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[1] The global carbon cycle during the mid-Cretaceous (�125–88 million years ago, Ma)
experienced numerous major perturbations linked to increased organic carbon burial
under widespread, possibly basin-scale oxygen deficiency and episodes of euxinia
(anoxic and H2S-containing). The largest of these episodes, the Cenomanian-Turonian
boundary event (ca. 93.5 Ma), or oceanic anoxic event (OAE) 2, was marked by pervasive
deposition of organic-rich, laminated black shales in deep waters and in some cases
across continental shelves. This deposition is recorded in a pronounced positive carbon
isotope excursion seen ubiquitously in carbonates and organic matter. Enrichments of
redox-sensitive, often bioessential trace metals, including Fe and Mo, indicate major
shifts in their biogeochemical cycles under reducing conditions that may be linked to
changes in primary production. Iron enrichments and bulk Fe isotope compositions track
the sources and sinks of Fe in the proto-North Atlantic at seven localities marked by diverse
depositional conditions. Included are an ancestral mid-ocean ridge and euxinic,
intermittently euxinic, and oxic settings across varying paleodepths throughout the basin.
These data yield evidence for a reactive Fe shuttle that likely delivered Fe from the shallow
shelf to the deep ocean basin, as well as (1) hydrothermal sources enhanced by accelerated
seafloor spreading or emplacement of large igneous province(s) and (2) local-scale Fe
remobilization within the sediment column. This study, the first to explore Fe cycling
and enrichment patterns on an ocean scale using iron isotope data, demonstrates the
complex processes operating on this scale that can mask simple source-sink relationships.
The data imply that the proto-North Atlantic received elevated Fe inputs from several
sources (e.g., hydrothermal, shuttle and detrital inputs) and that the redox state of the
basin was not exclusively euxinic, suggesting previously unknown heterogeneity in
depositional conditions and biogeochemical cycling within those settings during OAE-2.

Citation: Owens, J. D., T. W. Lyons, X. Li, K. G. Macleod, G. Gordon, M. M. M. Kuypers, A. Anbar, W. Kuhnt,
and S. Severmann (2012), Iron isotope and trace metal records of iron cycling in the proto-North Atlantic during the
Cenomanian-Turonian oceanic anoxic event (OAE-2), Paleoceanography, 27, PA3223, doi:10.1029/2012PA002328.

1. Introduction

[2] The Late Cretaceous greenhouse interval peaked
during the late Cenomanian and early Turonian, and the
Cenomanian-Turonian boundary coincides with a major

perturbation of the global carbon cycle [Scholle and Arthur,
1980; Schlanger et al., 1987; Arthur et al., 1988] reflected
in extensive deposition of laminated black shales. These
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perturbations resulted from either increased primary pro-
duction [Schlanger and Jenkyns, 1976], enhanced organic
matter preservation under oxygen-deficient depositional
conditions [Barron, 1983; Schlanger et al., 1987], or some
combination of both. Associated with elevated temperatures
[Huber et al., 1995] and thus lower oxygen solubility, along
with enhanced carbon delivery, the environmental conditions
of the basinal proto-North Atlantic became anoxic and
euxinic (with free H2S in the water column) at a scale large
enough to be termed an oceanic anoxic event or OAE
[Schlanger and Jenkyns, 1976; Jiménez Berrocoso et al.,
2008; Hetzel et al., 2009]. The result was a proliferation of
organic-rich, laminated black shales in the deep basin and
less commonly across continental shelves, particularly at
sites along the tropical Atlantic shelf—i.e., the southern part
of the proto-North Atlantic Basin. A sharp increase in organic
matter burial is reflected in a global positive isotope excur-
sion expressed in both organic and inorganic carbon across
the basin [Schlanger and Jenkyns, 1976; Arthur et al., 1988].
The prominent isotope excursion, particularly its expression
in the organic record, is especially useful for correlating
basin-wide stratigraphy in the absence of biostratigraphic
controls at paleodepths greater than the carbonate compen-
sation depth [Kuhnt et al., 2005].
[3] A common model for the cause of OAE-2 calls upon

the expansion of hydrothermal activity [Sinton and Duncan,
1997; Jones and Jenkyns, 2001; Kuroda, 2007; Frijia and
Parente, 2008; MacLeod et al., 2008; Turgeon and Creaser,
2008; Adams et al., 2010], resulting in increased concentra-
tions of hydrothermal Fe in the photic zone prior to the onset
of the OAE and a concomitant increase in primary production
[Leckie et al., 2002; Snow et al., 2005]. Studies of the modern
ocean tell us that primary production over vast regions can be
limited by the availability of Fe, an essential micronutrient
[Martin and Fitzwater, 1988]. By analogy, hydrothermal Fe
is hypothesized as a possible explanation for the increased
organic carbon deposition that marks the OAE. The coinci-
dence of the emplacement of the Caribbean large igneous
province (LIP) with sedimentary trace metal enrichments
[Snow et al., 2005] and marked radiogenic isotope excursions
for Nd [Kuroda, 2007; Frijia and Parente, 2008; MacLeod
et al., 2008] and non-radiogenic isotope excursions for Sr
and Os [Jones and Jenkyns, 2001; Turgeon and Creaser,
2008] are consistent with a volcanogenic trigger for large-
scale ocean anoxia. However, recent work suggests there is
also a significant increase in continental weathering and/or
detrital inputs during the event [Jones and Jenkyns, 2001;
Blättler et al., 2011], which may complicate these isotopic
signals [as reviewed in Jenkyns, 2010].
[4] Importantly, Fe enrichments do not necessarily imply

enhanced hydrothermal activity. Therefore, we need to inves-
tigate possible Fe sources in great detail. For example, enhanced
remobilization of Fe from coastal sediments is an alternative
model for the delivery of Fe to the open ocean during ocean-
scale anoxia. Benthic Fe fluxes correlate positively with rates
of organic matter oxidation until the onset of bacterial sulfate
reduction, and bottom water oxygen concentrations are
inversely proportional [Elrod et al., 2004; Severmann et al.,
2010]. Consistent with a relationship to high availability of
organic matter, modern oxygen minimum zones (OMZ)
demonstrate elevated Fe concentrations in the water column
[Bruland et al., 2005;Moffett et al., 2007; Blain et al., 2008].

The expansion of oceanic anoxia thus provides a positive
feedback for enhanced Fe supply from the continental shelf
to the open ocean. The mechanistic underpinnings of this
model have emerged from careful studies of the Black Sea,
the modern world’s largest euxinic basin, wherein diverse
evidence points to net transport (shuttling) of reactive
Fe from shallow oxic and suboxic shelf settings to deep
euxinic waters (as reviewed in Lyons and Severmann [2006]).
Detailed measurements and models have specifically fin-
gerprinted and quantified net transport of reactive Fe from
the shelf to the basin where it is captured through pyrite
formation in the water column [Canfield et al., 1996;
Wijsman et al., 2001; Anderson and Raiswell, 2004]. The
shallow, organic carbon-lean, oxic-to-suboxic sites along
the basin margin show correlative loss of Fe from the sed-
iment pore waters and thus from the bulk sediments through
reductive cycling in the absence of appreciable dissolved H2S.
[5] Our goal is to evaluate the relative roles of basinal redox

controls and increased volcanic activity in the enhanced
delivery of Fe during the OAE. To better understand the
origin of Fe enrichments we have investigated sections from
seven different locations (Figure 1) representing continental
shelf, continental rise, and deep abyssal plain settings span-
ning the Cenomanian-Turonian boundary and associated
with clear independent records of OAE-2, such as d13C
relationships. Most of the sites have previously been described
to have enrichments in redox-sensitive trace metals such as Fe,
Cu, Mo, and V [Brumsack, 1980; Jiménez Berrocoso et al.,
2008; Hetzel et al., 2009; van Bentum et al., 2009], and
several sites show organic biomarker evidence for pervasive
photic-zone euxinia prior to and throughout the OAE
[Sinninghe Damsté and Köster, 1998; Kuypers et al., 2002;
Pancost et al., 2004]. Here we couple Mo concentration data
to our Fe analyses as an independent constraint on the local
depositional redox conditions. We are using Fe concentra-
tions and isotopes to understand the basin-wide Fe geo-
chemistry in the proto-North Atlantic and specifically the
pathways of Fe cycling, from source to sink. Included in this
mix is the possible role of an iron “shuttle” analogous to that
operating today in the Black Sea but on the scale of a large
ocean basin. This is the first exploration of the shuttle model
at such a scale and under the likely strong influence of
hydrothermal contributions. Hydrothermal inputs may mask
the shelf-to-basin shuttling of Fe that is perhaps more easily
recognized in marginal marine basins and epicontinental
seaways under a favorable source-to-sink mass balance.

2. Background: Iron Isotopes as a Source Tracer

[6] Elevated bulk iron (FeT) to aluminum (Al) ratios are a
simple indicator of sedimentary Fe enrichment beyond the
continental crustal average of �0.5 [Turekian and Wedepohl,
1961; Taylor and McLennan, 1995] and are among the most
dependable indicators of ancient redox conditions and Fe
cycling in those settings [Lyons and Severmann, 2006;
Raiswell et al., 2008]. The differentiation of multiple Fe
sources for the enrichment, however, requires additional
proxies that can help refine our understanding of environmental
conditions and the associated enrichment mechanism(s). Iron
isotopes can be important tracers of Fe inputs in these studies
because each potential source, in this case hydrothermal fluids
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versus diagenetic Fe released from (and remobilization within)
sediments, should have distinct isotopic properties.
[7] The majority of hydrothermal fluids measured to date

show only minimal deviation in their Fe isotope composi-
tions (d56Fe, see below for further explanation) relative to
average igneous rocks (�0.0‰ to �0.5‰) [Sharma et al.,
2001; Beard et al., 2003; Severmann et al., 2004]. Devia-
tions from this value are typically only observed for lower
temperature fluids, which have much lower Fe concentra-
tions; therefore, it would be difficult for this source to sig-
nificantly impact the isotopic geochemistry of the sediments.
In the modern oxic ocean the isotopic compositions of
freshly precipitated Fe in hydrothermal plumes suggest a
complex picture as different mineral phases, such as pyrite
and Fe oxides, that form upon mixing of hot fluids with cold
seawater. However, despite the potential for isotopic frac-
tionation during hydrothermal fluid entrainment into the
bottom water, Fe isotope compositions of distal hydrother-
mal plume particles have been shown to span a relatively
narrow range, with values approaching the fluid source
[Severmann et al., 2004; Bennett et al., 2009]. The geologic
record confirms that sediments with hydrothermally sourced
Fe also span a narrow range in d56Fe values similar to
modern hydrothermal fluids, but show a large range in FeT/Al
ratios consistent with Fe enrichment [Johnson et al., 2008;
Czaja et al., 2010; Halverson et al., 2011]. Consequently, the
Fe isotope composition of hydrothermally impacted sediments
is relatively invariant, regardless of the degree of Fe

enrichment. It is difficult to distinguish detrital inputs from
hydrothermal contributions using Fe isotopes alone; however,
the use of FeT/Al ratios helps us discern relative contributions
—with detrital FeT/Al values of�0.5 and hydrothermal values
typically much greater than 0.5. An increase in detrital material
via weathering patterns could add an additional complication
because hydrothermal isotopic and enrichment signatures in a
marginal environment can be diluted by enhanced continental
delivery.
[8] The iron shuttle initiates with preferential release of

isotopically light Fe during reduction of oxide phases coupled
to diagenetic carbon remineralization beneath the oxic/suboxic
shelfal bottom waters of the source region [Severmann et al.,
2006]. As a result, the residual bulk sedimentary Fe becomes
preferentially depleted in total Fe and isotopically enriched
with a positive d56Fe signature. The remobilized, shuttled light
Fe is subsequently captured through water column pyrite for-
mation in the euxinic basin [Lyons, 1997]. Iron capture in the
sulfidic water column is near quantitative; such a mass balance
implies that the isotopic composition of the precipitated Fe
remains indistinguishable from the dissolved source. As a
consequence, the sediments show increasingly light Fe isotope
values with progressive Fe enrichments [Lyons and Severmann,
2006; Severmann et al., 2008]. This pattern, specifically an
inverse relationship between d56FeT and FeT/Al, can provide
a robust fingerprint of Fe shuttling in ancient basins [Czaja
et al., 2010; Duan et al., 2010]. However, the role and
fingerprints of the shuttle on the scale of a deep ocean OAE

Figure 1. Sample location for the seven sections investigated within the proto-North Atlantic; paleoge-
ography adapted from Trabucho Alexandre et al. [2010]. The blue gradient indicates estimated water
depths with the lighter colors indicating shallower depths and greater depths marked with darker colors;
the landmasses are shaded green and gridded.
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are not well studied—a gap that motivated the approach
taken here.

3. Sampling: Sites and Collection Protocols

[9] Here we present data from seven sample localities
deposited under variable redox conditions. The sample
locations were strategically selected with an eye toward wide
spatial distribution in the proto-North Atlantic (Figure 1).
Most of the samples used for this study were obtained from
Deep Sea Drilling Project (DSDP) and Ocean Drilling Pro-
gram (ODP) sample archives. Our existing sample collec-
tions (DSDP sites 105, 144, 367 and 603B and ODP site
1258 [Berger and von Rad, 1972; Hayes et al., 1972;
Hollister et al., 1972; van Hinte et al., 1987; Thurow, 1988;
Shipboard Scientific Party, 2004]) were complemented with

additional samples obtained from the core repository in
Bremen, Germany, in 2008. Samples from Tarfaya core S75
were collected as part of the oil shale campaign undertaken
by Shell International Exploration and Production [Kuhnt
et al., 1997], and the Eastbourne outcrop section was
logged and sampled at the Gun Gardens locality in East
Sussex, England. Three sites were located in the northern
region of the proto-North Atlantic and four from the southern
region (Figure 1).
[10] The Eastbourne locality from the northern proto-

North Atlantic represents a shallow oxic shelf [Paul et al.,
1999; Tsikos et al., 2004] with very low total organic car-
bon (TOC) content (Figure 2; TOC of 0.1 to 0.2 wt. %) and
lithologies (Figure 2) dominated by bioturbated nannofossil
(coccolithophore) calcareous ooze and clay [Gale, 1996;
Keller et al., 2001]. Despite fundamental differences in the

Figure 2. Lithostratigraphy and carbon isotope stratigraphy. The rapid positive shift in the d13C of
organic carbon (open circle) denotes the excursion of OAE-2 (gray box), although the termination of
the event is not always well defined. Total organic carbon is also plotted (black diamond). Note that the
positive d13C shift at Eastbourne is represented in the data for inorganic carbon, with inorganic carbon
concentrations also plotted. Eastbourne lithostratigraphy and carbon isotopes from Tsikos et al. [2004],
DSDP 603B and DSDP 105 from Kuypers et al. [2004] with additional lithostratigraphy from van
Hinte et al. [1987], DSDP 367 from Kuypers et al. [2002], ODP 1258 carbon isotopes from Erbacher
et al. [2005] and lithostratigraphy from Shipboard Scientific Party [2004], Tarfaya S75 from Kuhnt et al.
[2005].
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depositional environment of this oxic site relative to our
other localities, carbonate-C and organic-C isotope records
of OAE-2 are well correlated with those from the other sites
(Figure 2).
[11] Two northern proto-North Atlantic sites, DSDP sites

603B and DSDP 105, have mixed lithologies that document
fluctuating redox conditions. Deposition during the OAE at
both sites is marked by alternating organic-poor green
claystone (TOC �1 wt. %) and organic-rich black shales
(TOC up to 25 wt. %) (Figure 2) with consistently low
carbonate abundance (<10 wt. %) [Herbin et al., 1987],
suggesting periodic anoxia/euxinia and possible orbital
forcing of organic carbon deposition and associated deposi-
tional redox [Kuypers et al., 2004]. The main distinction
between these two sites is that 603B was under stronger
influence of coastal oceanic processes, and the sediments are
therefore distinctly hemipelagic [Herbin et al., 1987]. The
intermittence of the laminated, metal-enriched black shales,
along with biomarker evidence [Kuypers et al., 2004], sug-
gests that this part of the North Atlantic was only periodically
euxinic during the OAE. Consistent with this inferred redox-
oscillation, the green claystones (Figure 2) are bioturbated
and do not show enrichments of redox-sensitive metals,
consistent with oxic conditions of deposition [Kuypers et al.,
2004]; this alternation occurs at very regular intervals (0.11–
0.13 m), and the lithologies before and after the OAE at both
sites are dominantly bioturbated organic-lean green clays-
tones with some fine layers of organic-rich shales.
[12] Black shale deposition was particularly prominent in

the southern portion of the proto-North Atlantic during the
OAE [Trabucho Alexandre et al., 2010]. Of the four sites
from the southern part of the basin (Figure 1), DSDP site
367 near Cape Verde was the deepest, with a paleodepth of
�3700 m located on the abyssal plain in the vicinity of the
ancestral mid-ocean ridge [Kuypers et al., 2002]. Even
before the onset of the OAE (as marked by the positive C-
isotope excursion, Figure 2), sediments show pronounced
lamination (Figure 2) [Herbin et al., 1986] and high TOC
contents that increase to exceptionally high values-of up to
40 wt. % during the event. Previously noted at this site was
the appearance of isorenieratene and chlorobactene, sulfur-
bound molecular fossils, produced by brown and green
strains of phototrophic sulfur bacteria, indicating that euxi-
nic conditions extended at least episodically into the photic
zone during the OAE [Kuypers et al., 2002].
[13] ODP site 1258 (all samples from core 1258A) from

the Demerara Rise is marked by finely laminated black
shales that extend before, during, and after OAE-2, with
TOC contents reaching maximum values of 30 wt. % during
the event. Previous records of Fe enrichment, the S isotope
compositions, and prevalent lamination indicate persistent
euxinia during the OAE at this site [Hetzel et al., 2009]
while a positive Nd isotope excursion [MacLeod et al.,
2008] may hint at hydrothermal contributions to the local
bottom waters. The core depths [specifically meter core
depth (MCD) below the seafloor] for data presented here for
Fe and Mo were adjusted to correlate with the carbon isotope
stratigraphy of Erbacher et al. [2005] using the method
presented in the supplementary material of MacLeod et al.
[2008].
[14] S75 from Tarfaya, Morocco, is a relatively shallow,

shelfal site (<200 m paleo-water depth [Kuhnt et al., 1997])

with high sedimentation rates exceeding 10 cm/kyr, making
its accumulation rates for organic matter the world’s highest
known for the C/T transition. Sediments are comprised of
organic rich (TOC up to 15 wt. %) dark laminated chalks and
carbonate-diluted shales [Kolonic et al., 2005] intercalated
with non-laminated, lighter colored limestones (Figure 2).
Isorenieratane abundance increases dramatically up section
in a nearby core (Tarfaya S13) during the OAE, indicating
photic zone euxinia, although there is a slight increase just
before the OAE, and concentrations remain high slightly
after the OAE [Kuypers et al., 2002]. Previously, a similar
Tarfaya site (section S57) was analyzed by Jenkyns et al.
[2007] for Fe, C and N isotopes. Details are discussed below.
[15] Last, sediments at another open ocean site from the

southern proto-North Atlantic, DSDP 144, were deposited at
a relatively shallow paleodepth of �1300 m on the ancestral
mid-ocean ridge [Berger and von Rad, 1972], supporting the
likelihood of high hydrothermal inputs at this site. Sediments
consist of laminated carbonaceous limestone and calcareous
clay with TOC contents reaching 30 wt. % during the OAE.
Isorenieratane is present at this site, although the abundances
are lower than those at site 367 [Kuypers et al., 2002].

4. Analytical Methods

[16] Once inspected and cleaned, the samples were pow-
dered using a trace metal-clean ceramic ball mill and ashed
for 12 h at �850�C to volatilize any organic material and
sulfides. The samples were then weighed to determine loss
on ignition, and 50–75 mg of ashed sample were digested by
a standard three-acid sequential protocol using HNO3/HCl/
HF at�150�C. All acids used were Aristar/trace metal clean.
Fully digested samples were analyzed on an Agilent 7500ce
ICP-MS (Inductively Coupled Plasma-Mass Spectrometer)
using H2 and He in the collision cell. Standard reference
materials (SDO-1 and SCO-1 shales) were digested and
analyzed with each set of extractions, and in all cases were
within the accepted analytical error for all elements: Fe and
Al had % errors of less than �5, and Mo had an error of �8,
which is better than the certified value. We emphasize total
Fe in this study because most of the cores have oxidized since
collection, which precludes detailed speciation such as that of
Poulton and Canfield [2005]. Fortunately, the depositional
and diagenetic conditions of interest are well expressed in the
Fe properties of the bulk sediment [Lyons and Severmann,
2006].
[17] Splits from the previously dissolved materials were

used to measure the Fe isotope composition of the bulk sample
(d56FeT). To eliminate matrix effects, samples were purified
using anion exchange resin (0.5ml of Biorad AGMP-1M) and
a standard ion chromatography protocol for Fe separation
[Skulan et al., 2002; Arnold et al., 2004]. Column yields were
monitored before and after chromatographic purification
using a modified ferrozine colorimetric method [Stookey,
1970; Viollier et al., 2000] with UV-V is spectrophotmetry
(l = 562 nm). Samples with yields of 95% or better were dried
down and diluted with 0.32 M HNO3 for isotopic analysis.
[18] Isotopic compositions were measured on a Neptune

Thermo ScientificMC-ICP-MS (Multiple Collector-Inductively
Coupled Plasma-Mass Spectrometer) at Arizona State Uni-
versity using the methods described in Arnold et al. [2004].
The samples were run in a 0.32MHNO3matrix at�2–3 ppm
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Fe concentration and spiked with equal proportion of Cu
standard for mass bias correction. We measured the certified
international reference material IRMM-014 as a bracketing
standard between each sample as a further monitor for
accurate mass bias correction. Corrected data are reported
relative to average igneous rock using the standard delta
notation [Coplen, 2011]:

d56Fe ‰ð Þ ¼
56Fe=54Fe

� �
sample

� �

56Fe=54Fe
� �

IgnRx
� �

2
4

3
5� 1

The measured Fe isotope composition of IRMM-014 is
d56FeT �0.09‰ on this scale [Beard et al., 2003] with a
long-term internal precision of �0.08‰ (2-STD).

5. Results and Discussion

[19] This study is the most comprehensive Fe isotope
study to date of an OAE, although not the first Fe isotope
data set for OAE-2 [Jenkyns et al., 2007] or Cretaceous
black shales [Clayton et al., 2007]. The uniqueness of our
study lies with our inclusion of extensive data for Fe and Mo

concentrations and samples from diverse settings and depo-
sitional conditions spanning from before, during, and after
the event (see Figure 3 and auxiliary material).1 We begin
our discussion by reconstructing paleoenvironmental con-
ditions using Mo concentrations. These data provide an
essential framework for interpreting the Fe-isotope and FeT/Al
relationships and, specifically, for unraveling Fe sourcing
during this time period.

5.1. Paleoredox Environment of the Proto-North
Atlantic: Mo and Biomarker Records

[20] The redox conditions at each site are independently
constrained by previous studies [Brumsack, 1980; Kuhnt
et al., 1997; Kuypers et al., 2002, 2004; Tsikos et al., 2004;
Hetzel et al., 2009] and through our use of Mo abundances.
Molybdenum provides an effective, independent constraint
on the paleoredox conditions of the local settings [Scott et al.,
2008; Scott and Lyons, 2012]. Specifically, no enrichment
(i.e., crustal values of 1 to 2 ppm) is expected under oxic
conditions compared to enrichments of 10 to 30 ppm in
‘suboxic’ settings (defined by low oxygen bottom waters but

Figure 3. Detailed Fe and Mo data for each site plotted stratigraphically. The gray bar indicates the OAE
as defined by the carbon isotope stratigraphy. The solid lines indicate the crustal average for each elemen-
tal concentration. The d56FeT data are shown with horizontal error bars (2 SD).

1Auxiliary materials are available in the HTML. doi:10.1029/
2012PA002328.
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with H2S confined to the pore waters) and the roughly 40 to
hundreds of ppm levels that characterize euxinia [Lyons
et al., 2009]. Molybdenum enrichments are controlled by
ambient redox conditions in the water column and sediment,
in particular the availability of hydrogen sulfide and organic
carbon and the starting concentration of Mo in the basin or
ocean [e.g., Helz et al., 1996; Algeo and Lyons, 2006; Lyons
et al., 2009]. Euxinic enrichments are diagnostically high
and variable, principally tracking TOC availability and the
dissolved Mo inventory in the local and/or global setting.
[21] Our Mo data (Figure 3) confirm previous findings

that euxinic conditions were more pervasive in the southern
part of the proto-North Atlantic than in the north [Trabucho
Alexandre et al., 2010]. The highest concentrations were
observed at site 367 (maximum value of 412 ppm), which is
also the site with the highest TOC concentrations and
reported occurrences of the molecular fossils isorenieratane
and chlorobactane, suggesting that hydrogen sulfide was
present in the water column and extended into the photic
zone [Kuypers et al., 2002]. Although the maximum TOC
concentrations and biomarkers indicative of shallow euxinia
are associated with the OAE proper, they initiate before the
onset of the OAE as defined by the positive C-isotope
excursion (Figure 2) [Kuypers et al., 2002]. Molybdenum
enrichments consistent with euxinic conditions are observed
at all four southern sites even before the expansion of ocean
anoxia that defines the OAE, in contrast to the limited evi-
dence for euxinia in the north. A notable feature of the
Demerara Rise (1258) and Tarfaya (S75) sites is a marked
decrease in Mo concentrations during the OAE, an obser-
vation that was also highlighted by Hetzel et al. [2009] for
other sites along the Demerara Rise shelf transect. The lack
of a concurrent decrease in TOC across these intervals sug-
gests that—rather than waning euxinia or a drop in TOC
content—these muted Mo enrichments reflect a shift in the
Mo inventory, perhaps on a broad scale. If we are correct,
this Mo pattern marks a transition from dominantly local to
regional/oceanic euxinia and back, with a corresponding
depletion in the seawater Mo reservoir during the period of
expanded euxinia. Such expansion may have extended
across a wide part of the ocean. Site 367 shows concentra-
tions as high as 200 ppm during the OAE, which is still a
drop compared to the pre-OAE enrichments. The incomplete
core recovery at this site, however, may preclude evidence
for the full drop in Mo enrichment we expect during the
OAE.
[22] At the northern sites 603B and 105, Mo enrichments

are confined to the OAE (Figure 3). Frequent fluctuations in
Mo concentrations at these sites during the OAE generally
match variations in lithology and TOC contents, suggesting
varying redox conditions rather than reservoir effects. At the
Eastbourne locale, Mo shows uniformly low values through-
out the sampled interval, with concentrations typically below
the 1 to 2 ppm crustal average. These data, along with the
prevailing Fe relationships (see below), indicate that this site
was dominantly if not persistently oxic. In fact, the lowest
values for Mo fall below the crustal average and likely
reflect average detrital inputs with concentrations reduced by
substantial dilution by high carbonate inputs. However, a
suite of redox proxies that are particularly sensitive to the
early onset of ocean deoxygenation (specifically, Ca-

normalized I, Ce, and Mn concentrations) suggest that even
the shallow waters at Eastbourne experienced some degree
of oxygen depletion before and during the OAE [Lu et al.,
2010], although there is no indication that bottom water
ever became anoxic or euxinic at this site. We can now
view the Fe distributions and likely sources among these
sites within a paleoredox context informed by straightfor-
ward patterns of Mo enrichment.

5.2. Iron Release From the Oxic Continental Shelf

[23] We begin our discussion of Fe with the most oxic site.
The coastal Eastbourne locale shows FeT/Al ratios typically
at or below the continental crustal average of ca. �0.5. This
average is assumed to represent typical siliciclastic (detrital)
input. The Eastbourne samples are complicated by their high
carbonate contents (mean �85%); but FeT/Al averages for
carbonates are, if anything, typically elevated (�0.9) com-
pared with average continental crust [Turekian and Wedepohl,
1961]. In this light, the average FeT/Al ratios of 0.46 over the
�20 m are consistent with net loss of Fe from the sediments.
Loss of Fe, which should be isotopically light [Severmann
et al., 2010], is further indicated by the observation that the
d56FeT data cluster slightly above 0‰ with an average of
+0.08‰ (Figures 3 and 4). Sedimentary Fe reduction pro-
moted Fe build up in the pore fluids and, with pervasive bio-
turbation, transport from the sediment [Lyons and Severmann,
2006; Severmann et al., 2010]. These conditions were ulti-
mately facilitated by a lack of appreciable sulfate reduction
due to the overall paucity of organic matter at this site (average
TOC contents are 0.12 wt. %). The results at Eastbourne for
FeT/Al and d56FeT are invariant before, during, and after the
OAE, defined by the d13C excursion (Figure 2). The lowest
d56FeT value is from a sample that also shows slightly higher
FeT/Al ratios and could reflect transient euxinia, consistent
with the evidence for low oxygen from Lu et al. [2010].
Nevertheless, the Eastbourne data generally point to domi-
nantly oxic deposition, with robust signals that are not com-
plicated by the very high carbonate contents.

5.3. Iron Cycling in the Southern Basin: Hydrothermal
Sources and Euxinic Sinks

[24] Our highest FeT/Al ratios, with several samples
exceeding values of 2, were measured during the OAE at the
southern site 367 and site 105 in the north (Figures 3 and 4).
Surface sediments representing the current euxinic stage in
the Black Sea, our best modern analog, have markedly ele-
vated FeT/Al ratios when compared to average continental
crust. The magnitude of the enrichment as driven by the Fe
shuttle is constrained by sedimentation rates and the mass
balance of the source-to-sink relationship [Raiswell and
Anderson, 2005; Lyons and Severmann, 2006]. Nevertheless,
FeT/Al values exceeding 1.2, as we have observed during
OAE-2, are higher than those recorded in the modern unit 1 of
the Black Sea and are only rarely observed throughout the
Phanerozoic. As such, more extreme Fe enrichments,
exceeding �1.5, may be a flag signaling hydrothermal aug-
mentation [Cruse and Lyons, 2004] or secondary remobiliza-
tion within the sediment column. Broader tectonic and
paleogeographic parameters must also be considered.
[25] Due to its location on the ancestral mid-ocean ridge,

DSDP site 144 is the best candidate among our study sites
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for a strong hydrothermal signal from ridge-style venting.
This locale shows high FeT/Al ratios before the OAE
(average 0.83), with smaller enrichments during the OAE
(0.73) and marked variability in the magnitude of enrich-
ment. All the Fe isotope data are relatively uniform,
including the data corresponding with the Fe enrichments,
with pre-OAE and syn-OAE d56FeT averages of 0.00‰.
Because hydrothermal Fe and background detrital sources of
Fe have similar isotopic properties, pronounced Fe enrich-
ment (high FeT/Al) without parallel isotopic variability
should be diagnostic of hydrothermal inputs. The pervasive
euxinic conditions throughout the southern part of the proto-
North Atlantic and associated low Fe solubility under sulfi-
dic conditions, in combination with the pattern of oceanic
circulation, likely aided in the relatively short dispersal dis-
tance of hydrothermal Fe to the nearby southern sites with
little associated isotope fractionation during transport.
[26] The shelfal Fe shuttle likely contributed Fe to at least

one of our southern sites, specifically the deepest site 367,
which has some of the most negative d56FeT values among
the four southern sites (minimum d56FeT = �0.50‰). That
said, the lack of a continuous negative shift in d56FeT that
tracks the level of Fe enrichment argues for a shuttle signal
that, if present, was typically swamped by hydrothermal Fe
with a d56FeT near 0‰. The data at site 1258 (Figure 4) do
not argue for significant source variations based on the Fe
isotope records before, during, and after the OAE (with
averages of 0.09, 0.04, 0.07‰, respectively) despite FeT/Al
ratios that increase significantly during the event (average
pre-OAE: 0.50, during: 0.70, and post-OAE: 0.47). Clayton
et al. [2007] analyzed Fe isotopes at another Demerara Rise
site, ODP 1260, with low sample resolution that does not
cover the OAE and methods that focused on separate Fe
minerals. It is difficult therefore to compare their data to
ours. The most reasonable interpretation is that the Fe
delivered to this site is dominantly from a hydrothermal
source, although a subtle negative shift at the end of the
OAE may reflect input via the shuttle. The pronounced Mo

enrichments suggest persistently euxinic deposition at this
site before, during, and after the OAE. Comparatively low
Fe enrichments before and after OAE-2 likely mirror the
inefficiency by which hydrothermal and/or shuttled Fe is
transported to a locally euxinic site via the surrounding oxic
ocean. In contrast, suppressed signals during the event
reflect the ‘competition’ for hydrothermal and shuttled Fe
under the spatially extensive sulfidic conditions in the
southern portion of the proto-North Atlantic.
[27] At the shallow Tarfaya shelf site S75, high sedimen-

tation rates may have favored dilution of the hydrothermal
signal by detritally sourced Fe, consistent with relatively
smaller Fe enrichments compared to the other southern sites
(Figures 3 and 4). Despite its location on the continental
shelf—and in contrast to our northern shelf site from
Eastbourne—there is no indication that site S75 acted as an
iron source at any time around OAE-2. These Fe isotope
data agree well with those generated for a different Tarfaya
shelf section, S57, by Jenkyns et al. [2007]. They too show
relatively small isotopic variability with values near 0‰. In
general, the details of the Fe mass balance, the transport
mechanisms, and the local/regional overprints, including spa-
tially varying hydrothermal inputs, remain incompletely
defined pending additional analyses at other sites and more
general exploration of the mechanisms behind benthic Fe
fluxes and basin-ward transport. Nevertheless, the relatively
stable d56FeT throughout the measured section (overall aver-
age of 0.00‰) and only slightly elevated but consistent FeT/Al
(overall average of 0.60), our data are best explained by high
terrigenous inputs against a relatively small source of hydro-
thermal Fe, which mildly enriched the Fe without shifting the
isotopic composition appreciably.
[28] Despite our claim above for possible inputs via the Fe

shuttle, the narrow range in d56FeT between �0.5 and 0.0‰
at site 367, despite a large range in FeT/Al (0.57 to 3.12), is
most consistent with a signal dominated by hydrothermal
sources for the excess reactive Fe observed during OAE-2.
The same hydrothermal dominance likely applies for the

Figure 4. Averages and ranges for the iron isotope data and Fe concentrations (relative to Al) at each
section before, during, and after OAE-2.
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other southern sites (DSDP 144, ODP 1258, and Tarfaya
S75). All four sites show moderate (in the case of S75) to
intense (site 367) enrichments in reactive Fe (Figures 3
and 4), poor correlation between FeT/Al and d56FeT
(Figure 5) and Fe isotope compositions near 0‰. These rela-
tionships are even expressed by the samples with highly ele-
vated FeT/Al ratios. The source of the Fe might be linked to
faster spreading rates and attendant increased hydrothermal
venting within the basin [Conrad and Lithgow-Bertelloni,
2007] or emplacement of the Caribbean LIP in the equatorial
Eastern Pacific [Sinton and Duncan, 1997], which may have
triggered OAE-2, although long-distance Fe transport is chal-
lenged by the low solubility of Fe in euxinic and, in particular,
oxic waters. While sites 1258 and S75 show relatively small
ranges in FeT/Al ratios (averaging 0.54 and 0.60, respectively)
and isotope compositions (averaging 0.06 and 0.00‰,
respectively) throughout the entire sections, site 367 shows
marked FeT/Al enrichment during the OAE (average 1.58)
with a relatively small negative d56FeT shift (average
�0.11‰), perhaps, pointing to locally sourced Fe tied to mid-
ocean ridge venting.

5.4. Iron Cycling in the Northern Basin: Diagenetic
Overprinting and the Shuttle

[29] In contrast to the southern sites, the two northern
localities, DSDP 603B and DSDP 105, do not show Mo
enrichments before the OAE, implying that conditions
remained largely oxic. However, despite the lack of Mo
enrichments, site 105 shows elevated FeT/Al ratios that
coincide with intermittent periods of black shale deposition

even before the OAE (see lithostratigraphy in Figure 2),
which could mark anoxic conditions that were only weakly
sulfidic. The OAE yielded samples at both sites with sig-
nificantly elevated FeT/Al ratios, and black shales became
more abundant, although oxic conditions likely dominated
based on the lithostratigraphy and only slightly elevated Mo
contents. Furthermore, both sites show high-low oscillations
in FeT/Al roughly similar to the variability observed in TOC
contents and lithofacies patterns (Figures 2 and 3). Although
the northern site 105 and southern site 367 have similarly
large Fe enrichments, we infer based on its large negative
shifts in d56FeT that site 105 received very little, perhaps, no
hydrothermally sourced Fe.
[30] The distinctly negative Fe isotope values (min.

d56FeT = �1.43‰) measured at site 105 are similar to values
measured by Jenkyns et al. [2007] in the Scaglia Bianca at
Furlo, Italy (min. d56FeT = �1.7‰), and the sites share
similar lithostratigraphic patterns—with relatively thin black
shale units intercalated within dominantly bioturbated oxic
units. In the case of the Scaglia Bianca, shale units alternate
with cherty limestones; at site 105 the laminated shales
alternate with green claystones. The pattern of seemingly
rapid d56FeT variability could suggest redox controls during
the OAE that correlate with the varying sedimentary facies,
with positive d56FeT for the bioturbated sediments and neg-
ative d56FeT for the laminated organic-rich black shales.
Such a relationship could reflect time-varying operation of
the shuttle model over short, perhaps orbital, time scales.
More likely, however, is small-scale diagenetic remobiliza-
tion of Fe within the sediment column, yielding Fe-poor to
Fe-rich layers. Although the depositional conditions may
have been dominantly oxic, some elevated molybdenum
concentrations (in all lithologies) at sites 105 and 603B are
consistent with transiently euxinic episodes during the OAE
at these sites as also recorded in the organic richness of the
black shales. However, the predominance of comparatively
low Mo concentrations (OAE averages at sites 105 and 603
of 16 and 18 ppm, respectively) argues against persistent
euxinia [see Scott and Lyons, 2012] and suggests that the
observed Fe patterns could be a secondary phenomenon tied
mostly to stratigraphic variability in TOC content. Specifi-
cally, we argue that the data reflect Fe mobilization within
the sediments, whereby the organic- and sulfide-rich black
shales capture Fe that is released from adjacent layers lack-
ing organic matter and thus favoring bacterial iron reduction
over sulfate reduction. Similar processes can be observed
today in the Black Sea where a sulfidization front is formed
by the opposing gradient between an organic-rich marine
sapropel and an organic-lean but Fe-rich limnic unit [Neretin
et al., 2004]. Our Fe paleoredox proxies must thus be used
with caution when interpreting juxtapositions (interlayering)
of sediments with very different concentrations of TOC—or
methane, in the case of sulfate reduction driven by AOM
(anaerobic oxidation of methane). In a sense, though, the
post-depositional remobilization and repartitioning of Fe
mirrors the processes of the Fe shuttle, which, by contrast,
operates on a basin scale rather than within the sediment
column. In other words, isotopically light Fe migrates from
organic-poor layers dominated by reductive Fe mobilization
to organic- and sulfide-rich layers where the remobilized
iron is recaptured quantitatively as pyrite. These two facies

Figure 5. The d56FeT averages for each site grouped as pre
(open square), post (open diamond) and during (open circle)
OAE-2. In the background are data from euxinic (gray “x”)
and oxic (gray “plus”) [Severmann et al., 2008]. Post-OAE
d56FeT at Eastbourne is represented by only one data point.
Black dashed lines indicate average crustal values. Note that
DSDP 144 is proximal to a mid-ocean ridge, and S75 and
ODP 1258 are distal. Generally, sites 144, S75 and 1258
show variable FeT/Al enrichment without sympathetic isoto-
pic change suggesting hydrothermal sourcing, but with dif-
ferent magnitudes of enrichment as a function of position
relative to ridge.
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reflect dominantly oxic deposition and at least transient
euxinia, respectively.
[31] Of all the sites investigated, site 603B shows the most

convincing fingerprint of enrichment via the Fe shuttle, with
nearly all of the samples (11 out of 14) demonstrating a
systematic anti-correlation between d56FeT and FeT/Al
(Figure 5) that is similar to the trend defined by Black Sea
sediments. During the OAE, site 603B shows overall
enrichments in FeT/Al (average: 0.92) and more negative
d56FeT values (average: �0.36‰)—compared to pre- and
post-OAE FeT/Al values that fall close to crustal averages
(0.56 and 0.61, respectively), with d56FeT values that are
shifted heavy compared to average crust (pre-OAE average:
0.17‰; post-OAE average: 0.12‰). Importantly, the high
average Fe concentration and negative average d56FeT dur-
ing the OAE were calculated using all the data, regardless of
the lithofacies, and the largest Mo concentrations (extending
up to 64 ppm) generally correlate with the more negative
d56FeT. Unlike site 105, the Fe and Mo data point to a high
frequency and persistence of euxinia during the OAE at site
603B, making it a better candidate for Fe inputs via the iron
shuttle, despite lithologic observations from site 603B that
indicate marked redox-transitions similar to those of site
105. Of course, diagenetic remobilization could overprint
the primary shuttle signals. Most obvious is the challenge we
face in untangling the shuttle signal from possible diagenetic
overprint in sediments marked by alternating and thinly
bedded organic-rich and organic-lean intervals.

5.5. Synthesis

[32] Figures 4 and 5 provide us with a way to simplify a
complex data set. For example, although there are similari-
ties in their FeT/Al ratios, we note a distinctly smaller range
in d56FeT values at site 367 compared to those at site 105
(Figure 4), which likely points to differences in the Fe
sources and enrichment processes. Past work has revealed a
straightforward relationship between FeT/Al ratios and
d56FeT seen at diverse times and places in the geologic
record [e.g., Johnson et al., 2008]. In the absence of strong
hydrothermal inputs, euxinic enrichments in reactive iron
expressed as elevated FeT/Al ratios have consistently resul-
ted in lower d56FeT values, mirroring corresponding Fe loss
at shallow, oxic source regions—i.e., our shuttle model.
These benthic processes at oxic sites leave a fingerprint of
lowered FeT/Al with correspondingly heavy d56FeT. Along
these lines, a systematic trend is observed between FeT/Al
ratios and d56FeT in the modern, Black Sea [Severmann et al.,
2008] and in ancient epicontinental Devonian shales [Duan
et al., 2010]. We assert that such processes likely operated
during OAE-2 (Figure 5), although the signals are far more
complex because of the much larger spatial scale of Fe
cycling in the Cretaceous proto-Atlantic Ocean and the
likelihood of large and pervasive hydrothermal inputs asso-
ciated with activity along mid-ocean ridges within that basin.

6. Conclusions

[33] The Fe cycle in the proto-North Atlantic during the
Cretaceous is, not surprisingly, complex with multiple
sources and sinks whose relative roles vary with position in
the basin. The highly productive and anoxic shelves of the
southern equatorial portions served as sinks, while the oxic

shelves of the northern proto-North Atlantic seem to have
served as Fe sources. Our data show that the southern por-
tion of the proto-North Atlantic was influenced by hydro-
thermal Fe, but with a large portion of the northern basin
lacking evidence for significant hydrothermal inputs. This
contrast might reflect the difficulty of transporting Fe a
significant distance in an oxic or sulfidic water column,
since iron oxides and pyrite quickly precipitate and settle.
Although Fe is more soluble in a sulfidic water column rel-
ative to oxic waters, pyrite precipitation poses a challenge to
transporting Fe the great distances needed to enrich all of the
proto-North Atlantic, whether sourced by hydrothermal or
shuttle inputs. Our most enriched sites are restricted to the
southern proto-North Atlantic and, based on the combined
FeT/Al and d56FeT data, argue for an iron cycle dominated
by hydrothermal inputs, although site 367 likely bears the
low-temperature impact of the shuttle as well.
[34] When the data from this study are plotted with those

from the Black Sea (Figure 5), the northern sites (East-
bourne, 603B, and 105) are consistent with the predictions
for shuttled Fe—i.e., Fe enrichments or depletions that vary
systematically and antithetically with the Fe isotope trend.
On the other hand, the Fe trends at 105 and 603B could
reasonably be tied to secondary remobilization during burial
diagenesis. We argue, particularly for site 603B, that both of
these mechanisms are recorded. The potential for diagenetic
overprints offers a cautionary note, but it is our good fortu-
nate that such overprints can be independently anticipated by
the often fine stratigraphic scale of extreme geochemical
variability they reflect (e.g., sapropel layers in an package of
otherwise oxic sediments). We can expect oxically depos-
ited, organic-lean beds marked by Fe loss and a residual,
heavy isotopic signature in close proximity to organic-rich
shales with correspondingly high Fe concentrations and low
isotopic compositions. Also, we can predict fundamentally
different sulfur isotope properties for pyrite formed via the
two scenarios (shuttle versus diagenetic remobilization),
with primary, water column-formed euxinic pyrite often
showing very light and uniform d34S values [Lyons, 1997;
Lyons et al., 2003] compared to secondary, diagenetic pyrite
tied to Fe remobilization, which can be marked by pro-
nounced d34S enrichments [Jørgensen et al., 2004]. The
organic biomarkers for photic euxinia also provide inde-
pendent insight. The hydrothermal signals, by contrast,
should enrich FeT/Al without appreciable parallel variability
in the d56FeT.
[35] Many authors have postulated that a major hydro-

thermal pulse predated the OAE and may have catalyzed the
large positive carbon isotope excursion of the anoxic event
through expanded primary production—perhaps linked to
increased inputs of Fe and its importance as a micronutrient
[Jenkyns, 2010, and references therein]. Our data support the
presence of hydrothermal inputs, particularly in the southern
proto-North Atlantic, and it is probably not a coincidence
that this is the same portion of the basin that shows the
strongest evidence for persistent and pervasive euxinia [see
also Jenkyns, 2010]. Nevertheless, the hydrothermal signal
is neither consistently strong nor basin-wide; its global role
as an essential OAE precursor awaits additional study.
[36] Although complex, the Fe signals demonstrate that

there were multiple Fe sources operating in the proto-North
Atlantic before, during, and after the OAE. Unlike most past
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applications of the Fe proxies, our study captures processes
operating on the scale of an ocean basin with an active
mid-ocean ridge, in contrast to the marginal basins and
epicontinental seas that have been emphasized in many past
studies of Fe paleoproxies. Not surprisingly, the signals are
confounded by the challenges of transporting Fe long dis-
tances under both oxic and anoxic-sulfidic conditions, given
its insolubility in both cases. Furthermore, the vast spatial
extents of Fe sequestration under large-scale euxinia place
high demands on the end-member sources and specifically
their abilities to dominate the Fe archived in the sediments
at any particular site. We should expect that the elemental
and isotopic signals are subtle in a system of this size, and
they are. Our most important take-home message may be
that the proto-Atlantic received elevated Fe inputs from
several sources and that the redox state of the basin was not
exclusively euxinic during OAE-2. Both results point to
previously unknown heterogeneity in depositional condi-
tions and the associated biogeochemical cycling of iron.
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