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ABSTRACT

OCEANOGRAPHIC CONTROLS ON THE EXPRESSION OF LATE CRETACEQOUS

OCEANIC ANOXIC EVENTS IN THE US WESTERN INTERIOR SEA

MAY 2015

CHRISTOPHER M. LOWERY, B.S., UNIVERSITY OF MARY WASHINGTON

M.S., UNIVERSITY OF MASSACHUSETTS, AMHERST

Ph.D., UNIVERSITY OF MASSACHUSETTS, AMHERST

Directed by: Prof. R. Mark Leckie

The Cretaceous Period (145-66 Ma) was a time of elevated global temperatures
superimposed on fluctuating climate regimes and repeated biotic turnover. It recorded
several major perturbations of the carbon cycle, characterized by widespread deposition
of organic-rich black shale and benthic and photic zone dysoxia to euxinia, termed
oceanic anoxic events (OAESs). The Cenomanian-Turonian OAE2 and the enigmatic
Coniacian-Santonian OAE3 are well-preserved in the Western Interior Sea (WIS) of
North America. The expression of these OAEs in the WIS differs both from each other
and from contemporaneous open-ocean sections. Despite decades of research, questions
remain about the role of oceanographic parameters (sea level, water mass source and
character, terrestrial runoff, stratification, productivity, circulation) on the development
of organic-rich shales and anoxic to dysoxic conditions in the WIS. This study utilizes
foraminiferal paleoecology and bulk rock geochemical data to address the question “How

did oceanographic changes effect the development of OAEs in the Western Interior?”

Vi



A transect of sites in Texas is used to understand the connection between the well-
studied OAE?2 interval of the WIS (Greenhorn Formation) and the open ocean, which
appears to have been controlled by a sill at the SE aperture of the WIS that was overcome
by rising sea level in the late Cenomanian, ventilating the sea. The poorly understood
development of OAES in the central Western Interior is studied in the Niobrara
Formation in Colorado, Kansas, and New Mexico and equivalent rocks further west.
Foraminiferal trends through this interval show a slow increase in dysoxia prior to the
“onset” of OAE3 recorded by other proxies. Above this level, benthic foraminifera
disappear and a stressed planktic assemblage remains unchanged for ~3 million years.
This suggests a threshold for anoxia that, once exceeded, pushed the WIS into a new
equilibrium. Sea level change is the principle control on the redox state of the sea:
transgressions are associated with improving oxygenation due to increasing ventilation,
and regressions are associated with deteriorating oxygenation and the deposition of
organic carbon due to greater stratification. Though anoxic, OAE3 is not an event and

should not be regarded as such.
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INTRODUCTION

The Cretaceous Period (145-66 Ma) was a time of elevated global temperatures
superimposed on fluctuating climate regimes and repeated biotic turnover. It recorded
large swings in atmospheric carbon dioxide concentrations and global temperatures; the
climatic and biotic response to these events have the potential to provide an illuminating
analog for future climate change. Global perturbations of the carbon cycle, characterized
by widespread deposition of organic-rich black shale, benthic and photic zone dysoxia to
euxinia, and positive excursions in carbon isotopes, occurred intermittently throughout
the Cretaceous (Schlanger and Jenkyns, 1976). The last two of these Oceanic Anoxic
Events (OAEs), the Cenomanian-Turonian OAE2 (~94-93 Ma) and the Coniacian-
Santonian OAE3 (~89-85 Ma), are well-preserved in the Western Interior Sea (WIS) of
North America (Figure 1). A myriad of causal mechanisms, usually invoking some
combination of global warming, enhanced primary productivity, and increased nutrient
flux, have been proposed for these events and, as van Helmond et al. (2015) succinctly
put it, “disentangling these factors on a regional scale has remained problematic.” The
Western Interior Sea (WIS) of North America was a relatively shallow, restricted sea that
connected the Gulf of Mexico/western Tethys and Canadian Arctic, over 3000 miles
(4800 km) north to south; at its widest, it ranged over 1000 miles (1600 km) from
western Utah to central Minnesota (Kauffman, 1984). The purpose of this dissertation is
to disentangle the regional factors leading to enhanced carbon burial in the WIS, in order
to better understand how these global events are filtered through local climatic,
oceanographic, and tectonic controls, what remains of the primary, “global” signal, and

what this tells us about the evolution of Cretaceous climate.



Figure 1.1. Maximum extent of the Western IhferioSeaway, which was during the
middle Turonian highstand of the Greenhorn cycle, in the Colignoceras woollgari
ammonite zone (Blakey, 2015).



I. 1 The Cretaceous Western Interior Sea

The development of the Western Interior Basin was tectonically controlled.
Accommodation was created through a combination of thrust-induced subsidence, which
caused the formation of a narrow foreland basin along the western margin adjacent to the
Sevier Highlands (e.g., Armstrong, 1968; Schwartz and DeCelles, 1988), and more
broadly through drag-induced subsidence driven by the subduction of the Farallon Plate
beneath North America (Pang and Nummendal, 1995; Liu and Nummendal, 2004; Liu et
al., 2005, 2008, 2011, 2014). Periods of high sea level in the WIS are tied to increased
volcanic activity in the thrust zone (Kauffman, 1985), suggesting a tectonic driver for
local sea level or accommodation change. However, overall high rates of seafloor
spreading and subduction in the Cretaceous drove global sea level variations (e.g.,
Larson, 1991) and sea level cycles in the WIS are generally synchronous with eustatic sea
level changes (Hancock and Kauffman, 1979), making it difficult to separate a local
tectonic driver from the global one. The tectonically active western margin of the WIS
was contrasted by a stable eastern “hinge” zone connected to the North American Craton,
creating an asymmetric basin profile (Figure 2). Thrusting induced subsidence resulted in
the largest accommodation in the sea in the western foreland basin, which, along with
proximity to the Sevier Highlands, lead to the thickest accumulation of sediments in this
area (Kauffman, 1984). Meanwhile, mantle-flow induced subsidence of the Farallon Plate
in the middle of the basin resulted in the deepest water depths in a central axis that runs
roughly parallel to the modern Colorado Front Range (Sageman and Arthur, 1994).
Hemi-pelagic carbonate sedimentation occurred in the central axis of the sea during sea

level highstands.
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Figure 1.3. Major sea level cycles of the Western Interior Sea. Also plotted are general
global temperature trends, seafloor spreading rates, stratigraphic density of ash layers in
the Western Interior, and major thrusting events. T6 is the Cenomanian-Turonian
Greenhorn Cycle; T7 is the Turonian-Campanian Niobrara Cycle. From Kauffman, 1984.



The WIS was flooded for approximately 38 million years, during which time five
3"-order sea level cycles are recognized (Figure 3; Kauffman, 1984). The two largest, the
Cenomanian-Turonian Greenhorn Cycle and the Turonian-Campanian Niobrara Cycle,

record the last two OAEs of the Cretaceous.

OAE development and expression in the WIS differs from the open ocean and
marginal basins. OAE2 was characterized by water column anoxia and widespread
deposition of black shales in many places around the world, but fossils and geochemical
data in the WIS suggest improving conditions, with increasing oxygen and decreasing
organic matter preservation at the onset of the event. In contrast, data from OAE3 in the
WIS suggest sustained anoxia and organic matter preservation at a time when large
swaths of the global ocean were becoming increasingly oxygenated. Despite decades of
research in this region, questions remain about the role of oceanographic parameters (e.qg.,
sea level, water mass, terrestrial runoff, stratification, productivity, circulation) on the

development (or not) of organic-rich shales and anoxic to dysoxic conditions in the WIS.

This dissertation aims to address the broad question “How did oceanographic
changes effect the development of OAEs in the Western Interior?” by utilizing
foraminiferal assemblage and biostratigraphic data, in conjunction with geochemical
proxies, to understand the nature of dissolved oxygen, water depth, and water mass
changes prior to and during OAE2 and OAE3 in the WIS. Foraminifera are powerful
paleoceanographic proxies that yield a variety of important data, including a primary
biostratigraphic framework, surface ocean and seafloor paleoenvironmental parameters
from the variations in the population of environmentally sensitive species and groups,

and geochemical data from their calcium carbonate tests. Unfortunately, post-burial



diagenesis is common due to high heat and pressure in many Western Interior formations,
and is often exacerbated by alteration by meteoric water in many outcrops, completely
obscuring any primary species-specific geochemical signal that might be recovered from
foraminifera. For this reason, basic bulk-rock geochemical analyses supplement the

paleoecological data developed from foraminiferal populations.

I. 2 Planktic and Benthic Foraminiferal Proxies of Paleoenvironment

Foraminiferal populations respond to a number of environmental pressures,
including water depth, food supply, dissolved oxygen, salinity, and pH, and are often
used as environmental proxies in the WIS (e.g., Eicher and Worstell, 1970; Eicher and
Diner, 1985; Leckie, 1985; Leckie et al., 1991, 1998; West et al., 1998; DaGama et al.,
2014; Elderbak et al., 2014; Lowery et al., 2014). Careful analysis of foraminiferal data
can deconvolve these often overlapping signals to understand their relative contributions
to the paleoceanography of the environment of deposition. At the most basic level,
foraminifera can be divided into two major groups: planktic foraminfera, which live
suspended in the water column, and benthic foraminifera, which live on or in the
uppermost centimeters of seafloor. The ratio of planktic to benthic foraminifera (“P:B
ratio,” herein reported as %benthics), is a commonly used measure of foraminiferal
populations. In open shelf environments, the P:B ratio is strongly correlated to water
depth, with a decreasing percentage of benthics in the offshore direction (Murray, 1976;
Culver, 1988; Gibson, 1989; Hayward, 1990; Van der Zwaan et al., 1990; Leckie and
Olson, 2003). However, the abundance of benthic foraminifera is strongly controlled by
food supply and available oxygen; water depth moderates these parameters as well as the

diluting flux of planktic foraminifera to the seafloor (Jorissen, 1996; 2007). In



environments prone to anoxia, like the WIS, P:B (%benthics) can be used as a proxy for
bottom water oxygenation (e.g., Van Hinsbergen et al., 2005). Benthic foraminifera fill
different ecological niches, with some living on or attached slightly above the seafloor
(epifaunal) and others living below the sediment water interface (infaunal). Infaunal
benthics in the Cretaceous are generally assumed to be low-oxygen tolerant, an
adaptation that would allow them to colonize dysoxic intervals below the sediment-water
interface (e.g., Leckie et al., 1998). Planktic foraminifera can also be broadly divided into
morphogroups: keeled planktic foraminifera, so named for their raised, imperforate
equatorial regions, tend to live deeper in the seasonal thermocline (e.g., Ando et al.,
2010), and their absence may indicate the lack of suitable habitat, whether because of
shallow water depth, well-mixed upper water column, or an impinging oxygen minimum
zone. Among mixed-layer dwelling planktics, the Cretaceous biserial planktics are
particularly ecologically sensitive. Or, perhaps more accurately, they are hardly sensitive
at all, being commonly characterized as an opportunistic group that thrives in stressed
conditions, particularly non-normal marine environments (brackish or hypersaline; e.g.,
Leckie et al., 1998). Changes in the abundance of biserial taxa suggests environmental
changes in the upper water column. Figure 4 contains a broad summary of foraminiferal
life positions and ecological trends related to changing redox conditions; taxon-specific
responses to different parameters are discussed in detail where appropriate in subsequent

chapters.

1.3 The Eagle Ford Shale and OAE2

The Cenomanian-Turonian OAE2 was a global event that corresponded to

widespread burial of organic matter (expressed as black shales) and localized bottom
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Water Column Anoxia Benthic Anoxia Benthic Dysoxia

Figure 1.4. Expected distribution of planktic and benthic groups for various redox
regimes. In well oxygenated conditions, and with all other parameters being equal,
benthic foraminifera can be expected to be relatively common and diverse. Benthic
anoxia can be expected to cause the disappearance of all or nearly all benthic taxa, with
infaunal taxa being the most adaptable to low oxygen conditions, while anoxia in the
middle water depths (e.g., an oxygen minimum zone, OMZ) would cause the
disappearance of keeled planktic foraminifera.



water and photic zone dysoxia or anoxia (Schlanger and Jenkyns, 1976; Jenkyns, 1980;
Arthur et al., 1990; Jenkyns, 2010; Owens et al., 2012), tied to a positive 2%o excursion in
carbon isotopes caused by the enhanced burial of isotopically light organic carbon
(Scholle and Arthur, 1980; Pratt and Threlkeld, 1984; Jarvis et al., 2006, 2011; Sageman
et al., 2006; Gale et al., 2008; Barclay et al., 2010). Globally, OAE2 was caused by
increased productivity driven by a rapid influx of micronutrients, likely from seafloor
hydrothermal activity related to the emplacement of the Caribbean Large Igneous
Province, increased rates of ocean crust production, or increased volcanic CO2 emissions
resulting in global warming and a strengthening of the hydrologic cycle (Leckie et al.,
2002; Snow et al., 2005; Barclay et al., 2010; Jenkyns, 2010; van Bentum et al., 2012;

Monteiro et al., 2012).

Productivity and enhanced carbon burial associated with this nutrient increase
were widespread but not global. In the Western Interior Sea, the onset of OAE2 (based on
carbon isotope enrichment) is associated with a transition from dark-gray, organic rich
shale to light-gray shale interbedded with limestone (e.g., Kauffman, 1984), a decrease in
total organic carbon (e.g., Pratt, 1985), and an increase in planktic and benthic
foraminiferal abundance and diversity (Eicher and Worstell, 1970; Eicher and Diner,
1985; Leckie, 1985) suggesting a local increase in oxygen at a time when large areas of

the open ocean were experiencing anoxia (e.g., Jenkyns, 2010).

Multiple incursions of warm, normal-marine waters from the Tethys made their
way into the WIS during its history, coinciding with eustatic transgressions. The largest
of these, the transgression of the 3rd-order Greenhorn Cycle, coincides with the onset of

OAE2 and a coeval increase in marine macrofossil and microfossil diversity (e.g., Eicher



and Worstell, 1970; Cobban and Scott, 1972; Frush and Eicher, 1975; Kauffman, 1984,
Eicher and Diner, 1985; Elder, 1985, 1989; Watkins, 1985; Bralower, 1988; Leckie et al.,
1998; Elderbak et al., 2014; Lowery et al., 2014). This correlation suggests that a sill at
the southern aperture of the WIS isolated the sea during low sea level, causing stagnation
and organic matter preservation (e.g., Arthur and Sageman, 2005). If this is the
mechanism causing the WIS to behave differently than the global ocean during OAEZ2,
there should be evidence of a clear transition between the WIS and the Tethys across the

southern aperture of the sea.

The Eagle Ford Shale of Texas (Figure 1), a calcareous shale draped over the
Aptian-Albian reef buildups that comprise the Comanche Platform of central Texas, is
equivalent to the Greenhorn Limestone of the WIS and contains OAE2 (e.g., Donovan et
al., 2012). Geologists were working on the Eagle Ford of west Texas, where it crops out
along road cuts and stream embankments, as early as 1907 (Udden), although Hazzard
(1959) was the first to describe it in detail. The recent boom in drilling activity in the
Eagle Ford unconventional gas play in south and east Texas has driven an increase in
petroleum-oriented research of the west Texas outcrops (e.g., Donovan and Staerker,
2010; Hentz and Ruppel, 2010; Lock et al., 2010; Donovan et al., 2012; Eldrett et al.,

2014), but most micropaleontological work is decades old.

Chapter 1 attempts to geographically locate the transition between the Western
Interior Sea and the Tethys by quantifying organic matter content (total organic carbon),
bottom water and water column oxygenation (as defined by benthic and planktic
foraminiferal assemblages), and water mass changes (as defined by planktic foraminifera)

before and during OAEZ2 (as defined by carbon isotopes) along a transect of sites in
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central and southern Texas. These include Lozier Canyon in Terrell Co., TX, on the
western part of the Comanche Platform; Bouldin Creek, in Travis Co., TX, adjacent to a
structural high called the San Marcos Arch; and Swift Energy Company’s Fasken A #1H
Core, off the southeastern edge of the Comanche Platform on the Rio Grande Submarine
Plateau, a deeper water site between two Early Cretaceous reef margins. This transect
will test the hypothesis that the edge of Western Interior affinity waters is on the edge of
the Comanche Platform. If this sill marks the edge of the Western Interior sea, it suggests
that sill depth, and therefore sea level, plays an important role in controlling the

paleoceanography of the WIS.

1.4 The Niobrara Formation and OAE3

If it is true that sill depth was an important control on the paleoceanography of the
Western Interior Sea during OAEZ2, then it is likely that sea level was also an important
forcing function during the subsequent OAE3 when organic carbon burial in the WIS was
focused during a period of general regression in the sea. OAE3 was more geographically
restricted (e.g., Wagerich, 2009) and is marked by a smaller carbon isotope excursion
(e.g., Jarvis et al., 2006) than OAEZ2, although it is also associated with increased
carbonate burial, which would shift carbon isotope curves in a negative direction and
therefore may mask the “true” excursion (e.g., Locklair et al., 2011). Within the WIS,
OAES represents a period of organic carbon burial, and apparent anoxia (e.g., Locklair et
al., 2011), while OAEZ2, regionally, begins with relatively little organic carbon burial and
displays peak burial after OAE2 (e.g., Pratt et al., 1993; Sageman et al., 1997, 1998,

2006).
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Though not as exhaustively studied as the Greenhorn, multiple facets of the
Turonian-Santonian Niobrara Formation have been investigated, including stratigraphy
and molluscan biostratigraphy (e.g., Scott and Cobban, 1964; Hattin, 1982; Walaszczyk
and Cobban, 1998; Walaszczyk and Cobban, 2007), organic carbon deposition (e.g., Pratt
et al., 1993; Locklair et al., 2011), orbital cyclicity (e.g., Gilbert, 1895; Hattin, 1982;
Locklair and Sageman, 2008; Sageman et al., 2014), and nannofossil biostratigraphy and
paleoecology (Watkins et al., 1993). A number of foraminiferal studies have provided
some basic insights into the variable nature of the Niobrara depositional environment,
including the influences of low oxygen conditions, relative sea level change, and
tectonics in the Western Interior foreland basin (Kent, 1967, 1968; Frerichs et al., 1975,
1977; Frerichs and Dring, 1981; McNeil and Caldwell, 1981; Fisher et al., 1985;
Caldwell et al., 1993; Martinson et al., 1998; Schroder-Adams et al., 2001; Sikora et al.,
2004; Da Gama et al., 2014). However, there have been very few detailed studies of
Niobrara foraminiferal assemblages as paleoenvironmental proxies, and all are
geographically limited in scope. It is still unclear, from the established literature, whether
parts or all of the WIS experienced dysoxic to anoxic conditions during OAE3 (with
redox-sensitive trace metal data from the central axis of the sea, Locklair et al., 2011 only
venture that the WIS “appears to record...elevated concentrations of geochemical proxies
for anoxia”), whether the planktic community was affected, and what role geography,

bathymetry, and circulation may have played in these changes.

Chapter 2 will focus on whether or not there is foraminiferal evidence for
dysoxia/anoxia during OAE3 in the WIS. To address these questions, the study area is

focused on the central axis of the sea, anchored by two cores in the Colorado Front
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Range: ~75 samples from the USGS Portland #1 core in Fremont (which only contains
the lower half of the Niobrara Fm.), and ~50 samples from the Encana Energy
Aristrocrat-Angus Core in the Denver Basin. Both of these cores have been the focus of
intensive geochemical and cyclostratigraphic study (e.g., Locklair and Sageman, 2008;
Locklair et al., 2011) that allow correlation to a robust existing dataset. To augment these
Front Range cores, this study also incorporates a composite outcrop section, with ~200
samples from western Kansas along the Smoky Hill River in a series of outcrops

described by Hattin (1982).

1.5 Comparison of OAE2 and OAES3 in the Western Interior Sea

Building on the investigation of the presence or absence of anoxia during OAE3
in the Western Interior, Chapter 3 attempts to understand the paleoceanographic
mechanisms that allow for the development of anoxia during OAE3 but not OAE2. Is
there a common mechanism that controls oxygenation and organic matter deposition in
the WIS during OAEs? Answering this question will improve understanding of the
underlying forcings of Cretaceous anoxic events, North American climate during the
Cretaceous, and the mechanisms controlling oxygenation in restricted seas in both ancient
and modern environments. This third chapter attempts to synthesize the new data
presented above with the balance of published data on the WIS in an attempt to answer

that question.

Circulation in the WIS has been a topic of scientific investigation for decades
(e.g., Hay, 1993; Jewell, 1993; Fisher, 1995). The authoritative work to which everyone
compares is that of Slingerland (1996), who proposed an estuarine circulation model for

the WIS, with a cyclonic gyre in the center of the sea driven by warm Tethyan water
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moving north along the eastern margin and cool boreal water moving south along the
western margin. Leckie et al. (1998) suggested a modification to this model, arguing that
a bathymetric high created by a forebulge of the Sevier highlands (see Kaufmann, 1984)
would have caused bathymetrically-induced upwelling. Similarly, the relative importance
of freshwater runoff and associated terrigenous clays in water-column stratification and

lithology has been debated.

The hemi-pelagic limestones of the Bridge Creek and Niobrara Formations are
well known for displaying cyclic patterns of sedimentation, which was recognized as far
back as 1895 by G.K. Gilbert, who attributed them to orbitally-driven changes in
insolation, a hypothesis that was greatly expanded upon by Fischer (1980), Fischer et al.
(1985) and Fischer and Bottjer (1991). More recent orbital tuning by Locklair and
Sageman (2008) found that the variation between limestone and marl in the Ft. Hays
Limestone and Smoky Hill Shale members of the Niobrara Formation averages 1.7 myr;
this does not fit the expected 2.3 myr long eccentricity cycle, although the authors note
that this frequency has been observed in other Cretaceous records and may be orbitally-
driven. The mechanism through which orbital cyclicity may have driven sedimentation
changes is unclear, and revolves around wet/dry climate cycles and the relative
contributions of detrital sediments and carbonate productivity. Increased precipitation
may have resulted in increased terrigenous flux to the sea, resulting in dilution of
carbonates and increased stratification of the water column. Conversely, this same
increased precipitation (and increased freshwater input) may have strengthened
circulation in the sea, preventing clay particles from reaching the center of the gyre and

perhaps increasing carbonate productivity as well (Slingerland et al., 1996). Of course, as
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Locklair and Sageman note, these ~1.7 myr cycles may not be orbitally driven at all, but
rather driven by tectonic processes changing rates of subduction and thrusting, changing

relative sea level within the sea (Dean and Arthur, 1998).

As discussed above, foraminiferal assemblages provide a wealth of information
on various oceanographic parameters, and are useful tracers of water mass changes;
Chapter 2 will show that they are also excellent indicators of anoxia during deposition of
the Niobrara Formation. Mapping the geographic and temporal changes in the
distribution of foraminifera from east to west and south to north across the WIS should
allow the determination of the distribution and timing of anoxia and its relationship to
water mass, sediment flux, and sea level changes. Chapter 3 will utilize the data
developed from the Portland Core, Angus Core, and Kansas outcrops along with new
data from an outcrop in Wagon Mound, NM, and from the Austin Chalk exposed along
Hwy 90 near Lozier Canyon, TX, as well as a wealth of existing datasets in published

papers and unpublished masters theses.

Understanding the underlying mechanisms that lead to the development of anoxia
during OAE3 in the Western Interior Sea should also help understand why anoxia was
delayed during the more globally severe OAE2. The discovery of these mechanisms in
the WIS will enhance our understanding of the development of anoxia in shallow,

restricted seas and in general.
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CHAPTERI
THE EXPRESSION OF OAE2 IN TEXAS
1.1 Abstract
The Upper Cretaceous of central Texas is dominated by a broad, shallow
carbonate platform called the Comanche Platform that occupies an important gateway
between the epeiric Western Interior Sea (WIS) of North America to the open-marine
Gulf of Mexico/Tethys. We investigated the Cenomanian-Turonian Eagle Ford Shale on
and adjacent to the Comanche Platform to determine whether the Eagle Ford Shale has an
affinity with the Western Interior, and if so, determine where the transition from Western
Interior to open ocean is located. We were also interested in the relationship, if any,
between the organic-rich facies of the Eagle Ford and Oceanic Anoxic Event 2 (OAE2).
Our work is based on quantitative foraminiferal population counts and associated
sedimentary particles (including inoceramid prisms, sand, glauconite, and pyrite grains),
calcareous nannofossil assemblages, carbon isotopes, and total organic carbon (TOC)
from three sites across a range of paleo water depths: an outcrop in Lozier Canyon in
Terrell County, west of Langtry, TX, an outcrop at Bouldin Creek outside of Austin, TX,
and Swift Energy’s Fasken A #1H core in Webb County, TX.
The highest TOC in the Eagle Ford occurs before the onset of OAE2 (6% at
Lozier Canyon, 7% at both Bouldin Creek and the Fasken Core) and then declines
steadily through the rest of the section (except for a small increase at the end of OAE2 at
Lozier and a fairly large post-OAE2 increase at Bouldin Creek). Nannofossil
paleoproductivity indicators (%Zeugrhabdotus and %Biscutum) track TOC at Bouldin

Creek and in the Fasken Core and display similar trends to those observed in the Western
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Interior Sea to the north. Benthic foraminiferal abundances increase as TOC decreases
and the lithology shifts from laminated black shale to bioturbated light gray shale; low-
oxygen-tolerant infaunal Neobulimina spp. appear first and gradually increase in
abundance; epifaunal benthics appear soon after. This oxygenation trend continues
through the OAEZ2 interval and the upper Eagle Ford contains a diverse epi- and infaunal
benthic foraminiferal assemblage and macrofossil assemblage. This trend of decreasing
TOC and nannofossil paleoproductivity indicators coupled with increasing benthic
foraminiferal abundance and diversity (and seafloor oxygenation) corresponds to rising
sea level.

Based on foraminiferal and nannofossil events, TOC trends, and changes in
lithology, both platform sites have a strong affinity with the Western Interior, with Lozier
Canyon being the most similar; the Fasken Core bears all the characteristics of an open
ocean site, except for the fact that peak TOC occurs before OAE2. This suggests that the
oceanographic boundary between WIS and Tethys can be placed on the edge of the
Comanche Platform.

Productivity was likely driven by bathymetry-induced upwelling caused by
restriction between the WIS and Tethys during times of low sea level; as sea level rose,
upwelling diminished and productivity decreased. This explains why the Fasken Core,
adjacent to the platform margin and in the center of this upwelling zone, displays the
same TOC trends as the platform sites. Organic carbon content in the sea was controlled
by stratification and enhanced preservation, but this was also reduced by rising sea level,

which is why the two areas show parallel trends.
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1.2 Introduction

The Cenomanian and Turonian Stages of the Cretaceous (~100-90 Ma) were a
time of elevated tectonic activity, global warmth, high sea level, biotic turnover, and
burial of vast amounts of organic carbon in the deep-sea, along continental margins, and
in epicontinental seas (e.g., Schlanger and Jenkyns, 1976; Kauffman, 1977a; Scholle and
Arthur, 1980 Arthur et al., 1987; Schlanger et al., 1987; Voigt, 2000; Leckie et al., 2002;
Arthur and Sageman, 2005; Jenkyns, 2010; Friedrich et al., 2012).

Changes in biota across the Cenomanian-Turonian boundary are linked to
environmental perturbations associated with Oceanic Anoxic Event 2 (OAE2), which
caused the evolutionary turnover of, among other things, molluscs (Elder, 1985, 1991),
calcareous nannofossils (e.g., Bralower, 1988; Erba, 2004), radiolarians (Erbacher et al.,
1996; Erbacher and Thurow, 1997), and benthic and planktic foraminifera (e.g., Leckie,
1985; Kaiho and Hasegawa, 1994; Premoli Silva and Sliter, 1999; Leckie et al., 2002).
OAEZ2 was a global event that corresponded to widespread burial of organic matter
(expressed as black shales) and localized bottom water and photic zone dysoxia or anoxia
(e.g., Schlanger and Jenkyns, 1976; Jenkyns, 1980; Arthur et al., 1990; Jenkyns, 2010;
Owens et al., 2012), tied to a positive 2%o excursion in carbon isotopes caused by the
enhanced burial of isotopically light organic carbon (e.g., Scholle and Arthur, 1980; Pratt
and Threkeld, 1984; Arthur et al., 1987; Pratt et al., 1993; Tsikos et al., 2004; Jarvis et al.,
2006, 2011; Sageman et al., 2006; Gale et al., 2008; Barclay et al., 2010).

Current research suggests that OAE2 was caused by increased productivity driven
by a rapid influx of micronutrients, likely from seafloor hydrothermal activity related to

LIP emplacement (i.e., the Caribbean Large Igneous Province), increased rates of ocean
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crust production, or increased volcanic CO2 emissions resulting in global warming and
strengthening of the hydrologic cycle, increasing continental weathering and nutrient
influx to the oceans (e.g., Leckie et al., 2002; Snow et al., 2005; Barclay et al., 2010;
Jenkyns, 2010; van Bentum et al., 2012; Monteiro et al., 2012).

Productivity and enhanced carbon burial associated with this nutrient increase
were widespread but not global. A notable exception is the Western Interior Sea of North
America, a shallow epicontinental sea that extended from the Canadian Arctic to the Gulf
of Mexico, where the onset of OAE2 (based on carbon isotope enrichment) is associated
with a transition from dark-gray, organic rich shale to light-gray shale interbedded with
limestone (e.g., Kauffman, 1984), a decrease in total organic carbon (e.g., Pratt, 1985),
and an increase in planktic and benthic foraminiferal abundance and diversity (e.g.,
Eicher and Worstell, 1970; Eicher and Diner, 1985; Leckie, 1985) suggesting a local
increase in oxygen at a time when large areas of the open ocean were experiencing
anoxia and even photic zone euxinia (e.g., Jenkyns, 2010).

Multiple incursions of warm, normal-marine waters from the Tethys made their
way into the WIS during its history, coinciding with eustatic transgressions. The largest
of these, the transgression of the 3-order Greenhorn Cycle, coincides with the onset of
OAE2 and a coeval increase in marine macrofossil and microfossil diversity (e.g.,
Kauffman, 1984; Eicher and Diner, 1985; Elder, 1985, 1989; Leckie et al., 1998). This
correlation hints at a sill at the southern aperture of the WIS that isolates the sea during
low sea level, causing stagnation and organic matter preservation. If this is the

mechanism causing the WIS to behave differently than the global ocean during OAEZ2,
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there should be evidence of a clear transition between the WIS and the open ocean (Gulf
of Mexico/Tethys).

The Comanche Platform of Texas may have represented such a sill at the mouth
of the Western Interior Sea. The Cenomanian-Turonian Eagle Ford Shale was draped
across this shallow platform and thickens in adjacent basinal and deepwater sections,
where it evolved into a major petroleum source rock (Figure 1). Unlike its well-studied
cousin to the north, the Greenhorn Limestone, and in spite of its unique location in the
mouth of the Western Interior Sea, the micropaleontology of the Eagle Ford in Texas has
been the focus of surprisingly little research in recent decades (e.g., Pessagno, 1969;
Frush and Eicher, 1975; Smith, 1981; Jiang, 1989; Lundquist, 2000; Denne et al., 2014).
We investigated carbon isotopes, total organic carbon, and foraminiferal and calcareous
nannofossil assemblages in the Eagle Ford Shale from a transect across the Comanche
Platform in order to determine 1) whether any part of the Eagle Ford has an affinity with
the central Western Interior; 2) where the oceanographic transition from the Western
Interior to the Gulf of Mexico is located; 3) what that position may tell us about the
influence of sea level in controlling organic matter content in the Western Interior Sea;
and 4) if there is a relationship between the organic-rich facies of the Eagle Ford and
OAE2.

1.3 Geologic Setting
1.3.1 Stratigraphy and Micropaleontology of the Western Interior Sea

The Cenomanian-Turonian interval of the Cretaceous Western Interior Sea of

North America has been the focus of paleoceanographic research for decades (e.qg.,

Eicher and Worstell, 1970; Hattin 1971; Kauffmann, 1977a,b; Pratt and Threlkeld, 1984;
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Figure 1.1. Map of Texas showing modern Eagle Ford outcrop belt (light gray), extent of
the Comanche Platform, relevant paleobathymetric features, and location of study sites
(stars). OJ: Ojinaga, Mexico, from Frush and Eicher, 1975; HS: Hot Springs locality in
Big Bend National Park, from Frush and Eicher, 1975; LC: Lozier Canyon; BC: Bouldin
Creek; SF: Swift Energy’s Fasken Core. Modified from Donovan et al., 2012.
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Eicher and Diner, 1989; Elder and Kirkland, 1994; Sageman and Arthur, 1994; Leckie et
al., 1998; Sageman et al., 1998, 2006; West et al., 1998; Meyers et al., 2001; Meyers et
al., 2005; and others). The Global Stratotype Section and Point (GSSP) for the
Cenomanian-Turonian Boundary has been placed at the classic exposure at the Rock
Canyon Anticline, near Pueblo, CO (Kennedy et al., 2005). Located in the central axial
basin of the sea, the Rock Canyon section occupied a favorable zone where it was not
inundated with siliciclastic sediments pouring off the Sevier Highlands to the west or the
cratonic interior to the east, and was deeper than the gently sloping hinge-zone of the
stable craton to the east (Kauffman, 1984; Sageman and Arthur, 1994; Elderbak et al., in
press). Its depth and central location meant that it was more likely to be colonized by
marine organisms from the Tethyan realm during transgressions and high stands of sea
level; Tethyan fauna invaded there first and lingered there the longest, allowing for
correlation to other sites ringing the North Atlantic in Europe and North Africa.
Foraminiferal studies at Rock Canyon date back to the 1960s (Eicher, 1965, 1966, 1969;
Eicher and Worstell, 1970) and have helped form some of our basic notions about
foraminiferal trends across the Cenomanian-Turonian boundary (Eicher and Diner, 1985;
Leckie, 1985; Fisher et al., 1994; Leckie et al., 1998; Caron et al., 2006). To summarize
decades of work, the basic foraminiferal trends at Rock Canyon (and by extension, the
southern part of the WIS) are as follows:

The upper Cenomanian Hartland Shale Member of the Greenhorn Limestone, a
dark-gray, organic-rich shale, contains an abundant, moderate diversity assemblage of
planktic foraminifera, is barren of benthic forams, and corresponds to a time of relative

restriction when the sea was brackish due to poor communication with the Tethys
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(because of the Comanche Platform in Texas) and freshwater input from the surrounding
continent (Kauffman, 1984; Eicher and Diner, 1985; Sageman, 1985; Elderbak et al., in
press). The contact with the overlying Bridge Creek Limestone Member (commonly
known as Bed 63 in Colorado and Marker Bed HL-1 in Kansas; Cobban and Scott, 1972,
Hattin, 1975; Elder and Kirkland, 1985) shows a marked increase in planktic foraminifer
diversity, including an increase in keeled planktic foraminifera, which characterize
normal marine conditions and tend to live in deeper waters (Eicher and Diner, 1985;
Leckie, 1985; Leckie et al., 1998; Norris and Wilson, 1998; Petrizzo and Huber, 2008;
Ando et al., 2010). This level also represents an acme of benthic foraminiferal abundance
and diversity, labeled the “Benthonic Zone” by Eicher and Worstell (1970). The rapid
increase in diversity has traditionally been linked to an incursion of a warm, normal
saline, and well-oxygenated water mass from the south associated with the transgressive
phase of the Greenhorn Cycle (Eicher and Worstell, 1970; Eicher and Diner, 1985; Elder,
1985; Elder and Kirkland, 1985; Leckie, 1985; Watkins, 1985; Savrda and Bottjer, 1993
Fisher et al., 1994; Leckie et al., 1998). Directly above this interval, benthic foraminifera
become scarcer and assemblages are dominated by two species of calcareous taxa:
Neobulimina albertensis and Gavelinella dakotaensis. The planktic keeled genus
Rotalipora goes extinct, and the assemblages are dominated by surface-dwelling
planktics, notably the biserial genus Heterohelix, an opportunistic taxon that thrives in
environments in which other foraminifera struggle (Leckie et al., 1998). These events
have been interpreted as the result of the incursion of a low-oxygen water mass from
Tethys, where OAE2 was taking hold; this incursion resulted in stratification and deep

dysoxia or anoxia in the Western Interior Basin (e.g., Eicher and Diner, 1985; Leckie,
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1985; Leckie et al., 1998; Caron et al., 2006). This interval also corresponds to the
Cenomanian-Turonian boundary (base of Bed 86 of the Bridge Creek Limestone), which
is defined by the first occurrence of the ammonite Watinoceras devonense (Kennedy et
al., 2005). Above Bed 86, in the lower Turonian, benthic foraminifera remain sparse and
of very low diversity while keeled planktics reappear as the low oxygen conditions of
OAE?2 abate, a trend that continues into the lower part of the middle Turonian Fairport
Member of the Carlile Shale (Eicher, 1966; Eicher and Diner, 1985; Leckie et al., 1998;
West et al., 1998; Caron et al., 2006).

Calcareous nannofossils are more poorly constrained at Rock Canyon, as
important marker species for the Cenomanian-Turonian boundary are reported at many
different stratigraphic levels across the boundary interval, possibly reflecting diachroneity
of extinctions or problems with rare/poorly preserved specimens (Bralower and Bergen,
1998; Desmares et al., 2007). Biostratigraphic analyses of the exposures at Rock Canyon
have been published by Watkins (1985), Bralower (1988), and Corbett et al. (2014).
Corbett and colleagues analyzed fifty-eight samples from the Bridge Creek Limestone at
Rock Canyon and identified six datums within the OAEZ2 interval, including the lowest
occurrences of Eprolithus moratus, Ahmuerllerella octoradiata, and the highest
occurrence of Corollithion kennedyi, which are found in the OAE2 interval of the lower
Bridge Creek, while the highest occurrence of Helena chiastia and the lowest occurrence
of Quadrum gartneri bracket the Cenomanian-Turonian Boundary at Bed 86.

The only detailed analysis of calcareous nannofossil assemblages comes from the
nearby USGS Portland Core, about 20 miles to the west of Rock Canyon, and has been

deemed unreliable for paleoecological interpretation (Burns and Bralower, 1998).
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Evidence of poor preservation, particularly the dominance of the dissolution resistant
species Watznaueria (between 40-70% of the assemblage), suggests the more delicate
high fertility species may have been preferentially removed. Despite this possible
limitation, high fertility species Zeugrhabdotus is relatively abundant (~20%) through the
middle of the OAE2, suggesting an increase in local productivity. Above this level,
organic carbon content increases somewhat in the interbedded shales of the upper Bridge
Creek Limestone, at and above the termination of OAE2, but does not return to the levels
seen in the Hartland Shale (Pratt, 1985).
1.3.2 Stratigraphy and Micropaleontology of Texas

The Comanche Platform covers a large portion of west Texas and is rimmed by
reef buildups; it is bounded to the southeast by the Aptian and Albian Edwards and Sligo
reef margins (sometimes collectively called the Stuart City Reef Trend), to the southwest
by the Maverick and Sabinas Basins (Donovan and Staerker, 2010), and to the west by
the Chihuahua Trough in Mexico (Figure 1). The Edwards and Sligo reef buildups
diverge in southeast Texas, and the deep platform between them is called the Rio Grande
Submarine Plateau. The organic-rich mudstones of the Eagle Ford Shale cover the
Comanche Platform and form thick deposits in the adjacent basins, which are the centers
of the current Eagle Ford oil and gas play. The Eagle Ford is regionally underlain by the
lower Cenomanian Buda Limestone (in east Texas the Cenomanian Woodbine Sandstone
can be found between the Buda and Eagle Ford) and overlain by the Austin Group.

Geologists were working on the Eagle Ford of west Texas as early as 1907
(Udden), and was first described in detail here by Hazzard (1959). A recent boom in

drilling activity in the Eagle Ford unconventional gas play in south and east Texas has
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driven an increase petroleum-oriented research of the west Texas outcrops (e.g., Donovan
and Staerker, 2010; Hentz and Ruppel, 2010; Lock et al., 2010; Donovan et al., 2012;
Slatt et al., 2012; Eldrett et al., 2014), but most micropaleontological work is decades old.

Pessagno (1969) conducted a regional foraminiferal biostratigraphic study of mid-
Cretaceous rocks that defined the Cretaceous planktic foraminiferal zones of the Gulf
Coastal Plain. Pessagno sampled a large number of sites in the Eagle Ford outcrop belt,
including our study sites at Lozier Canyon and Bouldin Creek; the paper reports mostly
marker taxa and no abundance data were recorded, preventing paleoecological
interpretation. In far west Texas, Frush and Eicher (1975) studied a series of outcrops in
the Big Bend region of Texas and Mexico, on the western flank of the Comanche
Platform, where they found an assemblage of foraminifera remarkably similar to what
had been described from the U.S. Western Interior, including the “Benthonic Zone.” This
indicates that assemblages of foraminifera with a Western Interior affinity extend at least
as far as the western margin of the Comanche Platform.

Recently published foraminiferal data from Denne et al. (2014) from the Eagle
Ford play area on eastern margin of the Comanche Platform, east of our study sites,
shows low benthic abundances in the lower Eagle Ford, during intervals of high TOC,
and higher abundance and diversity of benthics during the OAE2 interval, which records
low TOC.

Smith (1981) published nannofossil data from several roadside outcrops of the
Eagle Ford in the vicinity of Del Rio, TX. The biostratigraphic results, however, do not
reflect zonal schemes that are now commonly used and many key marker species were

not recorded in his study. Nannofossils were only recorded qualitatively and so cannot
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be used to interpret paleoecological changes. Jiang (1989) performed additional analysis
of the Eagle Ford and Austin Chalk at fifteen sites through central and northern Texas
around Austin and Dallas, including the West Bouldin Creek site sampled in this paper.
No detailed assemblage data were collected in Jiang’s study, and while it provides more
detailed biostratigraphic information than Smith’s earlier work, several key marker taxa
were not reported (e.g. Eprolithus octopetalus).
1.3.3 Sequence Stratigraphy

The Cretaceous stratigraphy of Texas can be divided into two 2"%-order cycles
based on Hill (1887a,b): the Lower Cretaceous Comanchean Sequence, which records the
deposition of the carbonate systems that formed the Comanche Platform and includes the
Sligo, Pearsall, Glen Rose, Edwards, Georgetown, Del Rio, and Buda formations, and the
Upper Cretaceous Gulfian Sequence, a siliceous-dominated sequence that begins with the
Eagle Ford and includes the Austin, Anacacho, San Miguel, Olmos, and Escondido
formations. The Eagle Ford contains the maximum flooding of the Gulfian sequence, and
in fact, represents the maximum flooding of the 1%-order Zuni sequence, which
corresponds to the latter half of the Mesozoic (Sloss, 1963). The Eagle Ford itself
represents a 3".order cycle (called the “Eagle Fordian;” e.g., Pessagno, 1969), which is
equivalent to the 3"order Greenhorn Cycle in the WIS (Kaufmann, 1984), making it
coeval with the Greenhorn Limestone described above. Donovan and colleagues (2012),
working primarily from Lozier Canyon and correlating to surrounding sites and the east
Texas subsurface, divided the Eagle Ford into four members (Lozier Canyon Member,
Antonio Creek Member, Scott Ranch Member and Langtry Member; Figure 2), each of

which corresponds to a 4"-order sequence. The definitions and rational for these
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members/sequences are discussed in detail by Donovan et al. (2012) and are summarized
below.

Donovan and colleagues demonstrated the similarities between the east Texas
subsurface and west Texas outcrop area by correlating units between the two with
geochemical and petrophysical data (e.g., gamma ray logs). They base their four
members around four mudstone-rich zones, which they interpret and marine condensed
intervals. These highstands are bounded by five sequence boundaries. The lowermost is
the contact between the Buda Limestone and Eagle Ford Shale, a regional unconformity
that represents the transition between the Comanchean and Gulfian sequences (Sloss,
1963). A near-shore, shallow water sequence at the base of the Eagle Ford, with
hummocky cross stratification and disarticulated oyster beds, slowly gives way to an
anoxic, offshore mudstone facies. A sequence boundary, also delineating the boundary
between the Lozier Canyon and Antonio Creek members, is placed after the peak TOC,
corresponding to an increase in grainstone beds and %CaCOs; the corresponding
maximum flooding surface is placed at an inflection point in the natural gamma ray
profile. The sequence boundary between the Antonio Creek and Scott Ranch Members is
placed at a distinct lithologic change from dark gray, organic-rich mudstone to light gray
calcareous shale interbedded with limestone. The maximum flooding surface is placed
near the top of this interval at a slight increase in TOC, and is immediately followed by a
sequence boundary. This boundary is marked by a color transition from light gray shale
interbedded with grainstones to tan-colored, highly bioturbated marls and marked by a
lag bed with pebble-sized rip-up clasts. This Langtry Member is characterized by a

coarsening upward sequence with increasing wave-ripple grainstones toward the contact
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with the Austin Chalk, with rip-up clasts again marking the boundary to wackestones
interbedded with thin black mudstones of the basal Austin Chalk.
1.4 Locations and Methods
1.4.1 Study Sites

We examined a transect of three sites across the Comanche Platform for planktic
and benthic foraminiferal assemblages, calcareous nannofossil assemblages, total organic
carbon (TOC) and carbon isotopes from the Eagle Ford Shale. These data come from
Lozier Canyon in Terrell Co., TX; Bouldin Creek, in Travis Co., TX, adjacent to a
structural high called the San Marcos Arch; and from Swift Energy Company’s Fasken A
#1H Core, off the southeastern edge of the Comanche Platform on the Rio Grande
Submarine Plateau, a deeper water site between two Early Cretaceous reef margins (Fig.
1). We compare these results to published foraminiferal data of Frush and Eicher (1975)
from the western slope of the Comanche Platform at Ojinaga, Mexico, and the far west
Comanche platform at Hot Springs in Big Bend National Park.
1.4.1.1 Lozier Canyon

Lozier Canyon, a “seasonal” (every few years in west Texas) river bed a few
miles from the Mexican border and about nine miles west of the hamlet of Langtry, in
Terrell County, TX, on private land leased to BP, contains a complete exposure of the
Eagle Ford Shale on a natural, nearly vertical 55 m high face (Figure 2). Samples were
collected at roughly half-meter intervals from freshly exposed rock. Detailed discussion
of regional Eagle Ford geology and detailed sedimentological descriptions of the Lozier
Canyon section from our fieldwork can be found in Donovan et al. (2012), but briefly:

the Eagle Ford at Lozier Canyon is divided into four members. The Lozier Canyon
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Member is comprised of light gray interbedded mudstones and grainstones with
individual stacked beds of wave ripples and hummocks, overlain by laminated dark gray
organic-rich mudstones alternating with thin, grainstone-prone limestones. The Antonio
Creek Member is also a dark gray organic-rich mudstone alternating with grainstone-
prone limestones, and is mainly differentiated by the occurrence of multiple bentonites
beds throughout the member. The Scott Ranch Member consists of light-gray packstone-
grainstone bedsets and bioturbated calcareous mudstones; the lithologic contact with the
underlying Antonio Creek Member is abrupt, with a prominent grainstone and obvious
color change. The Langtry Member is composed of highly bioturbated yellow marls
overlain by yellow-ocre grainstones and mudstones, with wave ripples and small
hummocks. Lozier Canyon is located on the southwestern part of the Comanche
Platform.

Pessagno (1969) sampled Lozier Canyon at Highway 90 (which he described as a
“classic exposure” of the Eagle Ford) as part of his regional biostratigraphic study.
According to photographs included in his work, we sampled the same sections of the
same exposure. He sampled at 10- to 20-foot (3-6 m) intervals at Lozier (for a total of
eight samples), and so provides a coarse biostratigraphy. He described a paraconformity
somewhere between 127 and 160 feet (~39-49 m). Samples below this paraconformity
contain an assemblage of foraminifera that he found assignable to the Rotalipora
cushmani Zone, and he assigned the samples above to the Helvetoglobotruncana
helvetica Zone. An examination of Pessagno’s original picked slides at the Cushman
Collection at the Smithsonian Natural History Museum didn’t reveal any H. helvetica; it

is unclear whether he actually found this taxon in these samples or based the zonal
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assignment on the absence of Rotalipora spp. or by occurrence of other early Turonian
planktic species. Pessagno assigned the Austin Chalk exposed at Lozier to the now-
defunct Marginotruncana renzi Zone.

1.4.1.2 Bouldin Creek

Bouldin Creek is a small stream located in Austin, with access near the
intersection of S. 7" St. and W. Monrose St., whose banks contain vertically incomplete
exposures of the Eagle Ford Group, locally mapped as the Pepper Shale, the Cloice
Shale, the Bouldin Flags Formation, and the South Bosque Shale. Our samples come
from a 10.7 m section that includes the upper Cloice Member, comprised of laminated
calcareous mudstone; the Bouldin Flags Member, comprised of interbedded mudstones
and grainstone with occasional wave ripples and common bentonites; the South Bosque
Member, which is comprised of laminated calcareous mudrock; and the overlying Atco
Member of the Austin Chalk. We took a few samples from a separate outcrop of the Buda
Limestone and basal Pepper Shale a short distance downstream, but these turned out to be
very poorly preserved and barren of foraminifera and nannofossils. The Austin area is
perched in the center of the Comanche Platform on the eastern side of the San Marcos
Arch, an area of very gradual tectonic uplift during the Late Cretaceous (Sohl et al., 1991;
Donovan et al., 2012).

The Bouldin Creek outcrops represent a presumably identical stratigraphic
package to that found in the nearby ACC #1 Core taken 11.2 miles to the north-northeast
of Bouldin Creek and stored with the Bureau of Economic Geology in Austin. Calcareous
nannofossils reported herein are from the ACC core, but not enough core material was

available for foraminiferal, stable isotope, or TOC analyses, which were taken from
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Bouldin Creek. We were able to retrieve excellent foraminiferal material from the
outcrop (the best preserved of our three study sites), but the degraded nature of the
exposure meant that many of the sedimentological features noted in the core are not
visible in outcrop (especially the “Rubble/Condensed Zone™ at the base of the Austin).
Pessagno (1969) also examined the Eagle Ford around Austin, TX, including our
Bouldin Creek section, but his seven samples from this site only split the R. cushmani
and H. helvetica zones, lumping all of the upper Eagle Ford and lower Austin into the
latter. A more detailed paleoecological study by Lundquist (2000) examined the Eagle
Ford, Austin, and Taylor Groups in central Texas, including the outcrop at Bouldin Creek
and several subsurface cores. He documented an open ocean assemblage of planktics in
the Pepper Shale (Figure 3) and a predominance of agglutinated benthics. The
agglutinates are less common in the Cloice and Bouldin Flags (equivalent to the Antonio
Member elsewhere), and biserial taxa become more prevalent in the assemblage. Above a
Cenomanian/Turonian unconformity, the South Bosque Shale is dominated by biserial
planktics and infaunal benthics, suggesting a more stressed environment. These changes
were interpreted to have come about because of the displacement of a Boreal water mass
in the Cenomanian (evidenced by the agglutinated benthics) by warm, dysoxic Tethyan

waters. Lundquist interpreted an oceanic front separating these two water masses that
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Figure 1.3. Chronostratigraphic correlation between south Texas and the Cenomanian-
Turonian GSSP in Pueblo, Colorado. Correlation and stage boundaries based on our own
data, as well as figures and descriptions from Pessagno, 1969; Kauffman and Pratt, 1985;
Leckie et al., 1997; Lundquist, 2000; and Cobban et al., 2008. Ages based on Gradstein et
al., 2012.
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moved across the Austin area several times before Tethyan waters came to dominate
during the Turonian. Lundquist also documents the occurrence of a “Rubble Zone” at the
top of the Eagle Ford, containing abundant phosphate nodules, glauconite, and fish
debris, presumed to represent an erosional surface below the Austin Chalk.

Jiang’s (1989) nannofossil analysis of the Eagle Ford and Austin Chalk includes
the Bouldin Creek site. Jiang suggested that the HO of Helenea chiastia and presence of
Lithraphidites acutum and Lithraphidites alatus indicates the Cloice/Waller and Bouldin
Creek members are upper Cenomanian, while the total range of Eprolithus moratus
suggests that the South Bosque Member is Turonian. The LO of Lithastrinus
septenarius, Marthasterites spp., and Liliasterites spp. imply a late Turonian to early
Coniacian age for the deposition of the basal Atco Member of the Austin Chalk.
1.4.1.3 Fasken Core

Swift Energy’s Fasken A #1H Core is located in Webb County on the Rio Grande
Submarine Plateau, off the eastern margin of the Comanche Platform. The cored interval
available for study is 159.3 meters thick with a base at 2993.1 meters below surface, and
includes the very top of the Buda Limestone (2.3 meters), the complete Eagle Ford Shale
(119.0 meters), and the lower Austin Chalk (38.0 meters); samples were made available
at roughly 2-meter intervals. Subsurface log picks of the Austin-Eagle Ford contact are
inconsistent, however, and sometimes the Langtry Member of the Eagle Ford is lumped
with the Austin; it is unclear if the base of the Austin was picked correctly in the Fasken.
The Eagle Ford consists entirely of black, laminated shale with occasional pyrite nodules.

Lithologic variability can be best seen from the gamma ray log, which shows a “marker
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bed” at the top of the Middle Shale Member that is identical to that seen from outcrop
gamma ray at Lozier Canyon.
1.4.2 Foraminiferal Methods

For foraminiferal population analysis, bulk rock samples were crushed to roughly
centimeter chunks and soaked in a 3% solution of Miramine (a surfactant similar to
Quaternary-0) and water for at least 24 hours, then washed over a 63-um sieve and dried
in an oven. Dried samples were split to obtain at least 300 individuals when possible
(some samples did not yield 300 foraminifera), which were then picked and counted.
Individuals that could not be identified to the genus level are categorized as “planktic
spp.” or “benthic spp.” In poorly preserved intervals, these individuals made up a
significant part of the assemblage. Because of the importance of planktic-benthic ratios to
this study, and because unidentifiable foraminifera were nearly always planktic, we have
included these individuals in the count totals. For nearly every “planktic spp.” it was
possible to determine whether the test was coiled or biserial, and so this information is
included in our morpho-group proportions below (completely unidentifiable individuals
are excluded). Significant sedimentary particles found in the foram wash were also
counted. These include macrofossil debris (fish debris, inoceramid prisms, and echinoid
spines), pyrite grains, sand grains, and glauconite grains, and are here displayed as a
percentage relative to the total population of foraminifera.

For biostratigraphic purposes, we define the key Cretaceous planktic foraminiferal
zones present in our study interval (after Caron, 1985; Gradstein, 2012; Huber and

Petrizzo, 2014).
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1.4.3 Calcareous Nannofossil Methods

Calcareous nannofossils were studied by Matthew Corbett of the University of
Nebraska (see Lowery et al., 2014) using a Zeiss Photoscope 111 at a total magnification
of 1250x using cross-polarized light, plane light, phase contrast, and through a one-
quarter A mica plate. Slides from outcrop and core samples were prepared using the
double slurry and settling methods detailed by Watkins and Bergen (2003) and Geisen et
al. (1999), respectively. Calcareous nannofossil biostratigraphy is addressed in detail by
Corbett et al. (2014).

Several semi-quantitative methods for interpreting preservation are frequently
used for Cretaceous material based on work by Roth and Krumbach (1986) and Williams
and Bralower (1995). Roth and Krumbach (1986) and Erba (1992) note that Watznaueria
negatively correlates to species richness in successions of poorly preserved material.
Increasing abundances of Watznaueria indicate that increasing numbers of species are
likely to have dissolved away. Thierstein (1981) and Roth and Krumbach (1986) suggest
using 40% relative abundance of Watznaueria as a cut-off for samples that are likely
altered from their original assemblage composition. A strong correlation between lower
richness and higher relative abundance of Watznaueria is also used to imply diagenetic
overprinting of an assemblage (Roth and Krumbach, 1986; Tantawy, 2008)

1.4.4 Geochemistry Methods

Stable isotopes of carbon are commonly measured from either inorganic
carbonate crystals (i.e., “bulk carbonate”) or organic matter, the latter being far more
isotopically depleted. Although both techniques faithfully capture trends in the global

carbon cycle, bulk rock isotopes can sometimes be offset between shales and limestones,
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which appear to be more susceptible to post-depositional alteration (e.g., Pratt and
Threlkeld, 1984). For this reason, we only report samples from shales and exclude
limestones in our §3Ccarbonate analyses.

Bulk rock isotope samples were obtained by grinding roughly a gram of sample
into a fine powder to ensure even dissolution. For 8**Ccarbonate, this powder was reacted
with phosphoric acid at 70°C to liberate CO- gas in a Kiel 11l automated carbonate
preparation device inline with a ThermoElectron Delta-Plus mass spectrometer at the
University of Massachusetts, Amherst. Values are reported relative to the Vienna Pee
Dee Belemnite (VPDB) standard via regular calibration to an internal laboratory
standard. Precision is better than 0.03%o for 6*C.

Organic carbon isotope samples were decalcified using 1 N hydrochloric acid and
rinsed with deionized water until a neutral pH was reached. Decalcified samples were
dried, weighed into silver boats and then analyzed for total organic carbon (%TOC) using
a Costech ECS 410 elemental analyzer coupled to a Thermo-Finnigan VV Advantage
Isotope Ratio Mass Spectrometer at the University of Massachusetts. §*Corg data were
standardized to VPDB using internal standards. Crushed rocks samples (approximately 1
gram each) collected by Andrea Miceli Romero of the University of Oklahoma (see
Lowery et al., 2014) were also sent to GeoMark Research, Inc. for TOC analysis.

1.5 Results
1.5.1 Geochemistry
1.5.1.1 Stable Isotopes
Both bulk rock and organic carbon isotope records show a strong positive

excursion of 2-3%. 513C VPDB at Lozier Canyon and in the Fasken Core (Figure 4).
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Figure 1.5. Geochemical and foraminiferal assemblage data from the Lozier Canyon
outcrop in Terrell Co., TX. Includes total gamma ray, organic carbon istopes, bulk
carbonate carbon isotopes, Total Organic Carbon (TOC), %benthics, %infaunal benthics
(light gray inset), benthic simple diversity (i.e., number of species; dashed line) %biserial
planktics, %keeled planktics (light gray inset), %omacrofossil debris (defined as
inoceramid prisms, echinoid spines, and fish debris) and %pyrite grains. Sedimentary
particle counts plotted as a percentage vs. total foraminifera. Major regionally defined
sequence boundaries (SB), maximum flooding surface (MFS) and transgressive surface
(TS) are notated on the plot. Gray bar delineates OAE2. See lithologic key in Figure 5b.
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There is no carbon isotope record for the Bouldin Creek outcrop. At Lozier the excursion
begins at the base of upper unnamed shale member (28.6 m; “marker bed” of Donovan et
al., 2012) with an initial positive excursion, followed by a brief recovery to pre-excursion
values around 32.0 m, and a longer positive excursion from 32.0 to 39.6 m, ending
abruptly at the top of unnamed shale. This general structure in the data has been reported
at many sites globally with an initial enrichment (“A”), a brief recovery (“B”), and a
sustained plateau (“C”) as first described by Pratt and Threlkeld (1984) and subsequently
found globally (e.g., Jarvis et al., 2006). In the Fasken, the excursion starts between
2938.1 and 2935 m, at the top of what is labeled in gamma ray logs as a “marker bed,”
correlative to the “marker bed” at Lozier Canyon (Donovan et al., 2012). Unfortunately,
due to poor sample resolution, we cannot resolve the structure of the curve. Orbital
solutions for rhythmic bedding from the USGS Portland Core in Colorado by Sageman
and colleagues (2006) put the duration of OAE2 at 847-885 kyr. Since the Fasken section
is conformable, we can use this to estimate a sedimentation rate of 1.33 cm/kyr (x0.47
cm) at this location during the OAE interval.
1512T0OC

The highest TOC at Lozier Canyon (Figure 5) can be found in the lower unnamed
shale member, where values exceed 6 wt%. TOC is generally low through the Middle
Shale Member and the initial part of OAE2 (~1 wt% hydrocarbon). The “C” part of the
carbon isotope excursion in the upper unnamed shale corresponds to a second, smaller
peak in TOC (>2 wt%), before dropping to almost zero in the Langtry Member (Lowery

etal., 2014).
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Figure 1.5. Geochemical and foraminiferal assemblage data from the Lozier Canyon
outcrop in Terrell Co., TX. Includes total gamma ray, organic carbon istopes, bulk
carbonate carbon isotopes, Total Organic Carbon (TOC), %benthics, %infaunal benthics
(light gray inset), benthic simple diversity (i.e., number of species; dashed line) %biserial
planktics, %keeled planktics (light gray inset), %omacrofossil debris (defined as
inoceramid prisms, echinoid spines, and fish debris) and %pyrite grains. Sedimentary
particle counts plotted as a percentage vs. total foraminifera. Major regionally defined
sequence boundaries (SB), maximum flooding surface (MFS) and transgressive surface
(TS) are notated on the plot. Gray bar delineates OAE2. See lithologic key in Figure 5b.
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The Eagle Ford at Bouldin Creek contains two intervals enriched in TOC (Figure
6). The lower and larger (~7 wt%) is in the basal two meters of the outcrop in the Pepper
and Cloice Shales. The second covers most of the South Bosque Shale above the lower
unconformity and the “Rubble Bed” at the basal Austin, between 5.1 and 9.5 meters, with
values averaging ~4 wt% (Lowery et al., 2014).

TOC in the Fasken core (Figure 7) steadily decreases from a peak of 6.4 wt% just
above the Buda at 2970 meters below the surface, to a minimum of 1.82 wt% at 2901.5
meters, about 25 meters above the end of OAE2. TOC is variable in the Austin Chalk,
ranging from 1.3-3.7 wt% (Lowery et al., 2014).
1.5.2 Foraminifera
1.5.2.1 Planktic Foraminifera

The lower five meters of the Eagle Ford at Lozier Canyon (Figure 5) are almost
completely barren of foraminifera. Washed samples at the very bottom of the formation
are almost entirely comprised of dolomite rhombs. Some cross-stratified sandy beds
contain planktic foraminifera in thin section (not recovered in the wash and therefore not
reflected in the counts), which were likely transported with the sand during storm events.
The upper portion of the Lozier Canyon Member contains rare, poorly preserved planktic
foraminifera, mainly of the genus Heterohelix, and abundant inoceramid prisms. This
interval frequently did not yield 300 foraminiferal specimens, although this may be due to
preservational factors. The upper 10 m of the Lozier Canyon Member yields more
abundant foraminifera, but the assemblage is dominated by small specimens of
Heterohelix. The Antonio Creek Member records a transition to an assemblage

dominated by the trochospiral genus Hedbergella (~80%). Keeled taxa (i.e., Rotalipora

44



007 0oL
A%

[}

174

Austanig
Jyuag
oL

-

0

¥ICUPML SMOSIED|ED m

ERLIESTTT] m

=] o epng

-

w3y

—

1

I

I

|.

- ]

. ysom Y
T

[a4]
f

Ep——— g ==
o
=]
i3 Lz-
]
PAIA0T -- c |-1-
o
k=1
| o = g
o =} [m] -0
o E|®
m = =
3|3
2 L
I = -
- 3,
o oy
£ 2 e
o
3
o
& €
7}

] ',:J I
!
d
I
dnoug pao4 2de3

005 05T 0 005 0sZ 0

s1gaQ
|ISSOLOIIB A%,

aNUOINE| DY,

a5
T
=== Tz
T il
5
Eoo=] slsrs
=R
@ 3to
s
=
=
g 5 e
a >
f= =1
51 (&
gl=®
2|
— 35 6
o, e 15 =l 2.
B o
31 g |3
= o1
g
ney | £
0z ol 0oL 05 L 05 o ol 5 0 z L0 I upsny | @ T
qiea " T
pajaayy, [eLIasIgy; s2YIURgY, J0L JerQ 9TdTMT POAl g wy Z4d aby W

FTIS-UIBID)

45



Figure 1.6. Geochemical and foraminiferal assemblage data from the Bouldin Creek
outcrop in Travis Co., TX. Includes bulk carbonate carbon isotopes, TOC, %benthics,
%infaunal benthics (light gray inset), benthic simple diversity (dashed line) %biserial
planktics, %keeled planktics, %glauconite, %macrofossil debris (defined as inoceramid
prisms, echinoid spines, and fish debris), and %pyrite grains. Sedimentary particle counts
are plotted as a percentage vs. total foraminifera. Major regionally defined sequence
boundaries (SB), maximum flooding surface (MFS) and transgressive surface (TS) are
noted on the plot. Note that planktic foram zones skip the latest Cenomanian Whiteinella
archaeocretacea Zone and that there is major positive excursion in the carbon isotopes,
both of which indicate an unconformity at the base of the Turonian.
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Figure 1.7. Geochemical and foraminiferal assemblage data from Swift Energy’s Fasken
A #1H core in Webb Co., TX. Includes total gamma ray, bulk carbonate carbon istopes,
TOC, %biserial planktics, %keeled planktics %benthics, benthic simple diversity (dashed
line) %infaunal benthics (not present), sand grains, and %radiolarians. Radiolarians are
plotted as a percentage vs. total foraminifera. Gray bar delineates OAEZ2.
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spp. and Praeglobotruncana spp.) are very rare but present throughout. The keeled genus
Rotalipora and planispiral species Globigerinelloides bentonensis have their highest
occurrence in the uppermost sample of the Antonio Creek Member (28.6 m). Keeled
planktic foraminifera are completely absent from the Scott Ranch, while the planktic
assemblages shift from trochospiral Hedbergella-dominance to biserial Heterohelix-
dominance at 33.5 m. Interestingly, this interval also sees a nearly complete
disappearance of inoceramid prisms (although rare inoceramids can be found in the
outcrop). Keeled planktic foraminifera become present again in the base of the Langtry
Member, while the percentage of Heterohelix in the assemblage decreases, but remains
relatively high (>50%). Inoceramid prisms also return at this level. The percentage of the
biserial planktic Heterohelix drops below 50% in the upper Langtry Member, and is
replaced by a relatively diverse assemblage of Hedbergella, Whiteinella and keeled
planktics including Dicarinella and Marginotruncana.

The lower two members of the Eagle Ford at Bouldin Creek (Figure 6) contain
assemblages dominated by trochospiral planktics, notably Hedbergella delrioensis, H.
simplicissima, and H. planispira. The keeled species Praeglobotruncana delrioensis is a
minor but important component of the assemblage in the lower Eagle Ford. The most
striking feature of the Bouldin Creek outcrop is the lowest occurrence (LO) of H.
helvetica in the basal South Bosque, directly above the highest occurrence (HO) of
Rotalipora cushmani at the top of the Bouldin Flags Member, suggesting an
unconformity that has entirely erased the Whiteinella archeocretacea Zone. Heterohelix,
which is dominant in the lower Eagle Ford at Lozier, is nearly absent here until the South

Bosgue Member. It shows highly variable abundance, but reaches an acme in the upper
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South Bosque at 9.4 m, concurrent with a spike in macrofossil debris and epifaunal
benthic foraminifera (see below) suggesting a sea level lowstand. This is immediately
followed at 9.8 m by a decline in %biserial, %benthics, and %macrofossil debris, and a
major peak in glauconite, which is extremely rare in the rest of the South Bosque. This
interval corresponds to a “rubble zone” (that is not evident in outcrop but very evident
under the microscope as a flood of glauconite and macrofossil debris) in what is labelled
as the basal Austin Chalk in the nearby ACC #1 core.

Swift Energy’s Fasken #1 core (Figure 7), located off the Comanche Platform on
the Rio Grande submarine plateau, has intermittent preservation of foraminifera
throughout the Eagle Ford. This is probably related to depth of burial (the Eagle Ford is
~2870-2990 meters below the surface). Preservation is generally the poorest in the
middle Eagle Ford, but varies from sample to sample throughout. The best preserved
samples have mostly pyritized foraminifera, which preserved detailed features (pores,
aperture, etc.). Samples with no foraminifera (24 out of 69) are excluded from the
population analysis because we suspect this is a result of poor preservation and not a true
lack of foraminifera. Other workers have encountered similar preservation issues working
in producing Eagle Ford wells; Denne et al. (2014) found foraminifera in thin section in
intervals where the wash was barren.

Planktic foraminiferal populations in the Fasken are dominated by inflated
trochospiral taxa, notably Hedbergella delrioensis and Whiteinella spp. Keeled genera
(Praeglobotruncana and Rotalipora in the lower Eagle Ford and Dicarinella and
Marginotruncana in the upper Eagle Ford and Austin Chalk) generally make up ~5% of

the assemblage throughout the Eagle Ford, although they greatly increase in abundance
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(20-30%) in the Austin. The biserial genus Heterohelix is rare (~5% with a few peaks at
above 10%) throughout the section.

The Fasken is the only study site where we recognize radiolarians. Radiolarians
are most common in heavily pyritized samples, so their individual peaks may be artifacts
of preservation, but they are only present before OAEZ2, with a single sample containing a
small peak at the end of the OAE2 isotope excursion.
1.5.2.2 Benthic Foraminifera

The lower Eagle Ford at Lozier Canyon (Figure 5) contains almost no benthic
foraminifera (except for a single Gavelinella in the Lozier Canyon Member) until the
upper part of the Antonio Creek Member (~26 m), where a sustained, though weak,
benthic population made up almost entirely of the infaunal genus Neobulimina takes
hold. This interval, which we suspect is correlative to the “Benthonic Zone” at Big Bend
and in the WIS (Frush and Eicher, 1975), continues throughout the Scott Ranch Member
and coincides with OAE2. At 43 m, the percentage of benthic individuals in the
population reaches an acme of 36% before returning to background levels in the next
sample. Brief pulses of benthic foraminferal abundances (“repopulation events,” e.g.,
Friedrich, 2010) have been reported elsewhere during the OAE2 interval, such as the
Demerara Rise in the tropical Atlantic (ODP Leg 207; Friedrich et al, 2006). If other
records are an indication, it is likely that there are other spikes in the benthic population
that are not observed in our half-meter resolution; we do not find this acme event in our
other Texas study sites. The benthic assemblage is dominated by the infaunal genus
Neobulimina. The lower Langtry Member shows increased percent benthic values of 10-

20%, still nearly entirely composed of Neobulimina albertensis and N. canadensis. The
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upper Langtry shows an overall decrease in %benthic with values oscillating between 5-
10%, but the benthic population diversifies to include more epifaunal taxa, notably
Planulina and Gavelinella.

Benthic foraminifera are nearly absent from the lower members of the Eagle Ford
at the Bouldin Creek outcrop (Figure 6), with the exception of a single sample in the
basal Pepper, a single sample in the upper Cloice, and a single Gavelinella sp. in the
Bouldin Flags. Because the OAEZ2 interval is completely missing at Bouldin Creek we
cannot identify a “Benthonic Zone.” However, both infaunal (Neobulimina albertensis
and N. canadensis) and epifaunal benthics (Gavelinella dakotensis, G. petita, and
Planulina spp.) become consistently present above the unconformity in the lower
Turonian. There are two benthic foraminiferal acme events. The first, 58% of the total
foraminiferal assemblage, at 6.1 m, is almost exclusively the infaunal taxon Neobulimina,
although the sample immediately below (21% benthics) contains exclusively epifaunal
species, dominated by G. dakotensis. The second benthic acme (9.4 m) is coincident with
a peak in biserial planktics and macrofossil debris, and is immediately followed by a peak
in glauconite. This event is stronger than the first (68% benthics), and contains
exclusively epifaunal taxa dominated (173 out of 204 individual benthics) by G. petita.

The Fasken core (Figure 7) contains trends that are very different from the Eagle
Ford on the Comanche Platform. Benthic foraminifera show several peaks, but the largest
are in the lower Eagle Ford, below OAE2. With the exception of three specimens of
Bulimina fabilis and a single Bifarina sp., the benthic population is composed exclusively
of epifaunal taxa. The benthic assemblage is diverse throughout, but is generally

dominated by Lingulogavelinella in the acme events (in some cases, the populations of
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other benthic species stay constant, and a flood of Lingulogavelinella spp. cause the
%benthics to increase substantially).

No agglutinated foraminifera were found in our study sites. This is in contrast to
Lundquist (2000), who found abundant agglutinated benthics in the Pepper and Cloice
shales near Austin. It is likely that weathering of the Bouldin Creek outcrop (where we
only recovered one poorly-preserved sample from each the Pepper and the Cloice)
destroyed the agglutinates, and that if we had access to core materials we could have
duplicated Lundquist’s (2000) results in these members.

1.5.3 Calcareous Nannofossils

The use of calcareous nannofloral assemblages for interpreting surface water
fertility is well documented (Burns and Bralower, 1998; Gale et al., 2000; Erba, 2004;
Eleson and Bralower, 2005; Watkins et al., 2005; Hardas and Mutterlose, 2007; Linnert
et al. 2010, 2011). Two genera in particular, Biscutum and Zeugrhabdotus, are believed to
indicate mesotrophic conditions and high fertility based on their high abundance in areas
of upwelling and elevated organic matter (Roth 1981, 1986, 1989; Roth and Bowdler,
1981; Roth and Krumbach, 1986; Watkins, 1986; Premoli Silva et al., 1989; Erba, 1992;
Erba et al., 1992; Watkins et al., 2005; Hardas and Mutterlose, 2007). In lower fertility,
oligotrophic surface water conditions, Watznaueria tends to dominate nannofossil
populations (Roth and Krumbach, 1986; Erba et al., 1992; Williams and Bralower, 1995;
Herrle, 2002, 2003; Watkins et al., 2005; Hardas and Mutterlose, 2007).

Calcareous nannofloral paleoecology from the southern and central Western
Interior Sea is discussed in greater detail in Corbett and Watkins (2013), and a summary

of their observations from across Texas is presented here. At Lozier Canyon (Figure 8a)
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the relative abundance of Watznaueria ranges from ~50-75% through the upper
Cenomanian lower Eagle Ford and the middle Turonian unnamed member of the upper
Eagle Ford. This suggests the nannofossil recovery has been strongly affected by
dissolution because Biscutum and Zeugrhabdotus make up less than 10% of the
population through much of the section. As a result of this diagenetic overprinting, the
data likely do not reflect the original death assemblage, and as a result TOC does not
correspond to nannofossil paleoproductivity indicators. Preservation is better in the
Fasken A #1-H and ACC #1 cores and can be compared with trends in planktic and
benthic foraminifer abundance and TOC.

Watznaueria remains below 50% through most of the Eagle Ford in the ACC
(Figure 8b) and Fasken (Figure 8c) cores, indicating the nannofossil abundances better
reflect the original death assemblage. Populations preceding and following OAE2 are
comprised of nearly 25-40% Biscutum. The abundance of Biscutum decreases to 10% or
less through OAEZ2 in the Fasken core. Bio-chemostratigraphic interpretations reveal the
interval spanning OAEZ2 to be missing from the ACC core and Bouldin Creek outcrops
(Figures 4b and 6). No clear pattern in the abundance of Zeugrhabdotus is observed,
though a small peak (~18%) is present in the uppermost Cenomanian of the Fasken core.
1.6 Discussion
1.6.1 Affinity with the Western Interior and Oceanographic Fronts

For the purposes of this study, we define an affinity to the Western Interior as
rocks containing the following criteria: 1) peak TOC before the OAEZ2 interval; 2)
foraminiferal faunal trends similar to those at Rock Canyon (e.g., “Benthonic Zone,”

“Heterohelix shift,” HO of Rotalipora and Globigerinelloides bentonensis at or just after
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the onset of OAE2); and 3) lithologic transition similar to the Hartland-Bridge Creek (i.e.,
dark gray organic rich shale overlain by light gray shale and limestones). All of our sites
meet the TOC criteria, but only the platform sites meet the others.

The sites on the platform, including Frush and Eicher’s 1975 Big Bend localities,
show a lack of benthics before OAE2 and an obvious increase coincident with the onset
of the anoxic event. Based on the well-documented structure of the OAE2 positive carbon
isotope excursion, the last occurrence of Rotalipora at Lozier Canyon is earlier than at
Rock Canyon. This south to north diachroneity was first noted in Big Bend by Frush and
Eicher (1975) and has been interpreted to represent the south to north incursion of an
oxygen minimum zone (OMZ) into the sea (Leckie et al., 1998). Trends in biserial
planktic foraminifera follow different patterns at each site, and while Lozier records a
“Heterohelix shift” as observed at Rock Canyon and elsewhere in the Western Interior
(Leckie et al., 1998), it is difficult to label this trend at the other Texas sites.
Lithologically, Lozier Canyon and Big Bend also bear a strong resemblance to the
Hartland Shale and Bridge Creek Limestone, which includes a limestone bed at Lozier
Canyon at the base of the Middle Shale Mbr. corresponding to the onset of OAEZ2, the
extinction of Rotalipora, and the beginning of the “benthonic zone,” just like Bed 63 at
Rock Canyon and HL1 in Kansas (Cobban and Scott, 1972; Hattin, 1975; Eicher and
Diner, 1985; Elder and Kirkland, 1985).

The Fasken contains very few biserial planktics throughout, which is indicative of
its deeper water, more open-marine location; Cenomanian-Turonian Heterohelix is
generally associated with marginal environments and epeiric seas (Leckie, 1987; Leckie

et al., 1998). Likewise, it has far more keeled planktic foraminifera, which tend to live
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deeper in the water column and are therefore also indicative of an open ocean setting
(Ando et al., 2010).

Because sites on the Comanche Platform, especially the western platform, are
very similar to the Western Interior, while the Fasken Core, to the southeast of the
platform and in deeper water, bears no similarity to the Western Interior except for TOC
trends, we conclude that the transition between the Western Interior Sea and the open
ocean occurs at the edge of the Comanche Platform. But what controls organic carbon
production, why is it the only similarity between the Fasken Core and the other sites, and
why is it different from the global trend?

1.6.2 TOC Trends, Oxygenation, and Productivity

The ratio of planktic to benthic foraminifera (P/B ratio, or %planktic to total
foraminifera) is commonly used as a qualitative proxy for sea level and proximity to
shore (e.g., Murray, 1976; Gibson, 1989; Hayward, 1990; Van der Zwaan et al., 1990;
Leckie and Olson, 2003). However, in environments prone to dysoxia the P/B ratio is
also a useful proxy for bottom water oxygenation (Van Hinsbergen et al., 2005).
Proportions of major morpho-groups of planktic foraminifera are also useful proxies for
bottom water or water column oxygenation, including biserial (Heterohelix, a generalist
surface-dwelling genus that dominated stressed environments where other taxa do
poorly), trochospiral (large, inflated thermocline to surface dwelling genera that include
Hedbergella, Whiteinella, and Archaeoglobigerina), and keeled taxa (Rotalipora,
Praeglobotruncana, Dicarinella, and Marginotruncana; genera that generally lived at
deeper thermocline depths and/or normal marine environments), and the relative

proportion of infaunal, typically low-oxygen tolerant benthic taxa (Neobulimina,
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especially, and other buliminids and rectilinear taxa) vs. epifaunal benthic taxa
(Gavelinella, Planulina, Lingulogavelinella, and related trochospirally-coiled genera).
Numerous studies have documented the usefulness of these foraminiferal groups for
paleoceanographic interpretations across the Western Interior (e.g., Eicher and Diner,
1985; Leckie, 1985; Leckie et al., 1991; Fisher et al., 1994; Leckie et al., 1998; Caron et
al., 2006).

Calcareous nannoplankton assemblages indicate late Cenomanian surface water
fertility through the high TOC intervals was comparable between the Fasken core and the
Cloice Member (equivalent to the Middle Shale, Figure 3) of the Eagle Ford in the ACC
core. Higher abundances of Biscutum during intervals of high TOC suggest elevated
productivity in the photic zone led to an increased flux of organic matter into bottom
waters and anoxia. Decreases in TOC and nannoplankton productivity indicators track
each other. Slatt et al. (2012) show that the lower Eagle Ford is dominated by Type Il
kerogen, which indicates a marine source, further suggesting that the high TOC in the
lower Eagle Ford is due to enhanced production.

The benthic foraminifera of the lower Eagle Ford agree with this interpretation, as
do the planktics, although their signal is more complicated. The assemblages at Lozier
Canyon (Figure 5) are initially dominated by biserial opportunist planktic foraminifera
until trochospiral surface dwellers increase in abundance; deeper-dwelling keeled
planktics remain rare, suggesting normal salinity but relatively shallow water (see
below). In fact, biserials track TOC fairly closely at Lozier, while inoceramid abundance
is roughly inversely related to biserial abundance. At Rock Canyon, Caron et al. (2006)

recorded higher abundances of inoceramids when TOC is elevated but not at peak; a
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similar relationship is observed Lozier Canyon, with higher abundances of inoceramids at
the transitions to rising and falling TOC levels. Bouldin Creek (Figure 6) has a fairly
diverse, healthy planktic assemblage with a relatively diverse assemblage of keeled taxa
and almost no biserials, even in the lower Eagle Ford where TOC is highest. Proximity to
the shallow San Marcos Arch may have resulted in better mixing and a more oxic water
column at Bouldin Creek. At Lozier Canyon, benthic foraminifera are generally anti-
correlated to TOC (Figure 9a). During the highest TOC intervals, benthic foraminifera
are nearly absent. As TOC decreases, benthic foraminifera increase, initially just the low
oxygen tolerant infaunal taxa (e.g., Neobulimina albertensis). The persistence of low-
oxygen taxa when TOC is at or near zero, even as benthic foraminifera are more
abundant and fairly diverse, suggests the persistence low-oxygen conditions even as
anoxia abated. At Bouldin Creek, this only partially holds true (Figure 9b). While
benthics are absent in the highest TOC intervals, moderate TOC in the early Turonian
coincides with high benthic values. In this case, clearly dysoxia did not prevent
foraminifera from colonizing the area, perhaps reflecting decadal- to semi-annual
variability not resolved in our data.

Recently published data from a Shell core drilled to the east of Lozier Canyon in
the Maverick Basin support the interpretation of anoxia. Eldrett et al. (2014) show an
enrichment of redox-sensitive trace elements, including Mo, U, V, Cu, and Ni, in the
Lower Eagle, coincident with an interval of enriched TOC prior to OAEZ2, and declining
to near zero during the anoxic event, suggesting anoxia in the Lower Eagle Ford and oxic

conditions during OAE2.
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Figure 1.9. Benthic foraminifera abundance vs. TOC cross plots for Lozier Canyon (A)
and Bouldin Creek (B). Lozier Canyon is broken up by organic-facies (see Donovan et
al., 2012 for detailed discussion): Facies A is lower Lozier Canyon Member, and which is
totally barren of foraminifera (in this case, TOC-driven oxygen levels are not the limiting
factor for foraminifer abundance); Facies B1 and B2 are the high TOC interval of the
upper Lozier Canyon Member; Facies B3, B4, and B5 correspond to the Antonio Creek
Member and are transitional from moderately high TOC (B3) to low TOC (B5); Facies C
corresponds to the Scott Ranch Member (which corresponds to OAE2); Facies D and E
correspond to the lower and upper Langtry Member. Bouldin Creek data is divided by
members.
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The relationship between benthic foraminifera and carbon isotopes should also be
noted. At Lozier, as elsewhere (Figure 4), the positive carbon isotope excursion begins
prior to the prominent limestone bed at the base of the Scott Ranch Member (equivalent
to Bed 63 at Rock Canyon). At both Rock Canyon and Lozier Canyon, this precursor
enrichment coincides with a slight increase in benthic foraminifera prior to the
widespread “benthonic zone” at the onset of OAE2 (Elderbak et al., in press). The
benthonic zone is weakly developed at the Lozier section, but still present.

Benthic foraminifera in the Fasken occur as isolated peaks, rather than a broad
high mirroring TOC values. These trends are not artifacts of preservation; the peaks show
clear trends of changing abundance in the samples before and after the acme, and the core
contains abundant and occasionally well-preserved planktic foraminifera in samples with
and without benthics. However, it seems highly unlikely that an epifaunal assemblage
reminiscent of relatively shallow, oxic bottom waters would be in situ on an upper slope
with high TOC laminated black shale. We believe these peaks in benthic abundance are
due to downslope transport from a much shallower, better oxygenated location. Although
there is not a concomitant influx of Heterohelix with the epifaunal benthics, the presence
of quartz grains in some samples, which roughly correspond to benthic peaks, support the
interpretation of displaced benthic foraminifera.

It seems likely that surface water productivity is driving organic matter
preservation, which is controlling bottom water oxygenation, which in turn is driving
benthic foraminiferal abundance and diversity. Long-term change in surface water
productivity, we believe, is driven by changes in sea level. We hypothesize the

bathymetry-restricted flow into the WIS from the Gulf of Mexico facilitated bathymetry-
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induced upwelling of nutrients on and around the Comanche Platform. Wind-driven
surface flow over the Stewart City Reef Trend would have brought more nutrients onto
the platform, until eventually sea level rose high enough that surface flow would have
less and less interaction with bathymetric features, and so upwelling (and
productivity/OM content/anoxia) decreased gradually as sea level rose through the late
Cenomanian. Alternatively, nutrients may have been supplied by runoff from the
Ouachita Highlands to the northeast at this time (Sohl, 1991). We reject this hypothesis
because it doesn’t explain why TOC decreased as sea level increased, and moreover, we
would expect to see an increase in weathering-derived nutrient flux, rather than the
observed decrease, with the onset of OAE2 (Jenkyns, 2010).

The area of the Eagle Ford play (Figure 1) is roughly parallel to shelf structure of
the southern and eastern Comanche Platform, as might be expected if surface-flow over
the buried older reef trends is driving upwelling. We suggest that the margin of the
Comanche Platform was a localized upwelling cell that facilitated the production and
burial of organic matter responsible for the Eagle Ford play today.

TOC enrichment in the Western Interior, on the other hand, is likely driven by
enhanced preservation caused by restriction and stratification (e.g., Arthur and Sageman,
2005). While TOC trends in Texas and the Western Interior may appear to be unrelated
events that coincidentally move in parallel, we suggest that the observed changes are
related by a common driver: sea level rise. In Texas, Late Cenomanian sea level slowly
rose, reducing the effect of surface currents and bathymetry-induced upwelling.
Likewise, in the Western Interior, Late Cenomanian sea level rise brought increased

communication with the open ocean and decreased stratification, eventually culminating
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in a dramatic increase in normal marine taxa and benthic foraminifera (Benthonic Zone),
temporarily ventilating the water column (Leckie, 1985; Elderbak et al., in press).
1.6.3 Sea Level Variability/Sequence Stratigraphy

Sea level trends through the Cretaceous are well-known, and have been studied in
Texas for over a century (Hill, 1887a,b). Sloss (1963) defined the 13-3™ order sequences
of the region, including the 3"-order Eagle Fordian sequence. More recent work has
further refined local sequence interpretations, as Donovan et al. (2012) described four 4-
order cycles in the Eagle Ford at Lozier Canyon. Planktic and benthic foraminiferal
population trends, as well as sedimentary particles (dolomite rhombs, glauconite grains,
macrofossil debris, etc.) record sea level changes across the Eagle Ford and serve to
augment Donovan and colleagues’ conclusions.

Above the disconformity at the top of the lower Cenomanian Buda Limestone, the
Lozier Canyon Member records relatively low sea level. This is suggested by the
occurrence of stacked hummocks and wave ripples (Donovan et al., 2012), as well as
authigenic dolomite rhombs in the base of the member. The formation of these evaporite
minerals indicates relatively shallow water depths and hypersalinity in west Texas during
basal Eagle Ford time. High evaporation is to be expected in the subtropics during the
hottest interval of the Cretaceous, but to explain even local hypersalinity that was strong
enough to form evaporites, the Comanche Platform must have been fairly shallow and
restricted. The Aptian and Albian reef buildups of the Stewart City Reef Trend probably
served as a barrier to communication with surrounding normal marine waters of the

Tethys and the brackish waters of the WIS. As sea level rose during the late Cenomanian,
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these conditions abated, and gave way to the high productivity conditions described
above.

There is no microfossil evidence for the sequence boundary between the Lozier
Canyon Member and the Antonio Creek Member. The slight increase in the percentage of
benthic foraminifera beginning above the base of the Antonio Creek Member is
presumably caused by improving conditions caused by rising sea level as evidenced from
sedimentological features (Donovan et al., 2012). Similarly, there is no evidence for a
sequence boundary between the Antonio Creek and Scott Ranch Members. Indeed, this
level, equivalent to Bed 63 at Rock Canyon in Colorado and Bed HL-1 in Kansas, is
conformable and is generally agreed to represent a isochronous flooding surface
deposited as sea level rose rapidly and pelagic carbonate sedimentation began (e.g.,
Hattin, 1975; Meyers and Sageman, 2004; Elder et al., 1994; Tibert et al., 2003; Meyers
and Sageman, 2004; Arthur and Sageman, 2005).

The end of the OAE2 carbon-isotope excursion is truncated by a sequence
boundary at Lozier Canyon. At Bouldin Creek, on the shallow San Marcos Arch, several
nannofossil bioevents are condensed within a meter or less and the entire W.
archaeocretacea Zone and OAE2 carbon isotope excursion are missing. The W.
archaeocretacea Zone is also severely truncated at Hot Springs on the western margin of
the platform (Frush and Eicher, 1975). This sequence boundary marks the beginning of
the Langtry Member (equivalent to the South Bosque in the Austin area), where
foraminiferal assemblages show a 4"-order T-R cycle with a decrease in benthic

foraminifera toward a maximum flooding surface roughly halfway through the member
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(indicated by a nadir in %benthics and %Heterohelix) and then increasing toward a
second sequence boundary at the top of the Eagle Ford.

The Langtry Member/South Bosque Member records shallower water depths
toward the end of the Eagle Ford Cycle as evidenced by the increase in %benthic
foraminifera, benthic macrofossils (inoceramids and echinoids), and return to hummocky
bedforms. The end of the Eagle Ford Cycle is evident in a large late middle Turonian sea
level fall that is equivalent to the Codell Sandstone Member of the Carlile Shale in
southern Colorado, Kansas, and New Mexico, and represented as a major unconformity
further north in the WIS (Hattin, 1975; Laferriere, 1987; Kauffman and Caldwell 1993;
Haq et al. 1987; Hancock and Walaszczyk, 2004). This sea level fall includes an
erosional surface at Bouldin Creek and perhaps Lozier Canyon as well, although the data
here are equivocal and it could be a lowstand without any erosion. The unconformity is
characterized by acmes in %benthic and %biserial planktics, and gaps between
nannofossil zones CC11 and CC13. This sequence boundary is immediately overlain by a
thin (<1 m) transgressive lag deposit at both locations characterized by a sharp decrease
in %benthics and %biserials, and the sudden appearance of glauconite at Bouldin Creek.
In the Austin area, this event has been well documented as a “Rubble Zone” at the base of
the Austin Chalk, filled with fish debris, glauconite, and phosphate nodules (e.g.,
Stephenson, 1929; Jiang, 1989; Lundquist, 2000). Some samples in this interval also
contain reworked early Turonian taxa (e.g., Eprolithus octopetalus). The “Rubble Zone”
has traditionally been mapped as part of the basal Atco Member of the Austin Chalk, with
the unconformity as the Eagle Ford-Austin boundary. This interval is equivalent to the

transgressive upper Turonian Juana Lopez Calcarenite Member of the Carlile Shale, a
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similar fossiliferous transgressive lag found in some locations in the WIS (particularly the
southern WIS) between the Codell and the Fort Hays Member of the Niobrara Formation.
1.7 Conclusions

1. The Cenomanian-Turonian strata of the Comanche Platform is similar to the
southern Western Interior Sea (WIS), repeating paleoecological, geochemical, and
lithologic patterns well known from the center of the sea. The Eagle Ford Shale
represents a 3'-order transgressive-regressive sequence that is equivalent to the
Greenhorn Cycle in the U.S. Western Interior Basin.

2. The Lozier Canyon and Bouldin Creek outcrop sections of the Eagle Ford on the
Comanche Platform bear strong resemblance to sections of the Greenhorn and
Carlile formations in the southern WIS based on planktic and benthic
foraminiferal trends, including the “Benthonic Zone” at the onset of OAE2 and
the “Heterohelix shift” during OAE2, dominance of the infaunal benthic
foraminifer Neobulimina albertensis, and nannofossil assemblages. The Swift
Fasken core, located on the South Texas submarine platform, records a deeper,
more oceanic setting based on greater abundances of keeled planktic foraminifera,
low abundances of Heterohelix, and abundances of radiolarians, particularly in the
lower Eagle Ford.

3. Organic matter content in the lower Eagle Ford was driven by elevated primary
productivity. A local, bathymetrically-induced upwelling cell developed off the
southeastern flank of the Comanche Platform, along the South Texas submarine
plateau, between the Albian Stuart City (Edwards) and Aptian Sligo shelf margin

trends.
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4. Total Organic Carbon (TOC) values, nannofossil assemblages, and radiolarian

abundances all suggest that peak productivity occurred before the onset of
Oceanic Anoxic Event 2 (OAE2), as recorded in the lower Eagle Ford.
Productivity waned with rising sea level during the latest Cenomanian as the
upwelling cell weakened and/or nutrients became increasingly sequestered in
coastal wetlands and estuaries. OAEZ2 is associated with improved circulation
between the Comanche Platform and the Western Interior Sea, and perhaps
incursion of an oxygen minimum zone from the Gulf of Mexico.

Bottom water oxygenation is correlated to TOC, and benthic foraminifera are very
rare or absent where TOC is elevated. The OAE2 interval was associated with
improved benthic oxygenation, but the presence of pyrite and dominance of
infaunal Neobulimina at the Lozier section suggest the persistence of dysoxia at
the seafloor and euxinic conditions within the sediments. The post-OAE2 interval
at Lozier is marked by improved benthic oxygenation as indicated by greater
abundances and diversity of benthic foraminifera and macrofossils.

. The thickness variability of the Eagle Ford on and adjacent to the Comanche
Platform is driven entirely by paleo-water depth and submarine erosion. Shallow
sites near the rimming reef buildups or the San Marcos Arch are thinned, due both
to lower accommodation and truncation due to relatively shallower water and
submarine erosion. Deeper sites off the margins of the platform appear to be
conformable and are therefore expanded. It is likely that the western slope sites

are also expanded due to siliciclastic input from the adjacent tectonic uplift.
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CHAPTER I
REDOX CHANGES ASSOCIATED WITH OAE3 IN COLORADO AND
KANSAS

2.1 Abstract

Coniacian-Santonian Oceanic Anoxic Event 3 (OAE3) is the last and least studied
of the Mesozoic anoxic events. It is mainly known from the central and South Atlantic,
Caribbean region, and the Western Interior US, where it is associated with an abrupt
increase in total organic carbon (TOC) and corresponding trace metal indicators for
anoxia. However, the nature of redox conditions before this major shift is largely
unknown. Were anoxic conditions confined to the sediments, and how was life on the
seafloor and in the water column affected by anoxia? Here we present
micropaleontological evidence of changing redox conditions before OAE3 and of
sustained water column anoxia during OAE3 and deposition of the Smoky Hill Shale
Member of the Niobrara Formation in Colorado and Kansas. Benthic foraminifera, which
are sensitive to dissolved oxygen and do not typically inhabit anoxic bottom waters,
decline prior to the onset of the event in the middle Coniacian, which is marked by a
sudden disappearance of benthic foraminifera, followed by a brief recovery and slow
decline as anoxic conditions were again reestablished. Steady-state anoxia persisted for
nearly 3 myr in the central sea, showing some signs of recovery toward the top of the
Niobrara. Our findings suggest that deteriorating conditions eventually reached a tipping

point, at which point oxygen concentrations collapsed.
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2.2 Introduction

The Mesozoic Era was punctuated with multiple intervals of enhanced organic
carbon production and preservation, resulting in the widespread deposition of black
shales due to the development of dysoxic to anoxic conditions in the deep sea, on
continental margins, and in epicontinental seas (e.g., Schlanger and Jenkyns, 1976).
These intervals, termed Oceanic Anoxic Events (OAES), are globally characterized by a
positive excursion in carbon isotopes caused by the burial of vast amounts of isotopically
light organic carbon (e.g., Scholle and Arthur, 1980).

The Coniacian-Santonian interval includes the last widespread deposition of black
shales in the Mesozoic, termed OAE3 by Arthur and Schlanger (1979). Organic-rich
blacks shales from this interval are well documented from the central and South Atlantic,
Caribbean, and surrounding epicontinental seas, with well-known localities summarized
in Wagreich (2009), including Demerara Rise (ODP Site 1259), the deep Ivoirian Basin
(ODP Site 959), the continental shelf off Cote D’Ivoire, Walvis Ridge (DSDP Site 530),
Angola Basin (DSDP Site 364), the Maracaibo Basin of Venezuela, and the US Western
Interior.

Some of these black shales, like Demerara Rise, are continuous from the
Cenomanian-Turonian OAE2 (e.g., Erbacher et al., 2004), while others are shorter-lived
and often diachronous (Wagreich, 2012). OAE3 is characterized by a longer (up to 5
myr), more modest (~0.5%0 VPDB) carbon isotope excursion than OAE2 (Wagreich,
2012), although the magnitude of the excursion may be muted by the widespread

deposition of chalks that also characterizes this interval (Locklair et al., 2011). The
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organic and inorganic carbon burial of OAE3 precedes the general cooling of the
Santonian-Campanian (Huber et al., 2002; Friedrich et al., 2012).

Cretaceous strata in the Western Interior Sea (WIS) of North America record both
OAE3 and the older, better-understood and more widely distributed OAE2. These two
events are expressed very differently from each other in the WIS, and generally record
trends that are opposite to that of the contemporaneous world ocean. The OAEZ2 interval
in the WIS records the transition from low oxygen conditions prior to the event to well-
oxygenated conditions as the event began (e.g., Eicher and Worstell, 1970; Leckie et al.,
1998), while elsewhere the opposite trend is observed. OAE3 in the WIS is represented
by anoxia and organic carbon burial in what is now a significant hydrocarbon play (the
Niobrara Fm.) during a time when many marine basins of the world record increasing
oxygen (e.g., Locklair et al., 2011).

These differences make the WIS an important and potentially illuminating region
for the overall evolution of Late Cretaceous oceanography and climate. Trace metal
geochemistry from the upper Turonian-lower Campanian Niobrara Formation recovered
in the Encana Aristocrat-Angus core in the Denver Basin suggests a rapid onset of
euxinic (i.e., anoxic and sulfidic) conditions coincident with an increase in total organic
carbon (TOC) and a modest carbon isotope excursion that records the regional onset of
OAES3 (Figure 1; Locklair et al., 2011; Joo and Sageman, 2014). Unfortunately, trace
metal proxies can only detect fully anoxic conditions and cannot provide information
about where in the water column or sediments anoxia occurred. It is not clear from
existing data whether the decline in dissolved oxygen was really as abrupt as suggested

by trace metals, or what effect these conditions had on organisms living in the WIS.
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Foraminifera, marine protists with a readily preservable shell, or test, are often
used to ascertain changes in redox conditions (e.g., Bernhard, 1986), and the presence or
absence of taxa that occupy various ecological niches can yield information about where
in the water column or sediments these changes occurred. Here we present planktic and
benthic foraminifer paleoecological data spanning the onset and duration of OAE3 in the
central part of the sea from two cores near the Colorado Front Range and a classic series
of outcrops in western Kansas to determine: 1) if there is any evidence for changes in
dissolved oxygen prior to the onset of OAE3; 2) whether anoxia was limited to bottom
waters or whether it intruded into the upper water column; and 3) the biotic response to
these changes.

2.3 Locations

The Western Interior Basin records five third-order sea level cycles during the
Cretaceous (Kauffman, 1984). A late Turonian-Coniacian transgression deposited hemi-
pelagic chalks and marls across the Western Interior basin from the Tethyan margin of
Texas through Boreal Canada (Kauffman and Caldwell, 1993). Carbonate-rich sediments
in the central and eastern part of the sea (Colorado-Kansas) comprise the Niobrara
Formation. The Fort Hays Limestone Member represents the maximum transgression of
the Niobrara Sea, while the three chalky units of the overlying Smoky Hill Member
represent three fourth-order transgressive pulses (Hattin and Cobban, 1977).

In central Colorado and western Kansas, the Fort Hays is comprised of thick beds
of limestone and much thinner beds or seams of interbedded shale. The Smoky Hill
varies on roughly decimeter scale between organic-rich marls and organic-poor

limestones. Scott and Cobban (1964) assigned these beds to seven informal units: lower
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shale and limestone, lower shale, lower limestone, middle shale, middle chalk, upper
chalky shale, and upper chalk. The boundaries of these informal units are generally
considered to be synchronous across the Colorado-Kansas area (Hattin, 1982).
2.3.1 Portland Core

In June of 1992, the USGS #1 Portland Core was drilled in the Cafion City
Embayment near the town of Florence, CO, as part of the Western Interior Drilling
Project (Fig. 1; Dean and Arthur, 1998). The upper portion of the core recovered a 78.6-
m section of the lower Niobrara Fm., including the Fort Hays Limestone and the lower
shale and limestone, lower shale, lower limestone, and middle shale units of the Smoky
Hill (Dean and Arthur, 1998).
2.3.2 Aristocrat Angus Core

Encana Energy’s Aristrocrat Angus #1 Core, located in a productive hydrocarbon
zone in Weld Co., CO, in the Denver Basin (Fig 1), recovered a complete section of the
Niobrara Fm., which was donated to Northwestern University for scientific study. Trace
metal data summarized in Figure 1 demonstrate the broad changes of redox conditions
through the OAES3 interval, which begins at the base of the lower shale unit of the Smoky
Hill (Figure 1). In particular, these data show an abrupt increase in Mo at the base of the
lower shale, indicating euxinia (e.g., Tribovillard et al., 2006), coincident with a sudden
increase in TOC. This is preceded by a decrease in Mn, which is generally enriched in
oxic environments but can be complicated by other factors (e.g., Tribovillard et al.,
2006), suggesting — but not proving — a decrease in oxygen below this level (Locklair et
al., 2011). Bulk organic carbon stable isotopes for the Angus Core show a small, short

excursion beginning above the base of the lower shale (Joo and Sageman, 2014).
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2.3.3 Kansas Outcrops

The Niobrara Fm. in western Kansas is exposed in a series of low-relief outcrops,
from which Hattin (1982) constructed a composite section comprised of 25 outcrops
along the Smoky Hill River, south of Interstate 70 (Fig. 1). These outcrops are
significantly more carbonate-rich than correlative sections in eastern Colorado, with
chalk being the dominant lithology and the less carbonate-rich layers consisting of chalky
marl. Carbonate content increases to the east, with maximum carbonate content near the
eroded feather edge of the Niobrara Fm. in central Kansas (Hattin, 1982).

The only paleoecological contributions on the Colorado-Kansas Niobrara Fm. are
by Frerichs and Dring (1981) and Martinson et al. (1998). These authors suggest that
either bottom water anoxia or sea level variability, respectively, were the dominant
control on benthic foraminiferal abundance.

2.4 Methods

Foraminifera were sampled at approximately 1-m resolution in both cores and all
nine outcrop localities. Samples from the Fort Hays include only limestones and not shale
interbeds. Samples were soaked, sieved, dried, and picked following standard techniques
discussed in Lowery et al. (2014). Samples were picked from the >63 micron size
fraction to obtain a population of at least 300 individuals, which were divided into major
paleoecological groups (i.e., total benthic, biserial planktic, and keeled planktic). Keeled
planktic foraminifera are consistently of very low abundance throughout the section
(<1% in nearly every sample), and are reported as simple diversity (i.e., number of
species present) in order to provide some record of their response to ecosystem changes.

2.5 Results
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2.5.1 Angus Core

Unfortunately, poor preservation of foraminifera in the Angus Core meant that
useful population data were only recovered from the lower shale and limestone unit of the
Smoky Hill. Organic-rich intervals of the Smoky Hill often do not contain any visible
carbonate grains, while the chalky units are composed of crystalline calcite. The Fort
Hays Limestone is also completely recrystallized, with euhedral calcite crystals visible
under the microscope. Equivalent units across the Western Interior Basin contain rich
assemblages of foraminifera, and the main difference in the Angus Core is depth of
burial. These strata come from 2200 m below the surface in a producing hydrocarbon
zone, so it is most likely that the lack of foraminifera is due to diagenesis.

The one exception is the lower shale and limestone, which contains a diverse
assemblage of foraminifera (Figure 1). Benthic foraminifera comprise up to 15% of the
total foraminiferal assemblage, which is greater than the abundance of benthics in the
lower chalky shale at other sites. If the foraminiferal population was affected by post-
depositional dissolution, it is likely that it would result in a higher percentage of benthics,
which are generally larger and more robust and thus more likely to resist dissolution than
the small, porous planktics.

2.5.2 Portland Core

Preservation in the USGS Portland #1 Core is much better, likely due to its much
shallower depth of burial. The Fort Hays Limestone has generally elevated %benthic
values (~10-15%), with the highest values at the base of the member (Figure 2). The
lower limestone and shale unit of the Smoky Hill Chalk shows a marked decrease to ~5%

benthics. The lowermost sample in the lower shale is completely barren of foraminifera.
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Above this level, %benthics peak to their highest abundance in the core (21%), and then
gradually decline through the rest of the lower shale and into the lower limestone unit,
eventually reaching zero around 40 m. Above this level, two widely separated samples
contain a few benthics, while several others contain single individuals.

Keeled planktic foraminiferal diversity follows roughly similar trends. The lower
Fort Hays has few keeled species. Values quickly increase toward the top of the member,
before declining again in the lower chalk and shale unit. Immediately after the barren
interval the values peak but then fall to zero before recovering in the next sample and
staying elevated, and then declining over the next 5 m or so. This decline follows the
same pattern as the relative benthic abundance trend but lags by about 5 m. Biserial
planktic foraminifera show meter-scale oscillations, but generally hover around 50% of
the total planktic assemblage for the entire core.
2.5.3 Kansas Outcrops

Foraminiferal trends in Kansas are very similar to those observed in the Portland
Core, and extend our dataset through the upper part of the formation (Figure 2). This 200-
m interval is a composite section of nine outcrops along a roughly 50-mile length of the
Smoky Hill River. Trends in overlapping sections tend to be similar. Like the Portland
Core, benthic foraminifer abundance peaks in the lower Fort Hays Limestone, and
declines in the overlying lower shale and limestone unit. Unlike the Portland Core, there
are no barren samples in the lower shale, at least within our 1-m resolution, and %benthic
values jump right into the brief recovery seen in the Portland Core. At this level there is a
section break, and the top few samples of Locality 1 show extremely low %benthics,

while the bottom few samples of Locality 17, which are stratigraphically equivalent,
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show relatively elevated samples. The uppermost part of the Kansas outcrops are the
most weathered, and often display lower values than stratigraphically equivalent samples
in other outcrops. If this is taken into account, %benthic values decrease in the same way
that they do in the Portland Core. Above the lower shale, benthics are rare or absent,
briefly recover for several samples around 70 m to around 10% and then decline again to
1-2% of total foraminifera before trailing off to zero in the lower part of the middle chalk
unit. With the exception of two individuals, they are not present in the rest of the section.

Keeled planktic foraminifer diversity also follows a similar pattern as in the
Portland Core, with few to no keeled species in the lowermost Fort Hays, a rapid increase
to a peak in the upper Fort Hays, a general decrease through the lower shale and
limestone and then a recovery and brief plateau above the middle part of the lower shale.
Keeled diversity remains elevated above the stratigraphic level that benthic foraminifera
begin to decrease, although here there is considerable meter-scale variability. In the
middle shale, keeled diversity decreases before reaching zero in the upper part of the
Smoky Hill. Unlike benthics, however, keeled planktics return in the upper chalk.
Biserial planktic foraminifer abundance in Kansas is generally around 60% of the total
planktic assemblage, and oscillate about 10% on roughly meter-scale.
2.6 Discussion

Foraminiferal paleoecology in the Fort Hays Limestone Member suggests a likely
response to relative sea level change; higher %benthics and low keeled diversity in the
lower Fort Hays give way to lower %benthics and higher keeled diversity toward the top
of the member, which records the highstand of the Niobrara Cycle (Kauffman, 1984). In

the lowermost Smoky Hill Shale Member, the lower shale and limestone unit, %benthic
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values continue to decrease, even though relative sea level may have been falling at that
time and an opposite trend in %benthics might be expected. Benthic foraminiferal
abundances of ~5% (Portland Core and Kansas) and 10-15% (Angus Core; possibly
artificially high due to preferential preservation of benthics) are far too low for a shallow
sea that was ~100-150 m deep during maximum transgression (Arthur and Sageman,
2005), and likely shallower, though perhaps not normal marine; in the modern ocean
%benthic values of 10% or less are indicative of upper to middle bathyal depths (500-
1000 m; e.g., Culver, 1988; Leckie and Olson, 2002), at least in oxic conditions. In
addition to possible dissolved oxygen influences on benthic foraminiferal abundances,
food supply is also a major control on benthic assemblages (e.g., Jorissen, 2007).
However, organic carbon was preserved in the sediments, suggesting that food was not a
limiting factor on benthic life. Changing salinity could also affect benthic assemblages,
especially if riverine runoff induced a stable stratification of the water column, which in
turn could have reduced seafloor oxygenation. However, reduced salinity would also
directly affect planktic assemblages, and we would expect to see a large increase in the
proportion of biserial planktics, opportunistic taxa that thrive when other species are
stressed. The fact that biserials stay relatively constant, and their small-scale fluctuations
don’t track benthic abundances, suggests that salinity stratification was not the primary
reason for low benthic foraminiferal abundances.

This leaves changes in dissolved oxygen as the most likely primary environmental
stress on benthic foraminifera in the Smoky Hill Shale. The extremely depressed and
declining %benthic values in the lower shale and limestone at all three sites suggest a

decline in benthic oxygen concentrations before the onset of anoxia as indicated by trace
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metal markers and elevated TOC values. The lowest sample in the lower shale is barren
in the Portland Core, and represents a nadir in benthic abundance in Kansas. Immediately
above this level %benthics peaks and then begins a slow decline. Keeled planktic
foraminiferal diversity follows a similar pattern, but the decline begins later than the
decline in benthics. This suggests that growth of an oxygen minimum zone starting on the
seafloor (at 100-150 m, roughly the upper depth limit of oxygen minimum zones in the
open ocean) and expanding upward in the middle part of the water column, where keeled
planktics lived.

Following a brief recovery in the upper part of the lower shale and into the lower
limestone, benthic and keeled planktic foraminifera decrease, with occasional brief, one-
off repopulation events — oxygenation events, perhaps caused by strong storms in the sea
(e.g., Friedrich, 2010). This steady state persists through the top of the Smoky Hill Chalk
in the Kansas outcrops, equivalent to ~3 myr, during which time TOC remains elevated
and almost no benthic foraminifera live in the relatively deep central axis of the Niobrara
Sea.

The pattern seen in the Smoky Hill Shale — slow decline, sudden crash and then,
eventually, a new steady that persists for millions of years — suggests a hysteresis-like
relationship with low oxygen concentrations or their underlying cause. Slowly declining
oxygen in the central sea reached a threshold that suddenly shifted the system into a new
normal; some internal feedback caused a brief recovery before settling into a steady state
that became entrenched for some 3 million years. The onset of OAE3 — and perhaps, by

extension, other OAEs — was not as abrupt as it appears from the lithologic and
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geochemical record; slow changes and threshold values may play a larger role in the
development of anoxia, at least in restricted basins, than previously thought.

A fluctuating strandline along the western edge of the sea during Coniacian-
Santonian time (e.g., Molenaar et al., 2002) suggests that relative sea level changes may
be responsible for fluctuating carbonate content of the Smoky Hill Member, but this was
not the principle driver of anoxia at the seafloor, which was largely independent of
carbonate content. Increased riverine runoff (as evidenced by palynomorph assemblages;
Da Gama et al., 2014) and nutrient input during the regression of the Niobrara Sea likely
drove marine productivity and excess organic matter flux to the seafloor creating oxygen
stress to the benthos and anoxic to euxinic conditions, which were exacerbated by
increasing restriction of the sea as long-term sea level fell.. This is particularly true in the
central and eastern parts of the sea, which were bathed in warm, oxygen-poor Tethyan
water (Arthur and Sageman, 2005). Sites on the western margin of the Niobrara Sea saw
little change in benthic populations (e.g., Kent, 1968; De Gama et al., 2014), as cool,
well-oxygenated Boreal waters and shallower water depths kept the western margin more
habitable for benthic life. The mechanisms of hypoxia development in shallow seas have
major implications for restricted environments such as the US western interior sea, as
well as continental shelves, a topic as relevant to future change as it is to the past.

2.7 Conclusions
1. A'long (~3 myr) period of organic-rich shale deposition and bottom-water anoxia,
as evidenced by a lack of benthic foraminifera and concurrent changes in redox
sensitive trace metals, characterizes much of the Smoky Hill Shale Member of the

Niobrara Fm. This interval corresponds to Oceanic Anoxic Event 3.
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2. Prior to the “onset” of OAE3, defined by an abrupt increase in TOC, abnormally
low abundance of benthic foraminifera suggests a gradual decrease in dissolved
oxygen.

3. Arrapid shift to anoxia in the lower Smoky Hill Shale was preceded by a slow
decline in benthic dissolved oxygen suggesting that a threshold condition drove
the depositional system of this restricted basin into a new steady state. High
organic matter production/preservation and bottom water anoxia or euxinia
persisted virtually unchanged for at least 3 million years during the post-Ft. Hays
regression.

4. Anoxia and TOC enrichment in the middle part of the sea was made possible by
increased riverine nutrient flux, the presence of warm, low-oxygen Tethyan
waters in the central and eastern parts of the sea, and the overall restricted nature

of the WIS during the regressive phase of the Niobrara cycle.
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CHAPTER I11
PALEOCEANOGRAPHIC CONTROLS ON THE DEVELOPMENT OF ANOXIA
IN THE NIOBRARA SEA

3.1 Abstract

The Cretaceous Western Interior Sea (WIS) of North America contains excellent
records of the Cenomanian-Turonian Oceanic Anoxic Event (OAE) 2 and the Coniacian-
Campanian OAE3. However, the expression of these events differs greatly between in
terms of lithology, dissolved oxygen concentrations, organic matter preservation,
resulting in vastly different environments for marine life. OAE2 is associated with
transgression and generally improving oxygenation and salinity, and low organic matter
concentration in the WIS, while OAES3 is associated with regression, high organic matter
preservation, and declining oxygenation. Foraminifera, which are sensitive to changes in
dissolved oxygen and are commonly used to track water mass changes, are uniquely
suited to study changes in paleoceanographic conditions in the WIS. This paper
synthesizes new and previously published planktic and benthic foraminiferal data, clay
mineralogy, and geochemistry across the southern portion of the Western Interior Sea,
from Wyoming to Texas and Kansas to western Colorado through the Turonian-
Campanian Niobrara sea level cycle, in order to understand changes in paleoceanographic
conditions before and during OAES3 in order to understand why it differs from OAE2, and
to determine whether a common mechanism controls organic carbon burial during both
events.

Foraminiferal data reveal several important trends across the epicontinental sea:

1) during the transgression of the Niobrara Sea in the middle and late Turonian (Juana
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Lopez Calcarenite, Montezuma Valley Shale and its equivalent Sage Breaks Shale)
benthic foraminiferal abundance generally increases, and as transgression continues
keeled foraminifera begin to invade the central and eastern portions of the study area. 2)
As the transgression slows in the early Coniacian and reverses into regression, so too do
the previously increasing markers for oxygenation reverse, slowly declining until a point
in the middle Coniacian Scaphites ventricosis ammonite zone, equivalent to the base of
the lower shale unit of the Smoky Hill, where they rapidly shift, briefly recover, and then
drop again to zero, suggesting benthic and deep water column anoxia. 3) On the western
margin of the sea, the transgression is also associated with increasing abundance and
diversity of benthic foraminifera. During regression, a slow decline is not observed, but a
barren interval develops across several sites in NW Colorado, followed by a brief
recovery characterized by very low diversity, and then a rapid decline to a long interval
with no benthic foraminifera, similar to the Front Range. 4) Clay mineralogy at Mesa
Verde shows a correspondence between periods of foraminiferal abundance and
increased discrete illite and chlorite, two clay minerals associated with mechanical
weathering in cold, dry conditions, and thus likely from a northern source. Periods of low
to zero foraminifera correspond to high kaolinite, which is associated the chemical
weathering of feldspars in warm, moist conditions, and therefore likely local to the
southern part of the seaway. Taken together, these data suggest that falling sea level
restricted the flow of open ocean waters into the WIS, slowing circulation, which was
driven by the interplay between Boreal and Tethyan water masses. When sea level was
high and circulation between Boreal and Tethyan water masses was active, they mixed to

form a third, denser water mass that sank and flowed out of the sea, ventilating the
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benthos on its way. Relative sea level, therefore, is the ultimate primary control on the
redox state of the WIS. Thus global events are preserved through the filter of local sea
level history in an active tectonic foreland basin: OAE2, despite representing a global
interval of widespread anoxia, is associated with sea level rise, and so was generally
ventilated in the WIS; OAES3, despite representing a global interval of increasing
oxygenation, is associated with sea level fall, and so was generally anoxic in the WIS.
3.2 Introduction

The Western Interior Sea (WIS) of North America spans a large interval of the
Cretaceous, and records five second-order sea level cycles (Kauffman, 1984). Each of
these cycles is exposed in countless outcrops along the entire expanse of the WIS, from
Mexico to Canada and from Utah to Kansas, and as such the WIS records a long and
dynamic history of paleoceanographic investigations (e.g., Gilbert, 1895; Eicher and
Worstell, 1970; McNeil and Caldwell, 1981; Kauffman, 1984; Pratt, 1985; Kauffman and
Caldwell, 1993; Pratt et al., 1993; Slingerland et al., 1996; Dean and Arthur, 1998a;
Leckie et al., 1998; Longman et al., 1998; Schréder-Adams et al., 1998; West et al.,
1998; Meyers et al., 2001; Molenaar et al., 2002; Snow et al., 2005; Nielsen et al., 2008;
Locklair et al., 2011; Sageman et al., 2014; Corbett et al., 2014; Elderbak et al., 2014;
Schroder-Adams, 2014). The oceanographic history of the southern portion of the sea is
perhaps best known from the Cenomanian-Turonian Greenhorn Cycle, the highstand of
which represents the maximum transgression of the WIS and the highest sea levels of the
Mesozoic (Vail et al., 1977; Hancock and Kauffman, 1979; Haq et al., 1987; Hardenbol

et al., 1998; Haq, 2014)
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The WIS was less than normal marine during much of its history, as evidenced by
a dearth of normal marine macrofauna (e.g., echinoids, corals, bryozoans; Kauffman,
1975, 1984, Leckie et al., 1998). When sea level was low, a shallow carbonate platform
in Texas acted as a sill, separating the WIS from the Gulf of Mexico (Lowery et al.,
2014). During transgressions, rising sea level eventually overcame this sill and allowed
normal marine water from the south to enter the sea, bringing with it salinity-sensitive
macro- and microfossils (Cobban and Reeside, 1952; Eicher and Worstell, 1970;
Kaufmann, 1977; McNeil and Caldwell, 1981; Eicher and Diner, 1985; Bralower, 1988;
Caldwell et al., 1993; Watkins et al., 1993; Leckie et al., 1998). These normal-marine
organisms first colonized the deep central axis of the sea, which was located along what
is now the Front Range of the Rocky Mountains, from northeast New Mexico to
southeast Wyoming (Eicher, 1969; Sageman and Arthur, 1994). During the Cenomanian-
Turonian Greenhorn and Turonian-Campanian Niobrara sea level cycles of the Western
Interior, marine incursion during sea level transgression/highstand also coincides with the
deposition of carbonate-rich lithologies across the sea: hemi-pelagic carbonates through
the central and eastern portions of the sea, with correlative concretion horizons and marls
along the western side, which was proximal to the Sevier Highlands and received high
terrigenous flux (e.g., Kauffman, 1984).

The Greenhorn Cycle coincided with Oceanic Anoxic Event 2, a period of
enhanced organic matter production that caused widespread marine anoxia (no dissolved
oxygen) widespread organic carbon preservation and black shale deposition across the
world ocean, and represented a major perturbation of the carbon cycle (Schlanger and

Jenkyns, 1976). During this time, the WIS was out of phase with the global trend of
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OAEZ2, with high organic matter and dark-gray shale prior to the event and abrupt
oxygenation at the onset followed by declining oxygenation through the latter part of the
event. The abrupt improvement in benthic conditions at the onset of OAE2 coincided
with the normal marine incursion described above (e.g., Pratt and Threkeld, 1984;
Meyers et al., 2005). Although substantial anoxia didn’t characterize the seaway during
OAEZ2, the WIS did feel the effects of OAE2 as the warm southern waters brought in a
low oxygen water mass from regions where anoxia did develop, which resulted in
hypoxic (i.e., a qualitative physiological state of low-oxygen stress) conditions that
curtailed diversity (e.g., Leckie, 1985; Eicher and Diner, 1985; Leckie et al., 1998; Caron
et al., 2006; Elderbak et al., 2014).

Following regression in the middle Turonian, which signaled the end of the
Greenhorn Cycle, a rapid late Turonian transgression began the final truly marine sea
level cycle of the WIS, the Turonian-Campanian Niobrara cycle. The Niobrara coincides
with the youngest Oceanic Anoxic Event (OAE) of the Cretaceous, the enigmatic
Coniacian-Campanian OAE3 (Arthur and Schlanger, 1979). The WIS contains one of the
best-known records of OAE3 (e.g., Scholle and Arthur, 1980; Dean and Arthur, 1998b;
Locklair et al., 2011; Lowery et al., in prep), known mainly from the Niobrara Formation,
a carbonate-rich sequence of limestones and shales deposited along the deep central axis
of the sea. Unfortunately, the oceanographic trends which are so well-known from the
Greenhorn Cycle break down for the Niobrara.

The Niobrara Sea was smaller than its predecessor (e.g., Molenaar et al., 2002),
and yet it was much more carbonate rich, even well into the late Coniacian-early

Campanian regression. The Coniacian-Santonian was a global period of enhanced
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carbonate production (e.g., Locklair et al., 2011) but the mechanism for this carbonate
production in the WIS is not known. Carbonate lithologies, which are chiefly composed
of coccoliths, are generally associated with carbonate-rich southern waters that brought
the nannoplankton into the sea (e.g., Caldwell et al., 1993; Longman et al., 1998). OAE3
is locally associated with enhanced organic carbon production and anoxia (e.g., Locklair
etal., 2011; Lowery et al., in prep), unlike OAEZ2, which is not associated with much
local organic carbon burial and only got second-hand anoxia from the incursion of a low-
oxygen water mass. OAE3 is also associated with a sea level fall, unlike the late
transgression that is coincident with OAE2 (e.g., Kauffman, 1984).

So what was going on in the Niobrara Sea? The earliest hypothesis, by Gilbert
(1895), postulated that wet/dry climate cycles driven by orbitally-forced insolation
changes caused dilution of carbonate production and resulted in the observed
limestone/shale lithologies of the Niobrara. More recent work has expanded upon this
hypothesis, with several oceanographic models suggesting, alternatively, siliclastic
dilution or increased or decreased productivity due to circulation changes or stratification,
all driven by changes in freshwater flux into the sea (e.g., Fisher, 1991; Hay et al., 1993;
Slingerland 1996). Foraminifera are powerful tools for studying water mass, salinity, and
redox changes, but have not yet been rigorously applied to this problem. We synthesize
new and published foraminiferal and geochemical datasets from 10 sites across the
southern Western Interior Sea, from Wyoming to Texas and western Colorado to Kansas
(Figure 1) to understand the oceanographic history of the Niobrara Sea, and address the
following questions: 1) What caused the increased production/preservation of organic

matter and development of anoxia? 2) Why is the western side of the sea different from
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the central and eastern sides? 3) Why was the Niobrara Cycle more carbonate rich,
despite being more restricted?
3.3 Background
3.3.1 Tectonics

The Western Interior Sea, which ran from the Canadian Arctic to Mexico, was a
tectonically created basin in which sea level and sediment accumulation was ultimately
controlled by the high rates of tectonic activity in the Late Cretaceous (e.g., Gurnis,
1993). The subduction of the Farallon Plate beneath the western boundary of the North
American Plate induced mantle-flow driven dynamic subsidence that pushed the region
below sea level, regulated accommodation, and, along with eustasy, ultimately controlled
stratigraphy and sea level cycles within the WIS (Pang and Nummendal, 1995; Liu and
Nummendal, 2004; Liu et al., 2005, 2008, 2011, 2014). Superimposed on this mega-
regional structural control, and driven by the same overall forces, terrane accretion on the
western margin of North America drove the Sevier Orogeny, characterized by a narrow
fold and thrust belt along the western shore of the WIS (e.g., Armstrong, 1968; Schwartz
and DeCelles, 1988). Load thrusting along the Sevier Mountains drove flexural
subsidence which, superimposed on epeirogenic subsidence, formed a foreland basin
along the western margin of the WIS (Pang and Nummendal, 1995; Liu et al., 2014). The
thickest sediments in the WIS are found in this foreland basin, due to proximity to the
sediment source (i.e., the Sevier Highlands) and very high accommodation (e.g., Weimer,
1978; Ryer and Lovekin, 1986; White et al., 2002). Individual thrusting events are linked
to sea level transgressions across the sea (Kauffman, 1984; Villien and Kligfield, 1986;

Elder et al., 1994; Pang and Nummendal, 1995; Liu et al., 2014).
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Figure 3.1. Location Map showing the early Coniacian maximum transgression of the
Niobrara Sea. From North to South, sites are: CV, Centennial Valley; VC, Vermillion
Creek; EC, Elk Creek; KS, Kansas outcrops; PC, USGS #1 Portland Core (~15 miles
west of Pueblo reference section); BC, Amoco Rebecca Bounds #1 Core; MV, Mesa
Verde; WM, Wagon Mound; LC, Lozier Canyon. Modified from Merewether et al.,
2011.

90



The tectonically-driven bathymetry of the WIS can be generalized as a deep
western foreland basin with high terrigenous flux in Arizona, Utah, and western Colorado
and Wyoming, a deep central axis along the modern Colorado Front Range, and a stable
eastern “hinge zone” of slowly declining subsidence rates attached to the stable central
craton of North America (Figure 2; Kauffman, 1984).

3.3.2 Sea Level and Lithology

Hancock and Kauffman (1979) and innumerable subsequent authors have shown
that Western Interior third-order sea level cycles are generally synchronous with global
eustatic cycles throughout the Cretaceous (Figure 2). If Cretaceous eustasy was largely
driven by elevated seafloor spreading rates (e.g., Larson, 1991a,b), then changes in these
rates would also have caused changes in the rate of subduction of the Farallon Plate
beneath North America, which would then have caused changes in the rates of dynamic
subsidence and tectonically-induced sea level changes in the WIS; indeed, times of
eustatic rise are generally correlated with active plutonism/volcanism in the WIS
(Kauffman, 1984). It is therefore difficult to say for sure whether eustasy or local
tectonism was the primary control on sea level in the WIS, or whether it is even possible
meaningfully differentiate the two.

The primary tectonoeustatic sea level fluctuations in the WIS are roughly 10 myr
in duration, and therefore equivalent to 3"-order sea level cycles (Figure 2; e.g., Vail et
al., 1977). These sea level cycles were the primary control on sedimentation in the
Western Interior, expressed as a regionally-correlative fining-upward sequence of clastics
and increasingly calcareous facies during transgressive and highstand systems tracks, and

the same facies sequence in reverse during regression (Kaufmann, 1984). Transgressions
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are more commonly cut with unconformities than regressions, which are generally more
complete (Kauffman, 1969, 1977, 1984). Transgressive and highstand facies in the
central axis and eastern portion of the basin are characterized by hemipelagic carbonates,
with gradually decreasing carbonate content toward the foreland basin to the west, which
was characterized by a thick accumulation of medium- to fine-grained clastic sediments
(McGookey et al., 1972; Kauffman, 1984).

3.3.3 Climate and Circulation

Regional, climate-induced sedimentary signals are super-imposed on the global
tectonoeustatic sea level cycles as 4"-5" order cycles on Milankovitch time scales (e.g.,
Meyers et al., 2001; Locklair and Sageman, 2008). Cyclic changes in sedimentation on 1-
10 m scales are very common in the WIS, and are commonly expressed as couplets of,
for example, limestone and shale (Kauffman, 1984). Lithologic cycles in the Western
Interior were first recognized by G.K. Gilbert in 1895, who proposed climate-controlled
changes in terrigenous flux as a dilution mechanism to explain limestone-marl cycles in
the Niobrara Formation. More broadly, changes in precipitation, evaporation, and climate
induced water mass changes and mixing have had a broad effect on the lithology and
biota of the Western Interior.

The precise mechanism(s) translating variations in precipitation and/or water
mass to changes in terrigenous and/or pelagic sedimentation are still debated. The oldest
and simplest hypothesis is that of Gilbert (1895), who proposed wet-dry cycles, where the
wet period increased terrigenous flux, which diluted the pelagic carbonate sedimentation
and resulted in the deposition of marl and mudrock, and dry periods and decreased

terrigenous flux resulted in the deposition of limestones; in both cases, terrigenous flux is
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what changes while pelagic carbonate sedimentation remains the same. Other
mechanisms are more complex and involve changes in circulation and carbonate
productivity in the sea.

Macro and microfossil biogeography from the WIS and adjacent open ocean sites
suggest two water masses entered the sea during maximum transgression: a warm,
normal marine Tethyan water mass from the south and a cool, brackish Boreal water
mass from the north, which formed a counterclockwise gyre, with warm Tethyan waters
to the east and cool Boreal waters to the west (Kent, 1968; Eicher and Worstell, 1970;
Frush and Eicher, 1975; Kauffman, 1984; Pratt, 1985; Eicher and Diner, 1985; Hay et al.,
1993; Slingerland et al., 1996; Leckie et al., 1998; Elderbak et al., 2014; DaGama et al.,
2014). These two water masses may have mixed to form a third, denser watermass
through a process called caballing that would have sunk and flowed out of the seaway as
a bottom current (Fisher, 1991; Hay et al., 1993). This hypothesis is problematic during
periods of anoxia, however, as downwelling of surface water would ventilate the seafloor
(Slingerland et al., 1996). Slingerland et al. (1996) proposed a modification of this
caballing model where surface runoff from both margins of the sea, deflected to the right
by the Coriolis force, created the engine to drive the counterclockwise gyre (Kump and
Slingerland, 1999; Flogel et al., 2005). Increased freshwater flux would have
strengthened the gyre, starving the basin center of terrigenous sediments and allowing for
the deposition of pelagic carbonates, a reverse of Gilbert’s original dilution model.
Nutrients were likely input into the system by terrigenous influx and upwelling, driven by
bathymetric highs (Leckie, 1998; Corbett and Watkins, 2013; Elderbak et al., 2014;

Lowery et al., 2014).
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Various authors have tested the veracity of the dilution model in the Niobrara
Formation, and have reached different conclusions. Laferriere (1992) found that oxygen
isotope values of well-preserved inoceramid clams in the Fort Hays Limestone did not
vary between limestones and shales, suggesting that if runoff did vary during these times
it did not affect salinity in the basin (an unlikely scenario). §*80 values do show a slight
east-west gradient, with more negative values in the central part of the seaway indicating
slightly lower salinity or warmer temperatures. While this may imply higher runoff in the
west, a similar gradient in Mn abundance in the same samples indicated to Laferriere a
water mass gradient, with Mn-enriched inoceramids on the eastern side of the seaway
associated with the northward movement of a Tethyan water mass. Dean and Arthur
(1998b) undertook a comprehensive geochemical study of the Niobrara from several
cores and outcrops across the central part of sea, focusing on major and minor elements,
total organic carbon (TOC), and %carbonate. They found that lithologic variability in the
Niobrara is controlled by a combination of surface water (primarily carbonate)
productivity, dilution by siliciclastic flux, and changes in bottom water oxygenation and
the preservation of organic matter, and that all three of these factors were ultimately
controlled freshwater flux from the western margin and transgressive-regressive cycles
driven by local tectonics or global eustasy (Dean and Arthur, 1998b). Most recently,
Locklair and Sageman (2008) used advanced spectral techniques to develop a robust
astrochronology of the entire Niobrara Formation using high-resolution wireline
resistivity data from a core in the central part of the seaway. Their comparison of
sedimentation rates between chalk and marl facies, with higher rates of deposition in the

marls, suggests a dilution mechanism driven by increased terrigenous accumulation in the
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marls. Interestingly, they also found a 1.7-myr cyclicity between decimeter-scale
lithologic changes, which differs significantly from the expected 2.3-myr “grand cycle”
of eccentricity and suggest, like Dean and Arthur before them, that this may represent
tectonoeustatic cycles driven by changes in sea level or accommodation (Locklair and
Sageman, 2008).

3.3.4 Niobrara Cycle

Following the middle Turonian regression of the Greenhorn Sea, a late Turonian-
Coniacian transgression deposited hemipelagic chalks and marls across the Western
Interior Basin from the Tethyan margin of Texas through Boreal Canada (McNeil and
Caldwell, 1981; Kauffman and Caldwell, 1993; Schroeder-Adams et al., 1998).
Carbonate-rich sediments in the central and eastern part of the sea comprise the Niobrara
Formation (Figure 2), which gives its name to the third-order Niobrara Cycle (Hattin,
1975; Kauffman, 1977, 1984; Laferriere and Hattin, 1989).

The Niobrara Cycle is geochronologically asymmetrical from Colorado to Kansas
due to a large unconformity at the base of the Niobrara Formation that increases both
stratigraphically and temporally to the east (Figure 3). In many areas east of the Front
Range the early transgressive phase of the cycle is preserved only as a transgressive lag
deposit (Juana Lopez calcarenite member of the Carlile Shale) or as reworked Codell
Sandstone (which represents the lowstand of the previous cycle) in the basal Fort Hays
(Hattin, 1975; Hattin and Cobban, 1977; Kauffman, 1977). In western Colorado and
southern Wyoming, the Montezuma Valley Member of the Mancos Shale (Leckie et al.,
1997) and Sage Breaks Shale (Fisher et al., 1985), respectively, occur between the Juana

Lopez and Fort Hays Limestone, but these units are relatively thinner than the highstand
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Figure 3.3 Stratigraphic correlations between main study sites. EIk Creek is very similar
to Vermillion Creek CO; Colorado Front Range shows representative section for Portland
Core, Berthoud State Core, Rebecca Bounds Core, and Kansas outcrops. The main
difference between these sites is variable thickness of the Juana Lopez and Codell
preserved (one or both are missing at some sites) and carbonate content, which is higher
to the east. See Figure 2 caption for explanation of lithologies and ammonite biozones.
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and regressive equivalents of the Smoky Hill Member of the Niobrara Formation.
The Fort Hays Limestone Member represents the maximum transgression of the Niobrara
Sea, while the three chalky units of the overlying Smoky Hill Member represent three
fourth-order “transgressive pulses” (Hattin and Cobban, 1977; Kauffman et al., 1977,
Molenaar, 1983).

The Niobrara exhibits a variable lithology across its broad lateral extent, but
generally has the highest carbonate content to the east and south, particularly in Kansas,
with decreasing carbonate with increasing proximity to the western margin of the sea in
western Colorado and Utah, where the Niobrara correlates to the carbonate-rich Smoky
Hill and Cortez members of the massive Mancos Shale (Figure 3). In central Colorado
and Kansas it is divided into two formal units: the Fort Hays Limestone Member and the
Smoky Hill Chalk Member (Scott and Cobban, 1964; Hattin, 1982). In central Colorado,
the Fort Hays is comprised of thick beds of limestone with very thin interbedded seams
of black shale; to the south and west, marly interbeds may be of significant thickness.
The Smoky Hill varies on roughly decimeter scale between organic-rich marls and
organic-poor limestones. Scott and Cobban (1964) assigned these beds to seven informal
units: lower chalk and shale, lower marl, lower chalk, middle marl, middle chalk, upper
chalky shale, and upper chalk (Fig. 2).

Fort Hays equivalent sediments are missing from the Mancos Shale of Western
Colorado, and no marine sediments of Niobrara age are found much further west,
indicating the sea was smaller and more restricted than the Greenhorn Sea, which

extended far into Utah (e.g., Leckie et al., 1997; Molenaar et al., 2002).
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chalk and shale, lower marl, lower chalk, middle marl, middle chalk, upper chalky shale,
and upper chalk (Fig. 2).

Fort Hays equivalent sediments are missing from the Mancos Shale of Western
Colorado, and no marine sediments of Niobrara age are found much further west,
indicating the sea was smaller and more restricted than the Greenhorn Sea, which
extended far into Utah (e.g., Molenaar et al., 2002).

3.3.5 Oceanic Anoxic Event 3

The Coniacian-Santonian interval records the last major, widespread deposition of
black shales of the Mesozoic. Organic-rich blacks shales of this age are well documented
from the South Atlantic, Caribbean Sea, and surrounding epicontinental seas, with well-
known localities including Demerara Rise (ODP Site 1259; e.g., Erbacher et al., 2004),
the deep Ivoirian Basin (ODP Site 959; e.g., Mascle et al., 1996; Wagner et al., 2002), the
continental shelf off Cote D’Ivoire (e.g., Pletsch et al., 2001), Walvis Ridge (DSDP Site
530; e.g., Dean et al., 1984), Angola Basin (DSDP Site 364; e.g., Dean et al., 1984);
Maracaibo Basin, Venezuala (e.g., De Romero et al., 2003; Rey et al., 2004), Magdalena
Valley, Colombia (e.g., Rangel et al., 2000), and the Western Interior US (e.g., Dean and
Arthur, 1998b; Locklair et al., 2011). During this same period, the eastern Tethys is
characterized by the deposition of Cretaceous Oceanic Red Beds (CORBSs), the result of
generally oxic conditions associated with paleoceanographic changes brought about by
the opening of the South Atlantic (Wang et al., 2005, 2011; Trabucho-Alexandre et al.,
2011).

The widespread deposition of Coniacian-Santonian black shales in parts of the

South Atlantic, Central American Sea, and Western Interior US lead Arthur and
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Schlanger (1979) to term this interval Oceanic Anoxic Event 3. Unlike older OAEs, there
is no definable “event” with OAE3, just a general interval of enhanced black shale burial.
Although some of these black shales span the entire interval (and some, like Demerara
Rise, are continuous from the Cenomanian-Turonian OAEZ2; e.g. Erbacher et al., 2004)
others span only a portion of the event, and are often diachronous (Wagreich, 2012).
Additionally, the positive carbon isotope excursion associated with OAE3 is more muted
than that of previous OAEs, ~0.5%0 VPDB for OAE3 vs. ~2.0%0 for OAE2 (e.g., Joo and
Sageman, 2014). Although this would seem to indicate slower rates of organic carbon
deposition (burying *2C enriched organic matter and enriching the oceans in *C) than
earlier OAEs, Locklair et al. (2011) suggested the true magnitude of the carbon isotope
excursion is obscured by the burial of carbonate associated with the thick chalk
sequences also deposited at this time, as the enhanced burial of carbonate, enriched in 3C
compared to organic carbon, would cause a negative excursion.

Lack of a strong isotope excursion, OAE3’s expression as a long interval rather
than an easily definable “event,” and its limited geographic extent have resulted in debate
as to whether it should be termed an Oceanic Anoxic Event (Wagreich 2009, 2012).
However, the protracted temporal expanse of black shales associated with the Coniacian-
Santonian anoxic event (~5 myr; Wagreich 2009), and the general correlation of this
carbon burial with global cooling in the Santonian-Campanian (e.g., Huber et al., 2002;
Frerichs et al., 2012), suggests that this is a significant interval in the climate evolution of
the Late Cretaceous, and as such deserves an increased research focus whether it truly

qualifies as an OAE or not.
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3.4 Location and Methods

This study synthesizes new and previously published data from across the
southern half of the Western Interior Sea, from Wyoming to Texas (Figure 1).
Biostratigraphic correlations are based on well-established molluscan zones (Figure 2)
built and refined over decades of research in the WIS (Scott and Cobban, 1964;
Kauffman et al., 1993; Walaszczyk and Cobban, 2000; Merewether et al., 2011). For
simplicity’s sake, disparate sections will be compared to a general Niobrara reference
section (Figure 4), based on Scott and Cobban’s stratigraphic description of the outcrops
along the Arkansas River near Pueblo, CO. Although not the type section of the Niobrara
(this was described by Meek and Hayden, 1861, along the Niobrara River in what is now
NE Nebraska), the Pueblo section has the benefit of lying along the deep central axis of
the sea, a well-studied, relatively central location ideal for correlation. Individual study
locations are grouped by geographic region and discussed below.
3.4.1 Central and Eastern Sea
3.4.1.1 Portland Core

The USGS #1 Portland Core was drilled near the town of Florence, CO, located at
the foot of the Colorado Front Range in what is known as the Cafion City Embayment, as
part of the Western Interior Drilling Project (Dean and Arthur, 1998a). The upper portion
of the core recovered a 78.6-m section of the lower Niobrara Fm., including the Fort
Hays Limestone and the lower shale and limestone, lower shale, lower limestone, and
middle shale units of the Smoky Hill (Dean and Arthur, 1998a). TOC and %CaCOs
measurements from the Portland Core were collected by Dean and Arthur (1998a).

Macrofossil biostratigraphy is correlated from the nearby Pueblo, CO outcrops of the
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description of Pueblo outcrops by

Figure 3.4. Stratigraphic column
for idealized Front Range
Composite Section, based of
Scott and Cobban, 1964. See
Figure 2 for description of

and limestone unit; LS, lower shale
unit; LL, lower limestone unit;

ammonite zones. LSL, lower shale
MC, middle chalk unit.
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Niobrara based on work by Scott and Cobban (1964). Foraminifera were collected from
the Niobrara section in the USGS core repository in Denver in the fall of 2012.
Abundance data from the limestone beds of the Fort Hays and from both shale and
limestone beds of the Smoky Hill are presented by Lowery et al. (in prep.); the present
study includes additional samples from the shale interbeds of the Fort Hays Limestone to
show variability between limestone/shale couplets. Hill (Dean and Arthur, 1998a). TOC
and %CaCOs measurements from the Portland Core were collected by Dean and Arthur
(1998a). Macrofossil biostratigraphy is correlated from the nearby Pueblo, CO outcrops
of the Niobrara based on work by Scott and Cobban (1964). Foraminifera were collected
from the Niobrara section in the USGS core repository in Denver in the fall of 2012.
Abundance data from the limestone beds of the Fort Hays and from both shale and
limestone beds of the Smoky Hill were presented by Lowery et al. (in prep.); the present
study includes additional samples from the shale interbeds of the Fort Hays Limestone to
show variability between limestone/shale couplets.
3.4.1.2 Bounds Core

Amoco Production Company’s Rebecca K. Bounds #1 Core was drilled in Greely
Co., Kansas and is stored in the USGS Core Research Center in Denver, CO (Dean and
Arthur, 1998a). Like the Portland Core, it only recovered the lower portion of the
Niobrara Formation, including a complete, 24.3-m section of the Fort Hays Limestone
and a 20.4-m thick section of the Smoky Hill Chalk, including the limestone and shale
and lower shale units. TOC, %CaCQO3, and major and trace element abundance data for
the Bounds Core were collected by Dean and Arthur (1998b). Foraminiferal abundance

data for the Niobrara was collected at high resolution by Sterzinar (2005).
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3.4.1.3 Kansas Outcrops

Because neither the Bounds Core nor Portland Core recovered the entire Niobrara
Formation (and other cores were unsuitable for foraminiferal analysis; Lowery et al., in
prep.), a composite outcrop section from western Kansas, along the Smoky Hill River, is
included to understand foraminiferal trends through the upper Smoky Hill Chalk. Nine
representative and mostly overlapping outcrops were chosen from a 25-outcrop section
originally described and correlated by Hattin (1982) south of Interstate 70 in Trego,
Gove, and Logan counties. The Niobrara in Kansas is significantly more carbonate-rich
than eastern Colorado, with chalk and chalky marl being the dominant lithologies. In
general, carbonate content increases in an eastward direction across the entire Niobrara
Sea, with maximum carbonate values found in the eroded feather-edge of the Niobrara in
central Kansas; the eastern shoreline is not preserved.
3.4.2 Western Sea
3.4.2.1 Mesa Verde, CO

The slopes below Point Lookout at Mesa Verde National Park represent the
primary reference section of the Mancos Shale (Leckie et al., 1997). The middle portion
of this thick package of marine sediments corresponds to the Niobrara Cycle, with Juana
Lopez Calcarenite Member and the type section of the Montezuma Valley Member
unconformably underlying the Smoky Hill Member of the Mancos. This unconformity
spans the uppermost Turonian Prionocyclus quadratus zone to the middle Coniacian
Scaphites ventricosus zone. The Montezuma Valley Member contains 7 septarian
concretion horizons that are correlative to the 7 limestone beds described in the upper

Turonian Ft. Hays Member of the Niobrara Formation in the Raton Basin of northeastern
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New Mexico (Scott et al., 1986; Sikora et al., 2004; Kennedy et al., 2012; Section 3.4.1,
below). The overlying Smoky Hill Member is equivalent to the middle Coniacian lower
shale to middle Santonian middle shale units of the Smoky Hill of the Front Range, and
the overlying Cortez Member, which has a gradation contact with the Smoky Hill, is
equivalent to the middle Santonian middle chalk unit to the basal Campanian upper shale
unit of the Front Range.

Detailed macrofossil biostratigraphy for the Mesa Verde section was documented
by Leckie et al. (1997). Foraminiferal abundance data for the Niobrara-equivalent portion
of the Mancos (Montezuma Valley, Smoky Hill and Cortez Members) was presented in
an unpublished Masters Thesis by Erica Sterzinar (2005). Clay mineral abundance data
for the same interval was similarly presented in an unpublished Masters Thesis by Connie
Hayden Scott (1992).
3.4.2.2 Vermillion Creek, CO

The Niobrara-equivalent portion of the Mancos Shale is also exposed in NW
Colorado along the valley of Vermillion Creek in Moffat Co., from which samples were
collected and counted for foraminifera by Kent (1968). The Mancos in this part of
Colorado is correlated to the Colorado Front Range by macrofossil biostratigraphy
(Reeside, 1955). Although originally termed the Niobrara Member of the Mancos Shale,
we follow the nomenclature of Leckie et al. (1997) and term this interval the Smoky Hill
Member, which more properly reflects its stratigraphic equivalence. The Smoky Hill
Member, which is comprised of calcareous shale,overlies the Frontier Sandstone, and is
Coniacian-Santonian in age, likely equivalent to the lower chalky shale through middle

shale units of the Niobrara in Colorado (Scaphites ventricosus-Clioscaphites vermiformis
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ammonite zones). The base of the Smoky Hill Member at Mesa Verde is also in the S.
ventricosus zone, suggesting they are roughly the same age. Kent sampled the lower 457
m of the Niobrara-equivalent Mancos Shale and reported planktic:benthic (P:B) ratio and
the occurrence of certain benthic foraminifera he considered diagnostic (Kent, 1968).
3.4.2.3 Elk Creek, CO

Kent also sampled 304 m of the Smoky Hill Member of the Mancos Shale in
west-central Colorado, along Elk Creek, about 2 miles north of New Castle, in Garfield
Co. Although the thickness is similar to the Vermillion Creek section, sedimentation rates
at ElIk Creek must have been lower (or a significant amount of time is missing, a
hypothesis for which there is no other evidence), as the middle Santonian inoceramid
clam Platyceramus platinus, found with its ever-present crust of Ostrea congesta, was
identified 200 m above the base of the Frontier Sandstone (Kent, 1968). Unfortunately,
this is the only age-diagnostic fossil reported for this section, but it suggests that most, if
not all, of Smoky Hill-equivalent time is preserved here. Based on well-developed
biostratigraphy at the other western sections (i.e., Mesa Verde and Vermillion Creek;
Leckie et al., 1997; Kent, 1968), it is presumed that the Fort Hays is also missing, and
that the interval directly above the Frontier Sandstone is equivalent to the lower shale and
limestone unit of the Front Range. Like Vermillion Creek, Kent’s reported data include
P:B ratio and the ranges of benthic taxa he considered significant.
3.4.3 Northern Sea
3.4.3.1 Centennial Valley, WY

The Niobrara Formation of southeastern Wyoming loses the characteristic

carbonate variability of its Front Range counterpart a few hundred miles south. Rocks of
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the Fort Hays Limestone are entirely missing, with chalks and shales equivalent to the
Smoky Hill unconformably overlying the (mostly) Montezuma Valley-equivalent Sage
Breaks Shale. Macrofossil biostratigraphy from nearby Rock River show an upper
Turonian-lower Coniacian unconformity spanning the upper Prionocyclus germari zone
in the top of the Sage Breaks Shale to the upper Scaphites ventricosus zone in the basal
Niobrara (Merewether et al., 2011). P. germari, and its inoceramid-equivalent, Mytiloides
scupini, are found in the lower Fort Hays Limestone at Pueblo, suggesting that the Sage
Breaks Shale, like the Montezuma Valley, is equivalent to carbonate facies further to the
south and east. This fits the general south-north diachronaity of the onset of limestone
deposition in the Niobrara Cycle, with the base of limestone/chalk facies in Texas
predating the base of limestone/chalk facies in New Mexico, which in turn predates
equivalent lithologies in southern Colorado, and so on through Colorado and Wyoming
(Walaszczyk and Cobban, 2000).

Above the Turonian-Coniacian unconformity, the Niobrara is divided into a lower
chalky member, an upper shale member, and an upper chalky member. Original
stratigraphy grouped the Sage Breaks Shale into the Niobrara as a lower shale member
(e.g., Rubey, 1930; Thomas, 1936). Frerichs (1979) suggested the elevation of the Sage
Breaks to formation-rank, which is followed here. This renders the name “Upper Shale
Member” of the Niobrara confusing, and this member will be referred to from here on out
as the “Middle Shale Member.” Frerichs (1979) sampled the entire 110 m thickness of
the Sage Breaks in Centennial Valley, from the lower contact with the Wall Creek
Sandstone to the upper contact with the Niobrara. Frerichs et al. (1975) sampled the

entire thickness of the Niobrara at an adjacent locality in Centennial Valley, which
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includes 7 m of Lower Chalk Member and 63 m of the Middle Shale Member near State
Secondary Highway 207. The upper 3.6 m of the Middle Shale and the entire 2.4 m
thickness of the Upper Chalk were not exposed at this outcrop, and were sampled by
Frerichs along Mill Creek, about 9 miles north of the Centennial Valley locality. It is not
clear from the literature if these sections were correlated by anything other than
stratigraphic thickness. Both studies — Frerichs et al. (1975) and Frerichs (1979) — were
primarily concerned the planktic foraminifera of both formations, but recorded P:B ratios
and foraminiferal numbers, which allow comparison to the other study sites.
3.4.4 Southern Sea
3.4.4.1 Wagon Mound, NM
The Raton Basin of northeast New Mexico contains approximately 6 m of

Fort Hays Limestone overlain by 244-274 m of Smoky Hill (Scott et al., 1986). Despite
being roughly the same longitude as the Portland Core/Pueblo outcrops, the Niobrara in
NE New Mexico is significantly less carbonate-rich, perhaps due to a more proximal
western shoreline than found in Colorado. The Fort Hays Limestone consists of 7
limestone beds (each <50-cm thick) with thick shale interbeds, and the Smoky Hill loses
its obvious limestone-shale units, with the exception of the lower limestone and shale.
The middle Smoky Hill is characterized by a “Sandy Interval” equivalent to the
uppermost Coniacian-lower Santonian middle shale unit of the Front Range, while the
overlying portion equivalent to the middle limestone and upper chalky shale units are
characterized by plain shale (Scott et al., 1986).

The Fort Hays at Wagon Mound is underlain by the Montezuma Valley Member

of the Carlile Shale, which is underlain by a thick (>5 m) partial section of the Juana
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Lopez Calcarenite Member of the Carlile, a transgressive lag deposit that consists
primarily of sand-sized inoceramid prisms. The Juana Lopez here is made up of an upper
calcarenite and a lower shale unit interbedded with thickening-upwards hummocky beds
of calcareous sand (in this case, inoceramid prisms). This lower shaly unit was attributed
to the Blue Hill Shale Member of the Mancos by Sikora et al. (2004), but this is
lithologically very similar to the shaly middle unit of the Juana Lopez in its type area of
north-central New Mexico and in southwestern Colorado (Dane et al., 1966; Leckie et al.,
1997). On the Front Range and further east the Juana Lopez is completely erased by
multiple unconformities or intermittently represented as very thin horizons (e.g., <0.5 m
at Rock Canyon). The outcrop at Wagon Mound, ~ 1 mile north of the town, adjacent to
the southbound lane of 1-25, is about 30- m thick in total, and includes 4.5 m of Juana
Lopez, 5 m of Montezuma Valley, and 12 m of Niobrara, topping out in the lower
limestone and shale unit of the Smoky Hill, overlain by Quaternary basalt and a contact-
metamorphosed zone of Smoky Hill that was not sampled.
3.4.4.2 Lozier Canyon, TX

The Austin Chalk of Texas is partially equivalent to the Western Interior Niobrara
Formation (e.g., Lundquist, 2000; Gale et al., 2007; Cobban et al., 2008). Basal limestone
facies in the Austin Chalk in west Texas has been dated to the upper Turonian Scaphites
nigricollensis ammonite zone (Cobban et al., 2008), while the basal Austin Chalk from a
core in east Texas has been dated to the middle Turonian Marginotrunacana schneegansi
planktic foraminiferal zone (Lowery et al., 2014). These are the youngest limestones
associated with the transgressive phase Niobrara Cycle, and are chronostratigraphically-

equivalent to terrigenous facies in the central WIS. A 28-m thick section of the lower
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Austin Chalk was sampled along US Highway 90 ~6 miles west of the town of Langtry,
near the well-studied Lozier Canyon locality of the Cenomanian-Turonian Eagle Ford
Shale. Samples were collected from every limestone bed, starting just above the lower
contact with the Eagle Ford Shale. Thin black shale interbeds, like those found in the Fort
Hays Member of the Niobrara in western Kansas and eastern Colorado, were also
sampled but the shale was too weathered to yield any fossil material. Data are also
included from the upper, Carlile Shale-equivalent interval of the Eagle Ford Shale at
Lozier Canyon (Lowery et al., 2014).
3.5 Discussion/Interpretation
3.5.1 Central and Eastern Sea

Foraminiferal trends from all sites on the Colorado Front Range and western
Kansas follow a similar pattern (Figures 5-7), described in detail by Lowery et al. (in
prep.). Broadly, %benthics are highest in the Fort Hays Limestone Member, with highest
values at the base and decreasing toward the top of the member. The overlying lower
chalk and shale unit of the Smoky Hill Member records a decline benthic values
compared to the Fort Hays, with a slight decline from the base to the top of the unit. The
overlying lower shale then displays a brief sharp decline (with a short barren interval in
the Portland Core) before %benthic values briefly recover and then slowly decline
through to the base of the lower limestone. Another brief, smaller recovery follows
before values fall to zero in the lower middle shale and no benthic foraminifera are
recorded through the remainder of the Smoky Hill.

Keeled planktic foraminifera follow a similar overall trend. Keeled planktic

diversity increases through the Fort Hays (the opposite of the pattern seen in %benthics),
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Figure 3.5. Summary of %Benthic foraminifera (vs. total foraminifera), %Biserial
planktic foraminifera (vs. total planktics), and the simple diversity of keeled planktic
foraminifera from the USGS #1 Portland Core. Right column show general oxygen trends
implied by foraminiferal paleoecology. TOC after Dean and Arthur, 1998b. See Figure 2

for explanation of ammonite biozones.
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Figure 3.7a. Location map showing position of outcrops used to construct composite
section. Redrawn from Hattin, 1982.
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Figure 3.7b. Summary of %Benthic foraminifera (vs. total foraminifera), %Biserial
planktic foraminifera (vs. total planktics) and the simple diversity of keeled planktic
foraminifera from the Kansas outcrop composite section. LSL, lower shale and limestone
unit; LS, lower shale unit; LL, lower limestone unit; MC, middle chalk unit; UC, upper
chalk unit. Gray bar shows interval of lower shale unit..
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then decreases slightly in the lower limestone and shale of the Smoky Hill. In the lower
shale, keeled planktics briefly disappear before recovering at the same level as the
benthics and the eventually trailing off. However, the keeled decline lags behind the
benthic decline, and keeled species don’t completely disappear until the upper part of the
middle shale. In the upper chalk in Kansas, keeled diversity makes a recovery, with
several species returning and increasing diversity toward the top of the section.

A slight exception to this trend can be found in the high-resolution data from the
Bounds Core (Figure 6). There, many samples in the Ft. Hays Member to lower shale unit
of the Smoky Hill Member are barren or have few specimens of benthic foraminifera
(<10% in samples with >100 foraminifera recovered). Perhaps the important variable
here is foraminifera number (literally, the number of individuals found in a sample),
which shows clear variability throughout the study interval. Samples were split and
counted to ~300, where possible, which gives the data an artificial ceiling, but broadly,
foram number is highest in the lower Fort Hays, declines in the upper Fort Hays (with
more samples with <300 individuals), declines more in the lower portion of the lower
limestone and shale, increases in the middle lower limestone and shale, decreases at the
top of the unit and decreases further in the lower shale. This trend broadly mirrors the
%benthic and keeled diversity trends seen in other Front Range sites. There are 2.5 or 3
broad cycles in TOC, %CaCO3, Mo, and total foraminifera in this interval of the
Niobrara suggesting climatic forcing, perhaps the 400-kyr long eccentricity cycle.

The Front Range is also where the most robust geochemical data is found. TOC
values for the Portland Core, Bounds Core, and several cores in the Denver Basin (e.g.,

Berthoud State Core — Dean and Arthur, 1998b; Aristocrat Angus Core — Locklair et al.,
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2011) show a rapid increase at the base of the lower shale. This level also contains
increasing trace metal markers for anoxia, particularly molybdenum, while markers for
oxygenation (manganese) are only enriched in the lower Fort Hays (Dean and Arthur,
1998b; Locklair et al., 2011).

In order to compare to clay mineralogy from Mesa Verde (see below), major and
trace element abundance data from the Bounds Core and the Berthoud State Core, in the
Denver Basin at roughly equivalent to the Pueblo section, were plotted (Figure 8). The
key benefit of the Berthoud State Core data, dissected in detail by Dean and Arthur
(1998D), is that it allows a comparison of sedimentological trends from the central part of
the seaway to be directly compared to clay mineral data from the Mesa Verde, while also
comparing those trends to well-established TOC, %CaCOs, and trace metal data from the
same samples. In particular, the ratio of K to Fe and Mg (K/Fe+Mg) likely records the
ratio of discrete illite (high K) to smectite (high Fe and Mg). The ratio of Na to K (Na/K),
meanwhile is either related to the abundance of Na-rich mixed-layer clays from a
volcanic source or may record changes in sediment source or precipitation, with low
Na/K ratios reflecting an increased flux of discrete illite (high K), indicative of drier
climates, and high Na/K ratios reflecting an increased flux of kaolinite (high Na),
indicating increased weathering of feldspars under moist conditions. These data show
declining discrete illite through the Smoky Hill Member, suggesting a shift from dry to
warm and moist conditions, or a change in sediment source area. Na/K data show a slight
increase in Na (presumably kaolinite) associated with carbonate-rich intervals of the Ft.
Hays and Smoky Hill, suggesting increased precipitation/runoff at this time, or a slight

shift in sediment source area.
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Figure 8. Major and trace element data from the Coquina Oil Berthoud State #4 Core,
replotted from Dean and Arthur (1998b). %Carbonate; weight% total organic carbon
(TOC); ppm Mn, which is enriched in oxic environments; ppm Mo, which is enriched in
euxinic environments; ratio of K to Fe plus Mg, where K likely responds to discrete illite
and Fe plus Mg likely correspond to volcanogenic smectite; and ratio of Na to K, where
Na is likely associated with chemically-weather kaolinite, and K is likely associated with
mechanically-weathered discrete illite. Ammonite biostratigraphy projected from Pueblo
outcrops as reported in Scott and Cobban (1964) based on the widely-acknowledged
assumption that unit boundaries within the Smoky Hill Chalk are isochronous across the
Front Range.
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3.5.2 Western Sea

In southwestern Colorado, the Mesa Verde section contains an expanded Juana
Lopez and Montezuma Valley interval that is not well-preserved in eastern Colorado,
although the latter is at least partially equivalent to the lower Ft. Hays. These units
represent much of the transgression of the Niobrara cycle. In northwestern CO, the
transgressive Niobrara sequence is missing at the Vermillion Creek and Elk Creek
sections, including the Ft. Hays Member, and the Smoky Hill Member of the Mancos
directly overlies the Frontier Sandstone (Figure 3).

In the Montezuma Valley Member of the Mancos Shale at Mesa Verde,
foraminifera are fairly abundant and increasing in number (Figure 8). %Benthics are
lower than in the underlying Juana Lopez Calcarenite, perhaps reflecting increasing water
depths, but calcareous benthics make up the largest portion of the benthic population of
the section. Clay minerals are dominated by kaolinite, which suggests either a proximal
environment or generally warm and wet conditions favoring the chemical weathering of
feldspars (Dean and Arthur, 1998b). Discrete illite and chlorite are generally associated
with mechanical weathering, and thus drier/cooler conditions (Dean and Arthur, 1998b).
Mixed layer illite/smectite is generally low during the Niobrara Cycle at Mesa Verde and
does not show any discernable trend, which suggests that the contribution of altered
volcanic ash to the clay assemblage was minimal and relatively constant throughout the
interval.

The unconformity separating the Montezuma Valley Member of the Mancos
Shale from the overlying Smoky Hill Member is obvious in both foraminiferal and clay

mineral trends (Figure 9). The portion of the Smoky Hill Member that corresponds to the
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middle and upper Coniacian S. ventricosus and S. depressus zones (lower shale — lower
limestone unit equivalent) records the highest foraminiferal abundance, decreasing
benthics, relatively high biserial planktics, and major shifts in clay mineralogy.
Specifically, kaolinite declines to a general nadir, and discerete illite dominates, relatively
high but declining chlorite.

At Elk Creek and Vermillion Creek, the Smoky Hill Member contains
significantly higher %benthic values than are seen at Mesa Verde (40-60% vs. 20-40% at
Mesa Verde; Figures 10-11; Kent, 1968). At both localities a nadir in benthics occurs in
the middle of this interval. At Vermillion Creek, where the section is tied to molluscan
biostratigraphy (Reeside, 1955), the barren interval corresponds to the top of the upper
Coniacian S. depressus zone, equivalent to the lower shale unit on the Front Range. The
top of the Vermillion Creek section is in the middle Santonian C. vermiformis zone, and
although %benthics varies and includes relatively high peaks, benthic diversity severely
decreases, with only a few species ranging to the top of the section. At Elk Creek, this
same trend of decreasing diversity is observed, but above ~300 m benthics abruptly
disappear for the rest of the section. This likely corresponds to the barren upper
Santonian interval in the Cortez Member at Mesa Verde.

In the Cortez Member at Mesa Verde, foraminiferal abundance declines to zero in
the upper Santonian, and the ratio of kaolinite to illite gradually increases. Toward the top
of the Cortez Member, in the basal Campanian S. hippocrepis zone (upper-upper chalky
shale to upper chalk unit equivalent) these trends abate, as foraminifera return, albeit at
much lower abundance than seen lower in the section. This new assemblage is

completely dominated by benthic foraminifera, particularly agglutinated benthics.
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Figure 10. Summary of benthic foraminiferal abundance and the ranges of key

species at Vermillion Creek, CO, after Kent (1968). %Benthics vs. total foraminifera.
Gray bar shows low abundance interval assumed to be equivalent to lower shale unit

on the Front Range. See Figure 2 for explanation of ammonite biozones.
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Chlorite represents a large and increasing constituent of the clay assemblage at this level.
Because of the lack of macrofossil biostratigraphy at Elk Creek, it is unclear if the
recovery observed at Mesa Verde is equivalent to the top of the barren interval at Elk
Creek, or if it might be found above the sampled section.

3.5.3 Northern Sea

The most striking feature of the record developed by Frerichs (1979) and Frerichs
et al. (1975) at Centennial Valley is the difference in foraminiferal abundance between
the Sage Breaks Shale and the Niobrara Formation (Figure 12). %Benthics increase from
just above the Wall Creek Sandstone to an acme about 60 m above that level. Keeled
planktic foraminifera are present throughout this interval, and are fairly diverse (up to 6
species, in the sample just above the Wall Creek) before sharply declining in parallel with
the benthics. Foraminiferal number increases above this level, however, and remains high
through the rest of the Sage Breaks Shale, while relatively low %benthics suggest that
this increase is entirely driven by an abundant, thriving planktic community (Frerichs,
1979).

The P. germari zone, associated with the upper portion of the Sage Breaks Shale
(Merewether et al., 2011), is equivalent to the Fort Hays Limestone in Pueblo, CO. Itis
tempting, then, to place the transition from high benthic abundance and keeled diversity
to low benthic abundance and keeled diversity but very high foram numbers as equivalent
to the lower Fort Hays. However, because the macrofossil biostratigraphy is correlated
from another section (Rock River, ~50 mi north), it is impossible to precisely place these

fossil occurrences in the stratigraphic section, making such correlations impossible.
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Figure 12. Summary of foraminiferal trends at Centennial Valley, after Frerichs et al.
(1975) and Frerichs, (1979). Ammonite biozones after Merewether et al., 2011.
%Benthics vs. total foraminifera; Foraminiferal Number reflects total individuals in each
sample; Keeled Diversity represents number of keeled species present. Gray bar shows
decline in abundance presumed to be equivalent to the lower shale unit on the Front
Range. See Figure 2 for explanation of ammonite zones.
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The unconformity between the Sage Breaks Shale and Niobrara Formation does
make it possible to tie the lowermost Niobrara to the S. preventricosus zone, which
ranges from the uppermost Fort Hays to the lowermost lower shale unit in the Colorado
Front Range (Merewether et al., 2011). Benthic foraminifera make up no more than 15%
of the overall assemblage in the Lower Chalk Member and briefly increase to 20% in the
lowest sample in the Middle Shale Member before disappearing (two brief recoveries
above this level are from samples with only a few foraminifera, and should not be
considered significant) (Frerichs et al., 1975). Foraminiferal number is relatively low in
the Lower Chalk Member, with < 200 foraminifera through the transition with the Middle
Chalk Member, where foraminifera abundance eventually decreases to zero, before
recovering to ~ Lower Chalk values just below the transition to the Upper Chalk. This
level also records a minor recovery in keeled diversity, with several samples each
containing one species of Globotruncana (Frerichs et al., 1975).

3.5.4 Southern Sea

The section at Wagon Mound, New Mexico starts in the lower, non-calcareous
shale interval of the Juana Lopez Calcarenite (Figure 13). Lenses of sand-sized material
are common and are composed primarily of inoceramid prisms. The coarse fraction of
this shale is also dominated by inoceramid prisms, which outnumber foraminifera >10 to
1. This interval has the highest abundance of benthic foraminifera of the section, around
20%. The coarser upper unit of the Juana Lopez, like the Mesa Verde section, is barren of
foraminifera, likely due dilution due the large numbers of foraminifera-sized shell
fragments in the sediments. The boundary with the Montezuma Valley Member is in the

upper Turonian Scaphites whitifieldi zone, and was not sampled due to deep weathering
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Figure 13. Summary of foraminiferal trends at Wagon Mound. %Benthics is vs. total
foraminifera; %Biserial planktic foraminifera (vs. total planktics) and the simple diversity
of keeled planktic foraminifera from the Kansas outcrop composite section. Ammonite
biostratigraphy after Scott et al. (1986); see Figure 2 for explanation.
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on a very shallow slope and vegetation on the outcrop. Few benthic foraminifers are
found in the lower Montezuma Valley, but abundances quickly increase around 6 m and
vary between 5 and 15% for the rest of the section. Keeled foraminifera make an
appearance toward the top of the Montezuma Valley and, like in the Colorado Front
Range, reach a peak in abundance above the base of the Fort Hays Limestone before
decreasing gradually through the Fort Hays and lower chalk and shale unit of the Smoky
Hill. Unfortunately, the transition to the lower shale unit is not preserved at this locality.
In west Texas, the middle/upper Turonian Langtry Member of the Eagle Ford
Shale corresponds to the lowstand of the Greenhorn cycle (Lowery et al., 2014). The top
of this unit contains sandy hummocks with the common occurrence of the echinoid
Hemisaster jacksoni (Donovan et al., 2012), a common marine invertebrate of the Gulf
Coast realm but missing from the Western Interior Sea. At the very top of the unit, just
below the contact with the Austin Chalk (which is considered gradational in West Texas;
Donovan et al., 2012), Lowery et al. (2014) identified a transgressive surface, based on
an abrupt increase in benthic foraminifera and benthic diversity, decline in biserial
planktic foraminifera, and a sudden increase in macrofossil debris (primarily inoceramid
prisms), equivalent to a lag deposit at the base of the Austin Chalk near Austin, TX,
which contains abundant fish bones and glauconite (the “Rubble Zone” of Lundquist,
2000). This transgressive surface is equivalent to the onset of Niobrara transgression in
the WIS. While Western Interior lithofacies went through a succession of calcarenite
(Juana Lopez), calcareous shale (Montezuma Valley and Sage Breaks), and finally
limestone (Fort Hays) during this transgression, the lithofacies in Texas jumped from a

thin transgressive lag overlying regressive calcareous shale/sandstone straight into the
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high carbonate Austin Chalk, which records the oldest carbonates of the Niobrara Cycle
(see discussion above). In the Austin, benthic foraminifera generally decrease toward the
top of the section and are evenly divided between infaunal and epifaunal taxa throughout.
This section contains the lower Coniacian Cremnoceramus deformis erectus inoceramid
zone. The middle Coniacian ammonite Peroniceras westphalicum was identified
approximately 38 m above the base of the Austin Chalk near Lozier canyon (Cobban et
al., 2008), 10 m below the top of the measured section at Hwy 90, which would suggest
that the Austin here upper Turonian-lower Coniacian in age and only equivalent to the
lower Fort Hays in Colorado and Kansas.
3.6 Discussion/Interpretation

This discussion will synthesize data from all localities into time slices, based on
ammonite zones, in order to illustrate regional paleoecological changes and suggest
paleoceanographic drivers for them.
3.6.1 Middle to lower upper Turonian (Prionocyclus macombi to Scaphites whitfieldi)

The earliest phase of the Niobrara Cycle, equivalent to the Juana Lopez
Calcarenite and Montezuma Valley Shale (and their associated unconformities in the
center of the sea), represent rapid transgression of the Niobrara Sea. Restricted lowstand
conditions gave way to continually improving oxygenation and normal marine waters as
waters invaded the seaway from the north and south. Increasing import of Tethyan and
Boreal waters with rising sea level likely invigorated circulation in the sea. Caballing is a
process of mixing of two distinct water masses resulting in formation of a more dense
third water mass that downwelled and may have exported “Western Interior Intermediate

Water” out of the seaway (Fisher, 1991; Hay et al., 1993). Such a process suggests that
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strengthening circulation would ventilate the seafloor. Indeed, increasing benthic
foraminiferal abundance through the transgressive interval supports this hypothesis.
Overall, the Niobrara transgression may be similar to the “Benthonic Zone” of Eicher and
Worstell (1970), who described oxygenation of the seafloor during transgression of the
Greenhorn Cycle at the base of the Bridge Creek Limestone. The staggered introduction
of keeled planktic foraminifera show the progress of transgression, as gradually
increasing water depths opened up habitat space for deeper planktic dwellers, and also
suggests the middle water depths were well-ventilated.

In Texas, this interval is represented by a thin transgressive lag characterized by
macrofossil debris (like the Juana Lopez), glauconite, and similar foraminiferal trends to
those seen in the WIS proper, suggesting improved benthic ventilation but also
condensation and winnowing on the seafloor. The early onset of carbonate deposition in
Texas, which has been well-established (e.g., Walaszczyk and Cobban 2000), helps
confirm the notion that carbonate deposition is tied to warm, southerly waters, and
suggests that any pelagic limestone deposition in the WIS can be tied to a southern water
mass (e.g., Longman et al., 1998).

3.6.2 Upper Turonian (Scaphites nigricollensis to Scaphites mariasensis)

The lower portion of the Fort Hays Limestone, which is late Turonian in age,
records the late transgression of the Niobrara Cycle. It is missing in the western part of
the study area, perhaps due to local subsidence or accommodation issues related to
thrusting in the Sevier Highlands, as the early transgressive Juana Lopez and Montezuma
Valley are well represented despite the fact that transgressive unconformities tend to

expand in a proximal direction (Kauffman, 1984). In the central and southern sea,
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however, the upper Turonian is well represented, and corresponds to a general
continuation of the trends observed in the middle Turonian. Benthic foraminifera
continue to be fairly abundant and diverse, and keeled foraminifera continue to diversify
(increasing later in the S Colorado Portland Core than at the NE New Mexico Wagon
Mound outcrop). Trace metal abundances in cores along the Front Range show a peak in
manganese, which is generally, but not always, associated with oxic conditions. The
abundance of benthic foraminifera at this level suggests that oxygen is, in this case, what
is driving Mn abundance.

3.6.3 Lower Coniacian (Scaphites preventricosus)

Transgression slows and reaches a highstand in the upper portion of the Fort Hays
Limestone (Kauffman, 1984). This is the second highest sea level in the history of the
WIS, after the early Turonian Greenhorn highstand (Kauffman, 1984). As sea level rise
begins to slow and reverse in the upper Fort Hays, trends in foraminifera, trace metals,
circulation, and redox conditions also slow and begin to reverse. Benthic foraminiferal
numbers decrease through the Fort Hays, and keeled planktics appear to follow the same
trend in the Portland and Bounds cores, as well as in the Kansas outcrops. Black shale
interbeds in the Fort Hays become thicker and, at least in the Bounds Core, are associated
with higher organic carbon and trace metal markers for anoxia/euxinia (especially
molybdenum, which indicates euxinia, or a state sulfide-reduction in the water column),
as Mn decreases.

As sea level rise slows, so does the influx of Boreal and Tethyan water into the
sea, resulting in a decrease in circulation and downwelling by caballing. Without this

well-oxygenated bottom water mass, benthic conditions begin to deteriorate. The slowing
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import of warm, carbonate-rich Tethyan water also decreases carbonate productivity in
the sea, leading to a switch, particularly in the central and western sea from pure chalks
and limestones, to marls and calcareous shales. This is what led to the change in lithology
from the Fort Hays Limestone to the Smoky Hill Chalk, with the lower limestone and
shale unit as a transitional interval.

The lower limestone and shale represents late highstand and early regression.
Benthic foraminifera generally decline in the center of the sea, reaching values of 5-10%,
which, on a well-oxygenated and reasonably productive margin, would represent upper
bathyal water depths (500-1000 m; Culver, 1988; Leckie and Olson, 2003). Overall, the
upper Fort Hays and lower limestone and shale unit and their equivalents correspond to
the start of regression of the Niobrara Sea and a general transition from the well-
oxygenated, normal marine conditions of the transgression of the Niobrara Sea to the
anoxia and greater seaway restriction that followed.

3.6.4 Middle Coniacian (Scaphites ventricosus)

The transition recorded by the upper Fort Hays and lower shale and limestone unit
abruptly ended in the lowermost part of the S. ventricosus zone, equivalent to the base of
the lower shale unit of the Smoky Hill. Here, slowly decreasing oxygen suddenly crashed
into strong euxinia, and total organic carbon preservation jumped from close to zero to >8
wt% in the Portland Core as benthic foraminifera disappear briefly in the Colorado Front
Range. Mo abundance in the Berthoud State Core (Dean and Arthur, 1998b) and Bounds
Core (Dean and Arthur, 1998b) sharply increases, as well. Northern (Frerichs et al., 1975)
and northwestern (Kent, 1968) sites show an abrupt drop in %benthic foraminifera. The

NW Colorado sites of Kent record fairly high %benthics through this interval, although
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they fluctuate strongly and reach two short-lived nadirs in the S. ventricosus zone before
quickly returning to previous values. These nadirs are not recorded at Mesa Verde,
perhaps because they are not captured by the resolution of samples taken in this 550-m
thick Niobrara Cycle section of the Mancos Shale. After the first nadir, benthic diversity
does not recover, and the assemblages are dominated by only a few species. This suggests
stressed conditions and continually deteriorating conditions, despite recovery in benthic
abundance. Stressed benthic conditions are typically manifested as low diversity, high
dominance benthic assemblages (Gooday, 2003). Benthic values also rebound, briefly, in
the Front Range, in the basal portion of the overlying upper Coniacian Scaphites
depressus zone. The benthic assemblages from the sections in southern Wyoming never
recover.

In addition to the greater abundance of benthic foraminifera at the western sites in
relation to localities in the center of the basin, %benthic values are progressively higher
to the north. This suggests the continued influence of a coastal jet bringing cool, oxygen-
rich Boreal waters down the western side of the sea, although steadily weakening based
on declining benthic abundances (e.g., Kent, 1968; Hay et al., 1993; Slingerland, 1996;
Leckie et al., 1998; DaGama et al., 2014). This interpretation is further supported by the
highest discrete illite and lowest kaolinite abundances in this interval at Mesa Verde.
Illite and chlorite (also high at this level) are generally formed through mechanical
weathering (Dean and Arthur, 1998b), which suggests a dry, likely cool environment.
Kaolinite, on the other hand, is formed by the chemical weathering of feldspar and
suggests a humid, warm environment (1998b). Finklestein (1991) tied similar trends in

the Bridge Creek Limestone Member of the Mancos Shale at Mesa Verde to the strength
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of the northern-sourced water masses, and this appears to hold true for the Smoky Hill
and Cortez Members as well.

If, on the other hand, these trends reflect changes in weathering rate instead of
source area and current strength, low kaolinite suggests that the weathering rate is low
and fairly steady throughout the Smoky Hill Member of the Mancos, despite the fact the
center part of the seaway records declining carbonate content and increasing TOC well
below this level. If this is caused by siliciclastic dilution, it is not coming from the
western margin. The eastern margin is poorly understood at this time and is a possible
candidate as a clay mineral source (e.g., Elderbak et al., 2014). However, if the eastern
margin was a sediment source, it was not a large one, and certainly not large enough to
affect the lithologic changes recorded in the carbonate-rich lower Niobrara Formation.
Biserial planktic foraminifera also contradict a hypothesis of increasing clastic flux from
the east diluting carbonate sedimentation and causing salinity-stratification. Biserial taxa
live in the surface waters, and increase in abundance when surface waters differ from
normal marine salinity (e.g., Leckie et al., 1998), so if freshwater flux was increasing
during this time interval, biserial abundance would be expected to increase with it. The
percentage of biserials at all sites does not show any discernable trends through the upper
Fort Hays to lower limestone and shale and lower shale units even though carbonate
content steadily decreases and TOC suddenly increases. Biserials tend to fluctuate in
what appear to be 100-kyr cycles (perhaps reflecting real changes in precipitation and
weathering flux) but do not track any of the observed, large-scale trends. Overall, biserial
foraminifera show very poor correlation with either TOC or carbonate abundance (Figure

14), which is the opposite of what would be expected if freshwater input controlled these
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mechanism the sea has to ventilate its deep waters: mixing and density-driven
downwelling. Regression of the Niobrara Sea also compounded seaway constriction by
supplying an abundance of river-borne nutrients, which sustained relatively high
biological productivity and flux of organic matter to the seafloor.

3.6.6 Lower Santonian — lower Campanian (Clioscaphites vermiformis — Scaphites
leei 111)

For the benthos of the Western Interior Sea, the Santonian was a bleak time, with
near zero benthic abundance along the Colorado Front Range, in Kansas, to the north in
Wyoming, and even in their last refuge in the slowing suffocating waters of the western
margin. Keeled planktic foraminifera are also absent, although this is possibly due to
habitat loss driven by lowering sea level, rather than habitat loss driven by declining
dissolved oxygen. Circulation slowed to a crawl, the sea became increasingly stratified,
productivity increased in response to riverine runoff from all directions, and the seafloor
became a soft, soupy mess colonized only by large flat clams (Inoceramus platinus).

Plankton in the mixed layer did fine, and occasionally, Tethyan water advanced
into the seaway and supported calcareous nannofossil productivity and the deposition of
chalks in the east, along the corridor where Tethyan water could minimally intrude. This
time period corresponds to a sandy interval in the middle shale of the Smoky Hill. Known
as a relatively thin interval in Colorado (Kauffman, 1985) and well-known as a
significant middle sandy unit of the Smoky Hill in the Raton Basin (Scott et al., 1986),
the progradation of this sandy facies, even as a minor constituent of an overall shaly
interval, into the middle of the sea suggests sea levels were low indeed. Again, this was

likely not caused by increased precipitation and riverine flux, as clay mineral trends at
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Mesa Verde and in the Berthoud State Core do not show significant changes associated
with this sandy interval.
3.6.7 Lower Campanian (Scaphites hippocreppis I-111)

Finally, at the end of the Niobrara Cycle, the upper chalky shale and upper chalk
units of the Smoky Hill and their equivalents record some recovery from a 3-myr period
of widespread anoxia. Keeled planktic foraminifera return to the center of the seaway,
although benthics do not, while to the west benthic foraminifera return, especially
agglutinated benthics. Agglutinated benthics have long been associated with Boreal
waters in the WIS (Caldwell et al., 1993; West et al., 1998), suggesting a reinvigorated
northern current moving south along the west side of the sea. The reversal of clay trends,
with increasing chlorite at Mesa Verde, supports this hypothesis. The deposition of chalks
to the east likewise signals an incursion of Tethyan waters. This (slightly) strengthened
circulation and brought a modicum of oxygenation to the Niobrara Sea, at least its middle
water depth.

3.6.8 Role of Sea Level

Sea Level appears to play a controlling role in the redox state of the Western
Interior Sea. This influence likely goes beyond simple restriction and stratification, as
periods of transgression and highstand are associated with increased proxies for Tethyan
influence on the central and eastern side of the sea (higher carbonate, more Tethyan
foraminifera, particularly keeled foraminifera) and increased proxies for Boreal water on
the western side of the sea (more agglutinated foraminifera, detrital clays associated with
cooler northern climates). To explain these trends and understand how they would impact

the paleoceanography of the WIS, | propose a modified version of the caballing model
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proposed by Hay et al. (1993) (Figure 15). The volume of water entering the sea from the
north an south moderates the strength of mixing in the sea; the downwelling of this third
water mass ventilates the sea floor, so the amount of mixing directly controls the amount
of oxygen available to the benthos. If downwelling of oxygen-rich surface waters cannot
keep pace with demand for oxygen on the seafloor, anoxia quickly sets in and organic
carbon preservation is far more likely. This sets up threshold conditions for the
development of anoxia within the WIS (Figure 16). As sea level falls, restriction of the
basin reduces the amount of Tethyan and Boreal watermasses entering the sea, reducing
mixing and downwelling of oxygen-rich waters, decreasing the amount of available
oxygen. When this oxygen falls below a certain level, oxygen demand exceeds supply,
and a rapid change occurs, as is seen in the Scaphites ventricosus zone. Rising sea level
results in an opening of the basin, increasing the amount of Tethyan and Boreal waters
entering the sea, increasing mixing and downwelling of oxygen-rich waters. At a certain
point, the amount of oxygen downwelled exceeds demand, and a rapid change to well-
oxygenated conditions occurs.
3.7 Conclusions
1. Foraminiferal records, sedimentation patterns, clay assemblages, and major and
minor element geochemistry suggest that relative sea level change is the primary
control on the paleoceanography of the Western Interior Sea during the third-
order Niobrara Cycle. This control is exerted primarily through moderating the
volume of outside (i.e., Tethyan and Boreal) waters entering the sea. This, in turn,
controlled the strength of circulation, which drives mixing, caballing (e.g., Hay,

1993) and downwelling of a third, denser water mass. This denser water mass,
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Figure 16. Simplified relationship between sea level and oxygen in the WIS. Falling sea

level leads to decreased mixing and downwelling, which slowly decreases oxygen export
to the sea floor until a critical threshold is crossed where oxygen demand exceeds oxygen
supply and a rapid shift to anoxia occurs. Rising sea level causes the opposite trend.
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Western Interior Intermediate Water, is exported oxygen to the sea floor, allowing
the growth of a thriving, diverse benthic community during times of transgression
in the seaway and vigorous mixing of Tethyan and Boreal water masses.
Following the lowstand of the Cenomanian-Turonian Greenhorn Cycle during the
middle Turonian, early transgression of the Niobrara Cycle brought gradually
improving conditions to the Western Interior Sea. Carbonate deposition,
associated with southern, Tethyan water, began earlier in Texas and spread
northwards, particularly on the eastern side of the sea. As sea level rise slowed
and reversed, so did these trends, with decreasing dissolved oxygen and
increasing organic carbon deposition at and above the early Coniacian highstand.
These trends proceeded gradually until the middle Coniacian Scaphites
ventricosus zone, equivalent to the lower shale on the Colorado Front Range,
when falling sea level crossed a threshold and the sea quickly stratified, bringing
euxinic conditions across the deep central axis. Circulation briefly resumed above
this level, bringing a brief recovery in the benthic community, but falling sea level
caused continued decline and a long interval in the middle of the Smoky Hill
Chalk (upper Coniacian-Santonian) of no benthic and few to no deep-dwelling
planktic foraminifera. Strengthening circulation in the basal Campanian upper
chalky shale and upper chalk units and their equivalents brought a mild recovery,
with keeled planktics reappearing in the central sea, and benthic foraminifera,
chiefly agglutinated benthics associated with northern waters, returning to the

Mesa Verde area.
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3. Clay mineralogy and surface-dwelling planktic foraminifera, particularly biserial
taxa, do not show any correspondence to trends in oxygenation and organic
carbon production/preservation or lithology. This suggests that wet/dry climate
cycles did not drive biological productivity in the sea, changes in circulation, or,
by extension, changes in lithology in the Western Interior Sea during the Niobrara
Cycle. Relative changes in sea level, likely driven by episodic tectonic loading
and increased accommodation space, was the principle driver of seaway
paleoceanography, water mass mixing, and organic carbon production and burial.

4. The diachronous onset of low-oxygen across the Western Interior Sea during
OAE3 demonstrates that even in regions prone to anoxia during this interval,
OAES3 does not represent an event. This supports the argument that “OAE3” is not

a true, global event (e.g., Wagreich, 2012).
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CONCLUSION

Sea level is the primary control on the development of anoxia in the Western
Interior Sea during the Cenomanian-Campanian. The restricted nature of the sea and its
dependence on outside water masses to drive circulation meant that the local sea level
forcing greatly overwhelmed any global trends toward increasing or decreasing dissolved
oxygen. During the late Cenomanian OAEZ2, rising sea level ventilated the sea during a
time when large parts of the open ocean were anoxic and even euxinic. During the
Coniacian-Campanian OAES3, falling sea level choked off circulation, driving increased
stratification and an expanding oxygen minimum zone, during a time when large parts of
the open ocean, particularly the eastern Tethys, were experiencing increasing
oxygenation. Organic carbon accumulation rate during both events show a great disparity
in the WIS, with organic carbon burial during OAES3 in the Niobrara vastly exceeding
rates associated with OAE2 in the Bridge Creek (Locklair et al., 2011). Likewise, anoxia
does not develop in the sea during OAEZ2 until later in the event, and the lack of
associated organic carbon enrichment lead many authors to assume that the anoxia was
driven by the incursion of a low-oxygen water mass from the open ocean (e.g., Eicher
and Worstell, 1970). The Niobrara, meanwhile, is associated with multiple proxies for

sustained anoxia and euxinia.

During both the Cenomanian-Turonian Greenhorn Cycle and the Turonian-
Campanian Niobrara Cycle, rising sea level is associated with increasing ventilation, an

abundant, diverse benthic community, and the deposition of carbonate facies, particularly
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in the central and eastern parts of the sea. Falling sea level is associated with increasing
stratification, declining benthic population and diversity, and the deposition of organic-
rich facies. During both these sea level trends, the sea exhibits threshold behavior: during
transgression, conditions (salinity and oxygenation, primarily) improve gradually until
sea level rise passes some critical threshold to allow an ideal volume of open ocean water
into the sea and geologically instantaneous improvement occurs. This is exemplified by
the base of the Bridge Creek Limestone in Colorado (“Bed 63”) and its equivalent, the
base of the Scott Ranch Member of the Eagle Ford Shale in west Texas in the sudden
abundance of benthic foraminifera (the “Benthonic Zone” of Eicher and Worstell, 1970)
and the change in lithology from organic rich dark shale to organic poor limestone and
marl. Multiple transgressive unconformities in the central sea make a similar horizon
more difficult to pinpoint during the transgression of the Niobrara, although the Ft. Hays
Limestone Member represents peak transgression and the best ventilated conditions of
the Niobrara cycle. During regression and deposition of the Smoky Hill Member, the
same trend occurs in reverse: conditions deteriorate gradually until sea level fall passes
some critical threshold restricting the inflow of open ocean water, and conditions almost
instantaneously deteriorate. This is exemplified at the base of the lower shale unit of the
Smoky Hill Chalk Member of the Niobrara Formation in Colorado with a sudden
increase in TOC and trace metal markers for euxinia and the sudden disappearance of

benthic and deeper-dwelling planktic foraminifera.

Orbitally-forced wet/dry climate cycles have long been invoked to explain some
or all of the paleoceanographic change in the Western Interior Sea (Gilbert, 1895; Fischer

etal., 1991; Hay et al., 1993; Pratt et al., 1993; Slingerland et al., 1996; Dean and Arthur
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1998b). There is certainly an orbitally-derived signal recorded in the rocks of the
Greenhorn and Niobrara Formations (e.g., Meyers et al., 2001; Locklair and Sageman,
2008; Sageman et al., 2014), and in an ice-free world like the Cretaceous, insolation
changes were most likely expressed as changes in precipitation. However, these changes
appear to be limited to higher-frequency cycles overprinted on the 4-5 myr 2"%-order and
1-2 myr 3"-order tectonically driven sea level cycles. Shallow-dwelling planktic
foraminifera should show a strong response to changes in surface salinity that would
accompany increased precipitation and runoff. These taxa do vary, but at a high-
resolution and low-amplitude, and do not track observed changes in benthic conditions or
lithology, suggesting that while regional precipitation did fluctuate enough to imprint on
the rock record, it was not the driver of the major observed changes. This interpretation is
supported by clay mineralogy, which appears to track changes in the strength of

circulation and not freshwater runoff.

So What?

The expression of both OAEs preserved in the Western Interior differ
significantly from their “global” or “typical” expression. This is not a novel idea — it’s
been around at least since Pratt and Threkeld (1984) showed that organic matter
enrichment occurs prior to the onset of OAE2 — although hopefully the preceding 142
pages render it more robust. But, of course local records differ from a global ideal; it
should not come as a surprise that the geochemical, biologic, and lithologic records of a
particular outcrop or region are primarily affected by the local environment. One might as
well complain that lithology varies from basin to basin during a particular interval of

time. Hopefully it goes without saying that all geochemical, biologic, and lithologic
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records are primarily a product of their local environment, and any global climatic event
IS going to be filtered through the lens of that local environment. Or, to take look at the
opposite side of the same coin: all global records are the sum of local trends. So the mere
fact that sections containing records of OAE2 or OAE3 in the WIS differ from equivalent
“classic” sections in Europe or the South Atlantic does not automatically disqualify them
as important records of those intervals.

Indeed, the similarities and differences between these regions highlight important
mechanisms controlling the development of anoxia and the deposition of black shales.
One example of this may be the importance of sea level change and oceanographic
restriction to the development of anoxia. For example, although van Helmond et al.
(2015) convincingly invoke runoff-induced stratification for the development of
Cenomanian-Turonian TOC-rich black shales at Wunstorf, Germany, the restricted nature
of that basin certainly played an important role. More generally, most “classic” OAE2
intervals are in the North Atlantic and eastern Tethyan region, which was a restricted
ocean basin before the opening of the South Atlantic resulted in a new global circulation
pattern and a general ventilation of the region, which prevented the development of black
shales during OAE3 time (e.g., Wang et al., 2011; Wagreich, 2012). The WIS did not
experience this ventilation, and saw the opposite trend as falling sea level restricted the
basin; as a result, sediments there are enriched in TOC and record evidence of anoxia.

Globally, both the Cenomanian-Turonian and Coniacian-Campanian are periods
of the enhanced development of black shales and anoxia. By emphasizing the role local
conditions play in their development, the results presented in this dissertation reinforce

the fact that these perturbations require more than just globally enhanced nutrient
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delivery to develop. These local conditions are important, and the unique regional factors
add up to a globally important event.

In the case of the Coniacian-Campanian OAES3, the local biotic response to anoxia
across the WIS suggests that the onset of anoxia was diachronous even within the
Western Interior basin. This diachronaitity supports the argument made by others (e.g.,
Wagreich, 2012) that OAE3 is not an “event” in the sense of other OAEs, but “merely”
an interval of enhanced production/preservation of organic matter and anoxia
development in regions prone to it. A new nomenclatural designation for this interval
would be useful, as it would allow researchers to stop thinking of it as an easy-to-ignore
lesser OAE, and focus attention on a long-term period of black shale formation that

played an important role in the cooling of the Santonian-Campanian.
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