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Abstract During the Cretaceous, widespread black shale deposition occurred during a series of Oceanic
Anoxic Events (OAEs). Multiple processes are known to control the deposition of marine black shales, including
changes in primary productivity, organic matter preservation, and dilution. OAEs offer an opportunity to
evaluate the relative roles of these forcing factors. The youngest of these events—the Coniacian to Santonian
OAE 3—resulted in a prolonged organic carbon burial event in shallow and restricted marine environments
including the Western Interior Seaway. New high-resolution isotope, organic, and trace metal records from the
latest Turonian to early Santonian Niobrara Formation are used to characterize the amount and composition of
organic matter preserved, as well as the geochemical conditions under which it accumulated. Redox sensitive
metals (Mo, Mn, and Re) indicate a gradual drawdown of oxygen leading into the abrupt onset of organic
carbon-rich (up to 8%) deposition. High Hydrogen Indices (HI) and organic carbon to total nitrogen ratios (C:N)
demonstrate that the elemental composition of preserved marine organic matter is distinct under different
redox conditions. Local changes in δ13C indicate that redox-controlled early diagenesis can also significantly
alter δ13Corg records. These results demonstrate that the development of anoxia is of primary importance in
triggering the prolonged carbon burial in the Niobrara Formation. Sea level reconstructions, δ18O results, and
Mo/total organic carbon ratios suggest that stratification and enhanced bottom water restriction caused the
drawdown of bottom water oxygen. Increased nutrients from benthic regeneration and/or continental runoff
may have sustained primary productivity.

1. Introduction

Over the many years of research on black shale deposition, a primary goal has been identification of the key
mechanism(s) responsible for organic matter burial rates sufficient to produce these important facies. As with
so many other issues, the tendency to dichotomize has been attractive, and thus, following the seminal work
of Demaison and Moore [1980] and Pedersen and Calvert [1990] on organic-rich sedimentation, “production
versus preservation” dominated the discussion for many years. More recent efforts to develop a
comprehensive model have argued that at least three major factors play key roles in the development of
organic carbon-rich black shales: rate of export production, rate of organic matter decomposition during early
burial (in particular, oxygen exposure time) [Hartnett et al., 1998], and rate of organic matter dilution by other
sedimentary materials [e.g., Sageman and Lyons, 2003; Bohacs et al., 2005; Sageman et al., 2014]. Together,
these factors likely account for most organic matter burial in marine and lacustrine deposits, although there
may be variations in the relative contribution of each, and in some cases additional influences, such as mineral
surface area, may play a contributing role [e.g., Kennedy et al., 2002; Kennedy and Wagner, 2011]. Nonetheless,
reduced benthic oxygen levels, whether a consequence of hydrographic factors such as water column
stratification or enhanced consumption due to extreme export production, appear to be a consistent feature.

Mesozoic ocean anoxic events, the canonical examples of oxygen depletion and massive organic matter
accumulation, were first defined almost 40 years ago, when black shales were discovered in stratigraphic
intervals of deep-sea cores suggesting widespread anoxic deposition in the marine realm [Schlanger and
Jenkyns, 1976]. Although only two of the designated Mesozoic Oceanic Anoxic Events (OAEs) have proven to
be consistently expressed globally (OAE 1a and OAE 2), the term has been applied to as many as nine
intervals during the Late Jurassic to early Cenozoic [Jenkyns, 2010]. Because the individual events differ
in duration, expression, and geographic extent, most likely because they are triggered by different
environmental conditions and depositional mechanisms, they offer an opportunity to deconvolve the
relative roles of these forcing factors more effectively.
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Coniacian-Santonian-age black shales represent one of the nonglobal OAEs, termed OAE 3 [e.g., Locklair et al.,
2011;Wagreich, 2012]. It is unlike the quintessential Cenomanian-Turonian boundary event (C-T OAE 2), which
is clearly defined by black shales in many localities [Schlanger et al., 1987; Tsikos et al., 2004], and has a
distinctive and relatively short lived (~600 ka) [Sageman et al., 2006] positive carbon isotope excursion that
is expressed almost everywhere in the world that C-T deposits are preserved [Arthur et al., 1987; Jenkyns,
2010]. In contrast, organic carbon-rich sedimentation during OAE 3 was restricted to the equatorial Atlantic
and adjacent continental shelves and seaways [e.g., Hofmann et al., 2003; Wagner et al., 2004; Beckmann
et al., 2005; Marz et al., 2008; Locklair et al., 2011], including the North American Western Interior Seaway
(WIS), with an absence of significant black shale deposition in the Tethys and Pacific basins [Arthur and
Sageman, 1994; Jenkyns, 2010; Wagreich, 2012]. In localities where Coniacian-Santonian organic-rich strata
have been found, the age and duration of carbon burial varies considerably, further complicating the
identification of the event [Locklair et al., 2011]. In some regions, including the WIS, organic carbon burial
rates were roughly double that of OAE 2 and carbon burial persisted for a significantly longer duration
(>3Myr), indicating that despite the lack of global organic carbon burial, OAE 3 represents a significant
carbon cycle perturbation [Locklair et al., 2011; Wagreich, 2012]. While the triggering mechanisms and
feedbacks of short-lived, near-global OAEs, such as OAE 2, have become increasingly well understood [e.g.,
Turgeon and Creaser, 2008; Du Vivier et al., 2014], the prolonged period of carbon burial within the WIS
during the Coniacian-Santonian requires different depositional mechanisms. Under modern climatic
conditions, organic carbon burial in similar shallow marine environments plays an important role in the
global carbon cycle with >40% of marine organic carbon sequestration occurring on continental margins
[Muller-Karger et al., 2005]. Therefore, while Coniacian-Santonian carbon burial may not manifest in the
rock record as an OAE sensu stricto, a better understanding of such regional shallow marine carbon burial
events has important implications for predicting how carbon burial in shallow marine settings may change
in response to anthropogenically driven expansion of low-oxygen marine environments in response to
future warming and marine eutrophication.

A better understanding of the extended period of Coniacian-Santonian black shale deposition and the role that
oxygenation played requires regional records of carbon burial and redox history. Here we present high-
resolution isotope, organic and trace metal records from the latest Turonian to early Santonian Niobrara
Formation of the WIS to help characterize the amount and composition of organic matter preserved in the
region, as well as the geochemical conditions under which it accumulated. These results allow for the
evaluation of redox-controlled preservation as a potential mechanism for regional organic carbon-rich
deposition in the WIS and a possible mechanism for black shales deposited in other regions and at other times.

2. Background
2.1. Geologic Setting

During Cretaceous peak highstand intervals, the WIS flooded the North American continental interior, linking
the northern Boreal Sea with the Tethys Ocean to the south (Figure 1). The WIS formed due to glacio- and
tectono-eustatic forces, as well as accommodation space created by the subsidence of a retroarc foreland
related to crustal loading of the Sevier Orogenic Belt to the west [Kauffman and Caldwell, 1993]. The record
of the WIS includes episodic deposition of organic carbon-rich shales and chalks, including those recorded
during the two maximum transgressions of the Greenhorn and Niobrara cyclothems [Kauffman, 1977]. The
seaway had two main sources of water: warm, saltier Tethyan waters from the south and cooler, lower
salinity Boreal waters from the north [e.g., Hay et al., 1993; Fisher et al., 1994]. Continental runoff from the
Sevier Highlands delivered freshwater and nutrients to the seaway [e.g., Floegel et al., 2005].

The Niobrara Formation was deposited in an asymmetrical foreland basin from the Late Turonian to the Early
Campanian [Scott and Cobban, 1964; Locklair and Sageman, 2008] and is formally divided into two members:
the basal Fort Hays Limestone and the overlying Smoky Hill Chalk (Figure 2). The late Turonian-early
Coniacian Fort Hays Limestone consists of ledge-forming limestone beds separated by thin organic
carbon-rich shales [Scott and Cobban, 1964]. The Smoky Hill Chalk consists of interbedded shales and
chalks that Scott and Cobban [1964] divided into seven informal units (Figure 2).

Previous research on the Niobrara Formation illustrates the difficulty in identifying a single distinct carbon
burial event during the Coniacian-Santonian associated with OAE 3, as there are several periods of
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elevated organic carbon burial [Pratt et al., 1993; Locklair et al., 2011]. Locklair et al. [2011] define three
possible “OAE 3 intervals” during the middle Coniacian, the early Santonian, and at the Santonian-
Campanian boundary. They assign the main OAE 3 interval to the middle Coniacian section, and this
designation has been used in subsequent work [Locklair et al., 2011; Joo and Sageman, 2014]. OAEs are
traditionally defined by significant positive global carbon isotope excursions (>2‰) [Jenkyns, 2010];
however, records defined as the main OAE 3 interval from the WIS and elsewhere correspond to a
comparatively small (<1‰) isotope excursion [Pratt et al., 1993; Jarvis et al., 2006; Locklair et al., 2011]. For
these reasons, the OAE 3 designation has been debated in the literature.

2.2. Trace Metal Geochemistry

Trace metal geochemistry has been used to study the mechanisms and characteristics of organic carbon
burial in modern and paleo-environments [e.g., Calvert and Pedersen, 1993; Brumsack, 2006]. Molybdenum,
Re, and Mn accumulate in sediments under variable redox conditions and can be used to identify
differences in benthic oxygenation throughout the WIS records. Molybdenum accumulates in reducing
sediments in the presence of free H2S above a threshold concentration [Helz et al., 1996]. Molybdenum
concentrations enriched over background concentrations, but less than 25 ppm indicate the presence of
pore water sulfide, while concentrations of greater than 100 ppm are interpreted as evidence for abundant
water column sulfide. Concentrations between 25 and 100 likely indicate intermittent to persistent euxinia
[Scott and Lyons, 2012]. Rhenium also accumulates in reducing sediments but unlike Mo, sedimentary
enrichment does not require the presence of H2S [Crusius et al., 1996; Morford et al., 2001]. As opposed to

Figure 1. Map of the Cretaceous Western Interior Seaway (WIS) with Coniacian-Santonian paleogeography (adapted from
Roberts and Kirschbaum [1995]). Dark gray represents marine shales and limestones, light gray represents the coastal plain,
and white represents the alluvial plain. The USGS #1 Portland core location is marked with a star. The Berthoud State #3 and
Aristocrat Angus cores are marked with circles. The Sevier Highlands are labeled to the west, and the major water sources
are indicated to the north and south of the WIS.
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the other metals discussed here, Mn is soluble in reducing waters as Mn2+, which results in sedimentary Mn
depletion in reducing environments, with the exception of settings in which Mn carbonates are formed [Hild
and Brumsack, 1998]. Rhenium and Mo are enriched in reducing sediments and should be precipitated in
sediments at different reduction potentials [Crusius et al., 1996]. In oxic settings, the Re/Mo ratio will be
low due to the low crustal ratio of Re/Mo. In suboxic settings, the Re/Mo ratio will be very high, due to
large Re enrichments and little to no Mo enrichment. In more reducing settings, the Re/Mo ratio will be
the seawater ratio, as both Re and Mo are removed from seawater [Crusius et al., 1996]. Ratios of
>9mmolmol�1 indicate suboxic conditions, while ratios of <9mmolmol�1 indicate anoxic conditions
[Crusius et al., 1996]. Thus, taken together, the suite of Mo, Re, and Mn can be used to differentiate
between oxidizing and reducing and sulfidic and nonsulfidic conditions.

3. Methods and Materials

The Niobrara Formation within the U.S. Geological Survey (USGS) #1 Portland core was sampled at 0.5m
resolution at the USGS Core Research Center in Denver, Colorado (Figure 1). The Portland core was drilled
and continuously cored in the Cañon City Basin, Colorado, where Cretaceous strata, including half of the
Niobrara Formation, were collected [Dean and Arthur, 1998].

Bulk carbonate stable isotopes analyses were run on a Thermo Finnigan MAT 253 triple-collector gas source
mass spectrometer coupled to a Finnegan Kiel automated carbonate device at the University of Michigan’s
Stable Isotope Laboratory. Isotope values were corrected to Vienna Peedee belemnite using National Bureau
of Standards 19 (n=32, δ18O=�2.18± 0.07‰, δ13C=1.98± 0.07‰). Samples were reproduced with average
standard deviations of 0.11‰ and 0.07‰, respectively. Organic carbon isotope analyses were run on a Delta
V Plus mass spectrometer at the University of Michigan’s Stable Isotope Laboratory. International Atomic
Energy Agency (IAEA) 600 caffeine (n=9, δ13C=�27.77± 0.04‰) and IAEA-CH-6 sucrose (n=9,
δ13C=�10.45± 0.05‰) standards were used to verify isotopic values. Δ13C values were calculated as

Δ13C ¼ δ13Ccarb � δ13Corg (1)

Carbon and nitrogen concentrations were measured on a Costech ECS4010 elemental analyzer. Total organic
and inorganic carbon were determined using paired acidified (organic) and unacidified (total) carbon
measurements. In preparation for analysis of total organic carbon, samples were acidified in 7% HCl until

Figure 2. Stratigraphy and carbon isotope results from the USGS #1 Portland core. Lithostratigraphy was adapted from
Dean and Arthur [1998]. δ13Ccarb, δ

13Corg, and Δ13C records are plotted. δ13Ccarb records are plotted as gray circles with
a three-point running average plotted as a gray line. The black symbols correspond to samples with δ13Corg and Δ13C
measurements. Dashed lines designate the three intervals studied. Interval 2 corresponds to Ocean Anoxic Event (OAE) 3 as
defined by Locklair et al. [2011].
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all carbonate was removed. Dried samples were homogenized and loaded in tin capsules. Acetanilide
standards were used to verify concentrations (n= 48, %C=10.21 ± 0.05, %N= 71.37 ± 0.15), and 20% of
sample concentrations were replicated. Replicates were reproduced with average standard deviations of
0.13% and 0.05%.

Rock-Eval pyrolysis analyses were performed at a commercial laboratory [Espitalie et al., 1977; Locklair, 2007].
Hydrogen index (HI) is calculated as (S2*100)/total organic carbon (TOC) where S2 equals the amount of
hydrocarbons produced through thermal cracking of nonvolatile organic matter in milligram
hydrocarbons/g of rock. Oxygen index is calculated as S3/TOC where S3 is the amount of CO2 produced
during pyrolysis of kerogen in milligram CO2/g of rock.

Samples for major and trace element geochemistry were ground to<75μm and homogenized in an alumina
shatterbox to minimize trace element contamination. Elemental analysis was completed on samples from the
Portland core at ALS Laboratories in Vancouver, British Columbia. Whole rock samples were digested with
perchloric, hydrofluoric, nitric, and hydrochloric acids. Concentrations were determined by inductively
coupled plasma (ICP)-atomic emission spectroscopy and inductively coupled plasma (ICP)-mass
spectroscopy GRM908, OREAS 90 and MRGeo08 standards were used to verify elemental concentrations.
Sample replicates reproduced with average standard deviations are as follows: Al = 0.09%, Mn=11 ppm,
Mo= 0.21 ppm, and Re= 0.007 ppm.

Trace metal records are presented as excess concentrations, which are calculated as follows:

TMxs ¼ TMsample � Alsample
TM
Al

� �
crustal

(2)

where TM is the trace metal in question and Al is aluminum content. Excess concentrations are used to
determine the nonlithogenic concentration of elements of interest and to compare between intervals of the
core with distinctly different aluminum concentrations. This normalization is used rather than a simple ratio
or enrichment factor because many of the elements studied herein have low crustal concentrations and large
changes in aluminum could lead to overestimates of the change in metal enrichment [Taylor and McLennan,
1985; McLennan, 2001].

4. Results
4.1. Stratigraphy

Portland core stratigraphy is plotted in Figure 2. The Portland core includes the basal Fort Hays Limestone
Member (FHL) and the lower shale and limestone (lsl), lower shale (ls), lower limestone (ll), and middle
shale (ms) units of the Smoky Hill Chalk Member [Scott and Cobban, 1964]. Turonian, Coniacian, and
Santonian boundaries are assigned based on comparison to the recent integrated astrochronological and
radioisotopic age model of Sageman et al. [2014]. The Portland core is correlated to the Niobrara
chronology using analogous lithostratigraphic units. Several possible diastems, including one at the top
of the lower shale and limestone unit (Figure 2), have been identified in the Niobrara outcrops in
Pueblo, Colorado, based on biostratigraphic data [Walaszczyk and Cobban, 2000, 2006, 2007]. Recent
astrochronological work [Locklair and Sageman, 2008] did not indicate evidence of hiatuses, but some
were later identified by biostratigraphy [Walaszczyk et al., 2014], reflecting the fact that it is possible for
hiatuses with certain characteristics to remain undetected by spectral methods [Meyers and Sageman,
2004]. Based on comparison of radioisotopically and astrochronologically derived durations spanning the
proposed hiatuses of the lower Niobrara Formation, Sageman et al. [2014] concluded that their duration
did not exceed 0.5 million years. If short-term hiatuses were present, the geochemical record of transitions
between units would likely be sharper than the transitions actually were, but this should not alter the
overall conclusions presented in this paper.

For the following discussion, three intervals are assigned based on geochemical results. In the Portland core,
Interval 1 includes the FHL and the lsl member of the Smoky Hill (Figure 2). This unit is defined as the period
before the OAE 3 positive carbon isotope plateau. Based on correlation to radioisotopically dated sections,
this interval spans the latest Turonian to the middle Coniacian. Interval 2 is defined as the OAE 3 positive
isotope plateau and corresponds to an OAE 3 interval defined by Locklair et al. [2011]. In the Portland core,
this corresponds to the ls and ll units of the Smoky Hill. This interval was deposited during the middle to
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late Coniacian. While not the focus of this paper, Interval 3 is defined by the lower δ13C values recorded after
the OAE 3 isotope plateau and was deposited during the Santonian. In the Portland core, Interval 3 includes
the middle shale unit of the Smoky Hill (Figure 2).

4.2. Bulk Carbonate and Organic δ13C

Bulk carbonate and organic δ13C results on the Portland core are plotted in Figure 2. Bulk δ13Ccarb values
increase by ~2‰ from the base of the Niobrara Formation during Interval 1. This isotope excursion occurs in
two steps with δ13Ccarb increasing throughout the Fort Hays Limestone and again leading into Interval 2.
δ13Ccarb values then decrease through the Coniacian-Santonian boundary with 0.5 to 1‰ positive excursions
occurring at 45 and 35m.

Bulk δ13Corg values range between�26.6 and�27.8‰ during Intervals 1 and 2. Short-term positive excursions
at 67 and 55m, similar to those recorded in the carbonate record, are found in the δ13Corg. During Interval 3,
δ13Corg values decrease to an average of �27.1‰ (Figure 2). During Interval 1, Δ13C values range between
26.8 and 27.9‰ with a generally increasing trend from the base to the onset of Interval 2. Above 50m, Δ13C
values are consistently greater than 27.5‰ with values as high as 28.8‰.

4.3. TOC, CaCO3, Al, and δ18O

Total organic carbon (TOC), carbonate (CaCO3), aluminum (Al), and δ18O records for the Portland core are
plotted in Figure 3. The new TOC results are generally consistent with previously published high-resolution
data from Locklair et al. [2011]. Interval 1 corresponds to relatively low TOC concentrations, generally less
than 0.5%, with higher values representing thin shale interbeds (Figure 3). TOC increases dramatically in
both cores during Interval 2. TOC concentrations during Interval 2 are characterized by two periods of TOC
values >5% from 55 to 50m and 42 to 34m with lower concentrations in between.

In general, Al and CaCO3 concentrations inversely covary (Figure 3). Al concentrations increase during the
second half of Interval 1 and remain relatively constant throughout Interval 2 before increasing dramatically
at the base of Interval 3. Intervals 1 and 2 are associated with an average CaCO3 concentration of 71%. A
distinct drop in the CaCO3 concentration occurs at the base of Interval 3, with CaCO3 concentrations
averaging 39%. The greatest variability in Al and CaCO3 concentrations occurs during Interval 1 and is a
product of the highly variable lithology found in the FHL. The characteristic rhythmic bedding within the FHL
that produces variable limestone and organic-rich clay interbeds has been interpreted as either changes in
dilution by riverine input or changes in carbonate productivity [i.e., Dean and Arthur, 1998; Locklair and
Sageman, 2008]. Values of δ18O in the Portland core range from �4 to �8.5‰. Significant variability exists
within the first half of Interval 1, which records the cyclic deposition of the Fort Hays. Generally, the highest
values are recorded in the middle of Interval 1 with generally lower values throughout Interval 2. The
average δ18O values recorded during Interval 1 and Intervals 2 and 3 are �6.39‰ and 7.48‰, respectively.

Figure 3. Total organic carbon, carbonate, δ18O, and aluminum for the Portland core are plotted. High-resolution organic
carbon and carbonate data from Locklair et al. [2011] for the Portland core are plotted in gray, and new results are plotted in
black. Dashed lines indicate the correlated intervals.
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4.4. Redox Sensitive Metals

Records of Mo and Re excess concentrations exhibit patterns that generally covary with the TOC record
(Figure 4). During Interval 1, Mo and Re excess concentrations are relatively low (less than 0.5 ppm and
5ppb, respectively). Excess concentrations of both Mo and Re increase dramatically at the base of Interval
2, with maximum excess concentrations of ~100 ppm and ~450 ppb, respectively. Mo and Re excess
concentrations track TOC during Interval 2, during which low TOC concentrations between 51 and 45m
correspond to excess concentrations similar to those found in Interval 1. At the base of Interval 3, Mo and
Re excess concentrations decrease to intermediate values of ~20 ppm and ~120 ppb.

Re/Mo values and Mn excess concentrations trend opposite to those of Mo and Re excess concentrations
(Figure 4). During Interval 1, Re/Mo values are generally >9mmolmol-1. Values increase from the base of
Interval 1 to 72m before decreasing to the base of Interval 2. Throughout the rest of the records, Re/Mo
values are consistently <9mmolmol-1. Manganese excess concentrations increase from the base of
Interval 1 to 70m reaching maximum values of ~1900 ppm. Manganese excess concentrations then
decrease throughout the rest of Interval 1 and remain <0 ppm throughout the rest of the record (Figure 4).

Figure 4. Excess concentrations of redox sensitive trace metals (Re, Mo, Re/Mo, and Mn) plotted with total organic carbon
from the Portland core. High-resolution organic carbon data from Locklair et al. [2011] for the Portland core are plotted as
gray lines, and new results that are paired with trace metal concentrations are plotted as black dots. Dashed lines indicate
the correlated intervals.

Figure 5. Total organic carbon (TOC), organic carbon to nitrogen (C:N) ratios, and Rock-Eval (H-Index and O-Index) results
from the Portland core. Dashed lines indicate correlated intervals.
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4.5. C:N and Rock-Eval

C:N ratios are plotted in Figure 5; Redfield ratio values are included as dashed lines for comparison. The C:N
record generally covaries with TOC, with high ratios corresponding to elevated organic carbon samples. C:N
values from Interval 1 average 8.4, which is within the range expected for marine phytoplankton derived
organic matter [Emerson and Hedges, 1988]. However, the first half of Interval 1 records larger C:N values
(mean= 10.3), as compared to the second half of Interval 1 (mean= 6.5). During Intervals 2 and 3, C:N
ratios average 26.6, significantly above Redfield ratio values. Rock-Eval results from Locklair [2007] are also
plotted in Figure 5. The H-index record exhibits trends similar to the C:N record, while the O-index record
behaves opposite to the other organic proxies discussed here.

5. Discussion
5.1. Carbon Isotope Stratigraphy in the Late Cretaceous

Despite the lack of global organic carbon burial, a correlative broad positive δ13Ccarb excursion associated
with OAE 3 has been identified in many localities, including those that do not exhibit black shale
deposition [Jenkyns et al., 1994; De Romero et al., 2003]. A previously published record from the Berthoud
State core demonstrates that WIS δ13Ccarb trends can be generally correlated to records globally [Pratt
et al., 1993; Wendler, 2013]. The Berthoud record, however, is highly variable and must be smoothed before
attempting correlation [Pratt et al., 1993; Locklair et al., 2011; Wendler, 2013]. A new record presented
herein from the USGS Portland core illustrates similar broad-scale trends to the Berthoud record, but
provides a much less variable record for correlation, requiring less data manipulation to produce
correlatable trends. The Portland record exhibits a clear two-step δ13Ccarb excursion from the base of the
Fort Hays into the high organic carbon burial interval. The first step is a positive 1‰ shift, which
corresponds to the onset of the Niobrara transgression (Figure 2). After an isotopic plateau, the δ13Ccarb
record indicates a second positive 1‰ isotopic shift in the early Coniacian (Figure 2). This isotopic shift is
coeval with the onset of regional enhanced burial of 13C-depleted organic carbon and corresponds to the
identified OAE 3 plateau in global and regional records (Figure S1 in the supporting information).

High-resolution δ13Corg isotope records from the Niobrara interval of the Portland core lack a positive isotope
excursion or plateau associated with the “OAE 3” interval [Joo and Sageman, 2014]. To address the
inconsistency in the two reconstructions, paired δ13Corg and δ13Ccarb data measured on the same samples
are presented here (Figure 2). Our new δ13Corg results similarly do not exhibit the OAE 3 isotope plateau
and instead show generally more positive values as compared to other records from the WIS [Joo and
Sageman, 2014]. The δ13Corg results from the Portland core thus do not track δ13Ccarb records from the
same core, or from other localities in the seaway, implying that secular changes in the marine carbon
reservoir are overprinted by a local signal in the Portland δ13Corg record. This is not the case for all δ13Corg
records within the WIS, as the record from the Aristocrat Angus Core exhibits a clearly identifiable OAE 3
excursion [Joo and Sageman, 2014]. The discrepancy in the Portland δ13Corg record is discussed further below.

5.2. Redox History

The Portland geochemical records indicate that Fort Hays sediments were deposited under the most oxic
conditions (Figure 4). Low Re and Mo concentrations high Mn concentrations, and high Re/Mo ratios
indicate that the bottom waters in the WIS were well oxygenated and that the sediments were suboxic.
Isolated clay-rich interbeds within the Fort Hays contain higher concentrations of organic carbon and trace
metals than the more carbonate-rich facies, consistent with brief instances of increased carbon burial and
oxygen limitation. However, significant bioturbation of the limestone beds suggests moderately to well-
oxygenated substrates predominated during Interval 1 [Savdra, 1998].

During the second half of Interval 1, excess Mn concentrations and Re/Mo ratios increase, indicative of
expanding suboxic conditions. However, the second half of Interval 1 remained largely bioturbated, but
with burrow types and sizes indicating lower levels of oxygenation than within the Fort Hays [Savdra,
1998]. Notably, this gradual change in evidence for oxygen limitation is not paralleled by an increase in
organic carbon or trace metal concentrations. It is not until a threshold or “tipping point” is reached that
TOC and trace metal concentrations increase abruptly, at the onset of Interval 2 (OAE 3). The possibility of
small hiatuses in the record near the transition from Intervals 1 to 2 exists that may have produced the
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apparent abrupt tipping point or threshold. However, even if the transition into suboxic conditions was more
gradual, the overall observation does not change that a threshold oxygen concentration was reached
causing a distinct increase in TOC and trace metal accumulations.

High excess trace metal concentrations (Mo and Re), low Re/Mo ratios, and Mn concentrations below
background levels indicate that reducing conditions prevailed in the WIS during both organic carbon
burial peaks within Interval 2 (Figure 4). Mo concentrations (30–105 ppm) indicate that periods of
intermittent to persistent euxinia likely occurred during the peak carbon burial [Scott and Lyons, 2012]. The
absence of trace fossils and the presence of laminated strata during this period indicate that low bottom
water oxygen concentrations prevented macrofauna from bioturbating sediments [Savdra, 1998].

Variations in trace metal accumulation and TOC during Interval 2 suggest that there were brief periods of
increased oxygenation and reduced organic carbon burial during Interval 2 (Figure 5). The significantly
reduced trace metal accumulation, paired with indistinct laminations, which are suggestive of some
bioturbation, supports the conclusion that the middle of Interval 2 was associated with occasional
oxygenation events of the bottom waters [Savdra, 1998]. However, even within this period, TOC
concentrations remain significantly above those recorded during Interval 1 (<2%), suggesting that
conditions did not return to those experienced prior to OAE 3. At the onset of Interval 3, trace metals and
TOC shift to values between those found in Intervals 1 and 2. Although a change in bottom water
oxygenation and/or marine productivity may have occurred from Intervals 2 to 3, marine environmental
conditions did not return to those of Interval 1.

5.3. Redox-Controlled Degradation of Organic Matter

The effect of oxygen availability on organic matter (OM) preservation has been a longstanding focus of black
shale studies [e.g., Hunt, 1996; Demaison and Moore, 1980; Pedersen and Calvert, 1990]; however, the exact
relationship between water column anoxia and OM preservation remains a subject of active study [e.g.,
Henrichs and Reeburgh, 1987; Arndt et al., 2013]. Complications include reactivity of OM, macrofaunal
processes, oxygen exposure time, and redox oscillations [e.g., Aller, 1994; Canfield, 1994; Arndt et al., 2013].
Organic matter preservation of TOC-rich sediments deposited in the WIS during OAE 2 has been studied by
focusing on the relationship between Rock-Eval and bioturbation [Pratt, 1984], the role of sulfide formation
and highly reactive iron availability [Meyers et al., 2005], and the characteristics of individual organic
molecules [Hayes et al., 1989, 1990; Pancost et al., 1998]. New results herein allow for the characterization of
relationships between redox conditions, bioturbation, and the amount and composition of OM preserved
during the prolonged organic carbon burial event recorded in the Niobrara Formation.

Observed variations in OM elemental composition (H- and O-Indices and C:N ratios) in the Portland core most
likely record variations in the mode of OM remineralization under different redox conditions (Figures 6a and
6b).Variations in the elemental composition of OM can also indicate changes in OM source (i.e., dominantly
terrestrial versus marine material) [Meyers, 1994; Purdue and Koprivnjak, 2007]. However, comparison of Rock-
Eval and C:N ratios within the Portland core is difficult to interpret in terms of variable influences of terrestrial
OM (Figure 6a). For example, the high C:N ratios (up to 40) measured during Interval 2 deviate from typical
marine OM and could be consistent with the signature of C3 plant OM [Meyers, 2006], but H- and O-Index
values indicate a predominantly marine origin.

C:N values in the Portland core covary with redox conditions reconstructed from trace metal records
(Figure 6). Under the well-oxygenated conditions characteristic of deposition during Interval 1, C:N values
are consistent with typical marine OM, which has C:N values of 5–8 [Emerson and Hedges, 1988; Meyers,
2006]. Elevated C:N values recorded during the first half of Interval 1 are associated with slightly elevated
TOC and H-index values and may be indicative of brief periods of minor oxygen limitation in the shale
interbeds of the FHL. Upon development of water column anoxia, C:N ratios increase sharply to between
15 and 40, similar to elevated C:N ratios of marine OM found in sapropels, Cretaceous black shales, and
recent sediments deposited under upwelling regions [Meyers, 2006; Junium and Arthur, 2007]. Incubation
experiments and modern observations suggest that a suboxic water column affects the composition of
residual organic material as well as the rate of OM degradation, supporting preferential degradation of
N-rich proteins and preservation of N-poor lipids [Harvey et al., 1995; Van Mooy et al., 2002]. Proteins and
carbohydrates are more susceptible to degradation because they contain N and O functional groups, while
lipids contain more hydrocarbon-like carbon chains that make them less degradable [Meyers, 2014].
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Furthermore, anaerobic bacteria are less able to depolymerize certain large complex molecules including
saturated hydrocarbons and lignin than aerobic bacteria [Benner et al., 1984; Schink, 1988; Kristensen, 2000].
Model results indicate that complete removal of N-rich amino acids and nucleic acids can increase the C:N
ratio, but that the accumulation of marine OM with C:N ratios of >20 during the Late Cretaceous requires
an additional mechanism, such as ammonium loss under euxinic conditions [Junium and Arthur, 2007].

Rock-Eval results support a shift toward preferential preservation of lipids as O-poor, H-rich organic matter
characterizes Intervals 2 and 3. Similar to results from the Greenhorn Formation [Pratt, 1984], our data
from the Niobrara Formation indicate that changes in H- and O-Indices are closely linked to changes in
bioturbation. Bioturbation influences the composition of the pore water and solid constituents in
sediments when infaunal animals ventilate the substrate with oxygen-rich waters, stimulating microbial
activity [Aller, 1978; Kristensen, 2000; Zonneveld et al., 2010]. When oxygen limitation reduces macrofaunal
activity, the loss of these processes provides a positive feedback to the development of anoxia. In
moderately to highly bioturbated sections, burrowing organisms and the associated oxidative processes
result in near complete OM loss from the sediments, while poorly oxygenated conditions preserve
significant hydrogen-rich OM in laminated or microbioturbated sediments.

Comparison of C:N and Rock-Eval results with the TOC record supports a direct effect of changing redox
conditions on the amount of TOC preserved within sediments (Figure 6). Interval 1 is characterized by
dominantly aerobic degradation of OM facilitated by significant bioturbation that removes almost all OM
from the sediments. A shift occurs at the beginning of Interval 2 to anaerobic degradation of OM that
coincides with the distinct increase in the amount of TOC preserved within sediments. This suggests that a

D.

B.A.

C.

Figure 6. (a) C:N and H-Index crossplot with typical terrestrial and marine organic matter labeled, (b) H-Index and O-Index
crossplot, (c) C:N and Δ13C crossplot, and (d) H-Index and Δ13C crossplot. Mo concentrations are plotted as diamonds
(<1 ppm) or circles (>1 ppm). TOC concentrations are plotted as white (<0.5%), gray (0.5–1.0%), or black (>1.0%).
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shift in the mode of OM recycling acts as the trigger of black shale (>1% TOC) deposition within the Portland
core, whereby OM preservation increased once a threshold redox condition was met.

5.4. Variations in Δ13C

In addition to variations in the elemental composition of organic matter, Δ13C values highlight that changes
in OM degradation can alter primary δ13Corg signals (Figure 2). Calculation of Δ13C is one approach for
evaluating changes in the relationship between the isotopic records of carbonate, representing the
dissolved inorganic carbon pool, and OM, representing the photosynthate pool. Several factors can
influence the carbon isotope fractionation factor itself (εp), such as changes in pCO2 or the growth rate of
photosynthesizers (controlled by nutrient availability), and the preserved isotopic records may be subject
to postdepositional alteration, including carbonate diagenesis affecting the δ13Ccarb record or OM
degradation influencing the δ13Corg record; in addition, variations in the contributions of OM from
different sources can also influence the δ13Corg signal (Popp et al., 1989; Freeman and Hayes, 1992; Kump
and Arthur, 1999; Kienast et al., 2001; Royer et al., 2001; Pagani et al., 2002). As such, attempts to employ
Δ13C as a proxy for changes in pCO2 [e.g., Jarvis et al., 2011] require that all other potential influences be
ruled out.

Although the δ13Ccarb values used in our calculation are bulk data rather than pristine shell carbonate, they
are derived from chalky lithologies that are dominated by nannofossil shell material. In addition, the lack
of diagenetic covariation between δ13Ccarb versus δ18Ocarb and the presence of the OAE 3 δ13Ccarb plateau
that is found in global and regional δ13C records suggests that diagenesis has not significantly altered our
δ13Ccarb record (Figures S1 and S2). There are several indications, however, that the OM record does not
preserve the isotopic signature of primary photosynthate.

For example, coeval shifts in C:N ratios, H-indices, and Δ13C values in the Portland core suggest that changes
in redox-controlled OM degradation affected both the isotopic and elemental composition of the preserved
sedimentary OM (Figure 6). On one hand, the oxidative degradation of OM in Interval 1 may have led to
preferential preservation of material with a more positive δ13Corg signature. On the other hand,
preservation of H-rich OM in laminated black shale facies can produce anomalous δ13Corg values that
would influence the Δ13C calculation [Joachimski, 1997]. For example, marine lipids are depleted in δ13Corg
by 8–10‰ relative to marine carbohydrates and proteins [Degens et al., 1968], and the effect of selective
diagenesis can alter δ13Corg by 2–3‰ [Dean et al., 1986; Meyers, 2014]. Thus, the preferential preservation
of H-rich OM in Interval 2 may have led to δ13Corg values that are depleted relative to primary values.
These results indicate that redox-controlled isotope effects should be considered before δ13Corg records
are used for stratigraphy or pCO2 reconstructions.

5.5. Mechanisms for the Development of Anoxia

New results indicate that changes in redox conditions were of primary importance in the amount of OM
preserved and its elemental and isotopic composition. Sediment pore water and bottom water
oxygenation distinctly changed between the three intervals highlighted in the Portland core, but multiple
causes for the development of low-oxygen conditions are possible. Previous work within the WIS has
highlighted the importance of reduced ventilation of bottom waters [Pratt, 1984; Barron et al., 1985;
Kauffman, 1988; Hay et al., 1993], increased oxidant demand associated with elevated export productivity
[Watkins, 1989], or a combination of the two with highly productive surface waters overlying seasonally or
intermittently stratified bottom waters [Tyson and Pearson, 1991; Sageman and Bina, 1997; Arthur and
Sageman, 2005; Meyers et al., 2005; White and Arthur, 2006].
5.5.1. Stratification
Stable or seasonal stratification has been invoked as a mechanism for the development of anoxia within the
WIS by many authors [e.g., Pratt, 1984; Sageman, 1989; Arthur and Sageman, 2005]. Variations in sea level
within the shallow WIS may have aided in the development of stratification as a deeper water column
would reduce the influence of wind driven and tidal mixing. The role of sea level on the development of
stable salinity stratification has been discussed for the WIS in association with the deposition of organic
carbon-rich sediments of the Greenhorn Formation. This interpretation is based on the relationship
between changes in current-induced sedimentary structures, extent of bioturbation, and organic carbon
accumulation [Pratt, 1984]. The Niobrara Formation was deposited during the Niobrara second order
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marine cycle [Kauffman, 1977], which is comparable to the Greenhorn marine cycle in terms of interpreted
sea level rise and flooding extent [Kauffman and Caldwell, 1993]. Paleontological and sedimentary
evidence indicate that the Fort Hays was initially deposited in water depths of 15–50m and that the water
column progressively deepened to water depths of 150–300m during Smoky Hill deposition [Hattin, 1982].

Prolonged stratification within the WIS would require a significant density contrast between surface and
bottom waters. New δ18O results suggest that despite significant variability within the Fort Hays shale-
limestone couplets, deposition during Interval 1 was generally characterized by more normal marine
salinity, and deposition during Intervals 2 and 3 was characterized by comparatively reduced salinity
perhaps consistent with development of a low-salinity surface layer (Figure 3). Although new δ18O results
were measured on bulk carbonates, which can be susceptible to diagenetic alteration, δ18O values and
patterns are similar to inoceramid δ18O results from nearby Lyons, Colorado, which indicate a shift from
normal marine to more brackish conditions within the lower Smoky Hill [Pratt and Barlow, 1985]. A
significant freshwater contribution to water masses is supported by fossil- and biophosphate-derived
oxygen isotope evidence from throughout the WIS, as well as low diversity of surface dwelling organisms
[Tourtelot and Rye, 1969; Hattin, 1982; Wright, 1987; Fisher and Arthur, 2002; Coulson et al., 2011].
Continental paleoprecipitation estimates suggest that the increased freshwater influence may be derived
from elevated runoff from the Sevier Highlands [Retallack, 2009], while shifts to more Boreal faunal
communities support dominance of fresher, northern sourced surface water [Da Gama et al., 2014].
Although the freshwater influence would aid in development of stratification, previous studies from the
WIS suggest that ventilation events occurred even within TOC-rich units [Sageman, 1989; Sageman and
Bina, 1997], which is consistent with variability in TOC and redox indicators in the Niobrara, specifically
from 45 to 51m in the Portland core. However, these variations might also be caused by reduced export
productivity or changes in bottom water source area and/or ventilation.

Mo/TOC ratios within the Portland core further support the development of significant bottom water
restriction, as would be expected with a water column subject to frequent and/or prolonged stratification.
Mo/TOC ratios have been used as a proxy for the degree of restriction in ancient silled basins based on
measurements from modern silled basins including the Black Sea, Cariaco Basin, Framvaren Fjord, and
Saanich Inlet [Algeo and Lyons, 2006]. The average Mo/TOC (×10�4) for Intervals 2 and 3 within the
Portland core is 5.6 (with a range of 1.2 to 17.4). These values are most similar to those of the Framvaren
Fjord (4.5 ± 1) and the Black Sea (9 ± 2), the most restricted of the modern anoxic basins studied,
suggesting that the WIS experienced significant bottom water restriction throughout the period of
enhanced carbon burial.

Taken together, the observations cited above suggest that stratification played an important role in Western
Interior carbon burial during the Coniacian-Santonian. The Fort Hays Limestone was deposited in a shallow
well-mixed and well-oxygenated water column, and under these conditions, OM was nearly completely
oxidized. As the water column progressively deepened and the freshwater influence increased, significant
water column stratification developed, leading to a prolonged dominance of oxygen deficiency within
bottom waters. When conditions became sufficiently oxygen limited, changes in OM remineralization
fueled elevated TOC accumulation within sediments.
5.5.2. Nutrient Input and Recycling
Studies of the Cenomanian-Turonian have argued that elevated productivity is of primary importance for the
development of OAEs. Enhanced organic carbon burial in the late Cenomanian was likely initiated due to
increased nutrient input from both volcanogenic and continental sources [Adams et al., 2010; Du Vivier
et al., 2014]. Extreme trace metal enrichment [Brumsack, 2006; Snow et al., 2005], interpreted to reflect
significant increases in volcanogenically sourced nutrients during OAE2, does not exist for the Coniacian-
Santonian. However, continental runoff may have influenced nutrient availability within the seaway, as
nannofossil and palynology studies from the Niobrara Formation show a relationship between increased
freshwater runoff and surface water fertility [Burns and Bralower, 1998; Da Gama et al., 2014].

Lithogenic element concentrations, such as Al, might be expected to increase with an increased flux of
detrital material and nutrients to the seaway. However, interpreting Al concentrations is difficult because
they are controlled by both the amount of detrital input and carbonate dilution. The relationship between
Al and TOC concentrations is unclear as Al concentrations fluctuate throughout the record with no distinct
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change associated with the onset of organic carbon burial (Figure 3). Therefore, better constraints on
sediment provenance, terrestrial weathering, and hydrology are required to confirm a relationship
between carbon burial and terrestrially derived nutrient input into the WIS.

Changes in benthic regeneration of nutrients could also play a significant role in sustaining primary
productivity. Cretaceous ocean modeling studies suggest that enhanced P regeneration from anoxic
sediments facilitated black shale deposition during OAE 2 [Handoh and Lenton, 2003; Nederbragt et al.,
2004; Bjerrum et al., 2006; Tsandev and Slomp, 2009], while evidence of enhanced P recycling during OAE 2
has been found from the Tethys, WIS, and proto-Atlantic Ocean [Mort et al., 2007; Tsandev and Slomp, 2009;
Kraal et al., 2010]. Better constraints are required to assess changes in nutrient recycling within the seaway,
but enhanced productivity and an increased oxidant demand could have exacerbated the oxygen
limitation and the accumulation of TOC within the WIS.

6. Conclusions

The δ13Ccarb record from the Portland core illustrates that the bulk carbonate carbon isotope record is
correlatable between regional and global records in the seaway during the Late Cretaceous. The trends
within the Portland core indicate a two-step positive δ13Ccarb excursion during the Late Turonian and early
Coniacian that corresponds to (1) the Niobrara sea level transgression and (2) regional carbon burial that
has been previously identified as OAE 3. Calculated Δ13C values indicate a decoupling between δ13Ccarb
and δ13Corg during this time.

Significant quantities of organic carbon are preserved in the Niobrara Formation, demonstrating that the WIS
sustained extended periods of organic carbon burial during the Coniacian-Santonian. Records of redox
sensitive metals indicate deposition within a well-oxygenated, shallow seaway during initial transgression
that became increasingly oxygen limited as the water column deepened, with the onset of significant
oxygen depletion preceding the onset of organic carbon burial. The abrupt shift in TOC accumulation was
associated with a redox-controlled shift in OM alteration. Coupled C:N, H-Index, O-Index, and Mo results
indicate a shift from dominantly aerobic degradation of OM during Interval 1 to more anaerobic
degradation during Intervals 2 and 3. Δ13C values covary with changes in the elemental composition of
OM suggesting a redox control on the decoupling of δ13Ccarb and δ13Corg during this time, suggesting that
variable redox conditions can complicate the use of δ13Corg for stratigraphy of pCO2 reconstructions. The
correspondence between TOC, redox sensitive metals, and organic proxies indicates that the redox shift
caused an increase in the amount of TOC preserved in the sediments. Sea level reconstructions, δ18O
results, and Mo/TOC ratios suggest that stratification and bottom water restriction caused the drawdown
of bottom water oxygen. Increased nutrients from benthic regeneration, open ocean import, and/or runoff
from the Sevier Highlands may have helped sustain primary productivity, providing a significant oxidant
demand throughout the prolonged period of organic carbon burial.
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