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Abstract Intervals of extreme warmth are predicted to drive a decrease in the oxygen content of the
oceans. This prediction has been tested for the acme of short (<1 million years) episodes of significant
marine anoxia in the Phanerozoic geological record known as Oceanic Anoxic Events (OAEs). However,
there is a paucity of data spanning prolonged multimillion-year intervals of geological time before and
after OAEs. We present a Mo-isotope record from limestones and marlstones of the Eagle Ford Group,
South Texas, which was deposited in the southern Cretaceous Western Interior Seaway of North America
during a 6-million-year period encompassing OAE 2 (Late Cenomanian—early Turonian: ~94 Ma).
Mo-isotope compositions from deposits that formed in euxinic (sulfidic) conditions before OAE 2 allow
the paleo-seawater composition to be constrained to 1.1%-1.9%. This range of values overlaps previous
estimates of up to ~1.5% for the peak of OAE 2 determined from similarly sulfidic sediments deposited
in the restricted proto-North Atlantic Ocean. Mo-isotopes thus varied by less than a few tenths of per mil
across one of the most extreme intervals of global deoxygenation in the Late Phanerozoic. Rather than

a limited change in oceanic deoxygenation, we suggest that the new data reflect changes to global iron
cycling linked to basalt-seawater interaction, terrestrial weathering and expanded partially oxygenated
shallow shelf-seas that played a key role in the burial of isotopically light molybdenum, thus acting as a
counterbalance to its removal into sulfidic sediments.

Plain Language Summary Ocean deoxygenation is projected to become more pronounced
in the future. This environmental change will place stress on marine biota and will alter biogeochemical
systems and climate feedbacks. Oceanic Anoxic Events (OAEs) are a rich source of information about
marine deoxygenation in the geological past but there are fundamental questions surrounding the true
magnitude and pacing of redox change during these events. We demonstrate that the variability in one

of the key geochemical tools used to reconstruct past oceanic oxygen declines, molybdenum isotopes,
experienced relatively little change across one of the most significant Oceanic Anoxic Events of the Late
Phanerozoic. We argue that this limited variability partly reflects geochemical feedbacks that buffered the
molybdenum cycle, thereby preventing a major isotope excursion.

1. Introduction

The oxygen content of the modern ocean has declined by several percent over the last half century
(Weiss, 1970). This decline has been strongly linked with increasing ocean temperatures, which limit the
rate of oxygen diffusion into seawater (Schmitko et al., 2017), changing ocean thermal structure (Keeling
et al., 2010) and increased biological productivity and organic-matter respiration due to elevated nutrient
supply (Watson et al., 2017). Anthropogenic influences, such as enhanced fluxes of iron to marine surface
waters, have also been implicated in regional oxygen decline (Ito et al., 2016). However, there is still consid-
erable debate over the quantitative importance of the different forcing mechanisms behind deoxygenation
(Shephard et al., 2017). The geological record has much to offer this debate by allowing insights into Earth
System controls on dissolved oceanic oxygen content through time.
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The Cretaceous Period was punctuated by several episodes of widespread oceanic deoxygenation called Oce-
anic Anoxic Events (OAEs) (Jenkyns, 1980, 2010; Schlanger & Jenkyns, 1976). The most significant of these,
OAE 2, spans the Cenomanian-Turonian boundary, ~94 Ma (Meyers et al., 2012a). This event, which lasted
for a duration of ~500-900 kys (Eldrett et al., 2015a; Gangl et al., 2019; Li et al., 2017; Meyers et al., 2012;
Sageman et al., 2006), is characterized by the widespread occurrence of effectively coeval carbonate-lean
organic-rich black shales in marine sedimentary deposits (Arthur et al., 1990; Robinson et al., 2017;
Schlanger et al., 1987). Estimates of the global expanse of low-oxygen marine conditions for OAE 2 are
based on trace-metal concentrations and metal stable-isotope compositions (Clarkson et al., 2018; Dickson
et al., 2016; Goldberg et al., 2016; Hetzel et al., 2009; Montoya-Pino et al., 2010; Ostrander et al., 2017; Ow-
ens et al., 2016; Sweere et al., 2018; Westermann et al., 2014). These estimates generally span a short period
of time before and after OAE 2 and, in the case of molybdenum isotopes, only characterize the extent of
seafloor euxinia during the peak of the event itself. Mo-isotope studies have estimated that the seawater
Mo-isotope composition at the peak of OAE 2 was ~1.45%. This value has been used to infer that ~2% of the
global ocean seafloor was overlain by euxinic water, which is toxic to most forms of marine life (Dickson
et al., 2016; Goldberg et al., 2009; Westermann et al., 2014). However, the size of a Mo-isotope shift at the
onset of OAE 2- and therefore the amount by which euxinia in the oceans may have expanded compared
to the Cenomanian background conditions- is not known. This uncertainty arises because records able to
constrain the Mo-isotope composition of pre-OAE 2 seawater are not widely available. The true magnitude
of change in the Mo-isotope system in response to one of the most profound episodes of oceanic deoxygen-
ation of the past 150 million years is therefore unknown.

In this study, we use the Mo-isotope composition of organic-rich marlstones and limestones from the Eagle
Ford Group of South Texas, USA, to place constraints on the seawater isotopic composition of Late Creta-
ceous seawater before and after OAE 2. We address two questions: (i) How large was any putative shift in
the Mo-isotope composition of Cretaceous seawater across OAE 2? and (ii) How does any such shift relate
to the global expansion of marine euxinia that occurred during OAE 2?

2. Molybdenum in the Marine Environment

The isotopic composition of Mo in modern seawater (§°*°*Mo of 2.34%) is globally homogenous and records
the balance between molybdenum fluxes to and from the oceans (Nigler et al., 2011; Nakagawa et al., 2012;
Siebert et al., 2003). The element has a modern oceanic residence time of ~440 kyrs (Miller et al., 2011).
The isotopic composition of Mo added to the oceans has been estimated as ~0.55% and is assumed to re-
main constant over long timescales (King & Pett-Ridge, 2018; Neely et al., 2018), whereas the amount and
composition of Mo buried in marine sediments probably fluctuated over geological time, driving changes in
seawater isotopic compositions (Chen et al., 2015; Dickson, 2017; Kendall et al., 2017 and references there-
in). The critical removal fluxes of Mo from the ocean are redox-dependent. Mo adsorbed to manganese ox-
yhydroxides has an isotopic composition ~3% lower than seawater in well-oxygenated depositional settings
(Barling & Anbar, 2004; Siebert et al., 2003). Mo adsorbed to iron oxyhydroxides has an isotopic composition
~0.8%-2.2% lower than seawater in oxic to anoxic settings (Goldberg et al., 2009; Scholz et al., 2017). Thi-
olated sulfides and/or polymolybdate species have isotopic compositions 0.5%-0.9% lower than seawater
and can form in sulfidic conditions above (euxinic) or below the sediment-water interface in association
with organic and/or Fe-Mo-S compounds (Dahl et al., 2017; Helz et al., 1996, 2011; Hutchings et al., 2020;
Nigler et al., 2011; Neubert et al., 2008; Vorlicek et al., 2019). Enhanced organic-matter burial in the oceans
and an associated increase in the removal flux of Mo into sulfidic sediments at the expense of burial into
oxic sinks should therefore result in a secular decrease in both the concentration and isotopic composition
of molybdenum in seawater (Kendall et al., 2017).

3. Stratigraphy of the Iona-1 and Innes-1 Cores

This study uses two research cores, Iona-1 and Innes-1, drilled on the margin of the Maverick Basin that
was located on the Comanche Shelf at the Southern end of the Cretaceous Western Interior Seaway (KWIS)
(Figure 1). Both cores sample the Eagle Ford Group. Detailed chemostratigraphy, biostratigraphy and
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sedimentology has previously been undertaken for the two cores (Eldrett
et al., 2014, 2015b, 2017; Minisini et al., 2017; Sullivan et al., 2020; Sweere
et al., 2020; Figure 2). The Eagle Ford succession is characterized by or-
ganic-rich marlstones with decimeter-scale limestone interbeds in the
lower Eagle Ford (LEF), and more organic-lean limestones interrupted
by decimeter-scale marlstones in the upper Eagle Ford (UEF) (Boling &
Dworkin, 2015; Eldrett et al., 2014; Lowery et al., 2014). The onset level
of OAE 2, as defined by carbon-isotope stratigraphy, occurs in the upper-
most LEF (Eldrett et al., 2014). The LEF is entirely Cenomanian in age,
while the UEF is Cenomanian in age at its base (within OAE 2) and Turo-
nian at the top (post- OAE 2). The major phase of organic-matter deposi-
tion and local oxygen depletion in the Eagle Ford Group occurred across
a two and half million-year interval prior to the global enhancement of
organic-matter burial that took place at many locations during OAE 2
(Boling & Dworkin, 2015; Eldrett et al., 2014; Lowery et al., 2014; Robin-
son et al., 2017; Schlanger et al., 1987). Similar differences between the
timing of local organic-matter accumulation and OAE 2 have been noted

from further north in the KWIS, at the transition from the Hartland Shale

O
DSDP-367 to the Bridge Creek limestone in Colorado (Arthur and Sageman, 1994).

Figure 1. Paleogeography of the Cretaceous Western Interior Seaway
(WIS) and the proto-North Atlantic Ocean. Locations mentioned in the

text are labeled.

Local watermasses overlying the Maverick Basin were connected to the
proto-North Atlantic Ocean to the south and to the Arctic boreal ocean to
the north via the Cretaceous Western Interior Seaway (Eldrett et al., 2017).
The occurrence of small-scale cross bedding at the base of the Eagle Ford
succession implies the influence of bottom-water currents. Water depths
can thus be imprecisely estimated at a few 10s—100s of meters (Eldrett
et al., 2017; Minisini et al., 2017).

4. Methods

Core samples were obtained as rock chips and crushed in an agate pestle and mortar. For Mo-isotope and
concentration measurements, sample powders were digested in inverse aqua-regia (3:1 HNO;-HCl) after
the addition of a 'Mo—""Mo double spike to correct for mass fractionation during chemical preparation
and mass spectrometry. Following digestion, Mo was purified from matrix elements using the anion-ex-
change method of Pearce et al. (2010) as modified by Dickson et al. (2016) to remove Zn prior to Mo elution.
Measurements were made using 80 ppb (sample plus spike) solutions at the University of Oxford using a
Nu-Instruments Nu I MC-ICP-MS coupled to a desolvating sample introduction system. Isotope ratios were
calculated offline using the raw measured signal voltages and are expressed in per mil notation relative to
NIST 3134, where NIST 3134 has a value of +0.25% (Nigler et al., 2014):

5%%Mo = ((98M0 / PIMO gpte | Mo | *Monysrans | - 1) %1000

sample

The accuracy and 2 S.D. reproducibility of the method was determined by 33 dissolutions and measure-
ments of the SDO-1 shale standard, giving a value of 1.04% * 0.08%. This value is in very good agreement
with published values (e.g., Goldberg et al., 2013). Mo concentrations were calculated by isotope dilution
using the '’Mo/*’Mo ratio. Elemental enrichment factors (EF) are calculated according to:

EF, = (X / Al) /(X /AT

sample ucc

Where X is the element being normalized and UCC is the average upper continental crust concentration
from Rudnick and Gao (2003).
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Figure 2. Chemostratigraphic data from the Iona-1 and Innes-1 cores. The Innes-1 data are plotted on the Iona-1 depth
scale using tie-points between each core (Minisini et al., 2017). Carbon-isotope, TOC, HI data and ages are from Eldrett
et al. (2014, 2015a, 2015b, 2017). MCE: Mid-Cenomanian Event. Biostratigraphic datum levels are taken from Eldrett

et al. (2015a), where L.O. is defined as Last Occurrence.

5. Results

The average 8°**Mo value of samples from the organic-rich LEF Group is 0.64% + 0.14% (1 S.D.) for the
Tona-1 core, and 0.65% + 0.15% (1 S.D.) for the Innes-1 core (Figure 3). The average 5**°**Mo values of sam-
ples from the UEF Group are marginally lighter than for the LEF, at 0.60% + 0.53% (1 S.D.) for the Iona-1
core and 0.55% + 0.41% (1 S.D.) for the Innes-1 core but are much more variable. The more variable Mo-iso-
tope data from the UEF occur in bioturbated marlstones and limestones with generally low Mo concentra-
tions (Denne et al., 2014; Eldrett et al, 2014, 2015b; Lowery et al., 2014). §°***Mo values are unrelated to
Mo concentrations, especially in the lowermost LEF where limestones containing ~5 ppm Mo have nearly
identical §°***Mo to stratigraphically adjacent marlstones with ~240 ppm Mo (Figure 3).

6. Discussion
6.1. Pre OAE 2 §***Mo

The isotopic composition of pre OAE 2 seawater needs to be estimated in order to quantify the magnitude
of a Mo-isotope shift associated with OAE 2. This value can be inferred from the Maverick Basin deposits by
first identifying the main carrier phases of Mo. The LEF was formed under dominantly euxinic depositional
conditions, evidenced from very diverse lines of data: very high concentrations of authigenic Mo (Eldrett
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Figure 3. 8°/**Mo and Mo concentration data from the Iona-1 and Innes-1 cores. Data are delineated by lithology. Vertical dashed lines are to enable visual
comparison between the Mo-isotope data for each core. Zones of reduced oxygenation, including the Lower Eagle Ford and intervals in the Upper Eagle Ford,

are highlighted by gray shading.

et al., 2014), Cd (Sweere et al., 2020), aryl-isoprenoids derived from purple sulfur-oxidizing bacteria (Sun
et al., 2016), high dibenzothiophene/phenanthrene (DBT/P) ratios that signify the incorporation of reduced
sulfur into organic matter (Hughes et al., 1995; Sun et al., 2016), and the complete absence of benthic fauna
(Denne et al., 2014; Lowery et al., 2014; Eldrett et al., 2015b). Mo is therefore dominantly bound as Mo-
sulfides (i.e. a mixture of thiomolybdate species) in these sediments. Other Mo-hosting phases such as Mn-
and Fe-oxyhydroxides and organic matter are considered minor contributors to the bulk sediment Mo. Mn
is mainly enriched in carbonate beds due to the incorporation of reduced Mn(II) (Eldrett et al., 2015b) and
the highest enrichments of Mo (defined as Mogg) (>400) actually occur at levels where Mngg are lower than
1. Even in samples where Mngr and Mogr are both high (in some limestone beds, Figure 4), the 8”9 Mo
compositions are similar to adjacent marlstones where Mngg is very low. Low Fe/Al ratios of ~0.5 are close
to the average continental crust (Rudnick & Gao, 2003), and are suggestive of an iron-poor setting that
would not have played a dominant role in hosting Mo in the sediments (e.g., Lyons and Severmann, 2006;
Figure 4). The role of organic matter as a host for Mo is debated (Dickson et al., 2019; King et al., 2018),
but Mogr and TOC are only weakly correlated in the LEF samples (Figure 4). The trend of Mogg versus Ugg
for the LEF deposits (Figure 4) follows a pattern indicative of Fe-Mn shuttling across a sharp chemocline
(Algeo & Tribovillard, 2009) and supports the interpretation that the deeper parts of the Maverick Basin
were corrosive to oxyhydroxide phases. Mo sulfides must therefore quantitatively account for the bulk of the
authigenic Mo present in the LEF deposits. Mo enrichment factors for limestones and marls in the LEF are
similar, suggesting that large variations in Mo concentrations in the LEF can be largely attributed to dilution
by enhanced planktonic carbonate fluxes that formed the limestone beds (Figure S1; Eldrett et al., 2015b).
The similar values and limited variance of the Mo-isotope data in the Iona-1 and Innes-1 cores shows that
the sulfidic depositional conditions that governed Mo burial in the LEF were uniform at a scale of at least
~100 km across the Maverick Basin.
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Figure 4. Co-variation of Mo enrichment factors with Mngg (a), % TOC (b) and Ug (c). Panel D shows the relationship
between %TOC and Fe/Al. The arrow in C indicates the typical relationship between Mogr and Ugr in open-ocean
settings (Algeo & Tribovillard, 2009). The modern seawater molar Mo/U ratio is ~7.5-7.9, equating to a sedimentary
mass ratio of ~3, which is shown in the figure as a dashed line. The range of Mogr and Ugg for the modern Cariaco
Basin (Algeo & Tribovillard, 2009) is shown by the gray shading. The arrow in D is the Fer/Al ratio of the Upper
Continental Crust (~0.43) from Rudnick and Gao (2003).

The relationship between the Mo-isotope composition of the sediments and paleo-seawater is controlled
by the distribution of Mo in sedimentary phases (which may be isotopically different) and the fraction of
Mo that was removed from the water column. For the latter mechanism, a higher fraction of removal from
seawater to sediments tends to increase the Mo-isotope composition of the sediments toward the seawater
value. These parameters are closely tied to deep-water renewal times and the concentration of aqueous
H,S (Briiske et al., 2020; Noordmann et al., 2015). For the LEF, the very high concentrations of Mo are
not consistent with a limited metal supply to the Maverick Basin. A steady inflow of oxygenated near-sur-
face waters, above the chemocline, is suggested by the presence of paleontological assemblages of Tethyan
planktonic organisms in these deposits (Eldrett et al., 2017).

Similar euxinic but nonrestricted settings in the modern ocean include the Cariaco Basin, where Holocene
sediments have Mo-isotope compositions of ~1%-1.8%, being 1.3% to —0.5% lower than modern global
seawater (Briiske et al., 2020). Sediments with even lower Mo-isotope compositions occur in modern sulfid-
ic environments where frequent basin-floor ventilation events limit H,S concentrations to levels where
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isotopically light intermediate thiomolybdates form and/or a large fraction of the sediment Mo is deliv-
ered to sediment by adsorption-desorption to Fe- and Mn-oxyhydroxides (Azrieli-Tal et al., 2014; Hardisty
et al., 2016; Neubert et al., 2008; Scholz et al., 2017). However, evidence for these processes operating in
the Cenomanian (pre OAE 2) Maverick Basin is weak. Given the evidence for a well-developed chemocline
(from Mogr/Ugr) and limited Fe and Mn enrichments, it is probable that the deepest waters of the Maverick
Basin did not experience frequent deep-water renewal, even while surface waters were able to exchange
with the wider proto-North Atlantic. Thus, the range of offsets between the Mo-isotope compositions of
Holocene sediments and modern Cariaco Basin seawater (—0.5% to —1.3%) are likely to be applicable to the
LEF deposits (~0.6%). These considerations suggest a likely range of 8°*°*Mo in pre OAE 2 Cenomanian
seawater in the Maverick Basin of ~1.1%-1.9%. This estimate is supported by a very high value of 1.7%
measured in a LEF limestone bed. Since this excursion occurred much faster than the residence time of Mo
in the oceans (10° years), we assume that local quantitative Mo removal occurred for a short period of time
during deposition of this particular limestone bed (Figure 3).

Our ability to constrain global redox conditions from the Eagle Ford deposits relies on the assumption that
seawater chemistry in the Maverick Basin was compositionally similar to that of the global ocean. This is
not a straightforward assumption given that seawater was probably sourced from the near-surface waters of
the proto-North Atlantic, where the water chemistry may have evolved away from that of the global ocean
due to hydrographic restriction and intensely euxinic conditions (Dickson et al., 2016). These artifacts may
for instance have influenced the Cd-isotope composition of Maverick Basin seawater (Sweere et al., 2020).
Such features are not, however, likely to have been problematic for Mo. The near-surface waters flowing into
the Maverick Basin would have been sourced predominantly from above the chemocline where, by analogy
with the modern Black Sea, Mo concentrations and compositions would have been similar to open-ocean
seawater (Nigler et al., 2011). If Mo drawdown in the proto-North Atlantic Ocean had caused local seawater
8°*Mo to evolve slightly higher than open-ocean seawater, the values obtained from the Eagle Ford depos-
its would also be biased to higher values: this would only emphasize our central point (below) that there is
very little evidence of a strong decrease in global seawater °***Mo at the onset of OAE 2.

Upper Cenomanian sediments from DSDP Site 367 (Cape Verde Basin, eastern equatorial Atlantic) and core
S57 (Tarfaya Basin, Morocco), which immediately predate the OAE 2 interval, have been well character-
ized by Fe-speciation, biomarkers and Mo concentrations to have been deposited in anoxic-euxinic water
columns (Sinninghe Damsté & Kdoster, 1998; Westermann et al., 2014; Poulton et al., 2015). §%/%Mo values
reach ~0.6% at Site 367, consistent with, but marginally lower than those of the LEF (Dickson et al., 2016;
Westermann et al., 2014). A difference of ~0.7% between these deposits and overlying seawater, as observed
for modern (Poulson-Brucker et al., 2009) and ancient (Dickson, 2017; Dickson et al, 2014, 2016) anoxic—
euxinic sedimentary deposits, would result in an estimate of Late Cenomanian Atlantic seawater of >1.3%,
also within the range of estimates established from the LEF. In the Tarfaya Basin, §***Mo values reach
~1.0% in core S57 (Dickson et al., 2016; Goldberg et al., 2016), approaching the lower limit of the inferred
range of pre OAE 2 seawater values (1.1%-1.9%).

6.2. OAE 2 §*/**Mo

Mo-isotope data from the OAE 2 interval of the Iona-1 and Innes-1 cores cannot be readily interpreted in
terms of paleo-seawater chemistry. Oxic depositional conditions near the base of the OAE 2 level, evidenced
by low redox-sensitive metal enrichments and strongly bioturbated sediments (Eldrett et al., 2014; Sweere
et al., 2020), probably led to an unknown mixture of Mo-hosting phases that were variably fractionated
from seawater. However, based on biomarker data, Fe-speciation studies and trace-element patterns, the
Mo-isotope composition of seawater at the peak of OAE 2 has been estimated at between 1.1% and 1.45%
from high-resolution sampling of organic-rich mudrocks deposited under euxinic conditions in the Cape
Verde Basin in the restricted proto-Atlantic Ocean (DSDP 367) and in the Tarfaya Basin off Morocco, (core
S57), which has long been considered as a paleo-upwelling area (Dickson et al., 2016; Goldberg et al., 2016;
Kolonic et al., 2005; Westermann et al., 2014; Wiedmann et al., 1978). Importantly, the higher figure (1.45%),
assumed to be the closest to the true marine composition, cannot be distinguished from the range for Late
Cenomanian pre OAE 2 seawater Mo-isotope ratios presented here (~1.1%-1.9%). The new data imply that
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the magnitude of §°***Mo change during the onset of OAE 2 must have been significantly smaller than the
~0.9% difference between values at the acme of OAE 2 and values of modern seawater (Dickson, 2017).

6.3. PostOAE 2 8”***Mo

Authigenic enrichments of Mo in the UEF deposits are considerably lower than in the LEF due to depo-
sition under more oxygenated conditions (Eldrett et al., 2014; Minisini et al., 2017). The deposits are very
different from those of the LEF: they contain a diverse benthic fauna, bioturbation structures, lower TOC
and lower redox-sensitive metal concentrations, and highly variable HI values indicating generally poor
organic-matter preservation (Figure 2; Boling & Dworkin, 2015; Eldrett et al., 2014; Lowery et al., 2014;
Sullivan et al., 2020; Sweere et al., 2020). The interpretation of §°***Mo in these deposits is complicated by
the variable distribution of Mo in S-, organic-, oxyhydroxide- and detrital-mineral phases.

Against a background of generally oxygenated depositional conditions of the UEF, Mogr and TOC increase
to significantly higher values in several stratigraphic levels (Figures 2 and 3). These higher values may be
related to the increased local availability of reduced S and thus short-term declines in the oxygenation
state of the Maverick Basin. Since sediment Mo-isotope compositions are always lower than the seawater
they form in, the minimum 8°***Mo composition of Turonian seawater can be constrained by the high-
est isotopic values from these stratigraphic units (containing Mo concentrations of 30-40 ppm) to >1.6%
(Figure 3).

6.4. Evolution of Late Cretaceous Seawater §°***Mo

The inferred evolution of Late Cretaceous seawater 8°*°*Mo across OAE
TURONIAN  MODERN 2 is shown in Figure 5. The change in Late Cretaceous global seawa-

2 ter °/**Mo across the onset of OAE 2 can be constrained to less than

5] ? ~0.4%. 8°¥**Mo may have evolved to higher values after OAE 2 but the
______ ' . magnitude of this change cannot be tightly determined with the Eagle

1.5— "U EAGLE FORD ! Ford data. The rather small change in 8°*°°Mo at the onset of OAE 2 is at
______ | odds with observations of a significant expansion of euxinic conditions

§ 19 —arravassr 188 at a large number of locations worldwide during OAE 2 (Jenkyns, 2010;
§ L. EAGLE FORD :§ § Monteiro et al., 2012; Owens et al., 2013; Pancost et al., 2004; Robinson
o 057 SITE 367 :%’f’; et al., 2017; Sinninghe Damsté & Kdster, 1998) that might predict a much
0— :m ’ greater change (decrease) in the Mo-isotope composition of seawater as

| the burial of Mo-sulfides increased. This apparent paradox could be ex-

0.5 v plained if the large removal flux of Mo into spatially extensive sulfidic

[ Range of observed sedimentary 5*Mo Highest observed 5%%Mo marine sediments was at least partly balanced by a greater removal flux

-1 [ Range seawater 57Mo = = = Inferred limits of isotopically lighter Mo into nonsulfidic sediments in marine environ-

Figure 5. Constraints on the §°*°*Mo composition of Late Cretaceous and
modern seawater. Solid horizontal lines indicate highest 8°***Mo values
observed from sediments accumulating in euxinic waters in restricted or

ments elsewhere. Mn-oxyhydroxides are unlikely to have constituted a
major sink for Mo, since their burial flux is suggested to have decreased
by >40% near the onset of OAE 2 (Ostrander et al., 2017). The burial

nonrestricted marine basins (Westermann et al., 2014; Dickson et al., 2016;  Of isotopically light Mo in association with intermediate thiomolybdate
Goldberg et al., 2016; this study). The range of 8°***Mo for all sediments species is possible during OAE 2 (Azrieli-Tal et al., 2014), but there is

measured in each time slice is represented by the yellow shading (Lower presently no observational evidence for this process.
Cenomanian: 0.2%-1% (Site 367, S57 and Iona-1, Westermann et al., 2014;

Dickson et al., 2016; Goldberg et al., 2016); OAE-2: —0.5%-1.5%, (Site 367, Enhanced burial of Mo by adsorption to Fe-oxyhydroxides is, however,

S57 and Site 1,276, Westermann et al., 2014; Dickson et al., 2016; Goldberg
et al., 2016); Turonian: —0.4%-1.6% (Iona-1). The possible range of seawater
8°%/*Mo for each time slice is indicated by the blue shading. Inferred limits

possible at the onset of OAE 2. There is a wealth of stratigraphic evidence
that eustatic sea level rose dramatically during the latest Cenomanian

on the range of seawater §****Mo are indicated by horizontal dashed lines. into the Turonian coincident with OAE 2 (e.g., Arthur et al., 1987; Gale
The vertical dashed line indicates that the seawater composition for the et al., 2002, 2008; Haq, 2014; Jones et al., 2019). The consequent trans-
Turonian extends above the highest measured sediment 8”**Mo value by gressions would have led to the spread of low-oxygen water masses onto

an unknown amount. The modern sediment data range is from Siebert
et al., 2003, 2006; Neubert et al., 2008; Poulson-Brucker et al., 2009; Nagler
et al., 2011; Nakagawa et al., 2012; Noordmann et al., 2015; Hardisty

oxygenated continental shelves and stimulated reduction of Fe(III), fol-
lowed by shuttling of Fe(II) to the open ocean and subsequent re-oxida-

et al., 2016; Scholz et al., 2017; Briiske et al., 2020. tion and burial.
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Although the KWIS became better oxygenated during OAE 2, there is evidence for enhanced Fe burial, os-
tensibly caused by diagenetic pyrite formation below the sediment-water interface (e.g., Meyers et al., 2005).
Large areas of shallow continental shelf elsewhere in the oceans experienced a change toward more poorly
oxygenated conditions. In the European Vocontian Basin and the Russian epi-continental shelf, moderate
trace-metal and organic-matter enrichments during OAE 2 suggest a shift to suboxic to anoxic conditions,
where the redoxcline probably fluctuated across the sediment-water interface (Danzelle et al., 2018; Gale
et al., 2019; Gavrilov et al., 2013). Such conditions would be prone to the shuttling of Fe(II), as implied by
iron-isotope data from the proto-North Atlantic region (Owens et al., 2012).

Under conditions of unusually high global paleotemperatures during OAE 2 (Jenkyns, 2018; O'Brien
etal., 2017), the mass of Fe delivered to the open ocean would have been further increased by the weathering
of Fe-rich terrestrial and marine silicate rocks, some of which were formed during the emplacement of
the Caribbean, High Arctic and Madagascan Large Igneous Provinces (Du Vivier et al., 2014; Jenkyns
et al., 2017; Pogge von Strandmann et al., 2013; Scaife et al., 2017; Turgeon & Creaser, 2008). We can roughly
estimate the size of a volcanic Fe-associated Mo burial flux, albeit with large uncertainties. The amount of
basalt weathered into the oceans during OAE 2 has been estimated as ~0.6-2 million km® using Li-isotope
data (Pogge von Strandmann et al., 2013). Assuming this basalt had a density of 2.9 gcm™, contained ~8%
Fe and was eventually buried as Fe(III)-oxides, the mass of associated Mo can be estimated from the Mo/
Fe mass ratio of modern Fe-rich crusts and nodules (~0.0015-0.0076 gg™'; Hein et al., 1997). Dividing the
total masses by the duration of OAE 2 (~1 million years) results in annual burial fluxes of 2.2 x 10° molyr™"
(minimum) to 36.7 X 10° molyr™' (maximum). These fluxes are ~6-110 times larger than the modern annu-
al input flux of Mo to the ocean (Miller et al., 2011).

Enhanced Fe burial during OAE 2 is further supported by Fe-isotope data, and the local presence of marine
red beds and glauconite-rich deposits from the proto-North Atlantic, Pacific and Tethyan regions (Dickson
et al., 2017; Gale et al., 2019; Gangl et al., 2019; Hasegawa et al., 2013; Jenkyns, 1980; Owens et al., 2012;
Takashima et al., 2011; Wohlwend et al., 2015). Assuming that these burial fluxes had isotopic compositions
as much as 2.2% lower than coeval seawater, they would have been capable of balancing similarly high Mo-S
burial fluxes and contributing to large-scale drawdown of oceanic Mo during OAE 2.

6.5. Behavior of Other Redox-Sensitive Metal-Isotope Systems

The small range of seawater §°***Mo variability detailed here for the Late Cretaceous implies that for met-
al-isotope systems such as Mo it is difficult to accurately estimate the areal extent of euxinia unless the in-
fluence of all burial fluxes on the global mass balance are fully understood. For OAE 2, U isotopes (Clarkson
et al., 2018) and Zn isotopes (Sweere et al., 2018) also show remarkably muted changes compared to Late
Cenomanian background compositions. In both cases, significant metal-isotope variability was registered
during OAE 2 rather than at its onset or termination, specifically during the so-called Plenus Cold Event,
an interval of regionally modulated cooling and re-oxygenation of ocean waters (Boundinot & Sepulve-
da, 2020; Jenkyns et al., 2017; O'Connor et al., 2020). These geochemical changes, a negative excursion in
the case of Zn, a positive excursion in the case of U, can be related to the isotopically distinct behavior of
these elements during burial in reducing and oxidizing sedimentary environments and the consequent ef-
fect on ocean chemistry. Thus, just as for Mo, their global behavior may have become significantly affected
by the impact of other biogeochemical cycles (e.g., an increased supply of Fe addition to the oceans) at times
of rapid global redox change.

7. Conclusion

New Mo-isotope data from the Eagle Ford Group of South Texas, USA, constrain the isotopic composition
of Middle to Late Cenomanian seawater (~96.5-94 Ma, prior to OAE 2) to a range (~1.1%-1.9%) that is no-
tably lower than the present-day composition of ~2.3%. The relative stability of this value over ~2.5 million
years indicates that Late Cretaceous oceans had a greater extent of euxinic seafloor than exists today. The
new data limit the range by which the Mo-isotope composition of seawater in the Maverick Basin, and by
extension the global ocean, could have evolved during OAE 2 to less than ~0.4%. This limited range plausi-
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bly records the balancing of Mo burial into sulfidic sediments against Mo burial associated with Fe-oxyhy-
droxides, although the impact of thiomolybdate removal in weakly sulfidic sediments cannot be presently
excluded. High Fe fluxes are a probable consequence of relatively expanded shelf seas with only partially
deoxygenated sediments during a major global sea-level highstand, alongside the rapid weathering of Fe
from newly emplaced Large Igneous Province basalts. These results highlight significant complexity with
the interpretation of Mo, and other redox-sensitive isotope systems such as Zn and U, across an interval
of very rapid environmental change associated with intensive volcanic activity and one of the highest sea
levels of the Late Phanerozoic (Gale et al, 2002, 2008; Hancock and Kaufmann, 1979; Haq, 2014; Jenkyns
et al., 2017; Turgeon & Creaser, 2008).
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