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In order to advance our understanding of the emerging chromium (Cr) isotope system as a paleoredox proxy, we
measured the 53Cr/52Cr of black shales deposited before, during, and after Cretaceous Oceanic Anoxic Event 2
(OAE2). We observed a N1‰ coherent negative 53Cr/52Cr excursion and significant drawdown in Cr enrichments
during OAE2 coincident with a large positive carbon isotope excursion. Our observed negative 53Cr/52Cr excur-
sion during OAE2 is most easily linked to an increase in the ratio of euxinic to reducing conditions. Additional
work on other OAE sections is needed to determine the spatial significance of this Cr isotope trend.
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1. Introduction

Marine redox changes are closely linked to secular and oscillatory
climate shifts, marine nutrient disturbances, and life evolution
(Sarmiento et al., 1998; Saltzman, 2005; Holland, 2006; Knoll and
Sperling, 2014; Lyons et al., 2014; Planavsky et al., 2014). Previous
paleoredox reconstructions (e.g., Meyer and Kump, 2008; Lyons et al.,
2009; Poulton and Canfield, 2011) have focused primarily on relatively
extreme redox states such as euxinic ([O2] = [Fe(II)] = 0, [S(−II)] N 0)
or ferruginous bottomwaters ([O2] = S(− II) = 0, [Fe(II)] N0). Howev-
er, reducing bottom waters that are conducive to nitrate or manganese
reduction but are neither ferruginous nor euxinic) (see Canfield and
Thamdrup, 2009), such as those within oxygen minimum zones
(OMZs), account for much larger proportions of the predominantly
oxic modern marine environment. Sediments underlying reducing bot-
tom waters are potentially very important in controlling globally inte-
grated fluxes of a wide range of oceanographic tracers, and may be
expected to respond very sensitively to large changes in ocean chemis-
try and circulation. Yet few geochemical tools are suited to delineating
the roles of reducing settings in structuring ocean chemistry and
en, CT 06511, USA.
elemental isotope mass balance. Here, we present the first attempt of
using the emerging chromium isotope system to track the evolution of
reducing bottom waters.

Chromium is a transition metal with two dominant valence states:
Cr(VI) and Cr(III). At circum-neutral pH, Cr(VI) is soluble while Cr(III)
is sparingly soluble (Rai et al., 1989), although some Cr(III) can be
solubilized by organic ligands (Nakayama et al., 1981). During global
Cr biogeochemical cycling (Fig. 1), the insoluble Cr(III) in continental
rocks is first oxidized to soluble Cr(VI) during oxidative weathering.
The oxidation is extremely sluggish, but can be catalyzed bymanganese
oxides (e.g. Eary and Rai, 1987; Fendorf and Zasoski, 1992). The oxi-
dized mobile Cr(VI), along with a small amount of organic-bound
Cr(III), moves into rivers, eventually reaching the ocean as its primary
Cr source. Within the ocean, Cr(VI) is primarily removed from seawater
through reduction to insoluble Cr(III), with a small amount of Cr re-
moved by other processes, such as adsorption to oxides and clay min-
erals, and uptake by biomineralization (e.g., Jeandel and Minster,
1987). Natural Cr(VI) reductants include ferrous iron (e.g. Fendorf and
Li, 1996; Sedlak and Chan, 1997), iron sulfide (Patterson et al., 1997),
hydrogen sulfide (Kim et al., 2001), organic substances (Wittbrodt and
Palmer, 1996), andmicrobialmetabolism (e.g.Wielinga et al., 2001). Al-
though the standard redox potential of the Cr(III)–Cr(VI) couple indi-
cates that reduction of Cr(VI) requires iron reducing conditions, some
microorganisms can reduce Cr(VI) under denitrifying conditions
(Murray et al., 1983).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2016.03.006&domain=pdf
http://dx.doi.org/10.1016/j.chemgeo.2016.03.006
mailto:xiangli.wang@yale.edu
http://dx.doi.org/10.1016/j.chemgeo.2016.03.006
http://www.sciencedirect.com/science/journal/00092541
www.elsevier.com/locate/chemgeo


Fig. 1.A cartoon showing a simplified Cr cycle in themodern ocean. The area surrounded by the dotted border represents the OxygenMinimum Zones (OMZs), with the oxygen being the
lowest in the center surrounded by the solid curve. The letters A, D, H, P, R, and V refer to adsorption, diffusion, hydrothermal alteration of oceanic basalt, coprecipitation, reduction, and
submarine volcanism. References: [Cr] from Jeandel and Minster, 1987; Cr residence time (τ) and ocean reservoir size (Σ) from Reinhard et al., 2013.
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The magnitude of chromium isotope fractionation depends on the
redox state of the overlying water column. When the water column is
anoxic and contains ferrous iron or hydrogen sulfide, Cr(VI) can be
quickly and quantitatively removed, leaving no apparent isotope
fractionation (Frei et al., 2009; Reinhard et al., 2014). In contrast, if the
water column is reducing,water-column Cr(VI) reduction can be partial
(Murray et al., 1983), and thus leads to appreciable Cr isotope fraction-
ation. Furthermore, in areas of high productivity (e.g. OMZs), the sedi-
ments could be reducing even though the bottom water could be
partially oxic. In these areas, Cr(VI) can diffuse into the sediments to
be reduced. The remaining, isotopically fractionated Cr(VI) then diffuses
upward to mix with the overlying water column. During partial reduc-
tion, lighter isotopes (e.g. 52Cr relative to 53Cr) preferentially enter
into the products, pushing the remaining solution to higher 53Cr/52Cr
(e.g. Ellis et al., 2002; Schauble et al., 2004; Basu et al., 2014; Reinhard
et al., 2014;Wang et al., 2015). The size of the isotope fractionation de-
pends primarily on the length of diffusional transport relative to the ki-
netics of reduction (Bender, 1990; Clark and Johnson, 2008; Reinhard
et al., 2014). Based on these premises, Cr isotopes have provided new in-
sights into the oxygenation of the Early Earth (Frei et al., 2009; Crowe
et al., 2013; Planavsky et al., 2014), and have served as a monitor for
remediating Cr(VI) contamination in groundwater (e.g. Ellis et al.,
2002; Wanner et al., 2011; Izbicki et al., 2012).

The Cr isotope system as a paleoredox proxy has mostly been ap-
plied to marine redox evolution when the ocean–atmosphere system
was first transitioning from a complete anoxic to a partially oxic state
(Frei et al., 2009; Crowe et al., 2013; Planavsky et al., 2014). To advance
our understanding of using the Cr isotope system to trackmarine redox
fluctuation during the Phanerozoic, a period when marine redox has
varied from being oxic to dysoxic to fully anoxic on a variety of spatio-
temporal scales, we have explored one of the most well-constrained
global perturbations to marine redox and Earth's carbon cycle in the
rock record—the Cenomanian–Turonian Oceanic Anoxic Event (OAE2).

2. Oceanic Anoxic Events

Oceanic Anoxic Events (OAEs) were first defined by Schlanger and
Jenkyns (1976) based on recognition of widespread distribution of coe-
val organic-rich shales during the Mesozoic Era. Black shales deposited
during OAEs are thought to record geologically rapid climate events
and concomitant biotic extinctions (Jenkyns, 2010). Enhanced primary
productivity and a warm climate in the Mesozoic lead to expansion of
euxinic deep seawaters (Arthur and Sageman, 1994; Jenkyns, 2010).
These anoxic conditions, in turn, favor organic preservation, leading to
large organic and inorganic positive carbon isotope excursions during
OAEs (Turgeon and Creaser, 2008 and references therein). However,
the extent of reducing deep water across OAEs has been less well under-
stood. Specifically, it is yet to be determinedwhether expansion of anoxia
occurred at the cost, or with concurrent expansion of reducing waters.

Among the Mesozoic OAEs, the one spanning the Cenomanian–
Turonian Boundary (93.55 Ma, Sageman et al., 2006)—referred to as
OAE2—is one of the most widespread and well-studied (e.g. Arthur
and Sageman, 1994; Jenkyns, 2010). The duration of the event, howev-
er, is still debated, ranging from 240 kyr to 885 kyr (Kuhnt et al., 1997;
Sageman et al., 1997; 2006; Prokoph et al., 2001). Althoughmulti-proxy
analyses have pointed to widespread anoxia during OAE2 (Damsté and
Köster, 1998; Kuypers et al., 2002; Pancost et al., 2004), recent
geochemical data and modeling suggest that the expanded euxinia
was still limited to a relatively small proportion of the ocean (Owens
et al., 2013).

3. Samples

During Ocean Drilling Program Leg 207, cores were drilled at Site
1258 on the Demerara Rise (latitude = 9°26.000′ N and longitude =
54°43.999′ W, water depth = 3192.2) (Shipboard Scientific Party,
2004) (Fig. 2). The sediments were deposited on a passive-margin as
Africa and South America separated during the early Cretaceous
(Shipboard Scientific Party, 2004). Three drill cores (1258A–C)
from this site recovered sediment successions deposited from
the Albian to the middle Eocene, which can be divided into 5
lithostratigraphic units. Samples in this study were taken from unit IV
(393.73–449.56 mcd, or meters composite depth, MacLeod et al.,
2008). Unit IV is comprised of finely laminated calcareous clayswith or-
ganic matter (5 to 30%, see Hetzel et al., 2006; 2009), and clayey chalk
and limestone with organic matter. Fossils include well-preserved
shells, occasional phosphorus nodules, and rare concretionary lime-
stone nodules. The OAE2 interval (422–426 mcd) is clearly delineated
by a ~6‰ positive δ13C excursion preserved locally in sedimentary or-
ganic matter (Erbacher et al., 2005). Pyrite morphology in the OAE2
black shale interval is largely framboidal (Hetzel et al., 2009), indicating
an absence of post-depositional sulfide alteration.

4. Methods

Powdered samples were ashed for ~12 h at 450 °C and then
completely digested with a combined HF–HNO3–HCl procedure (see
Reinhard et al., 2014). All acidswere trace-metal grade. Chromium,mo-
lybdenum, titanium, and other element concentrations were deter-
mined via ICP-MS analysis on an Agilent 7500-ce in collision cell



Fig. 2. Location of ODP sites 1258 and 1260 plotted on a paleogeographic map reconstructed for ~90 Ma, modified from Du Vivier et al. (2014). Our Cr isotope data are from Site 1258;
previous Os isotope data (Turgeon and Creaser, 2008; Du Vivier et al., 2014) are from Site 1260. The rectangle shows the details of the Demerara Rise where the cores were taken. Also
shown are the contemporaneous large igneous provinces (LIP).
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mode. Themeasured Cr concentrationwas used to calculate the amount
of 54Cr–50Cr double spike (composition provided in Wang et al., 2016)
to add to samples before ion exchange column chemistry. The
54Cr–50Cr double spike technique corrects artificial fractionation during
sample preparation and analysis (Ellis et al., 2002; Schoenberg et al.,
2008).

Chromium was purified from sample matrix following methods in
Schoenberg et al. (2008). Briefly, spiked sample aliquots were slowly
evaporated to dryness, and then redissolved in 0.025 N HCl and
0.02 M (NH4)2S2O8. The sample solutions were heated in sealed Teflon
beakers at 130 °C on hot plates for 2 h to oxidize all Cr to chromate.
Cooled samples were centrifuged and the supernatants were directly
loaded onto pre-cleaned Bio-Rad PolyPrep columns charged with 2 mL
AG1-X8 resin (100–200 mesh). Matrix elements were eluted by 0.2 N
HCl and 2 N HCl. Chromate was then reduced and rinsed off the resin
by 2 N HNO3 doped with 0.5% (v/v) H2O2.

The purified Cr was dissolved in 0.3 N HNO3 with 250 ppb [Cr] for
isotope measurement on a Nu PlasmaMC-ICP-MS. The solution was in-
troduced to the plasma via a desolvation nebulizer (Nu Plasma DSN
100). The instrument was set at pseudo-high resolution mode to avoid
polyatomic interferences at masses 52 (40Ar12C), 53 (40Ar13C), and 54
(40Ar14N) (Weyer and Schwieters, 2003). Trace amount of 54Fe, 50Ti,
and 50V was corrected for based on 56Fe, 49Ti, and 51V signals and natural
abundances (54Fe/56Fe=15.6979; 50Ti/49Ti=0.9586; 50V/51V=0.0024).

Measurements consisted 5 blocks of 50 cycles, each cycle lasting
4.19 s. True 53Cr/52Cr ratios were extracted from raw ratios using an it-
erative method described in Johnson et al. (1999). Extracted 53Cr/52Cr
ratios are converted to δ53Cr by normalizing to standard NIST SRM 979.

Data quality was ensured bymeasuring blanks, processed NIST SRM
3112a, and processed USGS BHVO-2. Unprocessed NIST SRM 979 was
also run every three samples to monitor instrument drift. The blank
level ranged from 10–20 ng, which was negligible compared to the
1–2 μg sample Cr. Processed NIST SRM 3112a and USGS BHVO-2
returned −0.01 ± 0.07‰ (2 s.d., n = 6) and −0.13 ± 0.09‰ (2 s.d.,
n = 12), respective, consistent with previous studies (Schoenberg
et al., 2008). The 2 s.d. of USGS BHVO-2 (0.09‰) is used as the external
uncertainty for the δ53Cr values reported in this study.

Measured δ53Cr can be corrected for detrital component to obtain
the authigenic δ53Cr, according to:

δ53Crauth ¼ δ53Crbulk � δ53Cr det 1 � f authð Þ
� �

= f auth ð1Þ
where δ53Crauth, δ53Crbulk, and δ53Crdet refer to the Cr isotopic composi-
tions for the authigenic, bulk, and detrital components, respectively.
Further, fauth refers to the fraction of authigenic Cr, defined as:

f auth ¼ Cr½ �bulk � Ti½ �bulk Cr=Tið Þ det
� �

= Cr½ �bulk ð2Þ

where [Cr]auth, [Cr]bulk, [Ti]bulk, and (Cr/Ti)det correspond to the
authigenic Cr concentration, bulk Cr concentration, bulk Ti concentra-
tion, and the Cr/Ti ratio of detrital sediments. The (Cr/Ti)det can be esti-
mated by the value of the upper continental crust (0.016–0.024)
(Condie, 1993; McLennan, 2001; Rudnick and Gao, 2003), although its
value may slightly vary geographically (more below).

5. Results

We found striking systematic negative excursions in δ53Cr and trace
element enrichments during the OAE2 interval (Table 1 and Fig. 3). The
redox sensitive elements Cr and Mo are reported as Cr/Ti and Mo/Ti ra-
tios to avoid potential complication due to varying sedimentation rate
and carbonate dilution effects. The trajectories of δ53Cr, Cr/Ti, and Mo/
Ti correlate well with previously reported δ13C excursion obtained in
the same cores (Erbacher et al., 2005).

The δ53Crbulk values stayed relatively constant before OAE2 with an
average bulk value of ~1.2‰, dropped to as low as ~0.2‰ with the
onset of OAE2, and then subsequently rebounded slowly to the pre-
OAE2 value (Fig. 3B). We observe a small transient decrease in both
δ53Cr and Cr/Ti just prior to the onset of OAE2. This transient shift, how-
ever, is very small relative to the major excursion. In addition, a slight
time offset between δ13C–δ53Cr–[Mo] and [Cr] trends is also observed.

The δ53Crbulk is positively correlated with Cr/Ti (Fig. 4A) when Cr/Ti is
lower than ~0.12, but δ53Crbulk reaches a plateau when Cr/Ti is higher
than ~0.12. The δ53Cr appears to be negatively correlated with total or-
ganic content, especially at high TOC concentrations (Fig. 4B). The Cr
and Mo enrichments are muted at low TOC levels, reaches a maximum
at ~10% TOC, and return to lowvalues at high TOC content (Fig. 4C andD).

6. Discussion

The observed negative δ53Cr excursion has three potential end-
member explanations: (1) seawater δ53Cr decreased due to non-redox
processes (hydrothermal, riverine input, seawater heterogeneity);
(2) seawater δ53Cr remained constant throughout OAE2, and the



Table 1
Geochemical results for black shale samples from ODP Leg 207 Site 1258. Sample label follows the convention of “leg-site&hole core-section interval”. Age model is constructed using a
sedimentation rate of 0.9 cm/kyr (Sageman et al., 2006; MacLeod et al., 2008). The authigenic fraction (fauth) is estimated using crustal Cr/Ti values of 0.03 (Methods section).

Sample label Depth Age TOC [Cr] [Ti] [Mo] δ53Crbulk δ53Crauth fauth

(mcd) Ma % μg g−1 μg g−1 μg g−1 ‰ ‰ –

207-1258A 42-4 18–20 cm 418.89 93.30 13.52 96.7 694.9 106.6 1.20 1.56 0.75
207-1258A 42-4 117.5–119 cm 419.89 93.41 13.42 56.9 822.6 0.72 1.35 0.49
207-1258B 45R-3 1–2 cm 420.19 93.44 11.24 77.6 1289.9 135.6 0.70 1.49 0.42
207-1258A 42-5 51–53 cm 420.68 93.49 16.45 44.3 588.0 0.82 1.43 0.54
207-1258A 42-5 119–121 cm 421.36 93.57 8.39 28.3 417.4 0.62 1.19 0.48
207-1258B 45-4 30–31 cm 421.89 93.63 10.40 71.5 753.6 83.6 0.99 1.49 0.63
207-1258B 45R-4 40–41 cm 421.99 93.64 7.12 72.9 620.5 57.4 0.89 1.23 0.70
207-1258A 42-6 82–83 cm 422.31 93.68 19.86 39.9 654.0 52.3 0.37 0.83 0.43
207-1258A 42-6 113–114 cm 422.62 93.71 18.84 67.1 955.4 0.66 1.23 0.50
207-1258B 45R-4 106–107 cm 422.65 93.71 14.63 89.5 1121.9 60.0 0.58 0.99 0.56
207-1258A 42-7 10–11 cm 422.99 93.75 20.60 77.8 1338.0 0.65 1.45 0.40
207-1258B 45R-4 148–149 cm 423.07 93.76 13.55 70.7 1108.0 29.7 0.27 0.60 0.45
207-1258A 42-7 100–101 cm 423.89 93.85 17.27 62.6 1624.0 0.32 1.79 0.09
207-1258C 17R-1 5–6 cm 424.84 93.96 20.81 76.1 1217.3 28.5 0.24 0.55 0.44
207-1258C 17R-1 80–81 cm 425.59 94.04 14.39 99.3 2728.7 29.3 0.25 1.87 0.04
207-1258C 17R-2 12–13 cm 426.30 94.12 7.11 51.9 511.1 91.5 1.11 1.61 0.66
207-1258C 17R-2 25–26 cm 426.43 94.13 11.04 187.4 748.3 82.4 1.23 1.41 0.86
207-1258C 17R-2 70–71 cm 426.88 94.18 4.47 46.5 412.2 67.2 0.86 1.21 0.69
207-1258C 17R-2 105–106 cm 427.23 94.22 5.93 109.7 777.9 59.0 1.05 1.36 0.75
207-1258C 17R-3 4–5 cm 427.42 94.24 1.80 30.0 291.8 25.9 1.06 1.54 0.66
207-1258C 17R-3 25–26 cm 427.63 94.27 11.73 248.0 1046.4 105.2 1.26 1.45 0.85
207-1258C 17R-3 45–46 cm 427.83 94.29 10.92 190.2 752.2 101.6 1.27 1.45 0.86
207-1258C 17R-CC 2–3 cm 427.98 94.31 11.85 197.4 798.7 95.1 1.22 1.41 0.86
207-1258C 17R-CC 15–16 cm 428.11 94.32 13.96 166.3 684.4 113.0 1.26 1.45 0.86
207-1258A 43-2 39–41 cm 428.15 94.32 12.85 155.3 786.3 1.20 1.43 0.82
207-1258A 43-3 2–3 cm 429.04 94.42 12.04 233.4 1289.0 1.14 1.39 0.81
207-1258A 43-3 68.5–70 cm 429.71 94.50 7.26 113.6 465.8 73.8 1.08 1.25 0.86
207-1258A 43-4 10–12 cm 430.17 94.55 9.70 116.7 676.2 1.14 1.40 0.80
207-1258A 43-4 39–40.5 cm 430.46 94.58 10.45 61.8 624.6 145.9 1.03 1.52 0.65
207-1258A 43-4 69–70 cm 430.76 94.61 11.71 195.2 698.3 53.3 1.13 1.28 0.87
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observed drop in sedimentary δ53Cr was caused by increased detrital
contribution; (3) seawater δ53Cr decreased due to ocean redox shifts.

6.1. Hydrothermal input of isotopically light Cr

Mantle Cr sources are expected to have high Cr content and slightly
negative δ53Cr values (−0.1 ± 0.1‰, Schoenberg et al., 2008; Farkaš
et al., 2013). Therefore, one possible hypothesis for the negative Cr iso-
tope excursion during OAE2 is an increased flux of isotopically light Cr
Fig. 3. Geochemical results across the Cenomanian–Turonian boundary at Site 1258 (A–D) and
and 187Os/188Os from Site 1260 are correlated using δ13C excursions from the two sites. The upp
minor excursion in δ53Cr. Notice the time offset between two δ53Cr excursions and the 187Os/188O
and osmium isotopes for Site 1260 from Turgeon and Creaser (2008) and Du Vivier et al. (201
from submarinehydrothermal activities (Holmden et al., 2014). Howev-
er, if this were true, Cr concentration in sediments should increase signi-
ficantly during active hydrothermal events, but the opposite is observed.

Another evidence against the hydrothermal hypothesis is the
decoupling between δ53Cr and 187Os/188Os excursions. Sharp drop in
187Os/188Os during OAE2 has been attributed to large igneous provinces
(e.g., Turgeon and Creaser, 2008; Du Vivier et al., 2014). However, the
187Os/188Os excursion predates the major δ53Cr excursion by ~23 kyr
(Turgeon and Creaser, 2008) (Fig. 3). Furthermore, the minor δ53Cr
Site 1260 (E–F). Note that A–D and E–F have different vertical scales. δ53Cr from Site 1258
er two dashed lines delineate the OAE2 interval. The third dashed line delineates the first
s excursion.Data sources: carbon isotopes for Site 1258 fromErbacher et al., 2005;. Carbon
4).



Fig. 4. Cross plots between δ53Crbulk and Cr/Ti (A), between δ53Crauth and TOC (B), between [Cr] and TOC (C), andbetween [Mo] and TOC. The plateau inA represents the average authigenic
Cr value mixed with detrital contamination. The zenith in B represents the best estimate for the authigenic Cr. The triangle shapes in the plots of Cr and Mo vs. TOC indicate that redox-
sensitive trace metal enrichments at Demerara Site 1258 were controlled not solely by TOC. The low Cr–Mo enrichments at high TOC content were likely due to drawdown of seawater
metal reservoir due to expanded ocean euxinia.
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excursion before the major one is not matched with a 187Os/188Os
counterpart.

6.2. Changes in riverine flux and isotope composition

The primary pathwayof Cr removal from seawater is via reduction of
Cr(VI) to insoluble Cr(III) (Jeandel andMinster, 1987). Partial reduction
preferentially removes lighter Cr isotopes leading to more positive sea-
water δ53Cr values. As a result, our working hypothesis is that seawater
δ53Cr values will be heavier than the globally integrated riverine input
to the oceans. Thus, another potential mechanism for shifting seawater
toward light δ53Cr values is by increasing the overall input flux. Howev-
er, at a constant seawater redox state, seawater δ53Cr should recover to
the initial state shortly after (a few Cr residence time, ~20–50 kyr) the
increased input flux, which is in contrast to the N200 kyr OAE2 during
which seawater δ53Cr was persistently shifted to much lower values.
Further, thismechanism should also increase the seawater Cr inventory,
which is inconsistent with the observed drop in Cr enrichments
(Fig. 3E).

Another possibility is a shift toward lighter δ53Cr values in the glob-
ally integrated riverine input. Existing experimental data suggest that
oxidation of Cr(III) induces−2.5‰ to +1.1‰ isotope fractionation, de-
pending on the phases of manganese oxides (Bain and Bullen, 2005;
Zink et al., 2010; Joshi et al., 2011). However, river waters measured
so far all have positive δ53Cr values, ranging from +0.2‰ to +3.9‰
(Farkaš et al., 2013; Frei et al., 2014), which is clearly fractionated
from the igneous rocks (−0.1 ± 0.1‰, Schoenberg et al., 2008; Farkaš
et al., 2013). Therefore, one plausible mechanism for shifting river
water δ53Cr to lighter values is by shiftingweathering towardmore con-
gruent dissolution that induces smaller isotope fractionation. Indeed,
recent lithium isotope data suggest a global shift toward more congru-
ent weathering at the onset of OAE2 (von Strandmann et al., 2013),
and this effectwould have pushed river δ53Cr values toward the bulk sil-
icate Earth value. However, we note that “congruency” may not neces-
sarily mean the same for Cr and Li, given that the former is redox
dependent while the latter is not. For Cr, the isotopic composition of
theweatheringflux is driven toward positive δ53Cr values by some com-
bination of oxidative, incongruentweathering processes (Frei and Polat,
2012; Crowe et al., 2013) and partial reduction of Cr(VI) during subsur-
face transport in watersheds (e.g., Ellis et al., 2002; Berna et al., 2010;
Izbicki et al., 2012). Although we cannot conclusively rule out changes
in either of these terrestrial processes during OAE2, there is no reason
to believe they would have undergone the drastic changes required to
lower river δ53Cr by nearly 1‰.

6.3. Impacts of marine Cr isotope heterogeneity

Recent seawater data reported by Scheiderich et al. (2015) suggest
that modern surface seawater is heterogeneous in δ53Cr. However, the
isotopic heterogeneity seems to be confined to the surface water, as
deep water masses with different sources in open Atlantic and Pacific
oceans have similar δ53Cr values (~0.5 ± 0.1‰, Bonnand et al., 2011;
Scheiderich et al., 2015). Further, the Beaufort Sea investigated by
Scheiderich et al. (2015) is a quasi-isolated basin with limited commu-
nication with open seawater; therefore, the heavier deep-water δ53Cr
values in this region (~1.1 ± 0.1‰) may not represent the deep water
of the open ocean. However, given that Cr concentration across OAE2
was significantly lower and thus Cr residence time should have been
shorter than in themodernworld, heterogeneous seawater δ53Cr during
OAE2 may be a significant issue.

Therefore, one explanation for the observed δ53Cr excursion may be
shifting water masses carrying different δ53Cr signals. Indeed, systemat-
ic changes in Nd isotope values throughout OAE2 at the same site ex-
plored here does suggest changing water masses throughout the



Fig. 5.Ahistogramof Cr/Ti in oxic sediments at Site 1258 (0–330mcd) (A), and δ53Cr plotted against the fraction of authigenic Cr (B). In A, the vertical dashed lines represent the estimated
range for the average upper continental crust (Condie, 1993;McLennan, 2001; Rudnick andGao, 2003). The Cr/Ti in the oxic section is used to correct for detrital component from the bulk
δ53Cr. The Cr/Ti from the oxic section of Site 1258 appears to be slightly higher than the estimated range for the upper continental crust,which could be due to slight authigenic enrichment
by adsorption. The solid line in B represents a two-endmember mixing between detrital component (δ53Cr value of ~−0.1‰ (Schoenberg et al., 2008; Farkaš et al., 2013) and authigenic
component (δ53Cr value of ~1.5‰). Themismatch between themixingmodel and observed data suggests that enhanced dilution by detrital Cr cannot explain the negative δ53Cr excursion
during OAE2.
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event (MacLeod et al., 2008). However, shifting water masses should
have resulted in synchronous shifts in seawater Cr concentration and
δ53Cr value, which contradicts with the time offset observed between
excursions for δ53Cr and Cr enrichment (Fig. 3).

6.4. Evaluating the effect of detrital dilution on the negative δ53Cr excursion

Asmentioned above, the detrital input is isotopically lighter than the
seawater. Therefore, the negative δ53Cr excursion during the OAE2 in-
terval could be due to increased detrital dilution. This hypothesis can
be tested by a simple two-endmember mixing model (δmix) between
detritally sourced Cr (δdet, −0.1 ± 0.1‰, Schoenberg et al., 2008;
Farkaš et al., 2013) and authigenic Cr (δauth):

δmix ¼ f auth � δauth þ 1− f authð Þ � δ det: ð3Þ

The δauth value can be approximated by the plateau value in
Fig. 4B (δauth = ~1.5‰). The δdet is based on a suite of pelagic
siliciclastic sediments (Schoenberg et al., 2008; Reinhard et al.,
2014). The fauth value is given by Eq (2) using an (Cr/Ti)det value of
0.022, based on the oxic sediments at Site 1258 (Fig. 5A, data from
Hetzel et al., 2006). This value is consistent with the average upper
continental crust (Condie, 1993; McLennan, 2001; Rudnick and
Gao, 2003). There are no major or trace element characteristics
(e.g., Sr/Ti and Ti/Al, Hetzel et al., 2006) that would suggest a major
shift in weathering intensity or provenance between sediments in
the OAE2 interval and the overlying oxic sediments. Therefore, the
Cr/Ti ratio from the oxic section can be applied to the investigated
section.

Fig. 5B shows that a simple two-endmember mixing between de-
trital and authigenic Cr cannot fit all of the observed δ53Cr. This sug-
gests that redox condition, rather than detrital dilution, influenced
the Cr isotope fractionation during sequestering into the sediments
at Site 1258.

6.5. Implications for seawater redox

Extensive geochemical evidences have pointed to persistent bot-
tom water euxinia throughout the investigated section (Hetzel et al.,
2009). Euxinia is marked by strong sedimentary Cr and Mo enrich-
ments throughout the section, except within the OAE2 interval,
when Cr and Mo dropped. Paleontological evidence indicates that
occasional short-lived oxic events occurred within OAE2, but these
events are unlikely to have had a major effect on bulk geochemical
signals (Hetzel et al., 2009). The observed drop in redox-sensitive
trace metal enrichments during peak OAE2 can been attributed to
depletion of seawater metal reservoir due to expansion of the spatial
extent of seawater euxinia (Hetzel et al., 2009). Therefore, the Cr iso-
tope trend in the examined interval at Site 1258 is not likely to be
controlled by local redox state (there was euxinia before, during,
and after the peak OAE). Although the observed drop in δ53Cr could
be tied in part to decreased Cr enrichments—and thus a greater detri-
tal Cr contribution, detrital dilution is not the sole explanation for the
δ53Cr excursion (see above).

We propose that the observed negative δ53Cr excursion is linked to a
decrease in seawater δ53Cr values. A drop in seawater δ53Cr would re-
quire burying less isotopically light Cr (keeping river input the same;
see above). This requires an increase in the amount of Cr removed
through near quantitative reduction, which is expected in euxinic con-
ditions (e.g. Reinhard et al., 2014; see above). In this light, the observed
sedimentary δ53Cr drop can be linked to an increase in euxinic water at
the expense of reducing waters (where Cr burial will be accompanied
by an isotope fractionation) during the onset of OAE2. This interpreta-
tion could be confirmed by trying to reproduce our results from other
OAE2 sections.

Recent results from Scheiderich et al. (2015) reported heteroge-
neous seawater δ53Cr, meaning the Cr isotopes may only serve as a re-
gional redox proxy. The residence time of Cr in the modern ocean
(with 4 nM total Cr, see Reinhard et al., 2013) is ~9 kyr, which is longer
than the ocean mixing time of ~1 kyr (Broecker and Peng, 1982), but
still much shorter than other well-known global redox proxies (Mo
and U). Seawater Cr heterogeneity would be particularly true under ex-
tremely low Cr concentrations like those during OAE2. Therefore, as-
suming the δ53Cr excursion is linked to an increase in euxinic waters
at the expense of reducing waters, additional modeling and geochemi-
cal work on other OAE2 sections is needed to determine the spatial sig-
nificance (local vs. regional vs. global) of the observed Cr isotope
exchange.
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