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Abstract

Chromium is a redox sensitive element that exhibits a large range of isotopic compositions in Earth’s surface environments
because of Cr(VI)-Cr(III) transformations. This property of Cr has been exploited as a tracer of Earth’s oxygenation history
using marine sediments. However, paleoredox applications using Cr are difficult to implement due to its complicated cycling,
which creates spatial variability in seawater 8>>Cr values. Applications are further hindered by the potential for variability in
the major inputs of Cr, such as submarine volcanism, to mask redox processes. Two previous reports of negative excursions in
sedimentary 8>>Cr values during the middle Cretaceous Ocean Anoxic Event 2 (OAE 2) demonstrate these complications.
Observed negative shifts in marine sediments conflict with the positive shifts expected in response to the increased drawdown
of isotopically light Cr(III) prompted by the expansion of anoxic depositional sinks. In this study, a marine carbonate suc-
cession cored from the Eagle Ford Formation in Texas, USA, in the southern part of the Western Interior Seaway, depicts the
negative 1.5%0 8>>Cr excursion occurring in two steps, with the second step reaching peak minimum values indistinguishable
from isotopically unfractionated igneous sources. In contrast to published 8>*Cr records, each step stratigraphically matches
proxy evidence for increased eruption frequency and/or intensity of volcanic activity using combined '¥70s/'%80s, #Sr/36Sr
and Os concentration proxies previously measured from the same core, supporting higher inputs of volcanically sourced
Cr to the oceans as the driver for the negative Cr isotope excursion.
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1. INTRODUCTION changes in its oxidation state (Ellis et al., 2002). This

property of Cr has been exploited as a tracer of Earth’s

Chromium (Cr) is a redox sensitive element with isotopic oxygenation history using marine sediments (Crowe et al.,
variation in Earth surface environments that reflects 2013; Frei et al., 2009; Gilleaudeau et al., 2016; Planavsky

et al., 2014) and paleosols (Berger and Frei, 2014;
Babechuk et al., 2017; Toma et al., 2019). Its development
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! Formerly, Shell Technology Center, Houston, TX, USA. 2013; Scheiderich et al. 2015), redox dependent

https://doi.org/10.1016/j.gca.2022.06.016
0016-7037/Crown Copyright © 2022 Published by Elsevier Ltd. All rights reserved.


https://doi.org/10.1016/j.gca.2022.06.016
mailto:lnanayobo@tamu.edu
https://doi.org/10.1016/j.gca.2022.06.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2022.06.016&domain=pdf

L. Nana Yobo et al./ Geochimica et Cosmochimica Acta 332 (2022) 138-155 139

(Ellis et al., 2002; Sikora et al., 2008; Dgssing et al., 2011;
Zink et al., 2010; Basu et al., 2014; Wang et al., 2016;
Huang et al., 2021) and independent (Saad et al., 2017;
Babechuk et al., 2018) sources of isotopic fractionation,
multiple pathways for Cr enrichment and isotopic fraction-
ation in marine sediments (Holmden et al., 2016; Farkas
et al., 2018; Remmelzwaal et al. 2019), and difficult assess-
ments of the preservation potential of exogenic Cr signals in
geological archives (Albut et al., 2018, 2019).

The dominant oxidation state of chromium in the
oceans is Cr(VI) in the form of the thermodynamically
stable chromate and hydrogenchromate oxyanions
(CrOi, HCrO3) (Elderfield, 1970; Cranston and Murray,
1978). Reduction to reactive Cr(III) species (e.g., Cr
(OH)3) (Elderfield, 1970) occurs in biologically productive
surface waters and oxygen depleted zones (Campbell and
Yeats, 1981; Cranston, 1983; Jeandel and Minster, 1984;
Murray et al., 1983; Mugo and Orians, 1993; Rue et al.,
1997; Sirinawin et al., 2000; Semeniuk et al., 2016). Light
isotopes are favored in the produced Cr(IIl) leaving the
residual pool of Cr(VI) enriched in heavy isotopes. The
greater attraction of Cr(III) for surfaces of particles causes
separation of Cr isotopes between surface and deep waters
through the action of the biological pump. This leads to
increased total dissolved Cr concentrations ([Crly =
Cr(VI) + Cr(IlI)) and decreased >>Cr/>>Cr ratios (reported
in delta notation as 8>*Cr values) with depth in the oceans
(Scheiderich et al., 2015; Moos and Boyle, 2019).

Seawater 8>°Cr values range between ~0.6 and 1.6%o
(Bonnand et al., 2013; Scheiderich et al., 2015; Goring-
Harford et al., 2018; Moos and Boyle, 2019; Rickli et al.,
2019; Nasemann et al., 2020; Janssen et al., 2020,2021)
and are inversely correlated with [Cr]r on a global scale
in In[Cr—8>Cr space with a slope of —0.80 £ 0.03%0
(Scheiderich et al., 2015). The strong correlation of the glo-
bal array and long oceanic Cr residence time (9,000-39,00
0 years; Campbell and Yeats, 1981) justifies treatment of
the ocean Cr cycle as a closed system with the fractionation
factor governing Cr(VI) reduction in the oceans estimated
from the slope of the array (Scheiderich et al., 2015). This
interpretation implies a single unique process of Cr(VI)
reduction in the oceans, or range of processes with similar
fractionation factors, and low export fractions of Cr(III)
compared to total dissolved Cr. The low apparent fraction-
ation of —1.3 & 0.1%o estimated using 8>*Cr measurements
of co-existing Cr(VI) and Cr(III) species in oxygen depleted
waters of the Eastern Tropical North Pacific (Huang et al.,
2021) is consistent with this interpretation.

Generally, Cr(VI) reduction drives seawater Cr compo-
sitions up the global Cr array (toward low [Cr}r and high
8°3Cr), if accompanied by scavenging and export of the
produced Cr(III). Regeneration of Cr(III) drives deep
waters down the global Cr array (toward high [Crlr and
low 5°3Cr). The separation of Cr isotopes between surface
and deep waters is damped by the strong tendency for Cr
(IIT) to form soluble organic complexes (Nakayama
et al.,1981; Sander and Koschinsky, 2000; Sander et al.,
2003), reducing its export efficiency and improving the like-
lihood of re-oxidation to Cr(VI). This may occur on time
scales of months to years using dissolved oxygen or hydro-

gen peroxide (Schroeder and Lee, 1975; Pettine and
Millero, 1990). Only a fraction of the Cr(III) produced by
Cr(VI) reduction is typically exported or removed to the
sediment before re-oxidation to Cr(VI). This enables deep
waters to remain on the global Cr array in a closed system.

The highest seawater 5°>Cr values reach ~1.6%o in pro-
ductive shelf regions, such as the Chukchi Sea (Scheiderich
et al., 2015; Moos and Boyle, 2019), Oregon coast
(Scheiderich et al. 2015), English Channel (Bonnand
et al., 2013) and surface waters of the subarctic North Paci-
fic (Janssen et al., 2020). Biological activity is implicated in
the reduction of Cr(VI) in these regions, using organic mat-
ter, Fe(II), H,O, and/or reactive oxygen species produced
by the biota or by reactions with light (Semeniuk et al.,
2016). The biogenic particles generated by photosynthesis
are crucial for scavenging and export of Cr(III). Most of
the burial of Cr(IIl) occurs in continental shelf seas and
margins that are well oxygenated. Higher concentrations
of Cr may be found in organic-rich marine sediments
deposited beneath oxygen-depleted bottom waters where
Cr(III) burial is more efficient (Murray et al., 1983; Rue
et al.,, 1997; Moos and Boyle, 2019; Nasemann et al.,
2020; Huang et al., 2021). Export or burial of Cr(III)
elevates the §°>Cr of seawater, locally, above the value in
surrounding regions. It is also responsible on a global scale
for raising the 3>>Cr of the ocean Cr reservoir above the
level of its inputs, which is mostly continental weathering
sources in the present day, such as rivers with a weighted
average 8°°Cr value of 0.47 & 0.39%o (1 s) (Toma et al.,
2019). This compares to the mean of ~0.9%o for the oceans.
Thus, it is expected that during periods of globally
increased productivity and expanded marine anoxia, seawa-
ter 8>>Cr values will increase and [Cr]r will decrease in both
shallow and deep ocean settings, and that these changes will
be preserved in records of authigenic sedimentary Cr in
different marine settings (e.g., Gueguen et al., 2016). This
study further tests the predicted relationship using a
well-known event in Earth’s history.

Spanning the Cenomanian/Turonian boundary, the Cre-
taceous Oceanic Anoxic Event 2 (OAE 2 ~ 94.5 Ma) is rec-
ognized for widespread organic-rich black shale deposition
(Schlanger and Jenkyns, 1976), and a global scale positive C
isotope excursion indicative of increased organic carbon
burial and elevated primary productivity in multiple loca-
tions (Fig. 1). Two previously published marine sedimen-
tary records of OAE 2 failed to produce evidence for the
positive shift in seawater 8>*Cr values predicted for more
reducing oceans: (1) the Portland #1 core of the Western
Interior Seaway (WIS) of North America collected from
sediments representing a relatively shallow (<500 m water
depth) and oxygenated epicontinental sea (Holmden
et al., 2016), and (2) the site 1258 Ocean Drilling Project
core collected from relatively deep (~1000 m) continental
slope sediments at Demerara Rise, representing deposition
beneath anoxic bottom waters along the southern margin
of the proto-North Atlantic Ocean (Wang et al., 2016).
Instead of sedimentary 8°*Cr values increasing in response
to globally expanded marine anoxia, both records
decreased during OAE 2. The proposed explanations con-
flict regarding the roles of redox conditions on Cr isotope
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* lona-1 Core

O Cenomanian - Turonian OAE 2 Sections

Large Igenous Province

Fig. 1. Paleogeographic reconstruction from Scotese (2016) of late Cenomanian (~94 Ma) with identified sedimentary sections of
Cenomanian-Turonian OAE 2 deposits (red dots) modified from Paez-Reyes et al. (2021). Also illustrated are the locations of the Iona-1 core
and the following LIPs: CLIP, Caribbean Large Igneous Province; HALIP, High Arctic Large Igneous Province. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

fractionation (Wang et al., 2016), volcanically derived
sources of Cr to the oceans (Holmden et al., 2016), and
oceanographic changes related to climate cooling
(Jenkyns et al., 2017).

Building on previous studies linking OAE 2 to a massive
episode of submarine volcanic activity, Holmden et al.
(2016) proposed that eruptions of a Large Igneous Province
(LIP) in the Caribbean—the proposed trigger for OAE 2
(Turgeon and Creaser, 2008)—caused increased hydrother-
mal inputs of Cr(III) to the oceans with a lower §33Cr value
than the globally averaged Cr input from rivers. In fact, the
peak-minimum &Cr values reported in the Portland #1
core conspicuously overlapped those of the igneous inven-
tory (-0.12 £ 0.10%o, 25) (Schoenberg et al., 2008), consis-
tent with increased fluxes of hydrothermal Cr(I1I) and other
metals of basaltic affinity such as iron (Fe), manganese
(Mn), copper (Cu), nickel (Ni) and cobalt (Co), which are
anomalous in concentration in the same stratigraphic inter-
val as the minimum in 8°3Cr values (Orth et al., 1993;
Sinton and Duncan, 1997; Snow et al., 2005).

Wang et al. (2016) proposed an alternative hypothesis
using their black shale record at Demerara Rise. In this
record, the onset of the negative shift in 5>>Cr values occurs
stratigraphically above the negative shift in '®70s/'®%0s
ratios used to signal the first increase in submarine volcanic
activity associated with the emplacement of the Caribbean
LIP. On this basis they discarded the volcanic Cr input
hypothesis. They proposed instead that the negative 5>>Cr
excursion resulted from a shift in the fraction of Cr
removed by marine euxinic sinks compared to anoxic/sub-
oxic sinks, supposing that euxinic sinks removed Cr(VI)

from the middle Cretaceous oceans with little or no isotopic
fractionation.

Jenkyns et al. (2017) also questioned whether the LIP
eruptions were responsible for the negative excursion in
inferred seawater 8>>Cr values during OAE 2 with the
observation that conspicuous enrichments of Cr and other
redox sensitive metals occur together in a stratigraphic
interval in the English Chalk succession in the Anglo-
Paris Basin called the Plenus Cold Event (PCE). Their
rationale for questioning a hydrothermal source was
informed by debate over the global vs. local scale of the
cooling, which they believed was global and therefore dri-
ven by decreased LIP activity (e.g., Jenkyns et al., 2017;
Clarkson et al., 2018). With the oceans becoming better
oxygenated in a cooler climate, Jenkyns et al. (2017) rea-
soned that redox sensitive trace metals could be expected
to be released from formerly anoxic marine sediment.
Using carbon isotope stratigraphy, they correlated the
Cr-enriched interval in the English Chalks to the negative
833Cr excursion in the Portland #1 core in the WIS, which
is also enriched in Cr. In contrast, O’Connor et al. (2020)
argued that the PCE was more likely a local or regional
phenomenon, supported by volcanic proxy evidence from
records of changing sedimentary Os concentrations, initial
18705/1380s ratios (Sullivan et al., 2020), ¥’Sr/*®Sr ratios
(Nana Yobo et al., 2021), and initial '**Nd/'**Nd ratios
(Zheng et al., 2013) indicating that volcanism increased
during parts of the PCE. This interpretation of higher vol-
canism during the PCE interval is in line with earlier studies
linking trace metal enrichments to buoyant metal-rich
superplumes drawn into the proto-North Atlantic from



L. Nana Yobo et al./ Geochimica et Cosmochimica Acta 332 (2022) 138-155 141

greater LIP activity in the eastern Pacific (Sinton and
Duncan, 1997; Snow et al., 2005). Therefore, the leading
hypotheses of trace metal enrichment during the PCE
directly conflict with regards to the roles of volcanism
and by extension, climate.

To reexamine the impact of changing volcanism on the
ocean Cr cycle during OAE 2, a new high-resolution
8%3Cr profile was reconstructed using samples from the
Tona-1 core (Eldrett et al., 2015a,b) located near the south-
ern gateway between the WIS and the proto-North Atlantic
Ocean, approximately 1200 km to the south of the earlier
studied Portland #1 core. Positive attributes of the Iona-1
core, including its location, shallow burial depth, strati-
graphic completeness, and well-characterized sedimentol-
ogy and geochemistry (Eldrett et al. 2014, 2015a,b;
Minisini et al., 2018), provide a new opportunity to
improve on the interpretation of the cause of the negative
Cr isotope excursion. Sediment in the Iona-1 core preserve
a continuous record of pelagic limestone, marlstone, and
calcareous shale deposition between the onset of LIP vol-
canism and the onset of OAE 2, i.e., between the first neg-
ative shift in initial '¥’0s/'380s ratios in the core and the
first positive shift in the sedimentary 3'>C values. These
markers overlap in the Portland # 1 core due to a sedimen-
tary hiatus (Jones et al., 2020). The Iona-1 core is more
complete than Portland core in the WIS (Eldrett et al.,
2015a,b) and offers the prospect of additional temporal
details in reconstructed proxy records. Uncertain correc-
tions for lithogenic Cr also create ambiguity in the shape
of the published 3%*Cr profiles that hinders a detailed com-
parison of the fine structure of the negative 8°>Cr excursion
with volcanic proxy indicators in both the Portland #1 and
Demerara Rise cores. Moreover, as Cr and its isotopes are
not expected to be homogenous in the Cretaceous oceans, it
is unclear whether and to what extent the records of the
Portland and Demerara Rise cores are globally significant
which indicates the need for multiple 8>*Cr records to be
compared. The new 5°>Cr data are better integrated with
other proxies for the intensity of submarine volcanism from
the same core (!¥70s/'%0s, 37Sr/%Sr, and Os concentra-
tion; Sullivan et al., 2020; Nana Yobo et al., 2021).
Together, these proxies provide a clearer picture of the tim-
ing and direction of volcanic intensity changes during OAE
2 and can determine relationships with trace element
enrichments and perturbations in ocean Cr cycling.

2. GEOLOGICAL SETTING

The Tona-1 core was drilled on a carbonate shelf at the
southern gateway to the WIS in present-day southwest
Texas (Fig. 2; 29°13.51'N, 100°44.49'W). The core recov-
ered 180 m of Lower Cenomanian to Lower Coniacian
marine sedimentary rocks composed of marls and shales,
with intermittent bentonite of the Boquillas Formation of
the Eagle Ford Group (Eldrett et al., 2014). Sedimentation
was ~1-4 cm kyr ' and assumed to be relatively continu-
ous during OAE 2 in the study setting (Eldrett et al.,
2015a; Minisini et al., 2018). An age model for the Iona-1
core was constructed from rhythmically deposited interbed-
ded limestones and marlstones interpreted to reflect orbi-

tally forced sedimentation patterns, supported by U-Pb
zircon dating of bentonite beds (Eldrett et al. 2014,
2015a,b; Minisini et al., 2018). The marls are predominantly
finely laminated and organic carbon is enriched in the marls
of the lower Eagle Ford, becoming more bioturbated up
core and during OAE 2 (Eldrett et al., 2014). The more
organically lean limestones are interpreted to reflect more
consistently oxygenated bottom waters during OAE 2 in
this setting, which is supported by changes in the strati-
graphic frequency of bioturbation, and the lower sedimen-
tary Mo concentrations during OAE 2 in the study core.
Higher Mo concentrations before OAE 2 are interpreted
to reflect bottom water euxinic conditions (Eldrett et al.,
2014, 2015a; Minisini et al., 2018). The depth of deposition
across OAE 2 is interpreted to be consistently below storm
wave base in a sediment-starved setting (100-200 m)
(Minisini et al, 2018). The carbonate fraction of the sedi-
ment is mostly calcareous nannofossil ooze with planktic
foraminifera and calcispheres indicative of hemipelagic
deposition. Carbonate 3'°C values for the Iona-1 core
range between +1%0 to +6%o0 with 8'0 values averaging
—5%o (Eldrett et al., 2015b). The bulk carbonate §'*C and
5'%0 values in the Tona-1 core are similar to well preserved
tests of calcitic foraminifera reported in other locations in
the WIS (Eldrett et al., 2015b and references therein).
Hence, the O and C isotopic values in the carbonate frac-
tion of the Iona-1 core likely reflect primary seawater values
that have not been significantly altered by post-depositional
diagenetic processes, specifically of the type that would lead
to very low 8'®0 values indicative of higher temperatures
encountered during recrystallization during deep burial,
or alteration in the presence of meteoric waters (Eldrett
et al., 2015b). Further details on the sedimentology, stratig-
raphy, and hydrographic conditions can be found in Eldrett
et al. (2014, 2015a, 2017) and Minisini et al. (2018).

3. METHODS

Core samples were hand powdered using an aluminum
oxide mortar and pestle. Powders weighing between 0.5
and 1.0 g were treated with ammonium acetate solution
to remove exchangeable Cr and other elements on particle
surfaces and then rinsed with ultrapure water. The carbon-
ate fractions were dissolved in ultrapure 1.0 N acetic acid
following procedures described in Nana Yobo et al.
(2021). The procedure was designed to minimize release
of Cr from non-carbonate minerals such as clays, thereby
minimizing the impact of detrital Cr corrections on the
8%3Cr values for seawater derived Cr in the sediments.
The carbonate fractions were targeted because studies have
shown that carbonate sediments in modern marine environ-
ments are enriched in seawater-derived Cr (Bonnand et al.,
2013; Holmden et al., 2016; Farkas et al., 2018; Klaebe
et al., 2021; Wang et al., 2021), offset by a fractionation
(-0.46 £ 0.14%o, 25) (Holmden et al., 2016).

The supernatant was treated with nitric acid to devolati-
lize the excess acetate, followed by analysis of Cr and Al
concentrations by ICP-MS. The amount of Al released by
the acetic acid technique was very small, and the carbonate
3°3Cr profile does not require a detrital correction. Sample
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Fig. 2. Early Turonian paleogeographic map showing location of the Iona-1 and Portland #1 cores, modified from Eldrett et al. (2014). WIS,

Western Interior Seaway.

aliquots were spiked with a *°Cr->*Cr tracer solution, and
the Cr was separated from matrix Ca and other elements
using procedures described in Holmden et al. (2016). The
3Cr/**Cr ratios were measured by thermal ionization mass
spectrometry using a Thermo Scientific Triton instrument
in the Saskatchewan Isotope Laboratory, University of
Saskatchewan, using a double-spike technique detailed in
Holmden et al. (2016), and reported as 8Cr = [(**Cr/
>Cr)sample/(CCr/>*Cr)gtandara — 1] x 1000. The §>°Cr value
measured for a stock solution of NIST SRM 3112a was
—0.08 4 0.05%0 (20, n = 15).

4. RESULTS

4.1. 5°3Cr profile for the Iona-1 core compared to volcanic
proxy indicators

The stratigraphic trends displayed by carbonate 5>>Cr
record can be divided into four segments: A, B, C, and D
(Fig. 3B). LIP volcanism begins at the base of segment A
(~112 to 110 m), identified by synchronous stratigraphic
shifts in sedimentary '*70s/!'%80s and 87Sr/%°Sr ratios. The
stratigraphic variability in the carbonate 5°>Cr values is
small (~£0.2%0) in Segment A, and in the same range
(~+1.6 to + 1.8%0) as lower down in the core. The steady
baseline implies stable Cr cycling in the study setting for
up to 500 kyr before OAE 2.

The first sign of a clear shift in carbonate §>>Cr values
coincides with the onset of the positive C isotope excursion
at the base of Segment B that marks the onset of OAE 2.
Here, 8>°Cr values decrease rapidly from ~ +1.8%0 to

~ +0.7%o over a period of about 70 kyr. This brief strati-
graphic interval of declining carbonate 8>*Cr values corre-
sponds to the first of three intervals of elevated Os
concentration with mantle-like '¥’0s/'®%0s initial ratios
interpreted by Sullivan et al. (2020) to represent three peaks
in frequency and/or intensity of submarine LIP volcanism
(Fig. 3C; Sullivan et al., 2020), after which 3°>Cr values
are stable for the remainder of Segment B, except for a sin-
gle higher value of +1.35%o0 at 106 m (Fig. 3B). The sample
giving +1.35%o correlates with the nominal middle peak in
volcanism in the Os concentration profile, but there is
uncertainty about the volcanic interpretation of the middle
peak as the corresponding change in '870s/!®0s ratio is
more ambiguous in this stratigraphic interval (Sullivan
et al., 2020).

The youngest interval of Os enrichment, like that of the
first volcanic interval at the base of OAE 2, shows a second
clear shift to increasingly mantle-like '370s/'®%0s ratios
coinciding with a second negative shift in carbonate &°>Cr
values captured in Segment C, this time reaching the
peak minimum &°°Cr values (—0.04%0) of the excursion
(Fig. 3B).

Segment D (103 to 80 m) records the simultaneous
return to baseline 8>*Cr values and '®70s/'®%0s ratios
(Fig. 3B). Within this segment, LIP volcanism is interpreted
to have dramatically declined or stopped altogether, consis-
tent with the very low Os concentrations in this segment
beginning at about the midpoint of the 3'3C excursion.
The post-excursion baseline is slightly lower in '370s/!%80s
ratios than the pre-excursion baseline, indicating poten-
tially higher background levels of volcanism than before
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Fig. 3. Carbonate sedimentary profile through OAE 2 of the lona-1 core. The stratigraphic column and age model are plotted against,
613C0rg (Eldrett et al., 2014), carbonate 5>3Cr (this study), 18705/1880s, 19205 concentrations (Sullivan et al., 2020), Crearp (this study), trace
metal EF normalized to Zr and average shale (Eldrett et al., 2014), and 8Sr/*®Sr (Nana Yobo et al., 2021). The measured 8>Cr (dashed red
line) waas corrected for lithogenic Cr using Ti (dotted black line) and for Al (dashed grey lines). The black bar represents the duration of the
OAE 2 interval aand the blue bar represents the duration of the Plenus Cold Event (PCE) as correlated to the Iona-1 core by Jenkyns et al
(2017). The 8>*Cr record is divided into 4 segments. Segment A represents the delay in onset of negative shift in 8>*Cr in relation to LIP
eruption (70 kyr), as indicated by the decrease in '¥70s/'®80s and increased Os concentrations. Segment B is the first negative shift in Cr
isotopes which corresponds to the middle of the negative shift in Os isotopes. Segment C represents the second shift to lower §°>Cr and
corresponds to both the PCE and an inferred increase in volcanism as indicated by a decrease in '¥70s/'®0s and increased Os concentrations.
Finally, Segment D represents the end of volcanism signaled by a rise in'®’Os/'®0s, which occurs synchronously with a return to higherd>*Cr
values. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the event. The 8Cr value of ~1.0%¢ in carbonates
deposited after OAE 2 is also lower than before the event.
The termination of the Os and Cr isotope excursions
coincides with a change in the slope of the decreasing trend
in 7Sr/8Sr ratio in the study core, which is also interpreted
to reflect the decline or cessation of LIP volcanism
(Nana Yobo et al., 2021).

5. DISCUSSION

5.1. 8°Cr, Os concentration, '*’0s/"®0s and ¥Sr/3°Sr
trends in the Iona-1 core

In the high-resolution record of the Iona-1 core, two
clear steps in the negative excursion in carbonate 8>*Cr val-
ues are observed to coincide with two intervals of elevated
Os concentrations with mantle-like '870s/!%80s ratios
(Sullivan et al., 2020) at the bases of segments B and C
(Fig. 3). This finding strengthens the volcanic driver
hypothesis for the negative Cr isotope excursion during
OAE 2 in this and two other published studies (Holmden
et al., 2016; Wang et al., 2016). The earlier finding by

Wang et al. (2016) used to refute this hypothesis, which is
that the onset of the negative >>Cr excursion occurs after
the onset of the negative shift in '¥70s/'®0s ratios, is also
a feature in the Iona-1 core (Segment A). The high-
resolution record demonstrates, however, that it is not the
start of LIP volcanism that coincides with the decrease in
carbonate 5°>Cr values but rather the first peak in volcanic
intensity. This implies different thresholds of response for
the ocean Os and Cr cycles to the volcanic perturbation,
which depend on the respective sizes of the volcanically
induced perturbations, and the mechanisms by which man-
tle Os and Cr are transmitted to seawater by submarine vol-
canic eruptions. For example, it has been suggested that
high-temperature weathering of basalt alone cannot supply
the large amounts of Os required to shift the ocean Os iso-
tope balance towards the mantle input during OAE 2
(Turgeon and Creaser 2008), implying an alternative mantle
source (Sharma et al., 2007) such as volatile magmatic Os
(Krdhenbiihl et al., 1992). It is therefore the details of
LIP sources and plumbing that may be responsible for con-
trolling the supply of mantle-derived Os to the oceans dur-
ing OAE 2.
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Peculiarities in the supply of Cr to the oceans during LIP
eruptions should probably not be discounted either. Recent
work has shown that Cr(II), in the form of the neutral CrCl
(OH) complex, is the dominant oxidation state of Cr in high
temperature crustal fluids and is more soluble than Cr(III)
(Huang et al., 2021). Though the modern residence time of
Sr is, itself, poorly constrained (Peucker-Ehrenbrink and
Fiske, 2019), it is at least two orders of magnitude greater
than that of Os or Cr. Despite this large difference, covary-
ing shifts in 8’Sr/*°Sr and '*70s/'#80s ratios in the Iona-1
core indicate some combination of a lower oceanic Sr resi-
dence time and high Sr-flux perturbation associated with
the LIP eruptions in the middle Cretaceous (Nana Yobo
et al., 2021). Though the shifts in ’Sr/%°Sr are subtle in
comparison to Cr and Os isotopes, they are not impercep-
tible. Furthermore, the strong correlation between Cr iso-
topes and volcanic proxy indicators ('*70s/!'%80s, Os
concentration, trace metal anomalies and ¥’Sr/*®Sr) contin-
ues up-core. The youngest volcanism pulse in Segment C is
proposed in this study to drive carbonate §°>Cr values to
the igneous inventory value. Moreover, the cessation of vol-
canism at the base of the overlying segment D, which is sig-
naled by the return to baseline '3’0s/'®0s ratios and low
Os concentrations, is simultaneously indicated in a subtle
shift of slope in the ¥’Sr/%°Sr profile (Nana Yobo et al.,
2021) and the return to baseline carbonate 5°*Cr values.

In contrast, Wang et al. (2016) suggested that changes in
the relative importance of certain Cr sinks with differences
in implied isotope fractionation are driving the negative
33Cr excursion. The motivation for the sink-change
hypothesis is credited to the study of Reinhard et al.
(2014) who concluded that euxinic marine sinks do not frac-
tionate seawater Cr isotopes. The warrant for this claim
was questioned by Scheiderich et al. (2015) who observed
that the authors did not measure seawater 8>°Cr values in
Cariaco Basin waters, thus making any interpretation of
fractionation of Cr isotopes removed by euxinic marine sed-
iments to be speculative in the light of the variability in sea-
water 8°°Cr values. Instead, using a combination of
literature data on Cr, Sr, and Os isotopes, and Os concen-
trations with new Cr isotope data from this study, com-
bined with discussion of the role played by water column
anoxia in the dispersal of dissolved Cr(III) species in the
oceans, we build the case for major perturbations of the
ocean Cr cycle centered around LIP volcanism in the geo-
logical past, which we think is more important than climate
change (Jenkyns et al., 2017) or sink-switching (Wang et al.,
2016) during OAE 2.

5.2. On the significance of reaching igneous-inventory values
in the peak interval of the negative 5> >Cr excursion

There is growing evidence that syn-depositional pro-
cesses are responsible for the bulk of Cr accumulation in
marine carbonate sediments, meaning that only a small
fraction of the seawater-derived Cr was acquired when
the carbonate minerals were first formed by their biological
progenitors (Holmden et al., 2016; Remmelzwaal et al.,
2019). For example, shallow water carbonate sediments
from the Caribbean Sea are 7-67 times more concentrated

in Cr, relative to Ca, than seawater (Holmden et al.,
2016). High Cr concentrations in bank-top carbonate sedi-
ments are also observed in the Bahamas (Pereira et al.,
2016; Farkas et al., 2018; Klaebe et al., 2021; Wang et al.,
2021). In another study, core-top foraminifera record Cr
concentrations that are two orders of magnitude higher
than specimens collected from plankton tows and sediment
traps, or grown in culture experiments (Remmelzwaal et al.,
2019). The post-depositional enrichment of Cr by marine
carbonates may involve several processes, including:
(1) Cr(VI) reduction to particle reactive Cr(III) in oxygen-
deficient pore-fluids, (2) Cr(VI) adsorption to carbonate
grains (Albadarin et al., 2012; Correa et al.,, 2013),
(3) Cr(III) adhering to exports of particulate organic matter
(Semeniuk et al., 2016), and (4) incorporation of Cr(VI)
into calcite cement (Fiiger et al., 2019). Considering the spe-
ciation of Cr associated with these mechanisms, carbonate
sediments are expected to contain both Cr(VI) and Cr(III)
of seawater origin. Moreover, it is generally observed that
the Cr in marine carbonate sediment is isotopically lighter
than local seawater sources (discussed in detail in
Section 5.6; Holmden et al., 2016; Farkas et al., 2018;
Klaebe et al., 2021; Wang et al., 2021), indicating that
one or more of mechanisms of post-depositional uptake
of Cr by marine carbonate sediment fractionates seawater
Cr isotopes (see also, Remmelzwaal et al., 2019).

Central to this theme of post-depositional enrichment of
Cr in marine carbonate sediments is the recognition that
carbonate bioclasts consist of micrometer-scale crystallites
of calcite and/or aragonite within an organic matter matrix.
Microbial respiration of the organic matrix may generate
oxygen depletion in the intercrystalline spaces of the bio-
clasts even in settings where the sedimentary pore fluids
are oxygenated or intermittently oxygenated, making the
interiors of bioclastic particles feasible locations for reduc-
tion of Cr(VI) to Cr(Ill). Metastable aragonite and high
Mg-calcite are susceptible to dissolution and re-
precipitation reactions, as demonstrated by the presence
of tiny carbonate overgrowths on biologically produced
microcrystals (Hover et al., 2001). Remmelzwaal et al.
(2019) further showed that post-depositional uptake of Cr
is spatially associated with the elevated Fe and Mn concen-
trations in foraminifera. A subset of the examined forami-
nifera showed trace metal enrichment towards the rims,
implying metal diffusion into the tests from the surrounding
pore fluids. Other tests showed more spatially heterogenous
distributions of Cr and Fe, thus revealing differences in the
pathways by which these metals entered the tests. Indeed,
higher resolution nanoSIMS mapping showed elevated con-
centrations of Cr and Fe associated with primary organic
sheets which may have served as conduits for pore fluids
to enter the tests (Remmelzwaal et al., 2019).

Considering the varied processes that may govern post-
depositional enrichment (and diagenesis) of seawater
derived Cr in marine carbonate sediments with Cr in both
oxidation states, it is reasonable to question the extent to
which changes in depositional facies can influence strati-
graphic records of 8°3Cr values in marine carbonate sedi-
ments. Although more work is needed to fully address
this question, we give several reasons below why we think
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it is unlikely that facies-dependent changes in depositional
enrichment processes or diagenesis are the cause of the
low 83Cr values in the Tona-1 core. First, similarly low
peak-minimum values are observed in the Portland #1 core
(Fig. 4) in stratigraphically equivalent intervals despite
being located 1200 km apart (Fig. 2). Second, previous
explanations for the lowering of Cr isotopes in carbonate
sediments relative to seawater, including Cr(VI) reduction
(e.g., Holmden et al., 2016), changing coordination of Cr
(VI) with pH (Fiiger et al., 2019), greater meteoric diagen-
esis (Wang et al., 2021), or changes in the mixing propor-
tions of autochthonous (pelagic) vs. allocthonous
(platform) carbonate sediment (Klaebe et al., 2021) are
not applicable to the depositional setting of the study core.
The Iona-1 carbonates are diagenetically stable low magne-
sium calcite deposits from planktic calcifiers and were never
exposed to subaerial conditions. The source mixing hypoth-
esis is only applicable to periplatform sediments, such as
those draping the margins of the shallow water Bahamas
Platform where exported aragonitic sediment from the plat-
form top (with 8>*Cr values of ~0.8%0) mixes with pelagic
calcite sediment (with 8>3Cr values of ~0.6%0). The deposi-
tional setting of the Iona-1 core, in the Maverick Basin, is
situated squarely in the pelagic realm. Moreover, the late
Cenomanian transgression drove the shoreline further away
from the study setting near the onset of OAE 2, decreasing
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the delivery of siliciclastic material by rivers and dust (e.g.,
Minisini et al., 2018).

Returning to the question of whether the attainment of
igneous inventory values in the WIS is meaningful or a
coincidence depends on redox transformations (or lack
thereof) of volcanically derived Cr(III), and the speciation
of Cr removed by carbonate sediments in the WIS during
OAE 2 (Segment C in the Iona-1 core). In the absence of
oxidation of hydrothermal Cr(IIl) to Cr(VI), the igneous
inventory signature would be imparted directly to the sedi-
ments where the hydrothermal Cr(IIl) is removed, assum-
ing that there is little or no isotopic fractionation of Cr
(IIT) during particle scavenging. Alternatively, if hydrother-
mal Cr(III) is partially oxidized, then heavy isotopes of Cr
would be preferentially transferred to the pool of seawater
Cr(VI) (Bauer et al., 2019; Miletto et al., 2021) leaving the
residual pool of hydrothermal Cr(III) with 8**Cr values
below the igneous inventory, which is not observed in this
study or the two other published studies. On the other
hand, if the oxidation of hydrothermal Cr(IIl) is quantita-
tive, then the igneous inventory signature will be directly
transferred to Cr(VI) and hydrothermal and continental
weathering inputs would mix with each other in the soluble
Cr(VI) pool in the oceans, obscuring their specific sources.
Due to the greater solubility of Cr(VI) compared to Cr(III),
and efficient mixing by the ocean circulation regime, this
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Fig. 4. Stratigraphic comparison of >*Cr values from the Iona-1 and Portland #1 cores. The stratigraphic height of the Portland #1 core is
adjusted to account for the ~60 kyr hiatus (Jones et al., 2020) at the onset of OAE 2 in the Portland core. Data from the Portland #1 core are
previously published: 8'*C of organic carbon (Sageman et al., 2006), '¥70s/'¥0s (Du Vivier et al., 2014), and Al-corrected 8°*Cr (Holmden
et al., 2016). The data from the Iona-1 core include 8'3C (Eldrett et al., 2014), '¥70s/!®0s (Sullivan et al., 2020), and carbonate 8°>*Cr (this

study).
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would lower the 8°Cr value of the entire ocean Cr reser-
voir. The oceanic residence time of Cr(VI) is estimated to
be ~9000-39,000 years (Campbell and Yeats, 1981;
Reinhard et al., 2014), longer than the ocean mixing time
of about 1000 years. Meanwhile, the residence time for Cr
(IIT) in oxygenated seawater is on the order of months to
years, with local variation depending on oxidant type and
availability and the stabilizing effects of different organic
complexes (Cranston and Murray, 1978; Schroeder and
Lee, 1975; Emerson et al., 1979; Pettine and Millero, 1990).

Because the solubility of Cr(III) is less than that of Cr
(VI) in oxygenated seawater, it might be expected that car-
bonate sediment with hydrothermal Cr(III) signatures
decrease with distance away from the volcanic source. On
the other hand, if it were necessary to first oxidize
hydrothermal Cr(III) to Cr(VI) before it could be trans-
ported away from the igneous source, then the observation
that carbonate 8>*Cr values overlap with the igneous source
would indicate a coincidence, with positive isotope fraction-
ation associated with partial Cr(III) oxidation matching
negative isotope fractionations associated with Cr(VI)
reduction and uptake of Cr(IIl) during post-depositional
enrichment processes, as described earlier in this section.

The consequences of all of these plausible sources of
post-depositional uptake-related fractionation of Cr iso-
topes by marine sediments leads us to conclude that the
simplest explanation for peak-minimum carbonate §>*Cr
values with the signature of the igneous inventory is for
hydrothermally sourced Cr(III) to be delivered to the
WIS without changing its oxidation state (Holmden et al.,
2016). This further implies that intermediate and deep
waters along transport paths between the LIP eruption site
in the eastern Pacific and sites throughout the proto-North
Atlantic basin were anoxic, as this would inhibit the partial
oxidation to Cr(III) to Cr(VI) that is necessary for Cr(III)
to maintain its hydrothermal 8>*Cr signature (or else the
oxidation occurred without fractionation by an unknown
mechanism). In addition, widespread anoxic conditions
favor the abundance of dissolved organic ligands that
may complex with Cr(III) to increase its solubility during
transport. Of course, hydrothermally sourced Cr could also
mix into the oceans in both oxidation states. These pro-
cesses and pathways of hydrothermal Cr addition to the
oceans are further considered in the next section.

5.3. A model for the negative 6°>>Cr excursion during OAE 2

A conceptual model is proposed to explain the two-step
decrease in 8>>Cr values recorded in the Iona-1 core during
OAE 2 in the context of its relative proximity location to
the Caribbean and High Arctic LIPs and the nutrient trap
behavior of the proto-North Atlantic Ocean. In this inter-
pretation, which builds on the model of Holmden et al.
(2016), ingress of Cr(I1I) of hydrothermal origin is upwelled
into the epicontinental WIS from oxygen-deficient deep
waters of the proto-North Atlantic. As the oxygen-
deficient waters circulated into the shallow and more oxy-
genated waters of the WIS, hydrothermal Cr(IIl) was
slowly scavenged by particles and exported to the sediment,
where it mixed with post-depositional uptake fluxes of

Cr(VI) and Cr(I1I) of seawater origin, i.e., Cr(VI) or Cr(III)
produced by reduction of Cr(VI). Only during the youngest
and final pulse of volcanism did the balance shift to
predominantly hydrothermal sources of Cr(IIl) removal
into the sediment in the south-central and southern region
of the WIS. This implies a very low oceanic inventory of
Cr(VI) at this time, or higher supply rates of hydrothermal
Cr(I1I), though neither situation is mutually exclusive.

The model accounts for the observation that the
peak-negative 8°>Cr values recorded by marine carbonates
overlap (but do not dip below) the igneous inventory value
during OAE 2. This can be attributed to Cr(III) of
hydrothermal origin mixing into the WIS and dominating
the Cr inventory of its waters, including the lack of isotope
fractionation during post-depositional uptake of Cr(III)
into marine carbonate sediments. It also accounts for the
higher concentration of Cr and other trace metals of basal-
tic affinity in the peak-excursion interval. Moreover, this
model is applicable to the record in the Portland #1 core
where it was first used by Holmden et al. (2016) to explain
the negative excursion in inferred seawater 8>>Cr values in
that location, but where the hiatus in sedimentation near
the onset of OAE 2 conceals the strong link with volcanism
found in this study of the Iona-1 core (Fig. 4).

The model presented here can also explain why the neg-
ative 8%3Cr excursion recorded in the continental margin
upwelling center at Demerara Rise did not reach the
igneous inventory value during OAE 2. In this oxygen
depleted zone (ODZ), high productivity in surface waters
resulted in high rates of Cr(VI) reduction, creating locally
high and sustainable concentrations of seawater-derived
Cr(III) that could mix with and dilute the advected fluxes
of hydrothermal Cr(III) drawn into the ODZ at depth by
the quasi-estuarine circulation system of the proto-North
Atlantic. Scavenging and removal of Cr(IIl) by particles
transferred the 8°°Cr value of this mixed pool of Cr(III),
which was higher than that of the igneous inventory, to
the sediments, thus accounting for the smaller negative
333Cr excursion during OAE 2 in this setting. The lower
sedimentary Cr concentrations in the excursion interval in
this setting are consistent with the interpretation of a smal-
ler oceanic inventory of Cr(VI) during OAE 2 (Wang et al.,
2016). In other words, the input of hydrothermal Cr(III) to
this setting was large enough to decrease the 8°*Cr values
during OAE 2 in this setting, but not large enough to mask
the effect that decreased oceanic inventories of Cr(VI)
would have on local scale production rates of Cr(III).

Assuming mixing between hydrothermal Cr(III) with a
83Cr of —0.1%0 and seawater Cr(VI) with minimum 8>Cr
values of ~1.5%0 in the WIS and ~1.2%0 in the proto-
North Atlantic (estimated from the measured pre-
excursion background values), simple mass balance calcula-
tions indicate that just ~4% of the Cr deposited in the peak-
minimum interval of the 8%3Cr excursion in the study set-
ting in the WIS was from seawater-derived Cr(VI), com-
pared to 50% at Demerara Rise. The approximately ten-
fold difference in the estimated contributions of seawater
Cr(VI) and hydrothermal Cr(III) is more reliable than the
values themselves, as the true >>Cr values for the seawater
Cr(VI) pools in each setting during OAE 2 are difficult to
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estimate due to uncertainty in isotope fractionation factors
and mechanisms affecting removal of Cr isotopes into mar-
ine sediments.

5.4. A Cr isotope proxy for submarine volcanism?

Chromium isotopes have been promoted as a tracer for
the Precambrian oxygenation of Earth surface environ-
ments on the basis that the initial oxygenation of the
atmosphere caused &°°Cr values in marine sediment to
deviate from those of the upper continental crust (Crowe
et al,, 2013; Frei et al, 2009; Planavsky et al., 2014).
Chromium isotopes also have potential to identify periods
of ocean de-oxygenation in the more recent geological
past. But as this study and two others (Holmden et al.,
2016; Wang et al., 2016) have shown, 8°°Cr values do
not respond to de-oxygenation as expected. As discussed
above, the study locations inhabit the nutrient trap config-
uration of the proto-North Atlantic basin and its sur-
rounding epicontinental seas, where new inputs of
hydrothermal Cr(III) may have affected local/regional
budgets of Cr more strongly than other oceanic regions.
Therefore the possibility remains that marine sediments
may record a positive excursion elsewhere in the world’s
oceans during OAE 2, but only if LIP-derived hydrother-
mal Cr(III) was scavenged and removed before it could
circulate to those regions (Holmden et al., 2016), and
the amount of hydrothermal Cr(III) oxidized to Cr(VI)
was small in comparison to continental weathering inputs
of Cr.

On the other hand, massive episodes of submarine
volcanism may be a more common driver of ocean
de-oxygenation than previously believed, making the Cr
isotope proxy challenging to implement and interpret with
confidence. In fact, there are no indications that °>Cr val-
ues in modern marine sediments uniquely track dissolved
seawater O, concentrations (Moos and Boyle, 2019;
Goring-Harford et al, 2018; Janssen et al., 2020;
Nasemann et al., 2020; Huang et al., 2021; Janssen et al.,
2021). The spatial variability in seawater 5°>Cr values is pri-
marily controlled by the interconversions of Cr(VI) and Cr
(IIT) that occur in relation to the biological pump, and by
mixing of isotopically distinct water masses by ocean cur-
rents (Scheiderich et al., 2015; Janssen et al., 2020, 2021).
The biological pump operates in both oxygenated and de-
oxygenated regions of the oceans. Shallow marine carbon-
ate sediments deposited in oxygenated waters of the Carib-
bean and Bahamas record the same range of °>Cr values
(+0.6 to +0.7%0) (Bonnand et al., 2013) as recently depos-
ited sediments beneath the Peruvian ODZ (+0.4 to
+0.8%0) (Gueguen et al., 2016; Bruggmann et al., 2019)
and euxinic bottom waters of the Cariacao Basin (+0.5%o
to +0.7%o; Reinhard et al., 2014).

There is also no correlation between seawater [Crlr,
8%3Cr and dissolved oxygen in oxygen minimum zones
(OMZs) (Goring-Harford et al., 2018; Moos and Boyle,
2019) or ODZs (Nasemann et al., 2020; Huang et al.,
2021). Instead, strong correlations exist between total dis-
solved Cr and 8>Cr values in seawater on a global scale
(e.g., Scheiderich et al., 2015), and nutrient distributions

(N, P and Si) on the more local/regional scale (Campbell
and Yeats, 1981; Jeandel and Minster, 1987), lending sup-
port for the use of Cr isotopes in water-mass tracing, or
as a carbon export proxy (Scheiderich et al., 2015;
Janssen et al., 2020). Variations in 8>>Cr values in marine
sediments accumulating beneath ODZs may indirectly
track climate or ocean circulation-driven changes in the
area of oxygen-depleted waters (and underlying sediments),
but only because local/regional changes in oxygen utiliza-
tion positively correlate with similar scale changes in Cr
(IIT) exports. For example, a strong expansion of ODZs
in one or more oceanic regions could lead to a global
increase in seawater 5°°Cr values as the local effects of
increased C exports in ODZs is propagated via ocean circu-
lation. And as indicated above, such positive shifts might
still be found in other regions of the oceans during OAE
2. However, given the apparently widespread negative shift
in inferred seawater 8Cr in the proto-North Atlantic
region during OAE 2, the application of Cr isotopes as a
proxy for submarine volcanism also warrants consideration
when interpreting Cr isotope records of marine sediments in
the geological past.

Though it is generally agreed that hydrothermal contri-
butions to the Cr budget of the well oxygenated modern
ocean are negligible due to scavenging and removal of
hydrothermal Cr(III) by Fe-oxyhydroxides and Fe-
sulfides at ridge-crest hydrothermal vents (Jeandel and
Minster, 1984), there is still evidence that some hydrother-
mal Cr(III) escapes this fate in some locations. For exam-
ple, Sander and Koschinsky (2000) reported high
dissolved Cr(III) concentrations in the Fiji Basin, which
they attributed to seepages of low temperature fluids from
the basaltic sea floor and higher temperature fluids from
nearby hydrothermal vents. They credited Cr(III) stability
in these oxygenated waters to organic complexation, noting
the presence of dense bacterial mats and hydrothermal
fauna on the seafloor as plausible sources of organic matter.
In another study, basalt-seawater interactions along the
coast of Hawaii also show enrichments in dissolved trace
metals (Fe, Mn, Ni, Co, Cu, and Zn) in the areas where
lavas enter the oceans (Hawco et al., 2020). These are the
same metals that are commonly enriched with Cr in marine
carbonate deposited during OAE 2 (e.g., Orth et al., 1993;
Sinton and Duncan, 1997; Snow et al., 2005; Eldrett
et al., 2014, 2015a; and Jenkyns et al., 2017) though Cr
was not itself measured in the Hawaiian study. In seawater
near the Lesser Antilles Island Arc where mantle-derived
*He has been reported (Polyak et al., 1992), dissolved Cr
(IIT) concentrations correlate positively with dissolved Zn
concentrations, which Sander et al. (2003) attributed to
local hydrothermal inputs. Off the coast of Granada, sea-
water profiles sampled between 2 and 50 m also record
strong correlations (r* = 0.96) between dissolved Cr(III)
and Zn attributed to the release of these metals by sub-
marine hot springs that are common in the region
(Johnson and Cronan, 2001; Halbach et al., 2001). The cor-
relation between Cr(III) and Zn is also found in deeper
water profiles off the island of Dominica (800-1200 m),
and between 25 and 150 m in waters off the coast of St.
Lucia (Johnson and Cronan, 2001), further supporting
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the expectation that hydrothermally derived metals abun-
dances are expected to covary.

The evidence for hydrothermal Cr(IIl) in the modern
oceans presage the much larger inputs that would occur
in the geological past during periods of more pervasively
deoxygenated oceans, such as during the Precambrian when
atmospheric oxygen levels had not yet risen to modern
levels, or at any time in Earth history when submarine vol-
canic activity was high. Volcanically active marginal or
rifted marine basins are prime locations where shifts to
lower seawater-derived 8°°Cr values may be evident in set-
tings with locally elevated levels of submarine volcanism,
driving carbonate &°3Cr values towards, but not below,
the igneous inventory minimum. Additional supporting evi-
dence for submarine volcanism from other trace metals and
their isotopes, e.g., Fe, Ni and Zn isotopes, trace metal
abundance anomalies of basaltic affinity, Os concentra-
tions, and Os and Sr isotopes could be used together to
strengthen suspected connections between submarine vol-
canism and negative Cr isotope excursions, particularly in
cases where the peak minimum values reach the igneous
inventory value.

Because hydrothermal activity delivers Cr to the oceans
with a low and uniform 8>*Cr value compared to oxidative-
weathering inputs of Cr from the continental crust, seawa-
ter 8>3Cr is predicted to decrease during submarine erup-
tions of LIPs, but by how much depends on the balance
of the continental and hydrothermal input fluxes of Cr to
the oceans, the fraction of the hydrothermal Cr(III) flux
that is oxidized to Cr(VI), and the mechanism and fraction-
ation factor accompanying this oxidation. Oxidation of Cr
(IIT) could occur in contact with oxygenated seawater along
the margins of the anoxic plumes where high Mn(II) con-
centrations would encourage formation of nanoparticulate
Mn(III-1V) oxides which are strong oxidizing agents of Cr
(IIT) (Eary and Rai, 1987). On the other hand, high Fe(II)
concentrations in the plume would promote back-
reduction of Cr(VI) to Cr(IIl), as ferrous iron is a strong
reducing agent of Cr(VI) (Dessing et al., 2011). Literature
studies show that if oxidation-reduction is not quantitative,
the reactions tend to favor the accumulation of heavy iso-
topes in Cr(VI) (Bauer et al., 2019; Miletto et al., 2021).

It is therefore possible that the 8>*Cr value of seawater
decreased everywhere in the oceans during OAE 2 if suffi-
ciently large quantities of hydrothermal Cr(III) were oxi-
dized to Cr(VI) and the fractionation factor was small. If
this can be demonstrated with §>>Cr records from the Paci-
fic, it would further undermine the utility of 8°*Cr as a pale-
oredox proxy during OAE 2, while supporting its potential
as a proxy for submarine eruptions of LIPs. Indeed, there is
growing evidence that eruptions of other LIPs may have
occurred during OAE 2, such as the High Arctic LIP in
the Arctic Ocean (Schroder-Adams et al., 2019), and that
these may have also contributed to locally lowering the
83Cr value of seawater and marine sediments in other
regions of the oceans during OAE 2. These additional
sources of hydrothermal Cr(I1l), if subsequently oxidized
to Cr(VI), may have likewise contributed to the hypothe-
sized global decline in the 3%Cr value of the ocean Cr
(VI) reservoir as well. On the other hand, if the Caribbean

LIP were the main source of hydrothermal Cr(III) to the
oceans during OAE 2, the proto-North Atlantic may have
trapped and removed much of it before it could be oxidized
and thoroughly mixed by the ocean circulation regime.

5.5. Climate change did not cause the negative >>Cr
excursion during OAE 2

Jenkyns et al. (2017) tied trace metal anomalies in the
Plenus Marls in the English Chalk to changes in climate
rather than volcanism. Many of these metals, including
Cr, are enriched at the same stratigraphic interval as the
second step-shift to lower 8°>Cr values in the Tona-1 core,
and the main shift in Portland #1 core, which is the peak
negative shift that reaches igneous inventory values (Seg-
ment C, Figs. 3, 4). Jenkyns et al. (2017) suggested that
the correlation of this stratigraphic interval with the PCE
might imply a global-scale release of redox sensitive metals
from formerly anoxic marine sediment. Jenkyns et al.
(2017) further emphasized that their sediment release model
for metals does not require an additional volcanic or
hydrothermal input of Cr during OAE 2. They assumed
that the Cr sequestered by anoxic marine sediments
occurred during an earlier phase of OAE 2 and was origi-
nally Cr(VI) of seawater origin.

There are major problems with this hypothesis. First, it
conflicts with volcanic proxy indicators (Os, Sr isotopes)
(Sullivan et al., 2020; Nana Yobo et al., 2021) of increased
(not decreased) volcanism during parts of the PCE in
records from the WIS, and Nd isotope records from the
Anglo-Paris Basin (Zheng et al., 2013). Second, an evalua-
tion of the origins of the PCE by O’Connor et al. (2020)
concluded that cooling was more likely of regional than
global significance. Another problem is that the euxinic
marine sediments deposited at Demerera Rise, which are
an example of the source of trace metals proposed to be oxi-
dized and released to seawater during the PCE, have higher
333Cr values than the PCE-equivalent strata in the WIS.
Therefore, an endmember source of Cr with even lower
833Cr is required. When it is further considered that oxida-
tion of Cr(IIl) in sediments is unlikely to be quantitative,
which will promote the release Cr(VI) to seawater that is
higher in 8°3Cr than the sediment source (Bauer et al.,
2019; Miletto et al., 2021), it is clear that sediment release
of Cr cannot explain the peak negative 8Cr values in
the excursion interval during OAE 2. Even in sediments
where hydrothermal Cr(IIT) may have accumulated, partial
oxidation of Cr(II) would still favor the release of the
heavy Cr isotope.

Many other trace metals are commonly enriched in sed-
iments deposited during OAE 2, and most of them have two
or more isotopes that could be used to determine their ori-
gins. For example, anomalous concentrations of Zn occur
in the same stratigraphic intervals as Cr in the Iona core
and Gongzha section in Southern Tibet, and the shift to
negative 3°°Zn values has been interpreted to reflect new
inputs of LIP-derived hydrothermal Zn to the oceans dur-
ing OAE 2 (Sweere et al., 2020; Chen et al., 2021). More
work on transition metal isotopes like Zn that are
insensitive to environmental redox conditions could help
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to disentangle sedimentary and volcanic source of Cr to the
oceans during OAE 2.

5.6. Further notes on the speciation of Cr in marine carbonate
sediment and estimates of seawater 8>>Cr values before and
after OAE 2

The proposed interpretive model for post-depositional
uptake of Cr by marine carbonate sediments includes trans-
formations and fractionations of Cr(VI) and Cr(III) sources
that separately and together could impact the Cr isotope
values preserved in marine carbonates. Here we consider
the proportions of Cr(VI) and Cr(IIl) in the sediments.
The mass balance calculation from section 5.2 indicates that
96% of the Cr in the carbonates with the lowest 3>>Cr val-
ues may be attributed to the removal of hydrothermal Cr
(IIT) from seawater in the Iona-1 setting. It follows that
the speciation of Cr released by the acetic acid attack,
which was employed to dissolve carbonate minerals, must
be predominantly Cr(III) if the model presented here is cor-
rect, which also has implications for how Cr(III) is immobi-
lized and ultimately preserved in carbonate sediments.

Observations suggest that Cr(III) is associated with par-
ticles and therefore has a high likelihood of being incorpo-
rated into carbonate sediments. The association of Cr(III)
with phytoplankton is initiated in the water column as
shown by growth experiments using artificial seawater
doped with environmentally relevant concentrations of Cr
(VI) and radioactive SICr as a tracer (Semeniuk et al.,
2016). More Cr was found on the outside of the phyto-
plankton cells than within the cytoplasm of the cells, even
when the plankton were grown in seawater containing only
Cr(VI) species. This implies that reduction of Cr(VI)
occurred during phytoplankton growth. In subsequent
experiments where Cr(I11) was directly added to the artifi-
cial seawater, more Cr was adsorbed to cell surfaces. The
further addition of Fe to the culture medium resulted in
more uptake of Cr(III) by the plankton due to the adsorp-
tion/formation of amorphous Fe-oxyhydroxides on the cell
surfaces, which created additional exchange sites for the
adsorption of Cr(IIl) (Semeniuk et al., 2016). These exper-
imental results demonstrate the affinity of various types of
phytoplankton for the adsorption of Cr(III) and are rele-
vant for coccolithophorids, one of the main bioclastic con-
stituents of pelagic marine carbonate in the study core.
Coccoliths (plates or scales of low magnesium calcite) form
intracellularly within Golgi vesicles (Outka and Williams,
1971). To reach the outside of the cell the calcite plate must
be extruded through the cell wall. And as the outer cell wall
captures most of the seawater derived Cr(III) found in both
mineralized and unmineralized phytoplankton studied in
the growth experiments (Semeniuk et al., 2016), the Cr
delivered to the sediments by the pelagic rain of coccoliths
is most likely Cr(III) that is adsorbed to the cells, rather
than Cr(VI) that co-precipitated with the calcite.

Chromium (III) availability in surface waters is nor-
mally tied to Cr(VI) reduction, which is episodic and linked
to phytoplankton blooms (Connelly et al., 2006). During
OAE 2, when elevated sources of Cr(III) of hydrothermal
origin were available for scavenging, the locally produced

Cr(III) from reduction of Cr(VI) would be diluted. Particles
settling through the water column, including calcareous test
and coccoliths, would scavenge Cr(I1I) and transfer it to the
sediment. In the sediment, Cr(III) could then be mobilized
from the surfaces of the particles and transferred into
carbonate phases during syn-depositional diagenesis,
analogous to the incorporation of trivalent REE into
calcite (Marques Fernandes et al., 2008) with the
appropriate charge-balancing substitution of Ca for a
monovalent cation. Cr(III) could also translocate along
with reduced iron into carbonate bioclasts where it could
be immobilized by Fe-oxyhydroxides (Remmelzwaal
et al., 2019).

Scavenging of Cr(III) by sinking particles represents one
facet of the post-depositional uptake flux of Cr(IIl) into
marine sediments. Cr(VI) may also diffuse into pore waters
from bottom waters, and then reduced to Cr(IIl) in the
anoxic interiors of bioclastic grains, as discussed above.
There is also the spatial variability in the pore fluid redox
conditions to consider, especially in shallow water sedi-
ments prone to disturbances by waves, currents, and mixing
by bioturbating organisms. Moreover, Cr(VI) is also
known to adsorb to carbonate mineral surfaces
(Albadarin et al., 2012). Sediments that remain in contact
with seawater for longer periods of time before they are
buried should acquire higher Cr concentrations (Holmden
et al., 2016; Remmelzwaal et al., 2019). Ultimately, Cr
(VI) and Cr(IIl) may both become incorporated into new
carbonate overgrowths and cements regardless of their
sources and original oxidation states. The key point is that
an acetic acid leach of a carbonate bioclast or sediment will
release more Cr than that which only resides in the lattice
framework of carbonate minerals.

Though the spectrum of possible mechanisms control-
ling post-depositional uptake and fractionation of
seawater-derived Cr into carbonate sediments are poten-
tially large, the similarity in Cr concentrations between
modern and ancient marine carbonates suggests that there
are dominant pathways by which carbonate sediments
accumulate seawater-derived Cr that are consistent in space
and time. To illustrate, the [Cr] in pelagic marine carbonate
sediments deposited before and after OAE 2 in the WIS
range between 0.6 and 16 ppm (Table 1 and Holmden
et al., 2016), which fall within the range of Cr concentra-
tions in shallow-water carbonate sediments in the Carib-
bean Sea (2.9-9.2 ppm) (Holmden et al, 2016) and
Bahamas platform (1.3-3.9 ppm) (Klaebe et al., 2021).
The range of Cr concentrations in buried carbonate sedi-
ments draping the margins of the Bahamas platform
(Klaebe et al., 2021) record higher Cr concentrations (0.9
to 19 ppm) but the median Cr concentration of 6.6 ppm
falls in the range of the other reported values. Though the
range may seem to be potentially significant at first glance,
it is worth remembering that there is 7-100 times more Cr
than Ca in marine carbonates than seawater, which makes
the approximately ten times range of Cr concentration in
modern marine carbonates seem small by comparison. This
suggests that similar mechanisms are controlling post-
depositional uptake of Cr into marine carbonate sediments
in different settings.



Table 1

Chromium concentration and isotope data from carbonate fractions of the Iona-1 Core.

Depth  Carb Weight fraction® Cr ID (ppm)® Al (ppm)°  Ti (ppm)° &83Cr? 2se°  Corrected For Al Corrected For Ti
833Cr corr.  Cr carb (ppm)  Detrital fract.  8%Cr corr.  Cr carb (ppm)  Detrital fract.
85.31 0.95 1.25 75 0.01 1.10  0.11 1.13 1.22 0.03 1.10 1.25 0.00
89.32  0.42 3.32 80 0.00 1.32 0.03 1.34 3.28 0.01 1.32 3.32 0.00
90.57  0.59 2.07 146 0.13 1.41  0.02 1.47 2.00 0.03 1.41 2.06 0.00
90.57 0.44 5.32 44 0.00 1.41  0.02 1.42 5.30 0.00 1.41 5.32 0.00
90.83  0.17 1.93 35 0.00 1.61  0.02 1.62 1.92 0.01 1.61 1.93 0.00
92.73  0.43 1.53 359 0.30 093  0.05 1.06 1.36 0.11 0.93 1.53 0.00
9344 032 1.64 71 0.00 1.33  0.03 1.36 1.60 0.02 1.33 1.64 0.00
9422 0.43 1.77 58 0.03 1.25  0.06 1.27 1.74 0.02 1.25 1.77 0.00
9473 037 1.70 76 0.00 1.29  0.02 1.32 1.66 0.02 1.29 1.70 0.00
9532 0.20 1.58 44 0.00 1.00  0.01 1.02 1.55 0.01 1.00 1.58 0.00
96.10  0.59 2.29 100 0.04 091 0.04 0.93 2.24 0.02 0.91 2.29 0.00
97.41 047 2.20 73 0.00 0.99 0.03 1.01 2.17 0.02 0.99 2.20 0.00
98.08 0.36 1.01 97 0.00 0.85 0.03 0.89 0.96 0.05 0.85 1.01 0.00
98.56  0.41 4.00 61 0.06 1.72 0.04 1.73 3.97 0.01 1.72 4.00 0.00
100.30  0.32 5.24 183 0.09 033 0.06 0.34 5.15 0.02 0.33 5.24 0.00
100.90 0.51 1.98 236 0.83 023 0.02 0.25 1.86 0.06 0.23 1.97 0.01
101.83  0.25 2.61 50 0.25 0.03  0.03 0.03 4.01 0.01 0.03 4.03 0.00
102.21  0.33 4.03 334 1.25 022 0.02 0.23 5.59 0.03 0.23 5.73 0.00
102.63  0.19 5.75 132 0.00 -0.01 0.02 —0.01 5.68 0.01 —0.01 5.75 0.00
102.95 0.29 8.01 276 0.00 -0.09 0.07 —0.09 7.88 0.02 —0.09 8.01 0.00
103.33  0.15 15.84 1261 0.00 -0.12  0.02 -0.11 15.23 0.04 -0.12 15.84 0.00
103.44  0.63 7.08 37 0.12 0.06  0.02 0.06 7.06 0.00 0.06 7.08 0.00
103.54  0.19 6.56 105 0.00 -0.04 0.02 -0.04 6.51 0.01 —0.04 6.56 0.00
104.18  0.43 2.57 54 0.05 026 0.14 0.27 2.54 0.01 0.26 2.57 0.00
104.83  0.50 1.44 290 0.67 098  0.04 1.10 1.30 0.10 0.98 1.43 0.01
105.68  0.40 1.64 73 0.00 0.74  0.02 0.75 1.60 0.02 0.74 1.64 0.00
10596  0.42 0.81 70 0.30 0.74  0.05 0.77 0.78 0.04 0.74 0.81 0.00
106.45 0.33 3.05 254 1.10 0.83  0.03 0.87 293 0.04 0.84 3.04 0.00
106.50  0.45 2.60 72 0.00 1.35  0.02 1.37 2.57 0.01 1.35 2.60 0.00
106.94  0.51 0.97 152 0.03 0.68  0.11 0.74 0.90 0.08 0.68 0.97 0.00
107.17  0.55 2.02 153 0.41 0.72  0.02 0.75 1.95 0.04 0.72 2.02 0.00
108.77  0.43 0.62 111 0.29 0.99  0.09 1.10 0.57 0.09 1.00 0.62 0.01
109.22  0.45 1.59 28 0.00 0.87  0.03 0.88 1.58 0.01 0.87 1.59 0.00
110.01  0.43 4.52 31 0.00 1.75  0.03 1.75 4.50 0.00 1.75 4.52 0.00
110.49 0.43 4.29 71 0.27 1.86  0.03 1.87 4.26 0.01 1.86 4.29 0.00
111.36  0.47 5.71 115 0.25 1.59  0.05 1.60 5.65 0.01 1.59 5.70 0.00
111.88  0.36 3.42 90 0.89 1.60  0.05 1.62 3.37 0.01 1.61 3.41 0.00
112.77  0.41 3.19 167 0.00 1.73  0.03 1.78 3.11 0.03 1.73 3.19 0.00
11342 0.21 2.71 55 0.00 1.99  0.02 2.01 2.68 0.01 1.99 2.71 0.00
114.04  0.65 2.00 73 0.09 1.66  0.03 1.69 1.96 0.02 1.66 2.00 0.00
114.50 0.21 4.30 50 0.00 1.93  0.04 1.93 4.27 0.00 1.93 4.30 0.00
11545 0.41 1.49 305 0.31 .72 0.02 1.92 1.34 0.10 1.73 1.48 0.00

0ST1
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0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

4.36
3.00
6.82
4.46
1.87
3.93
4.38
3.68

1.60
1.56
1.76
1.47
1.55
1.54
1.73
1.46

0.03
0.00
0.02
0.07
0.02
0.05
0.01
0.06

4.25
2.99
6.70
4.17

1.64
1.56
1.80
1.58
1.58
1.62
1.74
1.55

0.02
0.11
0.02
0.02
0.02
0.09
0.04
0.02

1.59
1.55
1.76
1.47
1.54
1.54
1.73
1.46

0.56
0.41
0.42
0.55
0.18
0.45
0.00
0.47

248
28

4.37
3.00
6.82
4.47
1.87
3.93
4.38
3.69

0.49
0.45
0.44
0.41
0.54
0.45
0.43
0.42

119.77

120.40

260
617
94

121.09
123.14

1.83
3.76
4.35
3.48

123.68

373
59
434

124.03

125.13

127.31

* Gravimetric determinations after acidification to remove carbonate minerals.

® Cr concentration measured by isotope dilution thermal ionization mass spectrometry.
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¢ Concentration reported on a carbonate basis (i.e., the weight of residue is subtracted from the total weight of the sample).

9 Measured 5°*Cr on acid soluble fraction of the samples.

¢ 2 s.e. is twice the standard error of the mean derived from the mass spectrometric measurements.

The relatively narrow range of 5°>Cr values in modern
marine settings with values ranging between ~0.6 and
0.9%0 (Holmden et al., 2016; Klaebe et al., 2021) suggest
that fractionation effects are reproducible as well. Even
the buried carbonates from the margins of the Bahamas
platform with a range of potentially important early diage-
netic effects to consider (Wang et al., 2021) fall in the range
of carbonate sediment 8>*Cr values that have not been bur-
ied (0.70%0 +0.20), except for pervasively dolomitized car-
bonates. The only modern locations where both seawater
and carbonate sediment have been analyzed to date are in
the Caribbean Sea, which Holmden et al. (2016) used to
determine an apparent isotope fractionation (A8>*Cryed;.
ment seawater) Of —0.46 %o £ 0.14 (20).

As stated above, the average Cr concentrations in car-
bonate sediment deposited in the Iona-1 (0.5-16 ppm)
and Portland # 1 (1.4-20 ppm) core settings before and
after OAE 2 are typical when compared to Cr concentra-
tions in modern carbonate sediment. In contrast, the
333Cr values are higher than modern marine carbonates,
yielding ~+1.5%0 (£0.01, 15) before OAE 2 and ~+1.1%0
(£0.02, 10) after OAE 2 in the Iona-1 core, compared to
~0.6-0.9%0 in modern marine carbonates. Applying the
nominal correction of —0.46% (Holmden et al., 2016) to
these data produces estimates of seawater 8°-Cr values of
~+2.0%0 before and ~+1.6%0 after OAE 2 in the Iona-1
core setting. We do not apply the fractionation correction
to the carbonates deposited during OAE 2 because they
are interpreted as mixtures of seawater Cr(VI) to which
the fractionation factor would apply, and hydrothermal
Cr(III) to which it would not apply. The +2.0%0 estimate
for seawater before OAE 2 is higher than modern seawater
(+0.9 to +1.6%0) (Bonnand et al., 2013, Scheiderich et al.
2015), but within the expected range for increased export
fluxes of isotopically light Cr(III) into marine sediments
due to increased local and/or global primary productivity.
Alternatively, these higher values could reflect different
pathways and mechanisms for Cr uptake and related frac-
tionation factors. Either or both explanations could
account for the 0.5%o lower inferred seawater >°Cr in the
Portland #1 core setting compared to the setting of the
Iona-1 core (Fig. 4), in addition to uncertainties associated
with the detrital correction. This could indicate differences
in water mass origins between the two settings before
OAE 2, consistent with greater circulation restrictions due
to lower sea level, supported by faunal evidence for greater
Boreal influences at this time in the south-central WIS (van
Helmond et al., 2014; Eldrett et al., 2014). Circulation
restriction was eased at the onset of OAE 2, which coin-
cided with the late Cenomanian transgression (Eldrett
et al., 2015a; Minisini et al., 2018).

6. CONCLUSIONS

The decrease in sedimentary 8>>Cr values in the proto-
North Atlantic region during OAE 2 does not directly
reflect the expansion and contraction of ocean anoxia,
which predicts an increase in seawater 3>>Cr as the oceanic
inventory of Cr(VI) decreases. This expectation assumes
that all other fluxes and fractionation factors associated
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with redox changes and removal of Cr from seawater
remain constant. It is proposed instead that LIP volcanism,
the proposed trigger for OAE 2, generated large hydrother-
mal input fluxes of Cr(IIl) to the oceans that lowered sedi-
mentary 8>>Cr values in the proto-North Atlantic region
where this study and two others from the literature are
focused. The lowest 8>*Cr values that are observed in the
Tona-1 core at ~105 m depth, which is roughly equivalent
to the lower part of the PCE recorded in the Anglo-Paris
Basin, are indistinguishable from the igneous inventory
value. This is interpreted as evidence that the oxidation
state of hydrothermal Cr(III) was not isotopically fraction-
ated between source and sink, implying that deep waters
between the eastern Pacific and proto-North Atlantic were
anoxic in the metal-enriched interval of the PCE, which
contradicts hypotheses that anoxia decreased in the global
ocean at this time during OAE 2.

Records of changing sedimentary 3>*Cr values during
OAE 2 may indirectly imply local or even global redox
shifts during OAE 2 but not in the interpretive framework
that has been usually implemented. Instead of reflecting iso-
tope fractionation associated with Cr reduction, these
records can indirectly indicate periods of expanded marine
anoxia caused by increased submarine volcanism (Sinton
and Duncan, 1997), which created favorable redox condi-
tions for the spread of organically-complexed hydrothermal
Cr(III) (with igneous inventory values) away from the LIP
eruption site. This in turn generated anomalously low car-
bonate 33Cr values in regions affected by the dispersal of
hydrothermally sourced Cr(I1I), and anomalously high car-
bonate concentrations of Cr and other trace metals of
basaltic affinity.

The record of Cr cycling during OAE 2 in the proto-
North Atlantic and WIS is strongly influenced by its small
volume (5% of the global ocean volume), its quasi-estuarine
circulation, and the proximity to the eruption of the Carib-
bean LIP near the ocean gateway to the proto-North Atlan-
tic in the present-day Central Americas (Trabucho
Alexandre et al., 2010), and possibly the High Arctic LIP
(Schroder-Adams et al., 2019; Sullivan et al., 2020). How
the ocean Cr cycle responded to OAE 2 outside of the
proto-North Atlantic region requires further study. Did
hydrothermal Cr(III) circulate to the South Pacific during
OAE 2, escaping oxidation to Cr(VI) as a result of globally
extensive anoxia? What fraction of the hydrothermal
Cr(IIl) input to the oceans was oxidized to Cr(VI)? And
what effect did this have on the globally weighted average
5°3Cr value of the ocean Cr reservoir during OAE 2?
Additional 8>3Cr records from other oceanic regions are
needed to address these outstanding questions on the speci-
ation, circulation, and transport of hydrothermal Cr in the
oceans during OAE 2.
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