 40.00 45.00 50.00 55&) eoo'o 650]0 70&0 75& 80.00 85.00 9000

TIME (minutes)
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Relative Abundance

WSLU-7 SATURATE

Relative Abundance

T T T
35’& 40&) 45.00 502)0 5500 SOC‘D 650‘0 70.00 75(1‘] 80.00 85.00 90.00

TIME (minutes)

WSLU-8 SATURATE

=T T T T
3500 4000 45.00 50.00 55([!) &)&) 650‘0 70&) 75& 8006 8500 90.00

TIME (minutes)
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Relative Abundance

Relative Abundance

‘ WSLU-9 SATURATE

L

T 2 T
35‘00 40‘00 45.00 5060 55(‘” 600‘0 65.00 70.00 750{) 80.00 8500 90.00

TIME (minutes)

‘ WSLU-10 SATURATE

T T T
3500 40.00 45.00 50.00 55.!” 60. & 65 0’0 70.00 75.00 80.00 85, O!
TIME (minutes)
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Relative Abundance

WSLU-11 SATURATE

Relative Abundance

T T T T
3500 40.00 4560 50‘00 55.00 6000 65.00 70.00 75.00 80.00 85.00 90.00

TIME (minutes)

WSLU-12 SATURATE

T T
3500 40.00 45.00 50.00 55.00 eodo 65(11) 70 & 750{) 80.00 85.00 90.00

TIME (minutes)
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Relative Abundance

Relative Abundance

WSLU-13 SATURATE

Sl e
35100 40]0) 4560 SO(IX) 55(‘1) 60&) 650]0 70(’D 75(5 800}] 85(!‘) 90.00 e
TIME (minutes)
A
WSLU-14 SATURATE
35'00 AO,IIXJ 45,60 50,& 55.&) GO‘O‘) 650‘0 70.C’O 75.& 80. OIO 55.(!‘) 90. Gs

TIME (minutes)
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Relative Abundance

Relative Abundance

WSLU-15 SATURATE

35‘00 40, & 45, 60 50 (IIJ 55. & 60 & 65.00 70. C‘O 75 (XI) 80.0]0 85.00 90.00
TIME (minutes)
WSLU-16 SATURATE
T T T T T Y T T T T T T
3500 40.00 45.00 50.00 55.00 60.00 65.00 70.00 75.00 80.00 8500 90.00

TIME (minutes)
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Relative Abundance

Relative Abundance

WSLU-17 SATURATE

35‘&) 40.00 45.([)0 50.00 55. &J 60.0‘0 65.(;0 70.0‘0 75& 80.00
TIME (minutes)

WSLU-18 SATURATE

MMM |

-
3500 40.00 4500 50& 55& &)(IIJ 6660 7000 75.00 80.00 85“‘) 90.00
TIME (minutes)
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Relative Abundance

Relative Abundance

4 WSLU-19 SATURATE

Ll

T T T T =T T T T
3500 40.00 45.00 5000 55.00 60.00 65.00 7000 75.00 80.00 85& 9000

TIME (minutes)

WSLU-20 SATURATE

T T T T
3500 40,00 45.00 50.00 55,00 60.00 65.00 7000 7500 80.00 85.00 90.00
TIME (minutes)
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Relative Abundance

Relative Abundance

WSLU-21 SATURATE

357(!) 4000 45 60 50.&0 55,&) SO‘&J 65.00 70.00 75.00 80.00 85 (ﬁ 90.!1;
TIME (minutes)

WSLU-22 SATURATE

T
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TIME (minutes)
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Relative Abundance

Relative Abundance

‘ WSLU-23 SATURATE

35](13 40&) 4560 50.00 55&) GJ&) 65(;0 70.00 75(13 80.00 8506 90.00
TIME (minutes)

‘ WSLU-24 SATURATE

Es

T T
3500 40.00 45.00 50‘&) 55.(‘1) SO(ID 65.00 70&) 75.00 80.00 85.00 90.00
TIME (minutes)
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Relative Abundance

Relative Abundance

4 WSLU-25 SATURATE

35‘00 4000 45:)0 50(‘)0 55&) 600‘0 6560 70(‘” 75(!‘) 8000 85.00 90.00

TIME (minutes)

WSLU-26 SATURATE

T T
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TIME (minutes)
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Relative Abundance

Relative Abundance

4 WSLU-27 SATURATE

T T
3500 40.00 45‘00 50.00 55!‘1) 6060 650‘0 70.00 75.00 8000 8500 90.00

TIME (minutes)

WSLU-28 SATURATE

;
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TIME (minutes)
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Relative Abundance

=

WSLU-29 SATURATE

T
3500

55, (1)0 60 (IX) 65. 0]0 700‘0
TIME (minutes)
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€1c

Relative Abundance

3b
? 4a

Peak No. Compound

1
2
3a

4b
Sa
Sb
6a
6b
6¢c
6d
7a
7b
Tc
7d
8a
8b
8c
8d
9

pregnane

homopregnane

C,, 13B17a diasterane S

C,, 13B17a diasterane R

C,; 13017 diasterane S

C,; 13017 diasterane R

C,s 13B17a diasterane S

Cy 13B17a diasterane R

Cy; Saldal7a 20S cholestane
C,; Sal4al7a 20R cholestane
C,; 5a14B17p 20R cholestane
C,; 5a14B17p 20S cholestane
Cy Saldal7a 20S ergostane
Cy Saldal7a 20R ergostane
Cy 5a14B17p 20R ergostane
C,5 5014B17p 20S ergostane
Cy Sal4al7a 208 stigmastane
Cy 5014170 20R stigmastane
C,, Sal14B17p 20R stigmastane
C,, 5a14B17p 20S stigmastane
C,o Sal4al7a 20R 24-n-propylcholestane

6c¢

6b

6d

Tc

m/z 217

WSLU-8 SATURATE

8b

8d

9

Wl

T 5 T T T T T T 1T T T T T T RG] T TR T T T T
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TIME (minutes)
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Relative Abundance
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- T T
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Relative Abundance

Relative Abundance
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Relative Abundance

Relative Abundance
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Relative Abundance
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4a Cic345TMB 12a Cy: 3,45 TMB
4b Ci2,3,6TMB 12b Cy2,3,6 TMB
Sa C,345TMB 13a Cy 3,45 TMB
5b C,2,3,6 TMB 13b Cy2,3,6 TMB
6a Cs345TMB 14a C,;3,45TMB
6b C2,3,6TMB 14b C,,2,3,6 TMB
Ta Cy345TMB 15a Cy 3,45 TMB
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Appendix IV: BIOMARKER REFERENCE TABLE

Biogeochemical Fossil

Significance

Redox State

Water pH

Isorenieratane

PZE; biosynthesized by the brown strain of

slighty acidic

Chlorobiaceae; chemocline may have been deep anoxic 4.7
(<80-100m)* (G4
PZE; biosynthesized by an extant or extinct strain of ligh idi
Paloerenieratane Chlorobiaceae; proposed to occupy a shallower anoxic s Ig6 3’ ;csl ¢
depth than the bGSB (6.4-75)
. PZE?; multiple origins including marine sponge
Renierapurpuran ; - =
purp ¢ symbionts, PSB or cyanobacteria
PZE:; sole biomarker for Chromatiaceae; shallow . slighty acidic
Oken : ’
B chemocline (<12-25m)* gHOs (6.4-7.8)
PZE; biosynthesized by the green strain of lish idi
Chlorobactane Chlrobiaceae, shallow to moderately deep anoxic : lg6 2/ fllci; i
chemocline (<20-50m)* RS
Strong marine indicator, derived from marine
24-n-propylcholestane = -
pelagophyte/chrysophyte algae
Water stratification, in high concentrations may
Gammacerane o e 3 s -
indicate hypersalinity
Primarily used as a redox indicator, strong
28,30-Dinorhopane correlation with PZE, supporting origin from anoxic -
chemoautotrophic bacteria
Neohop-13(18)-enes Dependent upon lithology and water pH, with clay-
Diaster(e/a)nes rich source rocks deposited in acidic waters oxic-suboxic acidic
Diahopane facilitating backbone rearrangement
High concentrations associated with sulfur-rich
C,,-C;: Benzohopanes carbonates and evaporites; ubiquitous in marine anoxic -
source rocks and oils in low amounts
Marker for early gymnosperms and coniferophytes,
MATH formed in acidic conditions from fernane/arbornane - acidic

precursors

Cs, Tetracyclic Polyprenoid

High concentrations suggest deposition in freshwater
or brackish water conditions; low concentrations can

be detected in marine and coal source rocks

* PSB/GSB are affected by light , H,S concentration, pH, and wind; may impact chemocline interpretations
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