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Abstract

It is well established that the burial of organic carbon in marine sediments increased dramatically at a global scale at the
Cenomanian-Turonian boundary (Oceanic Anoxic Event 2: OAE-2, ~94 Myr ago, Late Cretaceous). Many localities con-
taining chemostratigraphic expressions of this event are not, however, enriched in organic carbon, and point to a heteroge-
neous set of oceanographic and environmental processes operating in different ocean basins. These processes are difficult to
reconstruct because of the uneven geographical distribution of sites recording OAE-2, thus limiting our understanding of the
causes and palaeoceanographic consequences of the environmental changes that occurred at this time. A new, highly resolved
molybdenum-isotope dataset is presented from the Cape Verde Basin (southern proto-North Atlantic Ocean) and a lower res-
olution record from the Tarfaya Basin, Morocco. The new data reveal periodic oscillations in the Mo-isotope composition of
proto-North Atlantic Ocean sediments, from which coupled changes in the dissolved sulphide concentration and Mo inven-
tories of the basin seawater can be inferred. The cyclic variations in sedimentary Mo-isotope compositions can be hypothet-
ically linked to regional changes in the depth of the chemocline, and in the rate of seawater exchange between basinal waters
and global seawater. The new data suggest that a global seawater Mo-isotope composition of ~1.2%. was reached very soon
after the onset of OAE-2, implying a rapid expansion of marine deoxygenation coeval with, or slightly preceding, enhanced
global rates of organic-carbon burial. During OAE-2, the modelled flux of Mo into anoxic sediments is likely to have been
~60-125 times greater than at the present day, although the spatial extent of anoxia is unlikely to have been greater than 10%
of the total seafloor.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http:/
creativecommons.org/licenses/by-nc-nd/4.0/).

1. INTRODUCTION the mid-Cretaceous (Jenkyns, 2003; Friedrich, 2010;

MacLeod et al., 2013). Sediments deposited during OAE-

Oceanic Anoxic Event 2 (OAE-2) was an interval of
widespread organic-carbon burial under conditions of
expanded marine anoxia (Schlanger and Jenkyns, 1976;
Jenkyns, 1980; Arthur et al., 1990). The event took place
~94 Myr ago, and spanned the Cenomanian-Turonian
boundary during a period of extreme global warmth in
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2 have been recognized from a large number of locations,
principally on the basis of unusually carbon-rich deposits
(black shales) accompanied by a 2-4%. positive carbon-
isotope excursion (CIE) recognized in carbonates (e.g.
Jarvis et al., 2006), bulk marine and terrestrial organic mat-
ter (Hasegawa, 1997; Tsikos et al., 2004), and specific
biomarkers (Kuypers et al., 1999; van Bentum et al.,
2012). The total duration of the event, as defined by the
CIE, has been estimated from cyclostratigraphy to have
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been between ~370 and 890 kyr (Kuypers et al., 2004;
Sageman et al., 2006; Voigt et al., 2008; Meyers et al.,
2012; Ma et al., 2014; Eldrett et al., 2015).

Oxygen depletion and organic-carbon burial during
OAE-2 have been explained by several hypotheses, involv-
ing the emplacement of large igneous provinces (Kuroda
et al., 2007; Turgeon and Creaser, 2008; Du Vivier et al.,
2014), elevated weathering rates (Frijia and Parente, 2008;
Blittler et al., 2011; Pogge van Strandmann et al., 2013),
the stimulation of marine productivity from a reduction
in nutrient limitation (Kuypers et al., 2002; Adams et al.,
2010; Monterio et al., 2012) and basin palacogeography
(e.g. Trabucho Alexandre et al., 2010). Whatever the cause,
it is clear that OAE-2 represents a period of profound
change in Earth’s environmental systems. However, the
observation that many marine deposits spanning OAE-2,
including those of deep-water character, do not contain evi-
dence for pervasive oxygen depletion (Jarvis et al., 2006;
Parente et al., 2007; Takashima et al., 2011; Hasegawa
et al., 2013; Eldrett et al., 2014) suggests that basin-scale
responses to the environmental changes that took place
were not uniform and in many locations overrode the glo-
bal environmental signal of OAE-2. Unfortunately, the
comparative lack of well-resolved marine sections from out-
side the North Atlantic region, in locations that may not
necessarily have experienced oxygen-depleted depositional
conditions, represents a fundamental limitation to our abil-
ity to understand how ocean deoxygenation and carbon
burial became extensive at this time.

Stable-isotope variations of elements that have a strong
redox dependency and a global seawater residence time
greater than the timescale for whole-ocean mixing (2—
3 kyr) are useful tools for estimating the extent of seafloor
anoxia during past intervals of geological time. Molybde-
num, one such element, has a stable oxyanion (MoO3")
in seawater and has a residence time >400 kyr (Emerson
and Huested, 1991; Miller et al., 2011). In oxic environ-
ments, Mo is slowly removed from seawater by adsorption
to Fe and Mn oxhydroxides, with preferential removal of
the lighter isotopes (Barling and Anbar, 2004; Wasylenki
et al., 2008; Goldberg et al., 2009). Under reducing condi-
tions, Mo is reduced to a sulphide species (tetrathiomolyb-
date, MoS3, likely via a series of intermediate
oxythiomolybdate species, M00O,S;_,>") (Eriksson and
Helz, 2000), and is rapidly removed from seawater, possibly
by association with Fe-S particles (Helz et al., 2011), or by
adsorption and/or incorporation into organic particles
(Algeo and Lyons, 2006; Dahl et al., 2010; Chappaz
et al., 2014). This behaviour results in large enrichments
of Mo in sediments where H,S is present only within sedi-
ment pore-waters but overlain by oxic or suboxic water
masses (henceforth termed ‘anoxic’ settings), and in sedi-
ments where H,S is present in both pore-waters and in
overlying seawater (henceforth termed ‘euxinic’) (Crusius
et al., 1996; Scott and Lyons, 2012). Such Mo enrichments
can cause a reduction of the seawater inventory of dissolved
Mo at times when seafloor anoxia and euxinia becomes
widespread either at a global (e.g. Scott et al., 2008;
Hetzel et al., 2009) or local/basin scale (Algeo and Lyons,
2006). In hydrographically restricted, euxinic depositional

settings, where the rate of Mo removal to sediments (rather
than by advection) can exceed its resupply by watermass
exchange, the Mo-isotope composition of sediments can
be similar to that of global seawater due to near-
quantitative removal (Neubert et al., 2008). Since the global
seawater Mo-isotope composition records the global bal-
ance of the different redox-dependent Mo removal path-
ways (Poulson-Brucker et al., 2009; Dickson et al., 2014),
the isotopic composition of sediments deposited in euxinic
marginal basins offers a means for reconstructing past sea-
water compositions, and consequently the magnitude of
past Mo removal fluxes. In present-day marine settings
where Mo is converted to sulphide within sediment pore
waters, but where the overlying water is not euxinic, the
local seawater inventory of Mo is not greatly depleted
and sediment Mo-isotope compositions (expressed as
8°%9>Mo) have been observed to be ~0.7-0.9%o lower than
seawater (Poulson et al., 2006; Poulson-Brucker et al.,
2012). This difference, which has been attributed to a frac-
tionation between MoO3~ and Mo-sulphides, followed by
removal of the latter into sediments, has also been observed
in the geological record (Dickson et al., 2014).

In this study, Mo-isotope compositions have been mea-
sured from sedimentary deposits at two sites recording
OAE-2 (DSDP Site 367, southern North Atlantic basin;
S57 core, Tarfaya Basin, Morocco, Fig. 1). The Tarfaya
Basin is located on the Moroccan continental margin,
where palaeo-water depths are estimated as a few hundred
metres (Kuhnt et al., 2005). The Tarfaya Basin was likely
influenced by the upwelling of nutrient-enriched waters dur-
ing OAE-2, as evidenced by periodic variations in the high
accumulation rates of organic carbon, thought to be linked
to trade-wind location and strength (Kuhnt et al., 1997;
Kolonic et al., 2005). Site 367 is located in the Cape Verde
Basin at an estimated palaeodepth of ~3700 m. This region
of the southern proto-North Atlantic Ocean was character-
ized by euxinic, poorly ventilated waters during Cenoma-
nian-Turonian times, and was bordered by shallow
seaways (Jenkyns, 2010; Trabucho Alexandre et al., 2010;
Westermann et al., 2014). The new datasets presented here
build on the molybdenum-isotope data presented by
Westermann et al. (2014) by revealing periodic fluctuations
in the hydrographic state of the southern proto-North
Atlantic Ocean during the acme of OAE-2. The new data
also constrain the isotopic compositions of different
redox-dependent Mo removal pathways, and allow a calcu-
lation of the size of the Mo removal fluxes into oxic, anoxic
and euxinic sediments during OAE-2.

2. METHODS

The new Tarfaya Basin Mo-isotope data were measured
from archived samples of drill core S57 (e.g. Tsikos et al.,
2004). The Site 367 samples were obtained from the archive
half of the core, which was made available to obtain a
higher resolution dataset than the severely depleted work-
ing half could allow, and to minimize the effects of oxida-
tion on the sediment geochemistry. Samples were selected
at 10 cm intervals from the archive core halves of DSDP
Site 367A. Trace-element abundances were measured from
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Fig. 1. Study locations. Circles indicate the locations of drill cores analyzed for this study, and squares indicate the location of published data
discussed in the text. Map adapted from the ODSN plate tectonic reconstruction service (www.odsn.de).

50 mg sample aliquots after digestion on a hotplate using a
mixture of concentrated HCI, HNO;, and HF acids. Sam-
ples were dried and re-dissolved in 2% HNOj; at dilutions
of ~5000 for trace-element analysis and ~500,000 for
major-element analysis. Measurements were made using a
Perkin—Elmer Inductively Coupled Plasma Mass Spectrom-
eter. Precision and accuracy were monitored with repeat
digestions of USGS shale standard SDO-1 and were both
better than 10% for Mo, U and Al.

Sample powder aliquots for 613C0rg analysis were decar-
bonated in 2 M HCI, and rinsed several times in deionized
water. Decarbonated powders were weighed into tin cap-
sules and analyzed using a Thermo Flash HT elemental
analyzer coupled to a Thermo Finnegan MAT 253 mass
spectrometer. Raw 813C0rg values were corrected to the
VPDB scale using certified standards (IAEA CH-6 sucrose
and NIST 8572 r-glutamic acid) analyzed in the same mea-
surement session. Standard reproducibility during the
course of this study was +0.06%0 for NIST 8572 (1 S.D.,
n = 15) and +0.05%. for IAEA CH-6 (1 S.D., n = 18).

Aliquots of sample powder for Mo-isotope analysis were
weighed into Teflon digestion vessels, and an exact mass of
a '"Mo- and *’Mo-enriched double-spike solution was
added to obtain a total Mo spike/sample ratio of ~0.6.
The sample powders were digested on a hotplate for 48 h
in a 3:1 mixture of concentrated HNO; and HCl. Mo was
purified from the sample digests using anion-exchange
chromatography. This process was based on a method
developed by Pearce et al. (2009), but modified with an
additional elution step of 0.5 M HF to remove zinc prior
to molybdenum elution in 3 M HNO;. Stable-isotope mea-
surements were performed on 80 ppb (spike plus sample)
solutions using a Nu-Plasma Multi-Collector ICP-MS cou-
pled to a DSN (desolvating nebulizer) sample introduction
system. Isotope ratios were calculated offline using a
spreadsheet-based deconvolution procedure, and are
expressed as §°8/*Mo relative to NIST 3134 (Wen et al.,
2010; Greber et al., 2012; Goldberg et al., 2013; Négler

et al., 2014). The external reproducibility of the method
was estimated by processing separate powder aliquots of
USGS Devonian Shale standard (SDO-1) through the full
chemical purification and analytical procedure and was
40.08%0 (2 S.D., n = 28). The mean 3%%/%Mo composition
of SDO-1 was 0.79%o, which is within uncertainty of the
value of 0.80%0 estimated by Goldberg et al. (2013).

3. RESULTS
3.1. Site 367, Cape Verde Basin

The new high-resolution 613C0rg stratigraphy for Site
367 reveals a +6%o excursion beginning at 642.05 mbsf
(metres below sea floor), with a ~3.5%0 reversal between
641.14 and 640.11 mbsf (Fig. 2 and Table 1). §'3C,,q then
remains relatively constant above 640.11 mbsf, in an inter-
val that can be correlated to the ‘plateau interval’ of
C-isotope values observed at other OAE-2 localities (Tsikos
et al., 2004). Mo abundances at Site 367 are elevated above
a typical upper crustal concentration of ~1 ppm (Rudnick
and Gao, 2003) throughout the study section. Mo-
enrichment factors (Mogr = [Mo/Alumpie)/[M0/Alryst])
range from ~20 to 4200 with a mean of ~350 (Figs. 2
and 3). U-enrichment factors (Ugg) are similarly elevated
relative to an upper crustal concentration of ~2.7 ppm
(Rudnick and Gao, 2003), and range from ~1 to 340 with
a mean of ~30. The ratio between Mogr and Ugg is
approximately 2-10 times higher than the present-day sea-
water Mo/U molar ratio of ~7.7 (Algeo and Tribovillard,
2009), confirming that Site 367 was continually overlain
by euxinic water masses, in accord with biomarker evidence
suggesting that H,S extended into the photic zone (Pancost
et al., 2004; Sinninghe Damsté and Koster, 1998; Sinninghe
Damsté et al., 2008) and the absence of benthic fossils in the
core (Cepek, 1978). The Mogr—Ugr relationship also sug-
gests the presence of an Fe-Mn ‘shuttle’ of particle scaveng-
ing of Mo but not U (Algeo and Tribovillard, 2009), which
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Fig. 2. Stratigraphic data sets from (A) DSDP Site 367, Cape Verde Basin; (B) Research core S57, Tarfaya Basin. Organic-carbon isotopes,
percent total organic carbon, Mo enrichment factors, and Mo isotopes are shown for each location. Carbon-isotope and trace-element data
for core S57 are from Tsikos et al. (2004) and Kolonic et al. (2005), respectively. The CIE ‘plateau’ interval of relatively constant peak positive
values during OAE-2 (c.f. Tsikos et al., 2004) is indicated by a black box for each site. Open squares are the Mo-isotope data from
Westermann et al. (2014), which have been re-normalized to NIST 3134 by subtracting 0.26%0 (Goldberg et al., 2013). Note that these data
were measured from the working half of Site 367, where sample movement in the core barrel is likely to have affected the exact sample
placement with respect to samples from the archive-half analyzed here. PCE: Plenus Cold Event. Letters A, B and C indicate carbon-isotope
tie-points used for sedimentation rate estimates discussed in the text. Peaks in 8°/%Mo that correlate to peaks in Mogg/Ugg during the CIE
plateau interval of OAE-2 are highlighted with grey bars.

would require the presence of ventilated surface waters sep- Pre-OAE-2 5°%°*Mo values at Site 367 fall in the range
arated from deeper parts of the basin by a strong 0.03-0.38%o, with a small excursion to —0.07%0 at 642.95
chemocline. and 642.85 mbsf. 8°*°*Mo values become higher at the
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Fig. 3. Mogf versus Ugg for Site 367 and core S57. Dashed lines
indicate the present-day seawater Moggp/Ugg molar ratio (~7.7),
converted to a sedimentary abundance ratio of 3.1.

onset of the CIE (642.05 mbsf), reaching a maximum of
1.2%0 (Fig. 2). The subsequent interval of elevated
3% Mo is interrupted by a transient excursion to lower
values (down to 0.21%0) between 640.99 and 640.18 mbsf.
The main ‘plateau’ phase of the OAE-2 CIE at Site 367 is
characterized by several oscillations in 3%%*Mo between
an average maximum of ~1.10%0 and an average minimum
of ~0.50%c (shaded bands, Fig. 2). Intervals of elevated
8°%/%°Mo within these oscillations do not show a clear cor-
relation with absolute Mo concentrations, but do correlate
with elevated Mogg/Ugg.

3.2. S57, Tarfaya Basin

Mogr in core S57 fall in the range ~20-820 and average
~200 (Figs. 2 and 3 and Table 2). Ugg range from ~10 to
380 and average ~50. Although biomarkers indicative of
photic-zone euxinia occur in sediments deposited through-
out the CIE in core S57 (Kolonic et al., 2005), the presence
of bioturbated carbonate-enriched horizons, with occur-
rences of benthic foraminifera (Kuhnt et al., 2005;
Kolonic et al., 2005) indicates occasional ventilation of
the basin floor, with the chemocline deepening into sedi-
ment pore waters. These sedimentary features, which imply
that transient re-oxygenation events affected the basin sea-
floor, are not observed at Site 367. The ratio between Mogg
and Ugg spans the present-day seawater Mo/U ratio,
reflecting a marginal basin environment that did not expe-
rience hydrographic restriction as severely as did Site 367,
and which fluctuated between euxinic and suboxic seafloor
conditions.

8°%9>Mo values in core S57 range from —0.40 to 1.00%o,
and do not exhibit any clear stratigraphic trend with respect
to the CIE (as measured by Tsikos et al., 2004) (Fig. 2).
During the plateau interval of the CIE, 8°¥**Mo values
remain approximately constant, with a mean of 0.50

4+ 0.20%0, which is within uncertainty of the lowest values
in the CIE plateau interval at Site 367 (Fig. 2).

4. DISCUSSION
4.1. Origin of the Mo-isotope cycles in Site 367

The two principal observations stemming from the two
Mo-isotope datasets in Fig. 2 are: (i) Despite the extremely
TOC-enriched, laminated appearance of the deposits at Site
367, sediment 5°*°*Mo is not constant during the plateau
phase of OAE-2, but instead fluctuates in an apparently
periodic manner with a consistent amplitude of ~0.65%o.
Increases in 8°%**Mo during these fluctuations are accom-
panied by decreases in the Mogg/Ugr ratio. (ii) Sediment
8%%/%Mo values from the plateau interval of OAE-2 in core
S57 closely parallel the lower bound of the Site 367
3%%/%Mo compositions, but do not exhibit any clear excur-
sions to higher values. Three different geochemical models
may be put forward as a framework to interpret these
observations.

The first model (model ‘A,” Fig. 4a) is that the sediment
8°/°*Mo fluctuations at Site 367 record changes in the
3%%%Mo composition of proto-North Atlantic basin sea-
water, which in turn is coupled to changes in the global sea-
water 8°*°*Mo. This palaeoceanographic model, which was
first proposed by Pearce et al. (2008) for similar cyclic vari-
ations in 8°¥**Mo in the Yorkshire Basin during the early
Toarcian OAE, would require that the global inventory
(and therefore residence time) of dissolved Mo was reduced
sufficiently for short-duration changes in the balance of
input and (redox-dependent) output fluxes to be imprinted
on the global seawater 3%%%Mo composition. Furthermore,
such a model would also require a stable hydrographic con-
nection between the proto-North Atlantic Ocean and the
global ocean, and constancy in the redox state (i.e. euxinic)
and/or extent of Mo removal from proto-North Atlantic
basin seawater throughout the period of fluctuating
8%%/°°Mo. The latter requirement is essential in order to
eliminate the possibility that Mo-sulphide speciation at dif-
ferent concentrations of dissolved H,S, (e.g. Tossell, 2005;
Neubert et al., 2008; Dahl et al., 2010; Néagler et al.,
2011) and/or a change in the magnitude of the dissolved
Mo inventory, was responsible for the observed sediment
8°%>Mo fluctuations.

The second model (model ‘B,” Fig. 4b) is that the sedi-
ment 8°¥°*Mo fluctuations at Site 367 directly record
changes in the §°%Mo of the overlying proto-North
Atlantic basin seawater, which in turn was periodically
decoupled from the global seawater 8°%>Mo. This model
implies that at times when the dissolved Mo inventory of
the proto-North Atlantic Ocean was depleted under the
euxinic conditions that prevailed during OAE-2
(Sinninghe Damsté and Koster, 1998; Kuypers et al.,
2002, 2004; Pancost et al., 2004; Westermann et al.,
2014), the removal of Mo with an isotopic composition
lower than the basin seawater into seafloor sediments
forced the basin seawater to evolve to higher 8°*>Mo com-
positions. This phenomenon has been observed to occur in
the present-day deep Black Sea (>800 m), where the rapid
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removal of dissolved Mo into sediments has led to local dis-
solved concentrations that are >90% lower than the open
ocean (Emerson and Huested, 1991). The 3%%%Mo compo-
sition of the deep waters (sub-chemocline) in the Black Sea
is correspondingly ~0.7%0 higher than in the open ocean
(Négler et al., 2011). With these considerations in mind,
deciding how representative the sediment 5°%Mo values
from Site 367 are of global ocean 8°¥°*Mo during OAE-2
requires some estimate of the difference between
the proto-North Atlantic seawater 8°*>Mo and the global
ocean seawater 8°°*Mo during intervals of Mo-depletion.
This difference would be expected to change depending on
the magnitude of dissolved Mo depletion within the basin,
with a higher proportion of Mo removal driving the proto-
North Atlantic seawater 5°%°°Mo higher than the global
ocean. The third model (model ‘C,’ Fig. 4c) builds on model
B by addressing the question of whether the speciation of
Mo reaching the sediments remained constant at times
when the proportional removal of dissolved Mo from
local seawater changed. The fractionation between
dissolved Mo and the solid Mo incorporated into
the sediments (seawater 8% Mo sediment
8°%%Mo = AMo) might be expected to change, depending

on Mo-sulphide speciation (Eriksson and Helz, 2000;
Neubert et al., 2008; Nigler et al., 2011) and/or the addi-
tion of Mo incorporated into other phases (e.g. Fe- and
Mn-oxides (Siebert et al., 2003; Barling and Anbar, 2004;
Wasylenki et al., 2008; Goldberg et al., 2009, 2012)). Obser-
vations from the Black Sea (Neubert et al., 2008; Négler
et al., 2011) show that at increasing concentrations of dis-
solved hydrogen sulphide (H,S) in the water column, Mo
transitions through a series of oxythiomolybdate species
(Mo0O,S,_,>7), with a stable end-member (MoS3") at
H,S concentrations >11 pmol/l. Importantly, changes in
the speciation of dissolved Mo-sulphides are time-
dependent processes, with fast transitions between the
intermediate oxythiomolybdate species. However, the
conversion of MoOS3~ to MoS3™ takes several months,
and requires the persistence of stable dissolved sulphide
concentrations exceeding these timescales (Eriksson and
Helz, 2000). It is therefore possible to speculate that, during
periods when the proto-North Atlantic Ocean Mo inven-
tory was less depleted (model B), a decrease in dissolved
H,S concentrations and a decrease in the residence time
of the basin seawater perturbed the speciation of dissolved
Mo towards a greater proportion of MoOS3 ™. This change

MODEL A: GLOBAL SEAWATER VARIABILITY MODEL
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Fig. 4. Models linking basin seawater, global seawater, and sedimentary 8% Mo compositions in the proto-North Atlantic Ocean. See text

for full discussion.
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in speciation would have subtly increased AMo, thereby
exaggerating the apparent range of 8°°*Mo in sediments
compared to overlying basin seawater.

The key to distinguishing between models A, B and C is
to establish whether the hydrographic and redox state of
the proto-North Atlantic Ocean fluctuated during OAE-2
(thus favouring a local origin for the Mo-isotope cycles,
models B and C), or whether it remained constant through-
out the Mo-isotope cycles (thus favouring a global origin,
model A). Two indices from Site 367, Mogg/Ugr and
Mo/TOC, can be explored to distinguish between these
two options. In Fig. 2, the ratio between Mogr and Ugg
clearly oscillates to higher values in tandem with lower
8°%/°Mo. Higher Mogp/Ugr could indicate the faster
removal of Mo compared to U locally into sediments,
which could either reflect enhanced Fe/Mn-shuttling of
Mo, but not U, from above the chemocline (e.g. Algeo
and Tribovillard, 2009), or a higher concentration of dis-
solved sulphide in the water column that would favour
more complete removal of dissolved Mo into the underlying
sediments (e.g. Tribovillard et al., 2006). Both of these pro-
cesses would indicate instability in the basin hydrography,
and their correlation with Mo-isotope cycles would thus
favour a local origin for the isotopic variations. However,
the sediment Mogg/Ugg ratio could alternatively be caused
by changes in the seawater concentrations of the respective
elements, due to their differing redox sensitivities and global
seawater residence times (Emerson and Huested, 1991). If
the decreases in 8°%**Mo during each Mo-isotope cycle
did indeed record a short-term increase in global ocean
anoxia and euxinia, then the more efficient removal of
Mo from seawater compared to U under (globally) more
sulphidic conditions would be expected to drive residual
seawater Mo/U lower, which is opposite to the pattern
recorded in Fig. 3. In summary, the phase relationship
between Mogg/Ugr and 37%°°Mo cycles in Site 367 is more
consistent with models B and C, rather than with model A.

The inference from the Mogg/Ugp data that basin-scale
redox controls are more likely to have driven the Mo-
isotope cycles at Site 367 are supported by a second line
of evidence based on Mo/TOC ratios. Since Mo and
TOC are both enriched in euxinic environments, any
change in the Mo/TOC ratio should qualitatively record
variability in the dissolved Mo inventory (Algeo and
Lyons, 2006). Fig. 5a shows the relationship between
8°*>Mo and Mo/TOC for Site 367. Despite exhibiting a
degree of scatter, the inverse correlation between the two
parameters indicates a control on sediment 8% Mo by
the dissolved Mo inventory, with lower Mo/TOC ratios
corresponding to higher 3°%°>Mo values in the CIE plateau
interval of OAE-2 (black symbols in Fig. 5a). If the
8% Mo cycles were being controlled by the global
extent of seafloor anoxia and euxinia, lower sediment
Mo-isotope compositions should correspond to lower
Mo/TOC ratios (i.e. a smaller global seawater Mo inven-
tory). The fact that the relationship in Fig. 5 is the opposite
strongly suggests that the cyclic changes in 8%%%Mo during
OAE-2 are instead driven by changes in the basin-scale
inventory of Mo. This line of evidence therefore also clearly
favours either model B or C as a more likely mechanism

governing Mo-isotope cycles in the deep Cape Verde Basin
sediments.

Assuming a depth of water overlying Site 367 of
~3700 m (Lancelot, 1977), an average sediment Mo con-
centration of ~115ppm, a sediment bulk density of
~1.8 g/lem®, a sedimentation rate of ~I cm/kyr, and a
present-day Mo global seawater concentration of
105 nmol/kg (Emerson and Huested, 1991; Miller et al.,
2011) for the proto-North Atlantic Ocean, it would take
in excess of 22,000 years for Mo in the overlying water
column to be removed into underlying sediments during
OAE-2. Alternatively, if the global seawater dissolved Mo
concentration were ~5-10% of its present-day value (i.e.
~5-10 nmol/kg), the overlying water column would
become depleted in dissolved Mo in only ~2 kyrs, which
is less than the mixing time of the modern ocean. Such
an estimate is consistent with the interpretation of the
Mo-isotope and Mo/TOC data from Site 367, and with
estimates of global trace-metal drawdown during OAE-2
(Hetzel et al., 2009; Owens et al., 2013).

The Mo-isotope data from Tarfaya further support the
inferences drawn from Site 367. Although biomarkers for
photic-zone euxinia are present during the CIE ‘plateau
interval’ of OAE-2 in core S57, (Kolonic et al., 2005), and
Fe-speciation indicators also indicate euxinic conditions
for part of the S57 sedimentary succession (Poulton
et al., 2015), the range of evidence for bottom-water
re-ventilation events in the Tarfaya Basin (above) suggest
that it is unlikely that the residence time of seawater in
the basin was ever sufficiently high to enable quantitative
(>90%) Mo drawdown into the sediments. Under these cir-
cumstances, the AMo in the Tarfaya Basin would have been
constantly >0.5%o, and likely closer to the ~0.7%o difference
observed between the 5°¥°°Mo of modern seawater, and
sulphidic sediments, at the present day (Poulson et al.,
2006; Poulson-Brucker et al., 2009). In this sense, the simi-
larity in Mo-isotope compositions at Tarfaya and the lower
bound of the Site 367 Mo-isotope cycles supports the idea
that these values (~0.50%0) record the sulphide-
fractionated values from a seawater composition of
~1.20%0. Although the possibility does remain that
Mo-isotope excursions in the Tarfaya Basin might be
masked by the comparatively low resolution of the data
during the OAE-2 interval, it is noteworthy that other loca-
tions that experienced anoxia and/or episodic euxinia, but
not hydrographic restriction, during the acme of OAE-2
(Furlo and Contessa, Italy, and ODP Site 1276, Newfound-
land Basin) also have maximum 8% Mo compositions of
~0.4-0.5%0 (Westermann et al., 2014; renormalized to
NIST 3134), which are similar to Tarfaya.

4.2. Regional significance of proto-North Atlantic Ocean
redox fluctuations

A direct proxy for dissolved H,S concentrations is not
currently available, but changes in the depth of the chemo-
cline and redox state of proto-North Atlantic deposits
spanning OAE-2 have previously been identified from sites
located in the Newfoundland Basin (IODP Site 1407,
Shipboard Scientific Party, 2012) and DSDP Sites 105
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Basin core S57.

and 603 in the northern proto-North Atlantic (Herbin
et al., 1987; Kuypers et al., 2004). At Sites 105 and 603,
green marl-black shale alternations throughout the plateau
interval of OAE-2 were attributed to fluctuations in pro-
ductivity and consequently in seafloor redox and the effi-
ciency of organic-carbon burial (Kuypers et al., 2004).
Importantly, these changes in productivity were paced by
orbital cycles, argued initially to be precession-paced, and
more recently argued to be paced by orbital obliquity
(Meyers et al., 2012). The association of the marl-shale
couplets at Sites 105 and 603 with changes in the abundance
of the biomarker isorenieratene (Kuypers et al., 2004) sug-
gests that the productivity changes were accompanied by,
and perhaps drove, changes in the depth of the chemocline
separating euxinic from non-euxinic seawater in the basin.

The timing and duration of the 8°*°*Mo fluctuations at
Site 367 can help to demonstrate whether they are related to
similar forcing factors as the sedimentary cycles observed in
the more northerly Atlantic Ocean cores. The top of the
CIE is missing at Site 367, and poor microfossil preserva-
tion limits the potential to establish biostratigraphic con-
straints on how much time is recorded in the sedimentary
succession (Cepek, 1978). Nonetheless, the smooth oscilla-
tions in the 8°¥°*Mo data do hint at a periodic origin.
The duration of the 8°*°°Mo fluctuations can be evaluated
by assigning age constraints to specific points within the
stratigraphic record at Site 367. Subsequently, sedimenta-
tion rates can be interpolated between these points. Two
approaches to assigning age-control points are possible.
First, the duration between the onset of the CIE and the
Cenomanian-Turonian (C/T) boundary has been estimated
to lie between ~510 and 613 kyr (Sageman et al., 2006;
Voigt et al., 2008; Meyers et al., 2012; Ma et al., 2014).
Making the assumption that the C/T boundary lies close
to the top of core 18 at Site 367 (636.50 mbsf), and placing

the onset of the CIE at 642.16 mbsf from the 3'°C,,
stratigraphy (point A, Fig. 2), an average sedimentation
rate of 0.9-1.1 cm/kyr can be calculated. Applying these
sedimentation rates to the three well-defined cycles in
5%Mo at the top of the studied section (labelled 1-3,
Fig. 2) produces event durations between ~60 and 95 kyrs.
The second approach to assigning age-control points is to
transfer radio-isotopically and cyclostratigraphically con-
strained datum levels to tie-points A and C, which suggests
that these points span ~240-270 kyr (Sageman et al., 2006;
Ma et al., 2014, Fig. 2). Using these durations gives sedi-
mentation rate estimates of 0.8-0.9 cm/kyr for Site 367,
which when applied to the same three cycles in §°%°°Mo
discussed above, yields cycle durations between ~75 and
110 kyr.

Three lines of reasoning suggest that these cycle dura-
tion estimates are likely to be too high. Firstly, the esti-
mated sedimentation rates for the three cycles in the
‘plateaun’ interval of Site 367 (Fig. 2) are probably too
low. This argument is based on two considerations: (i)
The C/T boundary is likely to be located stratigraphically
higher than the top of core 18 at Site 367; and (ii) The sed-
imentation rates extrapolated from the interval between tie-
points A and C are not applicable to the ‘plateau’ of the
CIE, due to the ~5-fold increase in organic-carbon abun-
dance after point C (Fig. 2). Underestimating the sedimen-
tation rate for the plateau interval of the CIE would
produce cycle durations that were too long. The second line
of reasoning is that there are up to nine cycles in 8%%%Mo
between tie-point A and the top of core 18. If these cycles
were related to eccentricity forcing, as implied by the sedi-
mentation rates calculated above, then the duration of
OAE-2 captured at Site 367 would be >900 kyr, which is
inconsistent with previous estimates of between 510
and 613 kyr (Sageman et al., 2006; Voigt et al., 2008;
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Meyers et al., 2012; Ma et al., 2014). The third line of rea-
soning is that previous studies of proto-North Atlantic
Ocean sedimentary successions (at DSDP Sites 105 and
603) have found a strong obliquity periodicity in black
shale-marlstone deposition (Kuypers et al., 2004; Meyers
et al.,, 2012), that have been related to changes in the
chemocline depth, dissolved sulphide concentrations and/
or basin residence time. The processes that controlled the
sedimentary cycles at Sites 105 and 603 can be hypotheti-
cally linked to the 5% Mo cycles at Site 367, via the con-
ceptual model outlined in Fig. 4. That these cycles are not
clearly expressed in % TOC at Site 367 (Fig. 2) is probably
due to the already very high TOC abundances at this loca-
tion. Instead, the cycles are best expressed in the geochem-
ical parameters (Mo/U and 3%/ “Mo) that are most
indicative of dissolved sulphide concentrations and chemo-
cline dynamics.

In summary, cyclic variations in the 8%*°Mo data at
Site 367 point to a periodic pacing of the proto-North
Atlantic Ocean dissolved Mo inventory and/or in basin dis-
solved H,S concentrations. These fluctuations can be linked
to observations of sedimentary cycles in the northern proto-
North Atlantic that imply a basin-scale response to these
processes. Two possibilities for the driving mechanisms
behind these periodic fluctuations could be a sea-level con-
trol on the exchange of proto-North Atlantic basin seawa-
ter with the global ocean, or variable weathering rates of
the pan-Atlantic Ocean landmasses that altered the nutrient
content (and productivity) of proto-North Atlantic Ocean
seawater.

4.3. Plenus Cold Event

The interval of low &°%°°Mo between 640.99 and
640.18 mbsf at Site 367 corresponds to a reversal in the
CIE, and a drop in sea-surface temperatures recorded by
TEXjge (Forster et al., 2007). These features allow a corre-
lation of the 8°*°*Mo excursion to the Plenus Cold Event
(Gale and Christensen, 1996; Keller and Pardo, 2004;
Tsikos et al., 2004; Jarvis et al., 2006; Friedrich, 2010;
Jarvis et al., 2011; Eldrett et al., 2014). This regionally sig-
nificant event has been linked to surface-water cooling
(Forster et al., 2007; van Bentum et al., 2012) associated
with a southwards migration of a characteristic macrofauna
and watermasses from polar regions (Gale and Christensen,
1996; Zheng et al., 2013) and the re-population of benthic
foraminifera at several northern hemisphere locations
(Leckie et al., 1998; Kuhnt et al., 2005; Friedrich et al.,
2006, Friedrich, 2010; Eldrett et al., 2014) shortly after
the initiation of OAE-2. The interval of lower 8°*°*Mo dur-
ing the Plenus Cold Event at Site 367 is not consistent with
oxic re-ventilation of the basin deepwater, because the
enrichment factor of Mo remains very high (Scott and
Lyons, 2012). The relatively lower 8°%%5Mo values in this
interval do, however, point to a shift in the redox chemistry
of the deep proto-North Atlantic Ocean. It can be specu-
lated that the nature of this perturbation involved a
decrease in concentrations of dissolved H,S, which altered
the distribution of thiomolybdate species (and thus isotopic
composition of Mo) being deposited. A decrease in H,S

concentrations might also point to a transient deepening
of the chemocline.

The most prominent feature of the Tarfaya 8%%%Mo
record is a 0.90%o0 excursion to lower values. The excursion
corresponds to a reduction in millimetre-scale sedimentary
lamination, and an increase in the quantity of benthic for-
aminifera in the deepest parts of the basin (Kuhnt et al.,
2005). The observation that the excursion took place
shortly following the last occurrence of the planktonic for-
aminifera Rotalipora cushmani, and after the first positive
peak in the CIE (Kuhnt et al., 2005), allows the 8% Mo
excursion to also be correlated with the Plenus Cold Event.
The 8°%°*Mo values and Mo enrichment factors at S57 are
much lower than for this interval at Site 367. The very low
3%%/%Mo suggest that Mo was removed from the basin by
adsorption to Fe- and Mn-oxyhydroxides, which fraction-
ate Mo by -0.80-3.00%0 from seawater (Siebert et al.,
2003; Barling and Anbar, 2004; Wasylenki et al., 2008;
Goldberg et al., 2009). The apparent stability of such oxy-
hydroxide minerals in the Tarfaya basin during the Plenus
Cold Event points to a significant basin seawater ventila-
tion episode that re-oxygenated deeper waters. In summary,
the Plenus Cold Event appears to have affected the redox
chemistry of both the Tarfaya Basin and the deep proto-
North Atlantic Ocean, but the size of this perturbation
towards more oxygenated conditions was more pronounced
in the shallower (and less hydrographically ‘buffered’)
Tarfaya Basin.

4.4. Mo-isotope constraints on global redox

Sediments at Site 367 were deposited underneath a
quasi-stable euxinic watermass (Sinninghe Damsté and
Koster, 1998; Kuypers et al., 2002; Pancost et al., 2004),
in a large hydrographically restricted basin (Jenkyns,
2010; Trabucho Alexandre et al.,, 2010, Westermann
et al., 2014), with evidence for a control of sedimentary
8°*%>Mo compositions by the dissolved basin seawater
Mo inventory, the concentration of dissolved H»S, and/or
the basin seawater residence time in the southern proto-
North Atlantic Ocean (Figs. 4 and 5). These observations
strongly suggest that the maximum measured sedimentary
8°%%>Mo isotope composition of 1.20%. approximates the
time-equivalent global seawater 8% Mo for OAE-2. A
second constraint on the global seawater Mo-isotope com-
position during OAE-2 is the observation that the 87 Mo
of anoxic sediments deposited under more Mo-replete con-
ditions in the Tarfaya Basin were ~0.7%o lower than the
time-equivalent composition inferred from the Site 367
data, in line with the expected fractionation between seawa-
ter Mo and Mo-sulphides (Poulson-Brucker et al., 2009,
2012). It is unlikely that the highest Mo-isotope composi-
tion at Site 367 simply records the average riverine flux to
the proto-North Atlantic Ocean, because the large differ-
ence in the Mo concentrations of seawater and river waters
at the present day (105 umol/l versus ~5 pumol/l respectively
(Siebert et al., 2003; Archer and Vance, 2008)) would
require an almost complete severing of any seawater con-
nection with the global ocean for the riverine flux to dom-
inate. Even if the global seawater Mo concentration were



300

% Removal flux into oxic sediments

0 20 60 80
100 1 | | 1

100

EUXINIC FLUX - - - -
ANOXIC FLUX ——
INPUT FLUX = 0.44%0

80—

(o2}
o
|

Anoxic sediments
g

N
o
|

% Removal flux into Euxinic and

~60% increase in anoxic+euxinic
burial flux

% Removal flux into Euxinic and

A.J. Dickson et al./ Geochimica et Cosmochimica Acta 178 (2016) 291-306

% Removal flux into oxic sediments

0 20 40 60 80 100
100 | 1 1 1
EUXINIC FLUX - - - -
ANOXIC FLUX ——
INPUT FLUX = -0.26%o
80
2
5
£ 60
=
@
(2]
(&) —
£40
o
c
<
20
0

~125% increase in anoxic+euxinic
burial flux

Fig. 6. Estimates of the Mo removal fluxes into different seafloor redox environments assuming: (A) a weighted average global riverine Mo
flux of 0.44%o (Archer and Vance, 2008), and (B) a weighted average global riverine Mo flux of —0.26%0, equal to mafic rocks (Siebert et al.,
2003). Lines indicate the proportion of the global seawater Mo-removal flux going into euxinic, anoxic and oxic seafloor sediments. A change
towards a greater global removal flux of Mo into anoxic or euxinic seafloor environments would shift the lines towards the top and left of each
plot. The arrows below each plot show the average increase, relative to present, in the flux of Mo into anoxic and euxinic seafloor sediments
required to achieve a Mo cycle in steady state for a seawater composition of 1.2%0 during OAE-2. The plots highlight the relatively wide
spread in Mo removal fluxes that could achieve the same seawater Mo-isotope composition, but nonetheless confirm a shift to overall more

reducing conditions at a global scale.

10-fold lower than at present, Mo delivered by exchange
over marginal seaways would still dominate the input flux
of Mo to the proto-North Atlantic Basin.

The new Mo-isotope data can be used to estimate the
magnitude of the different Mo removal fluxes, assuming a
steady-state balance between Mo-input fluxes (Archer and
Vance, 2008; Pearce et al., 2010; Neubert et al., 2011) and
the different redox-dependent removal pathways into sea-
floor sediments. The Mo flux into oxygenated sediments
may be approximated by assuming that the dominant pro-
cess was the adsorption of MoO3~ to Mn-oxyhydroxides,
which fractionates Mo by ~ —3%o from its seawater value
(Siebert et al., 2003; Barling and Anbar, 2004). Adsorption
to Fe-oxyhydroxides (Goldberg et al., 2009) may also have
been important, but the relative importance of Fe- versus
Mn-oxyhydroxides at a global scale during OAE-2 is diffi-
cult to quantify. The use of three redox-dependent removal
pathways for Mo rather than two (e.g. Ling et al., 2005;
Pearce et al., 2008) creates multiple combinations of euxinic
and anoxic Mo-fluxes that can create the same seawater
5°*>Mo. The range of these fluxes can be modelled by
assuming a steady-state balance between the input fluxes
of Mo to the ocean, and the three redox-dependent
output fluxes to marine sediments (c.f. Poulson-Brucker
et al., 2009; Dickson et al., 2014). A range of removal fluxes
can then satisfy the isotopic constraints on the global
mass balance of Mo (Fig. 6). The mass-balance equations
for steady-state Mo concentrations and isotope ratios
with constant fluxes in oxic, anoxic, and euxinic regions
are:

(98MO/95MO)SW X (0toxf ox + %anoxSanox T+ %euxfeux)

= (*Mo/*Mo),, ()

and
.fOX +.fanox +fCllX = 1 (2)

where the ratios (**Mo/*°Mo)s, and (*®Mo/**Mo),,, are the
isotopic ratios of global seawater and of Mo input fluxes,
the latter mainly from rivers (Archer and Vance, 2008).
Joxs fanox> and feux are the fractions of the total Mo flux to
sediments under oxic, anoxic, and euxinic conditions,
respectively. The fractionation factors between sedimenting
particles and seawater are ooy = (*°Mo0/”’M0)sed/
(**Mo/**Mo)sy, and similarly for anoxic and euxinic envi-
ronments. A range of Mo removal fluxes (fox, fanoxs feux)
can be found to balance Eq. (1) (solid and dashed lines in
Fig. 6) for different assumptions of (**Mo/*>Mo);,
(Fig. 6a and b), showing that there is not a unique solution
to the extent of Mo removal into low-oxygen settings for a
given seawater composition. However, even if the quantita-
tive removal estimates have a high uncertainty, the results
do clearly demonstrate a shift towards more extensive Mo
removal into anoxic and euxinic sediments, which on aver-
age was ~60-125% higher than at the present day.

A final consideration based on Fig. 2 is that if the high-
est 8°%*Mo values of ~1.20%o reached during the plateau
interval of OAE-2 at Site 367 do approximate the global
seawater composition, then the first instance of this value
occurs extremely close to the onset of the CIE — just two
data points after point ‘A’ (Fig. 3). The early timing of this
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Table 1
Raw data for DSDP site 367.

Core  Section  Top_depth Bottom depth Metres composite 513C0rg TOCnorm Mo (ppm) U (ppm) Al (ppm) 5%/ Mo 2 SE
depth (corr)

DSDP site 367

18 1 50 51 636.50 —22.30 33.40 97.41 23.00 73,082 0.64 0.04
18 1 56 57 636.56 —23.53 43.23 375.82 20.98 48,500

18 1 63 64 636.63 —20.31 33.74 150.95 34.05 22,314 0.67 0.03
18 1 70 71 636.70 —21.29 35.63 90.96 29.47 28,036 1.09 0.03
18 1 78 79 636.78 —21.48 24.84 79.88 36.48 46,313 0.96 0.04
18 1 86 87 636.86 —22.50 47.02 111.93 21.04 14,690 0.82 0.02
18 1 94 95 636.94 —21.47 48.36 96.27 18.90 18,780

18 1 101 102 637.01 —22.45 34.98 104.51 16.79 33,169 0.55 0.04
18 1 108 109 637.08 —21.91 30.20 132.31 21.56 27,423 0.43 0.03
18 1 118 119 637.18 —21.44 47.25 75.72 30.77 14,530

18 1 126 127 637.26 —22.85 43.66 143.81 29.03 18,526 0.72 0.03
18 1 133 134 637.33 —23.27 41.01 168.18 19.60 28,206 0.46 0.03
18 1 140 141 637.40 —21.79 33.09 100.53 19.07 19,807

18 1 146 147 637.46 —23.14 43.30 124.66 19.46 17,729 0.65 0.02
18 2 2 3 637.52 —22.42 43.59 73.00 16.51 16,309 1.21 0.02
18 2 10 11 637.60 —22.20 31.12 63.17 19.74 29,206 1.09 0.03
18 2 18 20 637.68 —24.74 35.23 95.58 24.96 17,915

18 2 26 27 637.76 19.59 59.96 22.27 34,888 1.01 0.02
18 2 33 34 637.83 —21.70 40.73 77.22 29.14 22,977

18 2 39 40 637.89 —22.08 22.70 275.01 20.64 35,658 0.82 0.04
18 2 46 47 637.96 7.21 35.12 10.14 50,049 0.69 0.07
18 2 54 55 638.04 —22.33 34.18 338.92 37.44 15,894 0.49 0.06
18 2 61 62 638.11 —21.43 44.79 280.76 29.24 18,307

18 2 68 69 638.18 —22.72 33.56 159.99 20.42 32,340 0.63 0.02
18 2 76 71 638.26 —23.65 38.78 139.76 25.76 26,940

18 2 85 86 638.35 —22.00 24.98 108.07 41.38 20,827 0.91 0.07
18 2 90 91 638.40 —21.93 38.16 103.99 23.62 23,214 0.98 0.04
18 2 96 97 638.46 —21.94 35.83 117.66 24.44 21,322 0.97 0.03
18 2 103 104 638.53 —21.98 37.90 103.45 29.20 21,911 0.94 0.07
18 2 110 111 638.60 —21.77 34.35 189.09 19.15 16,357 0.74 0.06
18 2 118 119 638.68 —21.78 46.57 135.20 27.35 16,327

18 2 124 125 638.74 —22.99 22.94 109.36 12.92 30,159 0.52 0.03
18 2 131 132 638.81 —21.86 19.37 54.99 15.80 37,857 0.50 0.03
18 2 141 142 638.91 —21.75 26.61 53.71 20.46 20,501

18 2 148 149 638.98 —21.89 27.90 50.55 28.24 29,986 1.04 0.05
18 2 156 157 639.06 —22.01 42.66 75.26 41.43 15,275 1.06 0.03
18 2 162 163 639.12 —22.09 28.68 63.87 30.22 32,134 0.90 0.03
18 3 1 2 639.14 —22.42 25.70 97.88 17.35 28,180 0.84 0.05
18 3 9 10 639.22 —22.31 27.24 94.78 16.77 29,047 0.87 0.06
18 3 17 18 639.30 —22.57 24.80 101.45 16.01 29,559

18 3 23 24 639.36 —20.66 32.26 182.24 23.51 28,074 0.89 0.04
18 3 30 31 639.43 —22.08 31.30 189.40 11.77 23,235 0.52 0.03
18 3 39 40 639.52 —21.78 31.78 56.72 7.57 34,570

18 3 46 47 639.59 —22.21 28.59 54.55 28.20 24,791 0.87 0.04
18 3 53 54 639.66 —22.14 30.05 50.60 21.47 31,390 0.88 0.06
18 3 61 62 639.74 —22.01 39.96 116.71 17.47 18,484 0.96 0.08
18 3 68 69 639.81 —22.11 31.78 137.20 21.01 33,763 0.25 0.04
18 3 73 74 639.86 —21.96 28.48 89.43 3.44 28,682 0.74 0.03
18 3 84 85 639.97 —22.50 42.27 27.20 36.70 22,908

18 3 90 91 640.03 —21.61 41.83 18.53 20.10 19,526 0.95 0.03
18 3 98 99 640.11 —22.79 40.37 63.01 19.44 19,678 1.08 0.06
18 3 105 106 640.18 —2391 29.24 93.44 12.73 24,097 0.47 0.03
18 3 112 113 640.25 —25.22 11.73 50.40 14.98 52,541

18 3 118 119 640.31 —21.95 53.34 81.96 39.58 11,828 0.28 0.03
18 3 126 127 640.39 —22.73 45.99 78.60 37.24 22,581 0.48 0.08
18 3 134 135 640.47 —22.47 52.05 108.52 28.02 16,613

18 3 140 141 640.53 —23.49 5598 96.50 32.25 17,455 0.21 0.03
18 3 147 148 640.60 —22.64 54.60 78.02 34.99 15,222 0.52 0.08
18 4 6 7 640.69 —25.00 25.18 249.78 25.97 35,295

(continued on next page)
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Table 1 (continued)
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Core  Section  Top _depth Bottom depth Metres composite 513C0rg TOCnorm Mo (ppm) U (ppm) Al (ppm) 5°¥*Mo 2 SE
depth (corr)

18 4 12 13 640.75 —2497 35.15 473.40 41.48 29,494 0.27 0.06
18 4 19 20 640.82 —25.54 33.82 232.66 21.72 30,027 0.47 0.05
18 4 27 28 640.90 —26.55 43.18 276.78 0.01 22,279

18 4 36 37 640.99 —24.74 36.40 162.53 38.98 24,416 0.87 0.03
18 4 43 44 641.06 —24.25 39.95 165.13 53.22 21,292 1.00 0.04
18 4 51 52 641.14 —23.05 52.49 631.74 124.60 11,105

18 4 59 60 641.22 —26.75 15.81 69.13 10.49 50,557 0.40 0.03
18 4 68 69 641.31 —25.46 46.43 132.21 48.18 19,568 0.97 0.05
18 4 75 76 641.38 —22.22 47.99 294.49 101.99 14,697

18 4 86 87 641.49 —25.22 40.15 115.64 29.40 28,905 0.85 0.03
18 4 94 95 641.57 —25.08 21.77 107.70 36.48 30,889 1.06 0.03
18 4 104 105 641.67 —24.04 34.77 172.89 34.79 20,761

18 4 113 114 641.76 —26.21 23.07 141.45 30.09 33,949 0.61 0.02
18 4 124 125 641.87 —25.62 25.27 165.99 27.43 37,283

18 4 134 135 641.97 —2598 19.27 137.65 20.59 35,210 1.17 0.02
18 4 142 143 642.05 —25.34 16.78 270.69 27.07 53,214 0.91 0.03
18 4 153 154 642.16 —28.01 5.64 40.00 4.59 49,068 0.36 0.03
18 5 11 12 642.24 —28.03 5.08 32.65 8.84 62,860

18 5 21 22 642.34 —27.96 6.31 24.16 4.76 55,130 0.34 0.02
18 5 31 32 642.44 —2791 4.27 19.55 5.61 63,478 0.36 0.02
18 5 39 40 642.52 —27.92 4.32 21.38 4.74 60,165

18 5 46 47 642.59 —27.70 7.05 33.51 6.10 66,002 0.33 0.04
18 5 55 56 642.68 —28.19 13.54 99.82 14.05 50,125 0.08 0.02
18 5 63 64 642.76 —27.88 30.98 62.87 10.24 70,428

18 5 72 73 642.85 —28.37 6.37 80.42 11.53 37,595 —0.07 0.03
18 5 82 83 642.95 —28.38 14.29 91.14 11.30 33,695 —-0.07 0.03
18 5 87 88 643.00 —28.10 2.63 25.67 2.70 67,721

18 5 97 98 643.10 —28.29 27.24 238.97 26.34 49,228 0.06 0.04
18 5 106 107 643.19 —28.19 14.23 95.90 12.14 44,608

18 5 118 119 643.31 —27.59 19.30 329.55 38.73 95,667 0.38 0.06
18 5 127 128 643.40 —27.27 297 21.91 4.18 62,026 0.30 0.04
18 5 136 137 643.49 -26.69 1.11 19.37 3.35 68,761 0.37 0.03
18 5 148 149 643.61 -27.15 6.54 40.90 6.49 64,726

19 1 137 138 646.00 —27.47 3.96 39.51 7.57 73,232 0.18 0.04
19 1 147 148 646.10 —27.76 13.95 144.05 10.71 54,685

19 2 8 9 646.21 —26.50 31.38 321.40 41.80 32,716 0.12 0.06
19 2 16 17 646.29 —27.53 12.25 187.41 14.29 49,790

19 2 25 26 646.38 —28.33 16.92 206.76 22.53 45,847

19 2 35 36 646.48 —28.29 18.81 200.92 17.36 30,081 0.03 0.04
19 2 44 45 646.57 —28.41 5.42 45.83 4.26 76,123

19 2 54 55 646.67 —27.94 5.90 24.86 4.29 61,388 0.33 0.06
19 2 63 64 646.76 —28.06 5.09 16.90 4.64 71,849

19 2 73 74 646.86 —28.25 10.20 93.15 10.77 56,884 —-0.03 0.06
19 2 73 74 646.86 —-0.03 0.04
19 2 83 84 646.96 —28.22 7.62 72.17 6.80 72,528

19 2 93 94 647.06 —2791 225 18.77 4.44 64,526

19 2 104 105 647.17 -27.72 7.71 66.00 8.83 75,944 0.08 0.04
19 2 113 114 647.26 —27.81 5.03 38.53 8.00 65,278

19 2 123 124 647.36 —27.84 9.62 84.60 16.02 66,912

19 2 133 134 647.46 —27.35 7.53 34.23 7.63 53,331 0.11 0.06
19 2 142 143 647.55 —27.55 1.66 18.48 5.71 70,521

19 2 150 151 647.63 —28.07 2.65 19.05 6.54 64,604

19 3 10 11 647.73 —28.07 5.71 58.29 10.58 76,207 0.19 0.03
19 3 20 21 647.83 —27.92 18.89 113.32 20.89 43,394

19 3 30 31 647.93 —28.25 8.69

Metres composite depth scale has been calculated to correct for core expansion during storage.

first maximum value suggests that the expansion of seafloor
redox must have happened extremely quickly at the start of
the event, or that expansion of seafloor anoxia and euxinia

began prior to the CIE. The latter suggestion is consistent
with increases in trace-metal enrichments occurring in
Cenomanian black shales underlying the CIE at Demerara
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Table 2

Raw data for Tarfaya Basin core S57.

Depth (m) 8% Mo 2 SE uncertainty Mo (ppm)
Tarfaya core S57

30.04 0.58 0.03 18.02
31.67 0.40 0.03 18.62
35.03 0.98 0.03 20.00
37.52 0.72 0.03 17.12
40.07 0.37 0.03 8.62
41.22 0.59 0.03 7.44
4481 0.44 0.05 6.87
45.74 0.46 0.06 2.22
47.84 0.41 0.03 30.09
49.13 0.69 0.06 30.17
49.96 0.50 0.07 46.52
50.96 0.56 0.02 2.47
51.13 0.91 0.06 3.84
51.55 —0.39 0.04 1.64
51.92 0.64 0.06 5.34
52.30 —-0.07 0.02 3.36
52.70 0.07 0.08 1.03
52.92 0.35 0.03 1.14
53.52 0.51 0.05 0.75
53.96 0.44 0.03 31.48
54.53 0.39 0.07 3.44
55.34 0.52 0.07 2.32
55.90 0.70 0.07 19.10
56.72 0.28 0.06 3.25
58.16 0.73 0.04 19.60
59.35 0.77 0.04 63.38

Rise (Hetzel et al., 2009). The magnitude by which seafloor
anoxia expanded compared to the pre-OAE extent requires
future estimates of the late Cenomanian Mo-isotope com-
position of global seawater (See Table 1).

5. CONCLUSIONS

New Mo-isotope records from two sites spanning Late
Cretaceous OAE-2 are presented. The highly resolved
record from DSDP Site 367 demonstrates periodic changes
in the sediment 5°°°Mo, with an amplitude of ~0.65%o.
These cycles can be hypothetically linked to basin-scale
changes in dissolved sulphide concentrations, the dissolved
inventory of Mo, and the chemocline depth in the proto-
North Atlantic Ocean. It is likely that these oscillations
have a periodic component related to orbital obliquity.
Correlation of the 5°*/*°*Mo cycles at Site 367 to sedimen-
tary cycles at DSDP Sites 105 and 603 suggest that
obliquity-driven oscillations in redox and productivity were
a basin-wide feature of the proto-North Atlantic Ocean
during OAE-2. These features may have been associated
with changes in sea level and/or changes in chemical weath-
ering intensity that would have controlled the flux of dis-
solved Mo into the basin, and would have provided a
source of nutrients to stimulate primary productivity.

The §°%°°Mo data also have value as a stratigraphic
marker for the Plenus Cold Event in the Tarfaya and Cape
Verde Basins during the early phase of OAE-2, and thus
link redox changes at these locations to a period not only

of probable global cooling but also inferred northern hemi-
sphere volcanic activity (e.g. Zheng et al., 2013; Eldrett
et al., 2014).

The new 8°%**Mo data allow the global removal fluxes
of Mo into anoxic and euxinic seafloor sediments to be cal-
culated for OAE-2. Mo removal fluxes into sediments with
sulphidic pore-waters (including those overlain by euxinic
and non-euxinic seawater) were approximately 60-125%
higher than at the present day, which would translate to
<10% of the global seafloor area (c.f. Ling et al., 2005;
Archer and Vance, 2008). These figures are less than the
>35-fold increase in seafloor euxinia estimated from
sulphur-isotope modelling of sulphate reduction and pyrite
fixation during OAE-2 (Owens et al., 2013), but similar to a
recent estimate based on low-resolution Mo-isotope mea-
surements of the more oxidized working half of Site 367
(Westermann et al., 2014). These estimates demonstrate
that, although OAE-2 was a significant global carbon-
burial event characterized by a large expansion of seafloor
anoxia and euxinia, large areas of the global seafloor prob-
ably remained Ilargely untouched by the spread of
deoxygenated watermasses. The stratigraphic record is
informative: although Cenomanian-Turonian organic-rich
shales are recorded from paleo-Equatorial Pacific
drilling sites (Schlanger et al., 1987), certain environments
around the Pacific Rim were dominantly oxic during the
OAE, as also were parts of Europe (Wiese, 2009;
Westermann et al.,, 2010; Takashima et al., 2011;
Hasegawa et al., 2013).
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