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[1] In this study the controls on organic carbon burial and molybdenum accumulation in ancient strata are
investigated through an integration of biogeochemical modeling and data analysis. Critical aspects of the study
are employment of a biogeochemical model for organic matter degradation to explore the controls on pore water
sulfide generation and authigenic molybdenum accumulation and use of accumulation rate data for Mo, OC,
CaCOs, Fe, and Ti to reconstruct organic matter remineralization processes. The model results form a conceptual
framework for the interpretation of primary production estimates and geochemical burial fluxes (calculated on
the basis of a high-resolution orbital timescale) for the Cenomanian-Turonian (C-T) oceanic anoxic event 2
interval in the Western Interior basin. The results of this study suggest that the strong correlation between source
rock development and intervals of transgression in the geologic record (such as the C-T) could reflect a
confluence of biogeochemical processes within sediments that obviates the need for large-magnitude changes in
primary production levels or oceanographic conditions (such as prolonged periods of stable water column

stratification).
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1. Introduction

[2] The burial and preservation of organic carbon in
marine sediments represents a transfer of carbon from the
oxidized atmospheric reservoir (CO,) to the reduced litho-
spheric reservoir (CH,0). This process is important because
it exerts a critical control on atmospheric carbon dioxide
and oxygen levels over geologic time [Berner and Canfield,
1989; Berner, 1990]. Although rates of organic carbon (OC)
burial have varied markedly through geologic history [e.g.,
Arthur et al., 1985], with potentially significant climatic and
environmental consequences [Arthur et al., 1988; Hayes et
al., 1989], precise quantification of these variations and
their causes has been limited by the low resolution of pre-
Holocene timescales. Despite this limitation, OC burial and
the formation of “black shales” have long been prominent
topics of broad geologic interest. Stratigraphers, sedimen-
tologists, paleobiologists and geochemists have focused a
vast array of tools on the problem, but like most such
endeavors, major debates persist in spite of significant
advances in the field. Chief among these advances is a
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consensus that the main controls on OC burial are variations
in primary production, preservation, and bulk accumulation
rate [e.g., Arthur and Sageman, 1994; Wignall, 1994; Tyson,
1995, 2001; Sageman and Lyons, 2003]. At the heart of the
debate, however, is the question of relative importance
among these three processes [e.g., Demaison and Moore,
1980; Ibach, 1982; Pedersen and Calvert, 1990]. The
objective of this paper is to further develop the conceptual
framework for understanding major mechanisms involved
in OC burial and to illuminate their relative roles.

[3] The current conceptual framework for understanding
processes associated with OC burial in marine sediments is
based on a body of published work that encompasses
geochemical modeling studies [e.g., Berner, 1980; Westrich
and Berner, 1984; Middelburg, 1989; Tromp et al., 1995;
Tyson, 2001], observations of modern environments and
processes [e.g., Canfield, 1989a, 1994, 2001; Emerson,
1985; Tyson and Pearson, 1991], and analyses of geologic
data from organic-rich facies [e.g., Arthur et al., 1985, 1987,
1988; Tyson and Pearson, 1991; Meyers et al., 2001; Lyons
et al., 2003; Sageman et al., 2003]. In this study we also
develop a simple geochemical model for OC burial that is
based on Berner’s [1980] AG approach. We chose this
approach because we believe it is accessible to the widest
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range of geologists who study ancient black shales, and
because it specifically explores the interrelationship
between OC concentration and OC reactivity (lability),
factors we believe to be particularly relevant to the OC
burial process. We employ the model to highlight controls
on OC remineralization, we evaluate our model results in
the context of selected modern observations, and ultimately
we apply our new interpretative framework to better under-
stand burial flux data from an exceptional event of ancient
OC burial. The unique feature of our approach, however, is
its focus on the use of molybdenum as a proxy for hydrogen
sulfide (H,S) production and thus OC decomposition during
sulfate reduction.

[4] Inrecent years, molybdenum has emerged as a leading
paleoredox indicator because of the strong correlation be-
tween OC richness and Mo concentration in many ancient
black shales [e.g., Brumsack and Thurow, 1986; Brumsack,
1989; Calvert and Pedersen, 1993; Jones and Manning,
1994; Wignall, 1994; Dean et al., 1999; Werne et al., 2002;
Lyons et al., 2003]. Although stable isotopes of Mo are now
being considered as potential recorders of global redox
conditions [Arnold et al., 2004], most of the focus on Mo
has been limited to concentration data. Following recent
advances in the study of Mo systematics [e.g., Helz et al.,
1996; Zheng et al., 2000], we hypothesize that Mo burial flux
data might provide a quantitative proxy for hydrogen sulfide
production at the top of the zone of sulfate reduction and thus
(indirectly) for reconstructing rates of OM remineralization
by sulfate reducers in ancient OC-rich deposits. Given this
relationship, the development of a geochemical model that
relates primary environmental controls (e.g., variations in
diluent flux, labile OM flux, total sediment burial rate,
location of the upper interface of the sulfate reduction zone
(SRZ), and availability of reactive iron) to rates of H,S
production constitutes a comprehensive conceptual frame-
work for reconstruction of OC burial using the Mo proxy.

[5] Our geochemical model based on the AG concept
(Figure Ilc) is an oversimplification of the OM degradation
process (Figure 1a) and is not intended to fully quantify OM
remineralization [e.g., see Tromp et al., 1995]. Rather, it
focuses on the linkage between H,S production and authi-
genic Mo deposition within the uppermost sediment layer
where downward diffusion of molybdate (MoOz?) from
bottom waters would have the greatest potential to interact
with H,S produced by sulfate reducers in the sediment
(Figure 1c). This relationship is central to our analysis for
the following reasons. First, H,S is perhaps the most critical
biogeochemical product of OM degradation because it
excludes benthic macrofauna that are the most effective
agents of sediment aeration. Degree of lamination, which is
a direct measure of infaunal activity, is one of the most easily
observed and commonly reported parameters in ancient
organic-rich facies and it appears to scale most directly to
the presence/concentration of H,S in pore and bottom waters.
Second, molybdenum is a common trace metal in black shales
where it tends to be enriched over modern water column
values by factors of 10 to 200 or more. Molybdenum data are
now available for black shales ranging in age from Precam-
brian to Holocene. Finally, most epicontinental black shales
in the geologic record are associated with transgressions [e.g.,
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Arthur and Sageman, 1994, 2005; Wignall, 1994] during
which the flux of terrigenous constituents such as reactive
iron to basinal depositional sites would have decreased.
Although pyrite is a dominant component of black shales,
and changes in FeS, abundance likely reflect changes in the
rate at which H,S was buffered within pore waters, the effect
of reactive Fe availability on OM burial and Mo accumulation
in black shales has not been specifically demonstrated.

[6] In addition to improving the conceptual framework
for understanding OC burial, this study makes a contribu-
tion toward deconvolving the relative roles of major pro-
cesses such as production, decomposition, and bulk
sediment accumulation. It does so by applying knowledge
gained from sensitivity experiments with our geochemical
model to the interpretation of burial flux data from a well-
known episode of enhanced OC burial, the Cenomanian-
Turonian (C-T) boundary interval, which includes oceanic
anoxic event 2 (OAE 2). The burial flux data were calcu-
lated using an orbital timescale derived from spectral
analysis of the C-T study interval [Meyers et al., 2001].
Use of this timescale to calculate accumulation rates for
selected proxies, such as OC, CaCOs3, Mo, Fe, and Ti offers
a unique opportunity to assess relative changes in produc-
tion, preservation, and diluent accumulation that are typi-
cally quite difficult to quantify in ancient deposits. Detailed
observations of sediment fabric are also used in this study to
estimate relative OC preservation factors and thus improve
paleoproduction estimates based on accumulation rate data
for OC. Perhaps even more important, sediment fabric data
reflect changes in the depth to the top of the SRZ in ancient
sediments, a factor that our model experiments indicated
was the most important determinant of OM remineralization
rates due to sulfate reduction.

[7] In summary, the major contribution of this study lies
in the power of an integrated approach to resolve the nature
of OC burial in modern and ancient sediments. By incor-
porating insights from geochemical modeling studies with
high-resolution burial flux data we develop a new proxy for
OC burial that employs accumulation rate data for Mo. The
study highlights a change in the consensus view of major
controls on OC burial, in particular those associated with
sulfate reduction, a process of fundamental importance in
ancient oxygen-deficient marine settings: (1) production,
preservation, and bulk accumulation rate are all important
controls insofar as they influence the depth to the top of the
SRZ in sediments, and thus oxygen exposure time [e.g.,
Hartnett et al., 1998]. However, their relative importance
may change over timescales of 100s of kiloyears; (2) in
addition to these well-recognized controls, the role of
biogeochemical buffers (i.e., reactive Fe and its influence
on pore water and bottom water H,S concentrations) must
also be seriously evaluated.

2. Conceptual Framework and Geochemical
Model

[8] Organic matter decomposition reactions can be ap-
proximated using first-order kinetics (first-order rate equa-
tions). Models employing such equations are useful because
they provide a quantitative framework for assessing the
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Figure 1. Theoretical model for (a) organic matter degradation in the sediment based on the AG model
and for (b and c) the linkage between organic matter burial and molybdenum accumulation. In Figure la,
“G” represents OC concentration at the top of each remineralization zone; G subscripts refer to aerobic
decomposition (a), nitrate reduction (n), sulfate reduction (s), and methanogenesis (m); AG is the wt %
OC change due to decomposition in each remineralization zone; w is the bulk sedimentation rate (cm/kyr);
k is the decomposition rate constant (kyr '); t is the time spent in decomposition zone (kyr); d is the
thickness of decomposition zone (cm); MARq is the organic carbon accumulation rate (g/cm?/kyr);
G, is the final wt % OC; SWI is the sediment water interface; and BZED is the base of the zone of
early diagenesis. In Figures 1b and lc, Gy is the OC concentration at top of SRZ; kg is the OC
reactivity at top of SRZ; MARg; is the diluent accumulation rate (g/cm*/kyr); MAR,, is the delivery
flux of organic matter to sediment-water interface (g/cm*/kyr); d(H,S)/dt is the rate of hydrogen sulfide
production via sulfate reduction; MARy, is the authigenic molybdenum accumulation (g/cm?/kyr). In
Figure 1c the boxed terms represents variable model inputs and the circled term represents model

output; all other model parameters listed in Table 1 and Appendix B.

degree of OC degradation (AG; notation of Berner [1980])
associated with each of the major successive zones of
bacterially mediated remineralization (e.g., aerobic decom-
position, nitrate reduction, sulfate reduction, methano-
genesis) [Froelich et al., 1979] (Figure 1a). The schematic
in Figure 1a illustrates a simplified form of the AG equation
that is applied to each remineralization zone. The key
variables are zone thickness (d,nsm), initial concentration
of total metabolizable OC at the top of each zone (G sm)s
the average rate constant for OM decomposition within each
zone (K, nsm), and sedimentation rate (w), which together
with d,,sm dictates transit time (t) through each zone. In
Figure la, the zonation scheme is depicted with the sedi-
ment-water interface (SWI) corresponding to the top of the

zone of aerobic decomposition, but in reality this zone
extends upward through the water column. Although it is
possible to calculate levels of aerobic decomposition during
water column transit (largely controlled by water depth; e.g.,
Suess [1980]), the AG model can be used to specifically
explore the processes and products of OM degradation in
the sediment by defining a range of OM and diluent delivery
fluxes (Figure 1a). The total OC burial flux (MAR,,) can be
determined by the difference between initial OC concen-
trations resulting from given MARgy; and MAR,,,, delivery
fluxes and the sum of the AG expressions that determine the
final concentration of buried OC.

[s] The AG approach can be used to model the rate of OC
remineralization at any point in the succession shown in
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Figure la. This rate may be expressed as —kG, where G is
dependent upon the balance between the mass accumulation
rate of OM delivered to the sediment (MAR,,,), the mass
accumulation rate of diluent (MARy;), and the degree of
degradation that has occurred (AG). The goal of our
modeling is to understand how changes in these variables
might influence rates of sulfate reduction, H,S production
rates, and thus sulfide concentrations in pore waters at the
top of the SRZ where G, k, and seawater molybdate
availability would be greatest. As a result, our model
reconstructs H,S production rates at this level in the
sediment (Figure 1c) assuming that the top of the SRZ
coincides with the SWI or occurs at a known depth in the
sediment. Above this depth we make the simplifying
assumption that oxic degradation predominates. Although
the most labile phases of organic matter are lost during
transit through the water column, since burial rates are
orders of magnitude less than water column transit rates,
the case in which the top of the SRZ occurs above the SWI
(euxinic) is essentially the same as the one in which the
SRZ and the SWI are coincident.

[10] Some important conceptual relationships between G,
k and sedimentation rate are illustrated in Figure 1b. Note
that increases in inorganic dilution and bulk sedimentation
rate result in decreased concentration (Gg) but increased
reactivity (ks) of organic matter. This occurs because higher
burial rates dilute OM, but also deliver less degraded
material (i.e., OM with higher k) to the SRZ. As a result
of this, maximum rates of OM decomposition by sulfate
reducers, maximum production of H,S, and therefore max-
imum potential for Mo accumulation occurs within an
intermediate range of sedimentation rates.

2.1. Authigenic Molybdenum Systematics

[11] As noted above, molybdenum enrichment has been
identified as a common feature associated with OC-rich
facies and oxygen-deficient environments, and a number
of recent studies have been directed at understanding the
controls on this process. Molybdenum occurs in low con-
centration in seawater and crustal rocks (<1 -3 ppm) but may
become authigenically enriched under sulfidic conditions
and low sedimentation rates [Emerson and Huested, 1991;
Helz et al., 1996]. The enhanced accumulation of authigenic
molybdenum appears to require a critical activity of hydro-
gen sulfide (ays. = 107>°~107*3, which is equivalent to
~50-250 uM HS ™), under which molybdate (MoO, %) may
be converted to thiomolybdates (MoO,S(4-x)> ") and subse-
quently scavenged by pyrite and/or humic materials [Helz et
al., 1996]. Recent studies by Zheng et al. [2000] indicate
that there may, in fact, be two critical switch points for Mo
scavenging: 0.1 uM HS™ for Fe-S-Mo coprecipitation and
100 pM HS™ for Mo scavenging in the absence of pyrite.
There is growing evidence to suggest that, once a switch
point is achieved, Mo accumulation occurs primarily at or
below the sediment water interface (via MoOj > diffusion),
even in euxinic environments (Emerson and Huested
[1991], Crusius et al. [1996], Erickson and Helz [2000],
Zheng et al. [2000]; see also Lyons et al. [2003] and Piper
and Dean [2003] for alternative perspectives). For example,
Saanich Inlet and the Black Sea, both modern euxinic

MEYERS ET AL.: ORGANIC CARBON BURIAL RATE AND THE MOLYBDENUM PROXY

PA2002

settings, show absence of molybdenum enrichment in
sediment trap samples but significant molybdenum enrich-
ment below the sediment-water interface [Francois, 1988;
Crusius et al., 1996)). Similarly, Zheng et al.’s [2000] study
of the Santa Barbara Basin indicates that ~85% of the
authigenic molybdenum accumulated at or below the sed-
iment water interface. The dominance of Mo scavenging
from pore waters rather than the water column is likely due
to (1) the availability of sulfide; (2) promotion of the
molybdate-to-thiomolybdate conversion by Brensted acids,
which are enriched in pore waters [Erickson and Helz,
2000]; and (3) the high concentration of clay mineral
surface sites that are available to catalyze thiomolybdate
hydrolysis and sulfidation [Vorlicek and Helz, 2002].

[12] Achievement of the critical H,S levels necessary for
Mo accumulation from pore fluids depends on a balance
between the processes that source H,S (in situ sulfate
reduction rate, as well as the rate of diffusion/advection of
hydrogen sulfide into the pore water in the case of euxinic
basins), the processes that deplete H,S (the rate of formation
of Fe sulfides and OM sulfurization, the rate of diffusion/
advection of H,S out of the pore water, and near-surface
oxidation), and the volume of water in the connected pore
space. In contrast, rates of sulfate reduction are generally
unaffected by sulfate concentrations, except where sulfate
levels become low [Canfield, 2001]. Importantly, when the
rate of sulfate reduction is high, production of hydrogen
sulfide can outpace depletion within pore waters (which is
largely controlled by reactive Fe availability and Fe sulfide
formation), and hydrogen sulfide may exceed the threshold
necessary for molybdenum scavenging.

[13] On the basis of our studies, the five most important,
and often interdependent, variables controlling OM concen-
tration and average lability within the sediment SRZ, and
hence the rate of H,S production, are (1) the rate of primary
production of OM; (2) the degree of OM remineralization
during water column transit, which determines OM delivery
flux; (3) the fluxes of inorganic diluents; (4) the location
(depth) of the upper interface of the SRZ and (5) the bulk
sedimentation rate (see also discussions by Tyson [1995],
Hedges and Keil [1995], Tromp et al. [1995]). If the bulk
OM is dominantly of marine photoautotrophic origin, var-
iables (1) and (3) only affect G (OC concentration at the top
of the SRZ), whereas variables (2), (4) and (5) affect both
G, and kg by controlling the degree of degradation of OM
that reaches the SRZ. However, variable (1) may also affect
ks if the OM delivery flux includes material derived from
multiple sources (e.g., terrestrial plant biomass in addition
to marine photosynthate).

[14] Data from modern settings [Francois, 1988; Ravizza
et al., 1991; Colodner et al., 1995; Crusius et al., 1996;
Dean et al., 1999; Zheng et al., 2000] provide the oppor-
tunity to investigate the potential roles of these variables on
molybdenum accumulation (Figure 2). Although this data
set is small, it includes data from several euxinic basins, as
well as from the Santa Barbara Basin, where the SRZ is
perched near the SWI at some sites and is relatively deep
below the SWI at other locations (based on H,S profiles
published in the work of Zheng et al. [2000]). Data from the
Santa Barbara Basin are particularly valuable in this regard
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Figure 2. Bulk accumulation rate (x axis), molybdenum
accumulation rate (y axis), and molybdenum concentration
(bubble size) for a number of euxinic basins (Black Sea,
Cariaco Trench, Framvaren Fjord, and Saanich Inlet) and
the Santa Barbara Basin (data from Zheng et al. [2000]).
SRZ is the sulfate reduction zone and SWI is the sediment
water interface. See text for discussion.

because they are not influenced by differences in primary
production, which is one of the potential controls on
molybdenum accumulation.

[15] Molybdenum accumulation rates at the euxinic and
noneuxinic settings overlap (Figure 2). However, the
molybdenum and bulk sediment accumulation rates sug-
gest three distinct fields in the cross plot (also identifiable
by similar molybdenum concentrations), each of which
may be qualitatively represented by lines of equivalent
slope but differing y intercept. In the case of the Santa
Barbara Basin sites, which have equivalent background
primary production, the two lines represent distinct SRZ
locations at or below the SWI. The “outlier” data point
located between these two lines represents a site where
hydrogen sulfide concentrations in the sediment were very
low at the time of sampling (0.005 pM), but authigenic
molybdenum accumulation likely occurred in the recent
past when hydrogen sulfide concentrations were higher
[Zheng et al., 2000]. Given the negative relationship
between water column depth and OM delivery for a given
level of primary production [Suess, 1980], if OM delivery
to the sediment was driving the observed patterns, the
shallower sites (340 m, 440 m and 430 m) should be
characterized by elevated MARy,, which is clearly not
the case. The data from the Santa Barbara Basin suggest
that increased bulk accumulation rate is associated with
increased molybdenum accumulation for a given SRZ
location within the sediment. This relationship is consis-
tent with the hypothesis that higher bulk accumulation
rates result in more effective export of labile organic
matter to the SRZ. This, in turn, drives elevated rates of
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hydrogen sulfide production and hence increases the
potential for molybdenum scavenging.

[16] The data from euxinic sites suggest a similar slope.
However, it is important to note that, in contrast to the Santa
Barbara Basin, these molybdenum accumulation rates are
also influenced by different levels of primary production.
Regardless, the trends identified in Figure 2 underscore the
importance of depth to the upper SRZ interface and bulk
accumulation rate in controlling molybdenum accumula-
tion. The three fields identified in Figure 2 also delineate
three distinct molybdenum concentration zones: 0.7—
1.2 ppm (SRZ below SWI), 12.9-13.6 ppm (SRZ at
SWI), and >48 ppm (euxinic). We conclude that high rates
of molybdenum accumulation (>100 pg/cm?/kyr) can be
achieved at low bulk accumulation rates in euxinic settings
but require high bulk accumulation when the upper interface
of the SRZ is deeper within the sediments. High rates are
required in oxic depositional settings to bury OM rapidly
below the zone of aerobic degradation and thus deliver
sufficient labile OM for sulfide generation.

[17] Previous studies of sulfate reduction, such as
Canfield’s [1989a, 1994] analyses of measured and
modeled sulfate reduction rates in sediments spanning
a broad range of modern depositional environments, also
indicate a positive correlation between integrated sulfate
reduction rate and sediment burial rate (ranging from
~107% to ~10" g/em?/yr; see also Henrichs and Reeburgh
[1987]). The positive relationship is attributable to an
increase in the rate of delivery of labile organic matter to
the SRZ [Canfield, 1989a] across gradients in depositional
conditions that include variability in gross primary produc-
tion and OM delivery flux to the sediment, bulk sedimenta-
tion rate, dilution of sedimented OM, and location of the
sulfate reduction zone within the sediment or the water
column.

2.2. Model Sensitivity Experiments

[18] To investigate the controls on H,S production rate at
the uppermost boundary of the sediment SRZ and their
relationships to critical H,S levels necessary for authigenic
Mo accumulation, we developed a simple model for OM
diagenesis. This model includes a sediment aerobic zone
and a sulfate reduction zone. The model is graphically
represented in Figure lc. A detailed description of the
model is provided in Appendix A. Specific equations
employed in this model, which are adapted from similar
models used by Berner [1980], Tromp et al. [1995], and
Murray and Kuivila [1990], are listed in Appendix B. The
physical and geochemical boundary conditions applied in
our sensitivity experiments are listed in Table 1. The results
of sensitivity experiments are presented in Figure 3. These
experiments are specifically designed to delineate the rela-
tive roles of the five controls on rates of hydrogen sulfide
production (outlined above) under a specific set of boundary
conditions interpreted to be typical of epicontinental hemi-
pelagic depositional settings (such as the Cretaceous West-
ern Interior Seaway). These boundary conditions represent a
much smaller range of variation in sediment burial rates
(0.001 to 0.050 g/cm?/yr) and “background” environmental
conditions (e.g., production, detrital flux, etc.) than the data
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Table 1. Physical and Geochemical Parameters Employed in Sensitivity Models

Parameter

Values/Expression

Source/Comments

Organic matter delivery flux (MAR,,)
Diluent accumulation rate (MARy;)

0-12.5 glem*/kyr
0-50 g/em*/kyr

Sediment aerobic zone thickness (d,) 0-5 cm

Aerobic decomposition rate constant (k) 2.97 W% Tromp et al. [1995]

Sulfate reduction decomposition rate constant (k;)  0.057 W Toth and Lerman [1977]

Metabolizable fraction of export production (3) 0.90 Tromp et al. [1995]

Sediment porosity (0—10 cm depth) (¢) 0.80 Berner [1980]

Bioturbation coefficient (Dy;,) 1.0 cm®yr  Tromp et al. [1995]

Organic matter particle density 1.0 g/em®

Diluent particle density 2.65 g/lem®  intermediate between the density of silicate minerals and calcite

set compiled by Canfield [1989a], which represents a wide
range of modern environments.

[19] Case 1 is based on a depositional setting where the
upper interface of the SRZ is at or above the sediment-water
interface (SWI). Figure 3a displays predicted hydrogen
sulfide production rates (in moles H,S/m’/year) for a
range of bulk sediment and OM delivery fluxes. This
experiment indicates that, for a constant rate of OM
delivery (i.e., line A-A’ in Figure 3a and cross plot in
Figure 3b), an increase in the rate of sediment burial due
to increasing diluent flux (siliciclastic sediment and/or
biominerals, such as skeletal components) will force an
enhanced rate of H,S production. This enhancement is
the consequence of the increase in reactivity (kg) of
pelagic OM delivered to the sediment SRZ due to

increasing sediment burial rate and thus decreased O,
exposure time [Toth and Lerman, 1977; Berner, 1980].
The increase in kg influences the H,S production rate
more dramatically than the accompanying increase in
dilution of OM (decrease in Gg), which would otherwise
serve to decrease H,S production rate. Furthermore, if
increases in sediment burial rate are, in part, linked to
increases in OM delivery flux (line B-B’ in Figure 3a),
the sensitivity of hydrogen sulfide production to sediment
burial rate is even more pronounced, reaching maximum
values of 1.69 moles HZS/m3/yr. In the absence of H,S
depletion mechanisms (e.g., diffusion and pyrite forma-
tion), the critical pore water concentration for molybde-
num accumulation (assuming the minimum threshold of
0.1 pM H,S defined by Zheng et al. [2000]) would be

CASE 1: d,=0.0 cm CASE 2: d,=2.5 cm
A) Hydrogen Sulfide Production C) Hydrogen Sulfide Production
1.69 0.045
1.57 .
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Figure 3. Output from the sensitivity experiments of the model illustrated in Figure 1c. See text and
Appendix A (as well as Appendix B and Table 1) for model parameters.

6 of 19



PA2002

achieved in a matter of hours for most of the OM
delivery and sediment burial rates investigated and would
be reached more rapidly as rates of burial and/or OM
delivery increased.

[20] Case 2 represents a depositional setting where the
upper interface of the SRZ is located 2.5 cm below the
SWI. The rates of hydrogen sulfide production in this
sensitivity experiment are nearly two orders of magnitude
lower than in case 1, reaching a maximum value of
0.045 moles HZS/m3/yr. In contrast to case 1, the time
required to achieve critical pore water H,S concentrations
for molybdenum accumulation would be one to two orders
of magnitude greater for most of the investigated OM
delivery and sediment burial rates, assuming absence of
H,S depletion mechanisms (i.e., even longer in the pres-
ence of reactive Fe). At low rates of OM delivery (i.e., line
A-A’ in Figure 3c and cross plots in Figure 3d), an
increase in sediment burial rate has little impact on the
rate of hydrogen sulfide production, while at high levels of
OM delivery, an increase in sediment burial rate may force
a pronounced decrease in the rate of hydrogen sulfide
production. However, if the change in sediment burial rate
is, in part, linked to an increase in OM delivery (line B-B’
in Figure 3c), hydrogen sulfide production rate may still
increase with sediment burial rate as in case 1. The results
shown in case 2 also suggest that H,S production is
particularly sensitive to sediment burial at very low
sediment burial rates. Figure 3d clearly displays this
sensitivity and also demonstrates a progressive decrease
in H,S production rate as the thickness of the aerobic
zone is increased from 1 cm to 5 cm (when OM delivery =
2.5 glem?/kyr).

[21] In summary, these sensitivity experiments suggest
that the depth of the SRZ below the SWI is the first-order
control on H,S production rate. An increase in the thickness
of the sediment aerobic decomposition zone results in
decreased H,S production rates and therefore a decrease
in the likelihood that hydrogen sulfide will amass to the
critical level necessary for molybdenum accumulation.
Changes in the rates of OM delivery and sediment burial
represent important secondary controls on H,S production
rate. The rate of OM delivery shows a clear positive
relationship with H,S production rate, whereas sediment
burial rate can exhibit a positive, neutral, or negative
relationship with H,S production, depending upon the
magnitude of OM delivery flux and the depth of the SRZ
below the SWI.

[22] Finally, it is important to note that hydrogen sulfide
depletion within the pore waters of sediments (e.g., due to
pyrite formation and sulfurization of OM) may balance
increases in hydrogen sulfide production identified in these
sensitivity models. For example, Canfield’s [1989b] study
of modern sediments shows that iron oxides react with
dissolved sulfide at a rate sufficiently high to remove sulfide
as quickly as it is generated. Following sequestration of
available highly reactive Fe via pyrite formation, hydrogen
sulfide may accumulate in the pore waters. Sulfide depletion
mechanisms such as pyrite formation may be particularly
effective in countering H,S buildup in settings with low
H,S production rates (case 2) due to the relatively large
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supply of un-sulfidized reactive iron from detrital iron
oxides.

3. Analysis of Cenomanian-Turonian Organic
Carbon Burial

3.1. Assessment of Proxy Accumulation Rates in the
Bridge Creek Member

[23] Construction of high-resolution orbital timescales for
ancient sedimentary deposits greatly enhances the interpre-
tative power of biogeochemical studies by making possible
calculation of burial fluxes for selected geochemical proxies
[Meyers et al., 2001]. Although the preservation of Milan-
kovitch orbital cyclicity in ancient strata allows temporal
resolution at timescales of 10°—10 years, the applicability
of cyclostratigraphic methods may be limited by the geo-
graphic and temporal extent of preserved cyclicity, as well
as the quality of radiometric age control within an interval.
The late Cenomanian-early Turonian (C-T) strata of the
Greenhorn Formation (Bridge Creek Limestone Member)
and its lateral equivalents preserve lithologic rhythmicity
over 1000s of km? in the Western Interior Basin of North
America [Hattin, 1985]. In the central portion of the basin
this cyclicity is expressed as decimeter-scale couplets of
limestone and marlstone/shale. In addition to this rhythmic
lithologic variability, the interval is characterized by excel-
lent age control based on “°Ar/*°Ar dating of volcanic ashes
intercalated within the rhythmic bedded sequence
[Obradovich, 1993] and also records biogeochemical per-
turbations associated with widespread elevated OM burial
during oceanic anoxic event 2 (OAE 2).

[24] Gilbert [1895] first suggested that the rhythmic
deposits of the Western Interior basin could be used to
construct a Cretaceous orbital timescale. Many subsequent
studies have investigated the Milankovitch hypothesis in
Western Interior strata [e.g., Fischer, 1980; Barron et al.,
1985; Arthur and Dean, 1991; Kauffman, 1995], culminat-
ing in quantitative confirmation of orbital signals in the C-T
interval [Sageman et al., 1997, 1998; Prokoph et al., 2001].
Most recently, Meyers et al. [2001] applied a time-fre-
quency analysis technique called evolutive harmonic anal-
ysis (EHA) to deconvolve bulk sedimentation rate changes
within the C-T interval and to construct a high-resolution
orbital timescale spanning OAE 2, using optical densitom-
etry data from a core near the proposed global C-T strato-
type [Kennedy et al., 2000] (Figure 4). Figures 5, 6, 7,
and 8 display the bulk sedimentation rate curve recon-
structed by the EHA method, as well as geochemical burial
flux curves calculated using weight percentage data, the
EHA-derived sedimentation rate curve, and an average dry
bulk density of 2.6 g/cm®. This density value is based on an
average of literature values for similar lithofacies [e.g.,
Pratt, 1985; Bralower and Thierstein, 1987], as well as
bulk density analysis [Wilkison and Robinson, 2000] of
samples representing lithologic variability within the study
interval. The EHA method yields sedimentation rates based
on application of multitaper method spectral analyses
[Thomson, 1982] to sequential 2-m windows. Values rep-
resenting 2-m moving window averages of the raw geo-
chemical concentration data from the 1 Portland core [see
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Figure 4. Paleogeographic map displaying the Western Interior seaway (early Turonian peak highstand)
superimposed on a transverse mercator projection of the United States. Flooded areas are shaded, inferred
boundaries are queried, and present-day latitude and longitude are displayed on the borders. Here the 30°
and 45° paleolatitude lines are also shown, as well as the location of USGS 1 Portland core, the Sevier
Orogenic Belt, and major sediment sources (modified from Sageman and Arthur [1994] and Roberts and
Kirschbaum [1995]).
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[2001] and Sageman and Lyons [2003]. The numbered marker limestone beds [Cobban and Scott, 1972]
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Sageman et al., 1997, 1998; Dean and Arthur, 1998;
Sageman and Lyons, 2003] are therefore used to calculate
the accumulation rates shown in Figures 5, 6, and 8. In
addition, although changes in bulk density between shale
and limestone lithologies might affect higher-resolution
accumulation rate calculations, they are averaged out in
the moving window approach. This method permits recon-
struction of secular changes on a +2 m scale, allowing the
following trends to be identified: (1) two intervals of pro-
nounced OC accumulation (Figure 5S¢, OAE 2/post-OAE 2),
(2) four intervals of enhanced calcium carbonate accumu-
lation (Figure 5d), and (3) an interval of enhanced Mo
accumulation (Figure 5b, post-OAE 2).

3.2. Role of Paleoproduction

[25] Among the potential controls on OM burial, paleo-
production is one of the most challenging to estimate in
studies of ancient sediments. Although it is difficult to
quantify absolute levels of paleoproduction, it may be
possible to constrain relative changes in production via
calculation of burial fluxes for predominant biogenic com-
ponents [e.g., Bralower and Thierstein, 1987; Tyson, 1995].
Two components that are potentially proportional to primary
production levels in depositional systems like the Western
Interior are OC and CaCO;. The more commonly used
method employs the accumulation rate of OC (MARc) and
an OC preservation factor [e.g., Pratt, 1985; Bralower and
Thierstein, 1987; Tyson, 1995]. This method requires that
deposited OM is dominantly sourced from pelagic photo-
autotrophs and that the relative degree of OC preservation
can be reasonably estimated. Dominance of marine-sourced
OC in the Bridge Creek Limestone Member of the central
Western Interior basin has been argued previously based on
organic petrographic evidence and pyrolysis data [Pratt,
1984], carbon isotope analyses [Pratt, 1985; Arthur et al.,
1988; Hayes et al., 1989], and compound-specific organic
geochemical analyses [Pancost et al., 1998; Meyers et al.,
1999; Simons and Kenig, 2001]. OC preservation factors
from modern settings include a range of values from ~0%

to 29%, although it should be noted that most of these
estimates do not fully account for diagenetic OM reminer-
alization within the sediments [Bralower and Thierstein,
1987]. A reasonable preservation factor for laminated sedi-
ments that incorporates the effects of diagenetic OM remi-
neralization in a setting like the Western Interior is assumed
to be 2—4% [e.g., Pratt, 1985; Bralower and Thierstein,
1987; Tyson, 1995]. However, use of a constant preservation
factor for the entire Bridge Creek Member would be a
damaging oversimplification.

[26] As a proxy for relative changes in OC preservation
during Bridge Creek deposition, we calculate changes in the
frequency of lamination (FOL). FOL is calculated by
applying a 2-m moving window to high-resolution (2 cm)
ichnologic data (oxygen-related ichnocoenoses from
Savrda [1998]) to determine the relative frequency of
laminated intervals within each 2-m window. A doubling
of the frequency of lamination in the post-OAE 2 interval
(Figure 5e) is coincident with about a 40% increase in
averaged hydrogen index values (average lower Bridge
Creek = 235 mgHC/gOC, average upper Bridge Creek =
385 mgHC/gOC; Pratt [1984] and this study), and sug-
gests an increase in the OC preservation factor [e.g., Pratt,
1984]. To provide an estimate of relative changes in
paleoproduction (Figure 5f), we divide the MARgc esti-
mates (Figure 5c) by their corresponding frequency of
lamination, where higher FOL is inferred to represent a
greater degree of OC preservation.

[27] Although speculative, it is possible to calibrate the
FOL data to absolute preservation factors, which permits
a quantitative estimate of paleoproduction (gOC/cm?/kyr).
If the FOL data are linearly scaled to preservation factors
from 1 to 4%, reconstructed paleoproduction estimates
range from 0.67 to 2.04 gOC/cm*/kyr. These estimates
are quite low relative to modern shelf settings (e.g.,
~20 gOC/em?/kyr: Tyson, 1995). In order to produce
Bridge Creek values in the range of modern shelf environ-
ments, a preservation factor on the order of 0.4% would be
required. Although this value seems quite low, it is
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important to remember that the data are averaged across
2-m windows that include highly burrowed limestone
facies with preservation factors that were probably much
less than 1%. Most likely, the average preservation factor
was somewhere between 0.4 and 4%, and paleoproduction
varied between ~2 and 20 gOC/cm*/kyr.

[28] It has been suggested that the accumulation of
carbonate skeletal material, as recorded in the burial flux
of calcium carbonate (MARc,co3), may provide a propor-
tional estimate of OM production in oceanic settings
[Brummer and Van Eijden, 1992]. This approach is limited
by a number of important caveats: (1) the composition of
the phytoplankton community must not vary through time
(CaCOs-secreting phytoplankton must account for a con-
stant fraction of the total production), (2) CaCO; within the
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rock samples must be dominantly sourced from CaCOs-
secreting phytoplankton (or the proportion of benthic-
sourced carbonate must not change significantly), (3) the
water column must be shallow enough to prevent CaCO;
dissolution during transit to the SWI, and (4) there must be
minimal diagenetic removal/addition of CaCOs. In the case
of the Bridge Creek Limestone, caveat (1) is qualitatively
supported by data from Leckie [1985], Leckie et al. [1998],
Burns and Bralower [1998], and Li and Habib [1996],
which indicate ecological shifts in the planktic community
(e.g., the “Heterohelix shift”), but no wholesale changes in
the composition of the phytoplankton. In addition, Hattin
[1975] observed that fecal pellets within basinal facies of
the WIS are largely composed of coccoliths or coccolith
debris, suggesting that transport of the carbonate fraction
from bulk production was efficient. As for caveat (2),
secular changes in the abundance of benthic shell material
do occur in the Bridge Creek Limestone [Elder, 1989].
Although minimum abundance levels occur in association
with maximum MARc,co3 values, it could be argued that
dissolution explains the trend. However, this interval is also
characterized by the lowest levels of benthic macrofaunal
diversity and origination, and the highest levels of lamina-
tion. Whatever bias is introduced by benthic CaCO5 does
not appear to have obscured the trend carried by the
dominant (nannofossil) input of carbonate. The shallow
water column of the WIS (~300 m) satisfies caveat (3).
Lastly, employment of 2-m moving averages in the
MARc,co3 calculation satisfies caveat (4). Since diage-
netic remineralization results in CaCOj loss from marl-
stones/shales and reprecipitation in adjacent limestones on
scales of tens of centimeters [Arthur et al., 1984; Ricken,
1994] we expect minimal loss within any given 2-m
window. If we can assume that surface water conditions
during Bridge Creek deposition remained more or less
similar, MARc,co3 might provide a minimum estimate of
relative changes in paleoproduction during deposition of
the Bridge Creek Limestone.

[29] Interestingly, the relative changes in paleoproduction
that are determined using the MAR ¢ + preservation factor
method are broadly consistent with trends in MARc,c0o3,
and suggest that the highest rates of OM delivery to the
sediment during the C-T interval occurred in the latter part
of OAE 2 (about double the post-OAE 2 level) (Figure 5).
Thus both the MARpc and MAR,co3 proxies suggest that
changes in primary production are not responsible for the
first-order trends (OAE 2 versus post-OAE 2) in Mo or OC
accumulation (i.e., Figure 5g), although there is a strong
positive correlation between production, Mo and OC accu-
mulation in the post-OAE 2 interval (Figure 5).

3.3. Role of Dilution

[30] In Figures 6 and 7 we investigate the roles of bulk
sedimentation rate and inorganic dilution on OC and Mo
accumulation. The two primary sources of inorganic material
in the hemipelagic Bridge Creek Limestone are siliciclastic
clay derived from continental runoff (the volcanogenic clay
contribution is relatively minor; Dean and Arthur [1998])
and the pelagic carbonate flux. In general, sedimentation
during deposition of the Bridge Creek Limestone was
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dominated by a pelagic carbonate flux at the location of the
central basin 1 Portland core (average wt %CaCO5; ~70%).
However, accumulation rate calculations for Ti and insoluble
residue (100% — [wt %OC + wt %CaCO3]) (Figure 6e)
indicate variations in the contribution from siliciclastic
sources during portions of OAE 2 in the lower Bridge Creek
Limestone.

[31] On the basis of the diagenetic equations for OM
remineralization in Appendix B, for a given rate of OM
delivery and a constant remineralization regime hierarchy
(i.e., the relative roles of aerobic versus anaerobic degrada-
tion), an increase in diluent flux must result in an increase in
OC accumulation. This linkage between increased dilution
and OC accumulation is a consequence of the dependence
of degradation rate on OC concentration (—kG). Given this
relationship, we would expect the OAE 2 interval (with
highest sedimentation rate, production and dilution flux) to
be characterized by the highest rates of OC accumulation in
the Bridge Creek Limestone (Figures 6 and 7). However,
the highest rates of OC accumulation occur following OAE
2, during lower sedimentation rate and thus lower diluent
flux, and lower inferred paleoproduction. The cross plots in
Figure 7 emphasize this dramatic change in the accumula-
tion of the Bridge Creek geochemical proxies. Figure 7 also
suggests a tight coupling of production, sedimentation rate,
Mo accumulation, and OC accumulation in the post-OAE 2
interval but a decoupling of these factors during OAE 2.
These results imply a fundamental difference in OM remi-
neralization between the OAE 2 and post-OAE 2 intervals.

[32] High rates of Mo accumulation in the post-OAE 2
interval may be partially explained by elevated wt %OC
(Figure 6g). If this observation can be interpreted to reflect
higher initial concentrations of sedimented OM, this would
have resulted in higher rates of hydrogen sulfide production
and perhaps more consistent achievement of the hydrogen
sulfide switch point for Mo scavenging. However, what is
the ultimate cause of OC enrichment in the post-OAE 2

interval? If OM autodilution [7yson, 1995] by carbonate
(e.g., coccolithophore tests) is relatively consistent through-
out Bridge Creek deposition, then a decrease in the silici-
clastic dilution flux likely plays a key role in controlling wt
%O0C enrichment following OAE 2. The post-OAE 2
interval is the most condensed portion of the Bridge Creek
Limestone Member, and records the peak transgression of
the Greenhorn marine cycle [Kauffman, 1977, 1984]).
Interestingly, within OAE 2 wt %OC and dilution flux
(Figure 6f) are generally inversely related, although these
parameters are more positively correlated in the post-OAE 2
interval. This suggests that the dilution flux primarily serves
to decrease wt %OC in the OAE 2 interval, but following
OAE 2, increases in dilution that would otherwise serve to
decrease wt %OC are counterbalanced by a decrease in
decomposition. This may be accomplished by increasing
sedimentation rate and/or by shoaling of the degradational
regimes within the sediment, both of which move OM
through the remineralization zones more rapidly (by
decreasing “t” in the model shown in Figure 1a). We can
conclude that dilution mechanisms offer a partial explana-
tion for changes in Mo burial fluxes (by increasing wt % of
labile OC available for sulfate reduction), but they are not
adequate to fully explain the changes in OC accumulation
that were associated with enhanced Mo burial.

[33] As shown above, the change in OC accumulation
between the OAE 2 and post-OAE 2 intervals cannot be
fully explained as a direct consequence of changes in
sedimentation rate, dilution, or production, but rather sug-
gest a fundamental change in the rate of OM decomposition.
In Figure 8, we investigate the role of SRZ location on Mo
and OC accumulation. In order to resolve changes in the
average depth of the upper interface of the SRZ we utilize
data on the frequency of lamination described previously.
We infer that changes in the degree of lamination within the
study interval are a consequence of, or at least reflect,
changes in the average depth of the upper interface of the
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SRZ. This interpretation is corroborated by a strong corre-
lation (r* = 0.87) between frequency of lamination and the
(2-m moving average) concentration of molybdenum. A
doubling of the frequency of lamination in the post-OAE 2
interval (Figure 8d) is coincident with the change to
enhanced Mo and OC accumulation (Figures 8b and 8c).
This suggests that shallowing of the upper interface of the
SRZ and a consequent increase in the burial rate of OM into
the SRZ (even under lower production rates), in other words
enhanced preservation, is responsible for the first-order
trends in OC and Mo accumulation within the study interval
(OAE 2 versus post-OAE 2). Shallowing of the SRZ in the
post-OAE 2 interval appears to be intimately linked to an
overall decrease in the dilution flux, which permitted
enrichment in wt %OC (G) and therefore increased rates
of H,S production. Within the post-OAE 2 regime of overall
decreased dilution flux and enhanced OC concentration,
increases in bulk accumulation are associated with increased
wt % OC and MARy,,, suggesting enhanced preservation
due to more rapid OM delivery to the sulfate reduction
zone.

3.4. Linkages Between Iron and Molybdenum Burial

[34] As described earlier in the section on Mo systemat-
ics, in addition to the rate of H,S production and the
availability of Mo scavenging agents, Mo accumulation is
dependent upon the rate of hydrogen sulfide removal from
pore waters. The formation of authigenic iron sulfides will
depress hydrogen sulfide concentrations, and pyrite is
potentially an important Mo scavenging agent [Helz et al.,
1996]. Dean and Arthur’s [1989] analysis of total iron and
pyrite sulfur in the Bridge Creek Limestone Member
indicates that essentially all iron is in the form of pyrite
(pyrite-S/total-Fe ~ 1.15, the stoichiometric pyrite line).
Given Dean and Arthur’s [1989] result, the burial flux of
total iron should closely approximate pyrite iron accumula-
tion rate throughout Bridge Creek Limestone deposition. It
is worthwhile noting that this dominance of pyrite iron, or
more generally, highly reactive Fe, is not typical of most
modern sedimentary deposits [see Raiswell and Canfield,
1998].

[35] In Figure 8e, we calculate total Fe accumulation and
compare the Fe burial flux to Ti accumulation (a proxy for
detrital flux, which shows the same trends as insoluble
residue). Figure 8e suggests that the greatest rates of pyrite
accumulation occur within the OAE 2 interval. Further-
more, variations in Fe and Ti accumulation track each other
within the post-OAE 2 interval but diverge within OAE 2.
Divergence of the Fe and Ti accumulation rate curves
during OAE 2 suggests a nondetrital reactive iron (“excess
iron”’) contribution during OAE 2. A mechanism for the
accumulation of such excess iron has been discussed by
several authors [Raiswell and Canfield, 1998; Raiswell et
al., 2001; Wijsmans et al., 2001; Lyons et al., 2003] and
involves a dissolved iron reservoir (decoupled from local
detrital flux) that is scavenged during pyrite formation in a
euxinic water column. Calculation of Fe/Ti values through
the study interval provides an additional parameter for
assessment of this dissolved iron scavenging [Lyons et al.,
2003] (Figure 8f). Fe/Ti is generally greater during OAE 2

MEYERS ET AL.: ORGANIC CARBON BURIAL RATE AND THE MOLYBDENUM PROXY

PA2002

(even though the detrital Ti flux is higher), suggesting a
greater degree of dissolved Fe scavenging at this time. In
contrast, Mo/Ti values are enriched in the post-OAE 2
interval but are comparable to world average shale values
during the time of presumed dissolved iron scavenging
within OAE 2 (Figure 8g). The disagreement between Mo
and Fe data (both elemental ratios and accumulation rates)
is particularly curious given that dissolved Fe scavenging is
believed to occur only during pyrite formation within a
euxinic water column [Lyons et al., 2003].

[36] This apparent contradiction may be explained by the
fact that Mo accumulation requires a critical concentration
of hydrogen sulfide in pore waters, whereas pyrite may
form within the water column or sediments as a simple
equilibrium reaction. Exhaustion or decreased influx of the
ultimate reactive Fe source may have occurred following
OAE 2 due to increased sea level and decreased detrital iron
flux (and other factors, discussed below). Such a decrease in
reactive Fe availability provides a mechanism for producing
lower Fe burial fluxes and Fe/Ti values, even in a euxinic
environment. The Bridge Creek burial flux data suggest that
decreased availability of reactive iron following OAE 2
reduced the hydrogen-sulfide buffering capacity of the
environment (via lower rates of pyrite formation), resulting
in greater accumulation of H,S and more rapid achievement
of the critical level for Mo accumulation. In contrast,
elevated pyrite formation likely depressed hydrogen sulfide
levels in the pore waters during the OAE 2 interval, helping
to inhibit Mo scavenging. The cross plot of MARy, and
MAREg. shown in Figure 9 graphically illustrates the
threshold level at which decreased reactive Fe supply
(as represented by the total Fe flux) serves to increase
Mo accumulation.

[37] Finally, since the accumulation of authigenic iron
(pyrite-Fe) is antithetic to the first-order Mo accumulation
rate trend, enhanced Mo scavenging by pyrite cannot
account for elevated Mo accumulation following OAE 2,
as is consistent with Lyons et al. [2003]. According to
Zheng et al. [2000], when sulfide concentrations rise above
100 pM, Mo accumulation may continue after Fe is com-
pletely removed from pore waters. Achievement of this
concentration of hydrogen sulfide in pore waters may have
contributed to the high rate of Mo accumulation in the
post-OAE 2 interval.

4. Discussion

[38] In this study we employ flux data for geochemical
proxies from the Bridge Creek Limestone Member to
deconvolve the controls on OM burial in the central Western
Interior Sea during C-T time. A key feature of our method is
the use of Mo accumulation as a geochemical tracer to
assess the rate of degradation of OM undergoing anaerobic
metabolism by sulfate reducers. Sensitivity analysis using a
geochemical model was employed to investigate the range
of potential controls on Mo accumulation, each of which
can be constrained using proxy burial fluxes and lithologic
data. Evaluation of the Bridge Creek burial flux data with
this technique suggests that OC accumulation is primarily
controlled by the rate of delivery of OM to the SRZ. These
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achieved, at which point Mo scavenging is enhanced and
MARy, increases rapidly for a given change in MARGE..
The threshold level of MARG, is indicated by a dashed line.

results are consistent with Hartnett et al.’s [1998] study of
OM burial in modern sediments, which identified an inti-
mate linkage between oxygen exposure time and OM burial
efficiency. The location of the upper boundary of the SRZ is
the first-order control (OAE 2 versus post-OAE 2) on OM
export into the SRZ, and elevated rates of molybdenum
accumulation in the post-OAE 2 interval are a consequence
of an enhanced flux of labile OM into a shallower SRZ.
[39] A key observation from the Bridge Creek data is that
a preservational threshold is required for changes in pro-
duction to directly impact OM burial. This preservational
threshold is dictated by the rate of delivery of OM to the
sulfate reduction zone, most clearly exemplified in Figure 7,
which demonstrates a decoupling of sedimentation rate,
MARoc, MARy,, and MARc,co3 during OAE 2 but a
tight coupling once this critical rate of OM export to the
SRZ is achieved. However, what controlled the average
depth of the sediment SRZ during Bridge Creek deposition?
[40] The burial flux data for the Bridge Creek suggest that
the significant change in average sediment SRZ location
between the OAE 2 and post-OAE 2 interval is linked to the
interplay of (1) availability of reactive iron, which removes
H,S from pore water via formation of iron sulfides, and
(2) degree of terrigenous (clay) dilution, which primarily
serves to decrease wt% labile OC and therefore the
metabolic demands associated with aerobic and anaerobic
remineralization (e.g., O, consumption, Norm consumption
and H,S production). With regard to the first point, we
propose that reactive Fe delivery can play a critical role in
controlling depth of the redox interface within sediments,
particularly in condensed hemipelagic facies. For a given
OM delivery flux and MARy; flux to the SWI, a decrease
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in reactive Fe delivery results in faster rates of H,S
buildup in pore waters, and therefore enhanced diffusive
flux of sulfide toward the SWI. This excess sulfide serves
to decrease bioturbation penetration depth (via sulfide
toxicity) and also functions as an oxygen sink (sulfide
oxidation), which results in shoaling of the redox interface
and the creation of more potential habitat for sulfate
reducing bacteria (irrigation via bioturbation is required
to sustain O, and NO3 in pore waters; Berner [1980]).
Even relatively minor shoaling of the sediment SRZ
(mm to cm scale) via decreased reactive Fe delivery will
be amplified by a positive feedback mechanism: shoaling of
the SRZ within the sediment results in higher rates of
hydrogen sulfide production via increased delivery of labile
OM, and therefore further shoaling of the SRZ. This
mechanism is particularly effective in condensed facies
because centimeter-scale changes in SRZ location can
reduce OM degradation time in the aerobic zone by
thousands of years, and this can increase H,S production
rate at the top of the SRZ by orders of magnitude (see
models in Figure 3).

[41] The highest terrigenous reactive iron flux during
Bridge Creek Limestone deposition occurred in the OAE 2
interval, and this iron source was supplemented by an
additional reactive Fe source (see Figure 10 for estimates
of peak fluxes). The timing of this excess (dissolved?) iron
accumulation (Figure 8e) correlates with the hypothesized
initiation of Tethyan oxygen minimum zone (OMZ) influ-
ence within the basin [Leckie et al., 1998; Meyers et al.,
20017, which is also interpreted to have stimulated primary
production via supplemental macronutrient (e.g., phospho-
rus) and/or micronutrient (e.g., iron) delivery [Arthur et al.,
1998; Meyers et al., 2001; Leckie et al., 2002; Meyers and
Sageman, 2004]. Previous studies have suggested that
excess dissolved iron during OAE 2 may be a consequence
of enhanced hydrothermal activity and/or reorganization of
ocean circulation [Orth et al., 1993; Sinton and Duncan,
1997; Kerr, 1998; Leckie et al., 2002]. Regardless of the
ultimate source of reactive iron, we hypothesize that greater
availability during OAE 2 enabled pyrite formation to act
as a buffer in the central portion of the WIS, preventing
H,S from building-up in pore waters (<0.1 pM), even as
primary production increased to its greatest levels in the
later portion of OAE 2. This increase in H,S removal
during OAE 2 was accompanied by decrease in the
metabolic demand associated with aerobic remineralization
due to dilution of labile OC via higher terrigenous clay
influx (i.e., compared to post-OAE 2). The coupling of
decreased oxygen utilization and more effective H,S buft-
ering via pyrite formation served to increase average
bioturbation penetration depth in the substrate, ultimately
increasing the thickness of the aerobic decompositional
zone and depressing the SRZ. These mechanisms would
prevent the upper interface of the SRZ from shoaling
significantly during OAE 2 and would result in lower
MARoc and MARy,. This explains why the record of
OAE 2, especially its early phase (Sciponoceras gracile
biozone), is dominated by evidence of extensive reminer-
alization of OM compared to time equivalent sections in
Europe (e.g., Eastbourne, Gubbio; Tsikos et al. [2004])
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depicts the positive relationship between wt % labile OC and hydrogen sulfide concentration, the
negative relationship between wt % labile OC and oxygen concentration, and the negative relationship
between reactive iron delivery and hydrogen sulfide concentration, all of which may influence SRZ

location.

that were most likely characterized by lower reactive Fe
fluxes.

[42] Shallowing of the upper interface of the SRZ in the
post-OAE 2 interval can be explained as follows: First, a
decrease in siliciclastic dilution associated with sea level
rise to maximum transgression permitted greater wt %
labile OC enrichment, which resulted in greater demand
for oxygen in pore waters (via higher rates of aerobic OC
remineralization) and fueled greater rates of hydrogen
sulfide production, even under lower rates of primary
production. The increased lability of organic matter reach-
ing the SRZ is suggested by increased hydrogen index and
MARy, values through this interval. Second, decreased
availability of reactive iron due to siliciclastic starvation
and no supplementary “external” source of reactive Fe
permitted the high rates of hydrogen sulfide production to
overwhelm sediment pore waters. These factors resulted in
enhanced Mo and OC accumulation rates following OAE 2
(Figure 10). Interestingly, once a critical preservational state
was achieved via shoaling of the SRZ in the post-OAE 2
interval, increases in dilution served to increase wt.% OC,
MARoc and MARyy,, suggesting that the magnitude of

labile OM dilution was not sufficient to decrease the
aerobic and anaerobic metabolic demand significantly
within the sediments. Instead, dilution primarily served
to rapidly export labile OM to the SRZ. This relationship
illustrates the potential for complex interactions between
organic matter reactivity (k) and concentration (G) within
sediments and their impact on metabolic processes and
pore water chemistry, as previously demonstrated in the
sensitivity models of Figure 3.

[43] These results highlight a plausible negative feedback
scenario for OC burial over geologic time: if the nutrients
utilized for production are tightly linked to reactive iron
delivery, an increase in production may be compensated by
an increase in the degree of OM decomposition due to
depletion of H,S via pyrite formation and subsequent
deepening of the upper interface of the sediment SRZ via
bioturbation. Furthermore, if reactive iron delivery is pri-
marily coupled to the terrigenous clay flux, enhanced H,S
depletion may also be associated with lower metabolic
demands in the sediment, resulting in expansion of the
aerobic decompositional zone and a decreased rate of H,S
production, which may accentuate deepening of the SRZ.
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The burial flux data from the Bridge Creek Limestone
Member suggest that the negative production-preservation
feedback may be circumvented if the clay and reactive
iron flux drops below a critical level (see dotted line in
Figures 8¢ and 9). This threshold is achieved via silici-
clastic cutoff, associated with relative sea level rise within
the Western Interior Seaway.

[44] A linkage between reactive iron delivery and clay flux
provides a viable mechanism for the creation of transgres-
sive source rocks, even under conditions of constant or
decreased levels of primary production: (1) shallowing of
the sediment SRZ occurs because of high oxygen demand in
the aerobic zone (decreased dilution), high H,S production
in the SRZ (decreased dilution), and low H,S consumption
(reduced reactive Fe flux) and (2) rapid export of OM into
a shallow SRZ results in enhanced accumulation. This
biogeochemical mechanism illustrates why condensed
intervals are prone to anoxic/euxinic conditions and are
generally organic-rich. The development of organic-rich
sediments during OAE 2 may therefore be intimately
related to an association with maximum sea level rise
and highstand [Hagq et al., 1987; Kauffman and Caldwell,
1993]. Furthermore, this biogeochemical mechanism does
not explicitly require a fundamental change in oceano-
graphic conditions, such as the development of prolonged
periods of stable water column stratification, and may be
more consistent with the interpretation of a seasonally
stratified water column increasingly proposed for shallow
epicontinental basins [Tyson and Pearson, 1991; Oschmann,
1991; Sageman and Bina, 1997; Murphy et al., 2000].

[45] Globally, the late Cenomanian-early Turonian OAE 2
interval is characterized by OC-rich, laminated black shales.
The anomalously low wt %OC and burrowed character of
the early OAE 2 deposits in the Western Interior can be
attributed to the interplay of metabolic demand within the
sediments and hydrogen sulfide depletion through reactive
iron delivery and their control on the rate of OM export to
the SRZ. This same mechanism may account for the
apparent diachroneity in initiation of enhanced OC accu-
mulation associated with OAE 2 at other locations.

5. Summary and Conclusions

[46] The method developed in this study employs molyb-
denum accumulation as a geochemical tracer to assess
anaerobic metabolism. On the basis of previous theoretical
and observational investigations, as well as our own mod-
eling results and data analysis, we conclude that the primary
environmental controls on sulfate reduction and molybde-
num accumulation in sediments are: (1) rate of primary
production of marine OM, (2) degree of water column
remineralization of OM, (3) flux of inorganic diluents,
(4) location of the upper interface of the SRZ, (5) bulk
sedimentation rate, (6) rate of delivery of reactive iron
to the SRZ, and (7) the availability of molybdenum scav-
enging agents. Using data from modern settings to constrain
boundary conditions for a set of sensitivity experiments
performed with a geochemical model, we determined that
the first-order control on H,S production rate within the
sediment is the depth of the SRZ below the SWI, while OM
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delivery and bulk sedimentation rates represent important
secondary controls. These model results suggest that hydro-
gen sulfide will more rapidly amass to the critical level
necessary for molybdenum accumulation in settings with
shallow SRZs and high rates of OM delivery, while increases
in bulk sedimentation rate can exhibit a positive, neutral, or
negative relationship with H,S production depending upon
the level of OM delivery and the depth of the SRZ below the
SWI. Data from modern oceanic sites (e.g., Cariaco Basin,
Santa Barbara Basin) support the hypothesis that SRZ
location and bulk accumulation rate are significant controls
on the rate of molybdenum accumulation. Subsequent anal-
ysis of burial flux data from an ancient organic carbon-rich
sequence (Bridge Creek Limestone Member) within the
context of the geochemical model results led to the following
conclusions:

[47] 1. Organic carbon accumulation is primarily con-
trolled by the rate of delivery of organic matter into
biogeochemically mediated zones dominated by reducing
conditions.

[48] 2. The location of the upper boundary of the SRZ is
the first-order control (OAE 2 versus post-OAE 2) on
organic matter export into the sulfate reduction zone, and
processes within this zone played the dominant role in
organic carbon burial during deposition of the Bridge Creek
Limestone Member.

[49] 3. Change in the SRZ location between the OAE 2
and post-OAE 2 interval is attributable to the balance
between metabolic demands (aerobic and anaerobic) within
the sediment and hydrogen sulfide depletion through reac-
tive iron delivery and pyrite formation.

[50] 4. A decrease in siliciclastic dilution associated with
sea level rise permitted labile OC enrichment in the post-
OAE 2 interval and thereby fueled greater metabolic
demand, faster rates of oxygen consumption, and higher
rates of hydrogen sulfide production.

[s1] 5. Decreased availability of reactive iron associated
with the siliciclastic cutoff in the post-OAE 2 interval
enabled the high rates of hydrogen sulfide production to
overwhelm sediment pore waters, resulting in shallowing
of the SRZ, and enhanced Mo and OC accumulation
rates.

[52] 6. Once a critical rate of export of organic matter to
the SRZ is achieved (post-OAE 2), a tight coupling of
production and preservation may occur.

[53] These results suggest that the development of trans-
gressive source rocks in the geologic record may be simply
explained as a consequence of siliciclastic cutoff, which
concentrates labile OM and reduces the reactive iron flux,
driving pore waters to a more sulfidic state. Even under
lower levels of primary production, the increased rate of
export of OM into a shallower SRZ will result in elevated
OC accumulation rates.

Appendix A

[54] The sensitivity models displayed in Figure 3 are
designed to explore the potential role of OM delivery, sedi-
ment burial rate, and depth of the upper surface of the sulfate
reduction zone on the rate of hydrogen sulfide production in
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sediments. These experiments employ equations (B1)—(B7)
(Appendix B) to model sediment accumulation (organic
matter + inorganic diluent) at the sediment water interface.
Organic matter is modeled as CH,0, with a particle density
of 1 g/em®, and inorganic diluent is assigned a particle
density of 2.65 g/cm® (intermediate between the density of
silicate minerals and calcite; equation (B6) in Appendix B).
A sediment porosity of 80% is used in these experiments, a
reasonable value for sediments within 10 cm of the sedi-
ment water interface [Berner, 1980].

[55] We investigate OM delivery rates ranging from 0 to
12.5 g/em*/kyr and diluent accumulation rates from 0 to
50 g/em*/kyr. Given the relationship between primary
production, OM delivery and water depth identified by
Suess [1980], the maximum OM delivery rate investigated
(12.5 gOM/cmz/kyr) corresponds to primary production
rates between 7.01 gOC/cm*kyr (water column 50 m
deep) and 48.66 gOC/cm?/kyr (water column 400 m deep),
which are representative of the rates of primary production
found in Holocene oceanic sites (3—50 gOC/cm?/kyr)
[Bralower and Thierstein, 1987]. For water columns of
much greater depth, the maximum OM delivery rate
investigated is not directly applicable. Similar to Tromp
et al. [1995], organic matter is modeled as 90% metabo-
lizable (high k) and 10% refractory (low k).

[s6] Following deposition at the SWI, we employ dia-
genetic equations to assess remineralization via aerobic
decomposition and sulfate reduction [Berner, 1980]. Organic
matter remineralization within the aerobic decompositional
zone is based on the steady state diagenetic equation for OM
decomposition and redistribution (via bioturbation) within
sediments [Berner, 1980] (equation (B8) in Appendix B).
Via solution of equation (B8), the concentration of metab-
olizable OC (g OC/g sediment) at the base of the aerobic
decompositional zone may be calculated [Berner, 1980;
Murray and Kuivila, 1990] (equations (B9) and (B10) in
Appendix B). In these decomposition calculations, we
employ the relationship between k, and sedimentation rate
suggested by Tromp et al. [1995]: k, = 2.97 W™
Redistribution of OM within the sediment via bioturbation
is modeled with a bioturbation coefficient of 1 cm?/year, a
reasonable value for the hemipelagic settings investigated
in this study [Tromp et al., 1995]. Note that equation (B9)
(Appendix B) differs from the simplified expression in
Figure 1, due to incorporation of the role of bioturbation
on OM redistribution within the sediment.

[s7] Following aerobic decomposition, the rate of OC
remineralization via sulfate reduction is determined by
first-order kinetics (equation (B11)). In these calculations,
we employ the relationship between kg and sedimentation
rate identified by Toth and Lerman [1977]: kg = 0.057 w'%.
The rate of hydrogen sulfide production per unit volume of
pore water (moles H,S/cm?/yr) is then calculated by con-
verting the wt %OC remineralization (g OC/g sediment)
to g OC/ecm® pore water and employing the stoichiometric
relationship between OC consumption and hydrogen sulfide
generation (equation (B12)). The accuracy of these estimates
depends upon the following approximations: (1) all wt %0OC
change within the decompositional zone is attributable to
respiration of OC (since changes in mass associated with
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authigenic mineral growth are comparatively minor); (2) all
OM is nondiffusible (i.e., the role of dissolved OM is
minimal), and (3) sedimentation rate and compaction are
invariant within the top 5 cm of the sediment. Similar
approximations have been employed in previous studies
[e.g., Berner, 1980; Tromp et al., 1995]. Although more
complex models may be devised, these sensitivity experi-
ments provide a first-order approximation of hydrogen
sulfide production rates in the hemipelagic settings we
investigate in this study.

Appendix B: Equations Employed in
Geochemical Model
[58] In this geochemical model
MARom = MAR, * (B1)

and the empirical formula CH,O was employed to relate
organic matter to organic carbon.

_ 12.01 gC/mol +2 = 1.008 gH/mol + 16.00 gO/mol
o= 12.01 gC/mol :

(B2)

Ryurial = MAR o + MARgj) (B3)
MAR,

Gt == oc (B4)
Ryurial

Ga - Gt * B (BS)

(B6)

Rburial
p(l —0) (57

From Berner [1980]:

2*G, G,
Dpiy| =—- | — — k.G, =0 B8
w(Gw) () oo o

From Murray and Kuivila [1990]:
Gy =G, * (B9)

From Murray and Kuivila [1990]:

(W + 4D 1/2
g (U kDo) ) (K (B10)
2Dbio Dbio
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From Berner [1980]: ky
dGy MARy;
= —k, * G, Bl1l1
7 * (BI1)  MAR,,
MAR,,,
From Berner [1980]: Rpurial
dH,S dG, 1 0.5 ¢
dt dt o) 12.01 gC/mol o
Notation 3
Dy;,, bioturbation coefficient, cmz/yr.
dGg/dt rate of organic matter decomposition, wt %OC/yr. p
dH,S/dt hydrogen sulfide production rate, moles o
H,S/cm’/yr.
G, concentration of metabolizable organic carbon
reaching sediment aerobic decompositional zone, w

g OC/g sediment.

G, concentration of metabolizable organic carbon at
upper surface of sediment sulfate reduction zone,
g OC/g sediment.

G, concentration of metabolizable and refractory
organic carbon at sediment water interface,
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first-order sulfate reduction rate constant for
metabolizable organic matter, 1/yr.

diluent accumulation rate, g/cm?/yr.

organic carbon delivery flux, g/cm?/yr.

organic matter delivery flux, g/cm?/yr.

sediment burial rate at the sediment water
interface, g/cm?/yr.

time, years.

depth in sediment, centimeters.

stoichiometric factor relating organic matter to
organic carbon.

fraction of total organic matter that is metaboliz-
able.

mean density of total sediment solids, g/cm’.
sediment porosity, in volume of pore water per
unit volume of total sediment (solids plus
water).

sedimentation rate at sediment water interface,
cm/yr.
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g OC/g sediment.

k, first-order aerobic decomposition rate constant
for metabolizable organic matter, 1/yr.
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