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Abstract

Selenium (Se) is an essential trace element, which, with multiple oxidation states and six stable isotopes, has been suggested
as a potentially powerful paleoenvironmental proxy. In this study, bulk Se concentrations and isotopic compositions were
analyzed in a suite of about 120 samples of fine-grained marine sedimentary rocks and sediments spanning the entire Phan-
erozoic. While the Se concentrations vary greatly (0.22–72 ppm), the d82/76Se values fall in a fairly narrow range from �1 to
+1& (relative to NIST SRM3149), with the exception of laminated black shales from the New Albany Shale formation (Late
Devonian), which have d82/76Se values of up to +2.20&. Black Sea sediments (Holocene) and sedimentary rocks from the
Alum Shale formation (Late Cambrian) have Se to total organic carbon ratios (Se/TOC) and d82/76Se values close to those
found in modern marine plankton (1.72 ± 0.15 � 10�6 mol/mol and 0.42 ± 0.22&). For the other sedimentary sequences
and sediments, the Se/TOC ratios show Se enrichment relative to modern marine plankton. Additional input of isotopically
light terrigenous Se may explain the Se/TOC and d82/76Se data measured in recent Arabian Sea sediments (Pleistocene). The
very high Se concentrations in sedimentary sequences that include the Cenomanian–Turonian Oceanic Anoxic Event (OAE) 2
may reflect an enhanced input of volcanogenic Se to the oceans. As the latter has an isotopic composition not greatly different
from marine plankton, the volcanogenic source does not impart a distinct signature to the sedimentary Se isotope record. The
lowest average d82/76Se values are observed in the OAE2 samples from Demerara Rise and Cape Verde Basin cores
(d82/76Se = �0.14 ± 0.45&) and could reflect fractionation associated with microbial or chemical reduction of Se oxyanions
in the euxinic water column. In contrast, a limiting availability of seawater Se during periods of increased organic matter pro-
duction and burial may be responsible for the elevated d82/76Se values and low Se/TOC ratios in the black shales of the New
Albany Shale formation. Overall, our results indicate that to unlock the full proxy potential of marine sedimentary Se records,
we need to gain a much more detailed understanding of the sources, chemical speciation, isotopic fractionations and cycling of
Se in the marine environment.
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1. INTRODUCTION AND BACKGROUND

Selenium (Se) exhibits four major oxidation states in the
environment: �II, 0, +IV, and +VI. It also has six stable
isotopes: 74Se, 76Se, 77Se, 78Se, 80Se, and 82Se. Given the
multiple oxidation states and multiple isotopes, Se has the
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potential to be a powerful paleoenvironmental proxy. Sele-
nium isotopes have a long history among the ‘non-tradi-
tional’ stable isotopes, starting with the original study of
Krouse and Thode (1962). Selenium isotope ratios were
first measured using gas source mass spectrometry (Krouse
and Thode, 1962). This technique was relatively sensitive
but it required large sample quantities (>10 lg Se). The ad-
vent of the multi-collector inductively coupled plasma mass
spectrometer (MC-ICP-MS) resulted in a dramatic reduc-
tion in sample sizes, enabling a wider range of applications
(Rouxel et al., 2002). Although selenium isotopes are prov-
ing to be useful environmental (Johnson et al., 1999, 2000;
Herbel et al., 2002; Clark and Johnson, 2008, 2010) and
geological tracers (Rouxel et al., 2002, 2004; Wen et al.,
2006, 2007; Zhu et al., 2008; Wen and Carignan, 2011),
much work remains to be done to fully delineate the isoto-
pic fractionations associated with the biogeochemical Se
cycle (for reviews, see Johnson and Bullen (2004), and
Johnson (2004)). Here, we present a first evaluation on
whether Se concentrations and isotope signatures (d82/

76Se) in marine shales and mudstones can yield information
on the prevailing environmental conditions during sediment
deposition.

The biogeochemical cycle of Se is often compared to
that of sulfur (S) (Zehr and Oremland, 1987; Stolz et al.,
2002; Hoefs, 2009). However, while the two elements share
chemical similarities, their oceanic cycles exhibit marked
differences. Dissolved total Se concentrations in seawater
are very low (<1 nM or <0.08 ppb, Cutter and Bruland,
1984) in contrast to the high abundance of sulfate
(�28 mM). Major inputs of selenium to the ocean are
atmospheric deposition (i.e., dust and volcanic ash), hydro-
thermal inputs, and riverine discharge (Suzuoki, 1964; Von
Damm et al., 1985a,b; Auclair et al., 1987; Nriagu, 1989;
Von Damm, 1991; Rouxel et al., 2002, 2004; German and
Von Damm, 2003). Dissolved Se in the water column exists
as Se(VI) plus Se(IV) oxyanions and as dissolved organic
Se, with the latter often dominating total dissolved Se in
oxic and anoxic marine waters (Cutter, 1982; Cutter and
Bruland, 1984; Cutter, 1992; Baines et al., 2001). Selenium
oxyanions exhibit nutrient-like depth distributions in the
ocean, unlike sulfate, which behaves conservatively in the
water column (Measures and Burton, 1980a,b; Measures
et al., 1983; Cutter and Bruland, 1984; Cutter and Cutter,
1995; Johnson, 2004). Assimilatory uptake by plankton ac-
counts for most of the dissolved Se removal in the surface
ocean (Cutter and Bruland, 1984). Selenium is generally ta-
ken up as selenate (SeO2�

4 ) or selenite (SeO2�
3 ) during assim-

ilatory reduction, although dissolved organic Se can also be
directly assimilated from seawater (Baines et al., 2001).

The major supply of Se to modern marine sediments is
the deposition of organic detritus at the seafloor (Wrench
and Measures, 1982; Cutter and Bruland, 1984; Ohlendorf,
1989; Baines and Fisher, 2001; Böning et al., 2005; Borchers
et al., 2005). Selenium in organic compounds is mainly un-
der the –II oxidation state (Rother, 2012). Evidence from
sediments collected in the NW Pacific show that Se depos-
ited at the seafloor as organic Se remains largely bound to
organic matter throughout early diagenesis (Sokolova and
Pilipchuck, 1973). Organically-bound Se is also frequently
the dominant form of Se in ancient shales. Kulp and Pratt
(2004), for instance, determined that on average 64% of Se
in shales from South Dakota and Wyoming is in the organ-
ic fraction. The other main form of Se in marine and fresh-
water sediments is elemental Se, which can be produced by
reductive or oxidative processes in the water column or in
the sediments (Cutter and Bruland, 1984; Velinsky and Cut-
ter, 1990, 1991). Organic matter has been suggested to be
the parent material of elemental Se found in carbonaceous
shales (Martens and Suarez, 1997; Wen and Qiu, 1999,
2002; Zhu et al., 2004, 2008; Wen et al., 2006, 2007; Wen
and Carignan, 2011).

Selenium oxyanions can be reduced via dissimilatory
reduction processes, which are carried out by a number of
different microbes (Oremland et al., 1989; Oremland
et al., 1990; Oremland, 1991, 1994). While elemental Se is
typically the predominant end-product of microbial Se
reduction, Se(0) can be further reduced to selenide, Se(�II)
(Herbel et al., 2003). Abiotic redox reactions also play an
important role in Se cycling. For example, under sulfidic
conditions selenite can reductively precipitate as elemental
Se (Eq. (1)) and possibly also form polysulfidic Se and
thiol-bound Se (Weres et al., 1989; Hockin and Gadd,
2003; Breynaert et al., 2008):

SeO2�
3 þ 2HS�þ4Hþ ! Se0 þ 2S0 þ 3H2O

DG
� ¼ �324:3 kJ=mol ð1Þ

Selenate and selenite oxyanions sorb to organic matter,
iron oxides and iron sulfides (Balistrieri and Chao, 1987;
Bruggeman et al., 2005; Scheinost and Charlet, 2008). Sele-
nite, however, tends to bind far more strongly than sele-
nate. Adsorption of selenite on pyrite (FeS2) is followed
by reduction to elemental Se (Bruggeman et al., 2005). Sel-
enite sorbed to mackinawite (FeS) is reduced to either ele-
mental Se or Se(�II) in the form of FeSe, depending on
pH (Scheinost and Charlet, 2008). Thus, the available evi-
dence indicates that diverse pathways may lead to burial
in marine sediments of Se under the form of organic sele-
nide, sorbed selenite, elemental Se and iron-bound selenide.

Redox transformation can fractionate the stable iso-
topes of Se. Reported ranges of fractionation factors (given
as e values) are summarized in the lower part of Fig. 1. The
redox pathways that have been shown to produce signifi-
cant Se isotope fractionation include biotic dissimilatory
reduction and abiotic reduction of Se(VI) and Se(IV)
oxyanions by green rust (Herbel et al., 2000, 2002; Johnson
and Bullen, 2003, 2004; Ellis et al., 2003). Large isotope
fractionations have also been observed in chemical reduc-
tion experiments performed under highly acidic conditions
and at high temperatures (Krouse and Thode, 1962;
Rees and Thode, 1966; Rashid and Krouse, 1985).
Although the reduction of selenite by sulfide (Eq. (1)) could
produce significant fractionations, this has yet to be
demonstrated.

Isotope fractionations associated with assimilatory pro-
cesses are often disregarded in stable isotope studies, be-
cause they are generally small in comparison to isotope
fractionation resulting from dissimilatory processes. How-
ever, as can be seen in Fig. 1, in the Se isotope system even



Fig. 1. Compilation of 82/76Se isotope fractionations (e; grey triangles), and 82/76Se isotopic compositions (d; solid circles) of natural materials,
including rocks, sediments, ore deposits, plankton and natural waters. Note that the fractionations reported as 80/76Se by Johnson and Bullen
(2004) are converted to 82/76Se using the relationship e80/76 = 2/3 e82/76.
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limited fractionation during assimilatory reduction may be
significant because of the fairly narrow overall range of iso-
tope fractionation, up to 15& for e82/76Se compared to
72& for e34S (Tudge and Thode, 1950; Krouse and Thode,
1962; Canfield et al., 2005). In one laboratory study of algal
uptake of selenate and selenite by the freshwater species
Chlamydomonas reinhardtii e82/76Se values between 1.5&

and 3.90& were obtained (Hagiwara, 2000).
Our study focuses on Se in well-characterized marine

shale and mudstone sequences from various Phanerozoic
time intervals, as well as their modern counterparts. Fine
grained sediments and sedimentary rocks are selected be-
cause of their relatively high Se concentrations (Turekian
and Wedepohl, 1961). The bulk Se concentrations mea-
sured in the samples analyzed in this study vary widely,
from 0.22 to 72 ppm. Much higher Se concentrations have
been observed in shale formations from China (Wen et al.,
2007; Zhu et al., 2008; Wen and Carignan, 2011). However,
these exceptional Se enrichments, which are also accompa-
nied by wide ranges in Se isotopic composition, are clearly
the result of secondary redistribution processes (Wen and
Carignan, 2011) and are, therefore, excluded from our
study.

The Phanerozoic sequences we analyzed all include
black shale horizons. The usually high organic carbon con-
centrations and increased burial rates of organic carbon
associated with black shales have been proposed to result
from (1) increased primary productivity and/or (2) en-
hanced preservation of organic carbon due to anoxic condi-
tions (Arthur et al., 1987). Generally, some combination of
these two factors are thought to accompany the formation
of black shale sequences, though this is still a matter of de-
bate (Jenkyns, 2010). Increased productivity may be caused
by an increase in the availability of limiting nutrients due to
increased supply from the continents or more efficient nutri-
ent recycling in the oceans (Wignall, 1994; Van Cappellen
and Ingall, 1994, 1996). Enhanced respiratory oxygen
demand resulting from the increased supply of organic mat-
ter may in turn enhance the expansion of anoxic bottom
waters (Wignall, 1994). Because of the multiple controls
on the organic matter content of marine sediments, which
include but are not exclusively dependent on bottom water
oxygenation, paleo-redox conditions are generally assessed
using a variety of geochemical (e.g., iron speciation and
trace element enrichments), sedimentological (e.g., lamina-
tions) and ecological characteristics (e.g., abundance and
depth distributions of benthic organisms).

Periods of time when oxygen-depleted waters covered
large areas of the seafloor are known as Oceanic Anoxic
Events or OAEs. They are typically recognized by extensive
black shale stratigraphic horizons transcending local basins
(Schlanger and Jenkyns, 1976). Major Phanerozoic OAEs
occurred during the Toarcian (�183 Ma), the Early Aptian
(OAE1a; �120 Ma), and the Cenomanian–Turonian
(OAE2; �93 Ma) (Jenkyns, 2010). Here, sedimentary se-
quences that comprise the following three OAEs are inves-
tigated: OAE2, the Toarcian OAE and the Steptoean
Positive Carbon Isotope Excursion or SPICE. Also in-
cluded in this study are samples from the New Albany
Shale (Devonian–Mississippian) that were deposited under
oscillating bottom water redox conditions, as well as mod-
ern sediments from the anoxic-sulfidic (euxinic) Black Sea
and oxic to suboxic Arabian Sea. The data are used to as-
sess to what extent Se concentrations and d82/76Se stable
isotope ratios reflect (paleo-)depositional conditions,
including redox conditions at the seafloor.

2. MATERIALS

2.1. Marine plankton

A plankton sample was obtained from the oligotrophic
central North Pacific Ocean (138.9999�W, 32.0002�N) using
a plankton net with a mesh size of 200 lm on board R/V



K. Mitchell et al. / Geochimica et Cosmochimica Acta 89 (2012) 302–317 305
Kilo Moana in July 2008. The sample consists of 10–15%
zooplankton, with phytoplankton making up the remain-
der, including but not limited to Trichodesmium sp., Hemia-

ulus sp. and Ethmodiscus sp. (Watkins-Brandt, 2010;
Brzezinski et al., 2011; Fujieki et al., 2011). The sample
was freeze-dried, split into two separate sub-samples of
equal weight. The two sub-samples were processed follow-
ing the same procedures as the sediment and rock samples
(described below).

2.2. Black Sea: modern euxinic basin

The Black Sea is the largest existing euxinic basin and
serves as an analog for ancient deposition and preservation
of organic matter under euxinic conditions (Lyons and
Kashgarian, 2005). The Black Sea represents a quasi-steady
state system with anoxic deep-water replacement times on
the order of 2000 years. Numerous geochemical proxies
have been validated in the Black Sea, including reactive
plus total iron concentrations and the degree of pyritization
(Canfield et al., 1996; Raiswell and Canfield, 1998; Lyons
and Kashgarian, 2005), molecular biomarkers (Sinninghe
Damsté et al., 1993), and molybdenum isotopes (Arnold
et al., 2004).

Black Sea sediments were collected during Leg 4 of the
1988 R/V Knorr Black Sea Oceanographic Expedition using
a box corer (Lyons, 1991; Lyons et al., 1993). Sediments
from stations 3, 4, 9, 14 and 16 were analyzed in this study.
Samples from station 9 and 14 contain unit 1 (non-
turbidite) sediments (Degens and Ross, 1974). Stations 3
and 4 are located west of the Bosporus, Station 16 is in
the Bay of Sinop. For detailed site and sedimentological
descriptions, see Lyons (1991). Sediments deposited under
oxic bottom waters have total organic carbon (TOC)
contents of �1 wt.%, those from the deep anoxic (euxinic)
basin have significantly higher TOC contents of around
5 wt.%. The sediments are all of Holocene age.

2.3. Arabian Sea: modern oxygen minimum zone (OMZ)

Circulation in the Arabian Sea is controlled by seasonal
shifts of the monsoon winds, causing upwelling of nutrient-
rich water along both coasts of the Arabian Sea (Calvert
et al., 1995). Increased productivity accompanies the sea-
sonal upwelling of nutrient-rich water. A strong oxygen
minimum zone (OMZ) is present across the entire Arabian
Sea at intermediate water depths (Calvert et al., 1995), with
dissolved oxygen concentrations dropping to suboxic levels
(�4.5 lM) (Morrison et al., 1999).

Sediment samples were taken from two piston cores (463
and 464) collected on Murray Ridge in the northern Ara-
bian Sea during the Netherlands Indian Ocean Program
(NIOP) in 1992. Core 463 is located within the present-
day OMZ; core 464 was collected below the oxygen-poor
waters. The geochemistry and chronology of the cores are
described in detail elsewhere (Reichart et al., 1998; Sinnin-
ghe-Damsté et al., 2002; van der Weijden et al., 2006). The
sediments used in the present study were deposited between
60 and 150 ky ago. The organic carbon profiles show pre-
cession-related variations that are more pronounced in core
463 than in core 464 (van der Weijden et al., 2006). The
maximum TOC concentrations in core 463 are on the order
of 6 wt.%, with an average of �2 wt.%.

2.4. Demerara Rise and Cape Verde Basin: OAE2

Sediment samples were obtained from ODP (Ocean
Drilling Program) Leg 207 core 1258A on the Demerara
Rise, a submarine plateau located in the western equatorial
Atlantic Ocean off the coast of Suriname (Erbacher et al.,
2005). Cape Verde Basin sediments were collected during
DSDP (Deep Sea Drilling Project) Leg 41 at Site 367 off
the coast of Senegal (Kuypers et al., 2002). The sediments
deposited during OAE2 are captured in the Demerara Rise
core, but only the first half of OAE2 is recorded in the top-
most portion of the Cape Verde Basin core.

The Demerara Rise sediments are mostly laminated
black shales containing up to 29 wt.% TOC (averaging
12 wt.%). The Cape Verde Basin sediments contain terrige-
nous silicates and clay minerals. High TOC concentrations
of up to 40 wt.% (average TOC = 18 wt.%) are observed in
the samples corresponding to OAE2 (Herbin et al., 1986;
Kuypers et al., 2002). Organic matter in the Demerara Rise
and Cape Verde Basin sediments is principally of marine
origin (Kuypers et al., 2002; Erbacher et al., 2005). Further
details on the trace element geochemistry of the sediments
from both sites can be found elsewhere (Brumsack, 1986;
Hetzel et al., 2009).

Anoxic water column conditions likely existed prior to
OAE2, and often reached upward to the photic zone mov-
ing the chemocline significantly (Kuypers et al., 2002). Sul-
fidic conditions in the water column during OAE2 also
appear to have reached the photic zone and may have been
present sporadically before the anoxic event (Kuypers et al.,
2002).

2.5. Posidonia Shale: Toarcian OAE

The Posidonia Shale was deposited in a shallow epicon-
tinental sea and is characterized by very well preserved fos-
sils and high TOC contents (Röhl et al., 2001). The samples
for this study are from a quarry located in Dotternhausen,
SW Germany, and span the Lower Toarcian Tenuicostatum

paltum to the Bifrons commune ammonite zones (Schmid-
Röhl et al., 2002). The bottom 2 m of the section consist
of organic-poor (<1 wt.% TOC) grey marlstones. The next
4.5 meters up-core comprise organic-rich laminated shales
with very thin silty layers attributed to the Toarcian
OAE; TOC concentrations are between 10 and 14 wt.%.
The topmost 2.5 meters of the core are mostly bituminous
mudstones, with an average TOC of �7 wt.%.

The high degree of preservation of organic matter within
the organic-rich portions of the Posidonia Shale has gener-
ally been ascribed to the presence of permanently anoxic
and, possibly, even euxinic bottom waters (Raiswell and
Berner, 1985; Raiswell et al., 1993; Schouten et al., 2000).
However, there are indications of brief periods of oxygena-
tion during otherwise long periods of anoxia (Fisher and
Hudson, 1987). A proposed mechanism for these oxygena-
tion events are shifts between estuarine and anti-estuarine
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circulation (Röhl et al., 2001). During high river discharge
accompanying monsoon rains, increased nutrient availabil-
ity and decreased salinity led to the establishment of a re-
dox boundary in the water column. This redox boundary
persisted throughout the year when sea level stand was
low. However, as sea level rose, the redox boundary was
largely destroyed during the winter when anti-estuarine cir-
culation dominated. Enrichment in trace metals supports a
marked influence of fluvial input during Posidonia Shale
deposition (Brumsack, 1991).

2.6. New Albany Shale: stratified basin

Core material was obtained from the Camp Run Mem-
ber of the New Albany Shale in Central Indiana (North
American Exploration Hole INJK-I3 Sec. 9, T. 6 N, R.
5E, Jackson County, Indiana). The core consists of alter-
nating, and clearly separated, bioturbated and laminated
shale layers. The laminated, black shales have relatively
high TOC contents (average 8.2 wt.%) (Ingall et al., 1993;
Calvert et al., 1996). The bioturbated, grey shales show evi-
dence of burrowing and have low TOC contents (average
0.5 wt.%).

The Late Devonian–Early Mississippian New Albany
Shale formed under conditions of eustatic sea level rise (In-
gall et al., 1993). The geochemical characteristics of the
Camp Run Member of the New Albany Shale indicate that
the laminated shales were deposited under dysoxic to an-
oxic rather than euxinic conditions (Beier and Hayes,
1989). The repeated vertical shift of the anoxic/oxic inter-
face at the basin margin is thought to have created the clo-
sely alternating layers of interbedded black and light
colored shales (Cluff, 1980; Calvert et al., 1996).

2.7. Alum Shale: Late Cambrian SPICE

The Scandinavian Alum Shale Formation, deposited
during the Middle Cambrian to Lower Ordovician, consists
mainly of dark grey to black mudstones and the Alum
Shale. The latter is enriched in TOC (10–20 wt.%), synge-
netic pyrite, phosphate and trace elements (Ahlberg et al.,
2009; Gill et al., 2011). Sedimentary iron speciation
data along with the absence of bioturbation, suggests
euxinic conditions during deposition of the Alum Shale
(Thickpenny, 1984, 1987; Gill et al., 2011). Bulk rock
samples for this study were obtained from Andrarum-3
Drill Core in Sweden (Ahlberg et al., 2009; Gill et al.,
2011).

The studied portion of the Alum shale formation con-
tains the SPICE (Steptoean Positive Carbon Isotope Excur-
sion) event defined by a marked shift in d13C of the organic
carbon (Ahlberg et al., 2009). The carbon isotope excursion
has been observed in several locations throughout the
world, including Kazakhstan, China, Australia, Eastern
and Western North America (Glumac and Walker, 1998;
Saltzman et al., 1998). The widespread observation of this
event is thought to have been due to a transient global shift
in carbon and sulfur cycling, which coincided with a global
trilobite extinction event and the spread of euxinic condi-
tions throughout the ocean (Saltzman et al., 1998, 2000;
Gill et al., 2011).

3. METHODS

3.1. Sample digestion

Sample preparation followed the procedure outlined in
Zhu et al. (2008). Freeze-dried plankton, rock, and sedi-
ment powders were weighed to 0.5 g per aliquot. Each ali-
quot was pre-digested in a 7 ml PFA beaker with 2.5 ml
of concentrated nitric acid at 100 �C for 3 h to oxidize the
organic matter. After the pre-digestion the sample was
transferred to a 23 ml PTFE liner using an additional
0.5 ml of concentrated nitric acid to rinse the PFA beaker
(total of 3 ml HNO3). The liner was then placed in a Parr
bomb and heated at 165 �C for 10 h (Zhu et al., 2008; Clark
and Johnson, 2010). After cooling, the sample was moved
to a 15 ml conical centrifuge tube and the PTFE liner was
rinsed with 1 ml H2O; the rinse was also transferred to
the centrifuge tube. The resulting suspension was centri-
fuged for 20 min at 3000 RPM, and the supernatant liquid
was decanted into a clean 7 ml PFA beaker. The remaining
sample powder was rinsed with 2 ml of 8 M HNO3, and the
powder was re-suspended by mixing on a vortexer. The sus-
pension was centrifuged a second time using the same pro-
cedure, and the supernatant was added to the same 7 ml
PFA beaker containing the first extraction. The sample
was then placed on a 100 �C hot plate (inner beaker temper-
ature �70 �C) and heated to incipient dryness. Once dry,
the sample was re-suspended in 5 ml of 5 M HCl and ul-
tra-sonicated for 15 min. Subsequently, it was filtered
through a 0.45 lM pore size syringe filter and into a clean
30 ml borosilicate glass test tube with a PFA lined cap.
The filter was rinsed into the same test tube using an addi-
tional 5 ml of 5 M HCl. The sample was then heated for 1 h
at 100 �C in an aluminum block to convert any Se(VI) to
Se(IV).

3.2. Analytical techniques

3.2.1. Selenium concentrations

After the digestion the total Se concentrations were
determined via atomic fluorescence spectrometry (AFS).
A small aliquot (900 ll) from the digest was diluted to a to-
tal of 20 ml with 30% HCl. The concentration was mea-
sured on a PSA 10.055 Millennium Excalibur Atomic
Fluorescence Spectrometer equipped with a continuous
flow hydride generator (HG) and a boosted discharge hol-
low cathode Se lamp. The Se concentration standard used
was a single element ICP standard (1.000 lg mL�1 Se in di-
lute HNO3, Ultra Scientific). Concentrations measured on 5
separate leaches of the U.S. Geological Survey (USGS) cer-
tified reference material Green River Shale (SGR-1b;
n = 16) yielded an average of 3.54 ppm Se, standard devia-
tion (2r) of ±0.70 ppm and a relative standard deviation
(RSD) of 9.9%. The relative error on these measurements
was ±2%, based on the USGS certificate of analysis (rec-
ommended Se value = 3.5 ppm).
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3.2.2. Selenium isotope notation

All Se isotope ratios and fractionations presented in this
paper are relative to NIST SRM 3149 (Carignan and Wen,
2007). Delta values that were reported by other authors rel-
ative to the MERCK standard, were converted to the NIST
scale according to Carignan and Wen (2007), which requires
the addition of +1.54& to the MERCK value. The isotope
notations are analogous to those of Canfield (2001) for the
sulfur system. The isotopic fractionation factor for a given
biogeochemical process (a) is defined as follows:

aðA�BÞ ¼
82Se
76Se

� �
A

82Se
76Se

� �
B

ð2Þ

where A is the reactant and B is the product. Isotopic com-
positions are expressed in per mil (&) units and are ex-
pressed in the standard delta (d) notation (Coplen, 2011):

d82=76Se ¼
82Se
76Se

� �
Sam

82Se
76Se

� �
Std

� 1

2
4

3
5 ð3Þ

Isotopic fractionations are expressed in terms of e val-
ues, also with units of (&):

eA�B ¼ ðaA�B � 1Þ ð4Þ

The epsilon notation is convenient because e is roughly
equal to the difference between the d values for two
compounds:

eA�B ffi d82=76SeA � d82=76SeB ð5Þ
3.2.3. Selenium isotopic analysis

The 74/77Se double isotope spike was first added to the
samples, in order to correct for any fractionation that might
occur during the thiol cotton fiber (TCF) separation. The
TCF was used for the chemical separation of Se from the
dissolved matrix (i.e., separation from Fe, Ge, etc.) prior
to isotopic analysis. The preparation of the thiol cotton fi-
ber followed a procedure modified after Yu et al. (2001). A
mixture was prepared by combining 20 ml thioglycolic acid
(96–99%), 14 ml acetic anhydride (99.9%), 6.4 ml glacial
acetic acid, 0.064 ml sulfuric acid (97.5%) and 2.5 ml
18 MX water. Medical grade hydrophilic cotton (6 g) was
added to the mixture. The separation of the Se via the
TCF followed the detailed protocol of Zhu et al. (2008)
based on Rouxel et al. (2002).

Selenium isotope determinations were measured by Hy-
dride Generation Multi Collector Inductively Coupled Plas-
ma Mass Spectrometry (HG-MC-ICP-MS), using a double
focusing Nu Plasma MC-ICP-MS (Wrexham, North
Wales, UK), located at the Department of Geology, Uni-
versity of Illinois at Urbana-Champaign. The HG-MC-
ICP-MS method was modified from Rouxel et al. (2002).
The reductant used for the hydride generation was 0.3%
NaBH4 in 0.3% NaOH. The sample and reductant were
introduced into the hydride generator at a flow rate of
0.25 ml min�1. The hydrides generated were carried into
the instrument with argon as the carrier gas.

The Se isotope standard solution was NIST SRM 3149
(Carignan and Wen, 2007). The mass difference between
74Se and 82Se is greater than between 82Se and 76Se, but
74Se is far less abundant (0.87%) than 76Se (9.02), hence,
the 82/76Se ratio is used preferably (Krouse and Thode,
1962). The low abundance of 74Se also makes the double
spike technique used here ideal. The 74Se+77Se double spike
approach corrects for instrumental mass bias and for any
isotopic fractionation occurring during the sample prepara-
tion steps. 74Se-enriched and 77Se-enriched spikes were pur-
chased from ISOFLEX, USA, and mixed to create a Se
isotope double spike (74Se/77Se), which was added in the
Se(IV) form to all samples and well mixed prior to the
TCF separation procedure. The amount of spike was cho-
sen to attain a 77Se/78Se ratio of roughly 2. The samples
for isotope analysis were prepared so as to yield about
20 mL of solution containing 4–6 ng ml�1 selenium, pro-
ducing 78Se intensity between 12 and 20 pA (1.2–2.0 V). Be-
tween each sample the hydride generator apparatus was
rinsed with 2 M HCl until the normal background signal
was retrieved, and on-peak baseline measurements were
subtracted, in order to avoid memory effects between sam-
ples. NIST SRM 3149 was measured approximately every
five samples to account for instrument drift, and results
were normalized to interpolated NIST SRM-3149 values.

The analytical data were first corrected for interferences
(for detailed discussion, see Electronic Annex Zhu et al.,
2008; Clark and Johnson, 2010; supporting information;
Schilling et al., 2011; supporting information). The different
isotopic ratios (74Se/78Se, 76Se/78Se, 77Se/78Se, 80Se/78Se,
and 82Se/78Se) were then entered into an iterative data
reduction procedure that extracted the sample’s 82Se/76Se
and 82Se/78Se ratios from the measurements on the sam-
ple-spike mixture. Replicate analyses (repeat TCF prepara-
tion and analysis) were carried out on 7 samples. This yields
a precision estimate of ±0.16&, calculated as two times the
root mean square of the differences. Replicate analyses of
SGR-1 (n = 11) yield d82/76Se = �0.20 ± 0.10& (2r),
which differs from Rouxel et al. (2002) published value by
�0.65&.

4. RESULTS

In this first assessment of the Se proxy in marine sedi-
ments and sedimentary rocks, we focus on general trends
in the entire data set. The analysis presented in the next sec-
tion relies primarily on the average values of bulk Se con-
centrations and isotopic compositions, together with
average TOC and Se/TOC ratios, summarized in Fig. 2.
The complete data set is presented in the supplementary
material (Electronic Annex), which also provides detailed
descriptions of the results for each individual set of samples.

In Fig. 2, the results for each sampling location are
grouped in two or three categories described in the follow-
ing text. For the Black Sea, we separate the sediments from
the oxic basin margin (open symbols) from those collected
in the deep euxinic basin (filled symbols). For the Arabian
Sea, the two categories correspond to core 464 (open) and
core 463 (filled). For the Demerara Rise and Cape Verde
Basin sediments, we distinguish the sediments that were
deposited just before (open, B), during OAE2 (filled) and
after OAE2 (open, A). Similarly, for the Posidonia Shale



Fig. 2. Average values in the sediments and sedimentary rocks of (A) total selenium concentrations (ppm), (B) total organic carbon
concentrations (TOC, wt.%), (C) molar Se/TOC ratios – the dashed line indicates the average Se/TOC ratio in phytoplankton
(3.6 ± 1.7 � 10�6 mol/mol; Doblin et al., 2006), and (D) the Se isotopic composition, expressed as d82/76Se (&) – the dashed line indicates the
isotopic composition of modern plankton collected in the Pacific Ocean (+0.42&; this study). For the Black Sea, we separate the sediments
from the oxic basin margin (open symbols) from those collected in the deep euxinic basin (filled symbols). For the Arabian Sea, the two
categories correspond to core 464 (open) and core 463 (filled). For the Demerara Rise and Cape Verde Basin sediments, we distinguish the
sediments that were deposited just before (open, B), during OAE2 (filled) and after OAE2 (open, A). Similarly, for the Posidonia Shale and
Alum Shale Formations, samples from before (open, B), during (filled) and after (open, A) the Toarcian OAE and SPICE, are grouped
together, respectively. For New Albany Shale, the bioturbated (open) and laminated shales (filled). Error bars indicate standard deviations
(1r).
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and Alum Shale Formations, samples from before (open,
B), during (filled) and after (open, A) the Toarcian OAE
and SPICE, are grouped together, respectively. The OAEs
and SPICE events are defined based on the d13C excursions
described in the literature (See Figs. EA2, EA3, and EA5).
Finally, for the New Albany Shale, the bioturbated (open)
and laminated shales (filled) define the two categories.

The average Se concentrations vary by more than one
order of magnitude (Fig. 2A). Selenium concentrations in
the Demerara Rise and Cape Verde Basin sediments are sig-
nificantly higher than for the other sites. They are also well
above the world shale average of 0.6 ppm (Turekian and
Wedepohl, 1961). As expected, for any given location, the
sediments deposited under the more reducing conditions
(filled symbols) are on average more enriched in TOC
(Fig. 2B). The OAE2 sequences show the highest average
TOC concentrations, while the lowest TOC concentrations
are seen in the Black Sea and Arabian Sea sediments as well
as in the bioturbated layers of the New Albany Shale.

The Se to organic carbon ratios (Se/TOC) vary by about
two orders of magnitude (Fig. 2C). The average Se/TOC
values for the Black Sea sediments, the Alum Shale Forma-
tion, the Toarcian OAE and the laminated New Albany
Shale layers are close to or slightly below the average liter-
ature value for modern marine phytoplankton
(3.6 ± 1.7 � 10�6 mol/mol; Doblin et al., 2006). The phyto-
plankton sample from the oligotrophic Pacific Ocean mea-
sured in this study has a Se/TOC value of 1.7 � 10�6 mol/
mol, which is toward the low end of Se/TOC values found
in the shales. The Arabian Sea cores, the non-OAE samples
of the Demerara Rise and Cape Verde Basin and the biotur-
bated New Albany Shale layers have average Se/TOC
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ratios far above those of modern marine phytoplankton.
Note, however, that the differences in average Se/TOC ra-
tios between non-OAE2 and OAE2 sediments, and between
the bioturbated and laminated layers of the New Albany
Shale, are primarily due to concentration differences of
TOC, rather than Se (Fig. 2A–C).

In contrast to the Se concentrations and Se/TOC ratios,
the average d82/76Se values only exhibit a narrow range
(�0.14& to 1.71&; Fig. 2D). Most values fall close to or
below the isotopic composition we measured on modern
plankton (0.42&) from the (open) Pacific Ocean
(Fig. 2D). The notable exceptions are the New Albany
Shale with significantly heavier d82/76Se values, and the
Arabian Sea sediments and OAE2 samples from the
Demerara Rise, which have negative average d82/76Se
values.
5. DISCUSSION

The average Se/TOC ratio of modern marine plankton
provides a reference point to which sediment Se/TOC ratios
can be compared (Fig. 2C). The lowest marine plankton Se/
TOC ratios previously measured (1.8 � 10�6 mol/mol) have
been reported for Subantarctic Surface Water (SASW) and
Subtropical Surface Water (STW) (Sherrard et al., 2004).
The plankton sample from the oligotrophic Pacific Ocean
measured in this study has a comparable Se/TOC value of
1.7 � 10�6 mol/mol. Cultured phytoplankton have some-
what higher Se/TOC values around 3.2 ± 6.2 � 10�6 mol/
mol (Doblin et al., 2006). The cultured plankton have a sim-
ilar Se/TOC content to plankton collected from estuarine
seston tows which range from 3.6 ± 1.7 � 10�6 up to
5.7 ± 2.9 � 10�6 (Doblin et al., 2006). The higher values
probably reflect luxury uptake (i.e., Se uptake in excess of
the minimum requirement for growth) by phytoplankton
in these areas (Vandermeulen and Foda, 1988; Baines and
Fisher, 2001).

For the modern and ancient marine sediments analyzed
in this study, the sediment Se/TOC values are either similar
or greater than the values observed for modern marine
plankton (Fig. 2C). The most depleted Se/TOC ratios are
found in the laminated black shales of the New Albany for-
mation, with values at the lower end of the modern plank-
ton range. The Se/TOC values of the Black Sea, Alum
Shale, and Toarcian OAE samples are close to the average
Se/TOC of modern marine phytoplankton. All the remain-
ing sediments and sedimentary rocks are enriched in Se rel-
ative to marine plankton, suggesting selective enrichment
processes or additional sources of Se to the sediment.

The Se isotopic data may potentially help explain the
observed variations in the sediment Se/TOC ratios. Com-
pared to the relatively large Se isotope fractionations re-
ported in laboratory studies, especially fractionations
associated with reductive processes, the range of
d82/76Se values in the sediments and sedimentary rocks
analyzed here is remarkably narrow (Figs. 2D and 3).
In addition, most d82/76Se values fall fairly close to the
d82/76Se value of plankton collected in the oligotrophic
Pacific Ocean (d82/76Se = 0.42&, this study). This obser-
vation is particularly true for the Black Sea sediments
and Alum Shale samples, which also exhibit Se/TOC ra-
tios that are indistinguishable from those of modern mar-
ine plankton.

Direct measurements in the water column of the Black
Sea show that organic selenide is the dominant form of dis-
solved Se, both in the surface and the deeper anoxic waters
(Cutter, 1992). The persistence of organic selenide through-
out the water column supports the idea that the main flux
of Se to the sediments is particulate organic matter, which
releases dissolved organic selenide as its sinks to the sea-
floor. Because Se is already in reduced form when reaching
the sediments, no significant further reduction of Se and
accompanying fractionation effects are expected, while
reoxidation of organic selenide in shallower sediments
deposited under oxic bottom waters would only produce
small fractionations (Fig. 1). Under these conditions, the
early diagenetic redistribution of deposited organic Se, for
example into mineral selenide or elemental selenium should
preserve the original planktonic Se isotopic composition
(Thomson et al., 1998; Mercone et al., 1999).

The proposed interpretation of the Black Sea selenium
data implies that the corresponding sediment d82/76Se val-
ues primarily reflect surface ocean water values, with a
small offset due to the fractionation accompanying reduc-
tive assimilation of Se by phytoplankton. By analogy with
the limited fractionation observed during assimilatory sul-
fate uptake (Canfield, 2001), reductive assimilation of Se
is assumed to only impart a small fractionation, especially
when compared to the fractionation accompanying dissim-
ilatory reduction. The assumption is further supported by a
number of laboratory and field studies. In culture experi-
ments with the freshwater alga C. reinhardtii, Hagiwara
(2000) found fractionations between biomass and medium
of e82/76Se = 1.5–3.90& (Fig. 1). Fractionations in natural
aquatic environments are likely smaller, as Se uptake may
in part be due to non-reductive assimilation of dissolved or-
ganic Se. For example, phytoplankton collected in a fresh-
water lake in Colorado, USA, has a d82/76Se value only
0.6& lower than the mean d82/76Se value of coexisting aque-
ous selenate (Clark and Johnson, 2010). Similarly small dif-
ferences are observed between organically bound selenium
extracted from modern sediments from a variety of settings
and the coexisting waters (Johnson et al., 2000; Herbel
et al., 2002; Clark and Johnson, 2010).

Assuming that fractionation during Se assimilation by
marine plankton is (relatively) small, the d82/76Se values
determined for modern marine plankton (0.42 ± 0.22&)
should provide a lower limit for surface seawater d82/76Se
from the central North Pacific Ocean. These oligotrophic,
Se-limited surface waters previously subjected to extensive
Se assimilation would further be expected to have some-
what heavier d82/76Se compositions than deeper water
masses or surface waters in upwelling zones. Our marine
plankton value (0.42&) agrees remarkably well with the
range of d82/76Se values of 0.04–0.42& measured by Rouxel
et al. (2002) on manganese nodules, which, presumably, re-
cord seawater isotopic compositions with negligible frac-
tionation. (Note: the original d82/76Se values of Rouxel
et al. reported relative to the MERCK standard are



Fig. 3. Average Se/TOC ratios versus average d82/76Se values. The solid vertical line indicates average Se/TOC of phytoplankton (Doblin
et al., 2006). The shading encompasses the range of Se/TOC ratios observed in modern phytoplankton (upper limit, Doblin et al., 2006; lower
limit, this study). The solid horizontal line indicates the average d82/76Se of oligotrophic open Pacific Ocean plankton (this study). Symbols:
X = Black Sea; circles = New Albany Shale; hexagon = Posidonia Shale; diamond = Alum Shale; square = Arabian Sea; triangle,
down = Demerara Rise; triangle, up = Cape Verde Basin. Open and filled symbols correspond to the categories used in Fig. 2, with the
exception of the OAE sequences where the before and after OAE data have been combined (see Section 4 in text for more details). Error bars
indicate the standard deviations (1r) of the average values Se/TOC and d82/76Se values.
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converted to NIST SRM 3149 values using the conversion
factor, +1.54&, from Carignan and Wen, 2007). These
indirect constraints on modern ocean d82/76Se, however,
will need to be verified by direct determinations of the Se
isotopic composition of seawater.

Weathering on land is expected to yield isotopically light
alteration products (solids). For example, extreme Se
enrichments in supergene ore deposits have d82/76Se values
as low as �14.2& (Wen et al., 2007; Zhu et al., 2008). Typ-
ical d82/76Se values of land-derived materials are likely less
negative. Rouxel et al. (2002), for instance, report an aver-
age d82/76Se of �0.42 ± 0.72& for clay-dominated samples
from the Izu-Bonin-Mariana Margin (ODP Leg 185, Site
1149, Late Pleistocene). This value is probably more repre-
sentative of continental weathering products delivered to
the oceans.

Terrigenous Se input may be the source of the relatively
light isotopic signatures of the Arabian Sea sediments
(Fig. 2). If the average d82/76Se value of terrigenous matter
mentioned above (�0.42&) and that of marine plankton
measured in this study (+0.42&) are representative for
the Arabian Sea, then isotopic balance implies that more
than 50% of the Se in cores 463 and 464 is of terrigenous
origin. Major contributions of terrigenous Se are in agree-
ment with the Al and Se concentrations reported by van
der Weijden et al. (2006) for the same sediments. Bottom-
water oxygenation inferred from biomarkers indicates that
the sediments of Arabian Sea core 463 were deposited un-
der predominantly anoxic conditions, while core 464 expe-
rienced mostly oxic conditions (Sinninghe-Damsté et al.,
2002). Despite the difference in bottom-water oxygenation,
the average Se/TOC and d82/76Se values are very similar for
the two cores. This similarity is consistent with the inferred
predominance of a (common) terrigenous Se source at both
locations in the Arabian Sea.

Significant terrestrial inputs of trace elements have also
been proposed for the Posidonia Shale sequence (Brumsack,
1991), and could thus account for the excess Se/TOC and
relatively light Se isotopic compositions observed in the
samples deposited before and after the Toarcian OAE.
The shift toward planktonic Se/TOC and d82/76Se values
during the Toarcian OAE (Fig. 3) may then reflect an
increased contribution of marine organic matter deposition
and preservation to total sedimentary Se burial.

In contrast to the Arabian Sea sediments and Posidonia
Shale samples, the laminated black shales of the New Al-
bany Shale formation exhibit d82/76Se values that shift away
from the modern planktonic value in the positive direction.
In addition to the most positive d82/76Se values, the lami-
nated New Albany Shale layers also exhibit the lowest
Se/TOC ratios (Fig. 3). One possible explanation is that the
Se signatures in the laminated shales reflect high primary
productivity (Ingall et al., 1993; Ingall and Jahnke, 1997)
under extreme water column Se limitation due to increased
assimilatory Se demand. The reduced availability of Se
would not only have led to the burial of Se-depleted organic
matter but could also have decreased the extent of fraction-
ation during assimilatory Se uptake. The black shale isoto-
pic compositions would then yield a minimum estimate of
d82/76Se of Late Devonian–Early Mississippian seawater
of 1.7 ± 0.5&. Alternatively, the positive d82/76Se values
of the laminated New Albany Shales could represent a
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local, productivity-driven enrichment of heavy Se in the
water column of a semi-isolated depositional basin with re-
stricted connection to the global ocean. Lower primary pro-
ductivity during deposition of the bioturbated shales of the
New Albany Shale sequence would have alleviated Se limi-
tation and delivered isotopically lighter organically bound
Se to the sediments. The relatively higher Se/TOC ratios
in the bioturbated New Albany Shale samples could be ac-
counted for by additional Se deposition, for example, as Se
sorbed to settling iron oxides, or by preferential retention of
Se by iron oxides at the seafloor. As for assimilation, sorp-
tion to ferric iron oxyhydroxides is expected to result in
slightly lighter Se being buried in the sediments
(e � 0.8&, Johnson et al., 1999; Johnson and Bullen, 2004).

Increased volcanism may have played a major role in
triggering OAE2 (Schlanger et al., 1981, 1987; Sinton and
Duncan, 1997; Kerr, 1998; Turgeon and Creaser, 2008; Jen-
kyns, 2010; Adams et al., 2010). Elevated levels of trace ele-
ments have been cited as evidence for intense volcanic
activity (Snow et al., 2005; Turgeon and Creaser, 2008;
Adams et al., 2010). Volcanogenic Se input could thus pro-
duce the high Se/TOC ratios in the Demerara Rise and
Cape Verde Basin sediments (Fig. 2C and Fig. 3). Volcanic
(sub-aerial and sub-marine) and hydrothermal activity re-
leases Se principally as nano-particulate Se(0) and volatile
Se compounds (Suzuoki, 1964; Von Damm et al., 1985a;
Von Damm et al., 1985b; Rubin, 1997; Snow et al., 2005).
However, much of the Se released by seafloor hydrothermal
vents is likely deposited nearby, and is presumably a minor
source of Se to the oceans (Auclair et al., 1987; Rouxel
et al., 2004). Nano-particulate Se(0) could be incorporated
directly into marine sediments (Velinsky and Cutter, 1990),
while volatile Se would increase the availability of Se in the
water column, which may cause luxury Se uptake phyto-
plankton (Vandermeulen and Foda, 1988; Baines and Fish-
er, 2001), hence increasing the Se/TOC ratio of deposited
organic matter. Excess Se may also have been removed
from the water column as selenite sorbed to settling mineral
and organic matter, further enriching the sediments in Se.

Ocean basalts have isotopic compositions very near that
of modern marine plankton (d82/76Se = 0.25&; Rouxel
et al., 2004). Most likely, the isotopic compositions of the
volatile and nano-particulate Se associated with marine vol-
canism are close to the basaltic values. Hence, bulk sedi-
ment d82/76Se values should not differentiate between
marine planktonic and volcanogenic Se sources. The aver-
age d82/76Se values of the sediments deposited during
OAE2 are distinctly lower than those of the sediments
deposited before and after the event, however (Fig. 3).
We attribute this pattern to the microbial or chemical
reduction of excess Se(VI) and Se(IV) oxyanions within
the euxinic water column of OAE2. Both biotic and abiotic
reduction in the water column would result in the produc-
tion of isotopically light particulate Se(0) or FeSe, which
would subsequently settle to the seafloor. During the less
reducing conditions before and after OAE2, however,
sorbed Se oxyanions would be delivered to the sediments
where early diagenetic Se reduction would occur in the
semi-closed sediment system, hence preserving the bulk iso-
topic signature of the deposited Se.
Taken together, our data imply marked differences be-
tween the stable isotope systematics of selenium and sulfur.
The narrow range of d82/76Se values in the sediments and
sedimentary rocks analyzed in this study stands in stark
contrast to the sedimentary sulfide d34S geological record,
which shows large variations through time (Canfield and
Raiswell, 1999; Shen et al., 2001). To a great extent, the lat-
ter can be attributed to the dominant imprint of dissimila-
tory sulfate reduction, and the corresponding large
fractionations, on the sulfur isotopic signatures in marine
sediments (Canfield et al., 2000; Canfield, 2005). In con-
trast, we propose that the sedimentary d82/76Se record is
dominated by the relatively small fractionations accompa-
nying assimilatory uptake of Se and the delivery of organ-
ically-bound selenide to the seafloor. The latter severely
limits the extent to which early diagenetic reductive pro-
cesses can modify the bulk isotopic composition of depos-
ited Se. The d82/76Se variations observed here can to a
large degree be explained by variations in terrigenous inputs
and the degree of surface water Se limitation. The narrow
range of d82/76Se further argues against large variations in
the selenium isotopic composition of seawater over the
course of the Phanerozoic, probably as a result of the very
efficient recycling of assimilated Se within the ocean system
(Cutter and Bruland, 1984; Cutter, 1992).

The Se concentrations and isotopic variability of our
study also contrast with those reported by Wen et al.
(2007) and Wen and Carignan (2011) for Se deposits hosted
in black shale formations in China. These authors explain
the observed Se enrichments by the following three
mechanisms: (1) primary hydrothermal Se deposition
(Zunyi Ni–Mo–Se deposit), (2) secondary hydrothermal
alteration (La’erma Se–Au deposit), and (3) supergene
alteration (Yutangba deposit). Primary hydrothermal
enrichment results in high Se concentrations of up to
99 ppm in black shales, and 1900 ppm in the associated
ore deposits. Secondary hydrothermal alteration shows
enrichments of Se between the host rocks and the ores of
about one order of magnitude (Wen and Carignan, 2011),
while supergene alteration produces the highest Se enrich-
ments with Se concentrations >4500 ppm (Wen et al.,
2007). The supergene alteration is also accompanied by
the largest range of Se isotopic composition reported for
a single sedimentary formation, with d82/76Se values
between �14.20& and 9.13& (Wen et al., 2007; Zhu
et al., 2008; Wen and Carignan, 2011).

According to Zhu and coworkers (2008), the large
spread in d82/76Se values of the Yutangba shales and ores
results from repeated cycles of oxidative mobilization and
reductive precipitation of Se. Selenium oxidation occurs
in the surficial soil zone of the ore deposit and along fast-
flowing fractures to an unknown depth below the surface
(possibly on the order of 1 m). As the selenium seeps down-
ward, the water eventually becomes anoxic, and Se repre-
cipitates as Se(�II) or Se(0), producing a selenium
enriched layer. Upon subsequent exposure of this layer at
the earth’s surface, the cycle of supergene alteration repeats
itself, hence increasing the degree of isotopic fractionation
(Wen and Carignan, 2011). Isotopic compositions mea-
sured on drill core samples show a progressive narrowing



Fig. 4. Proposed Se cycling under various water column redox conditions. Depth profiles of dissolved Se species concentrations are shown
schematically next to each ocean panel: dotted line indicates Se(VI), solid line indicates Se(IV), long dash indicates dissolved organic Se
(DSeorg). On the panels, Seox includes Se(VI) and Se(IV), DSeorg stands for dissolved organic Se, DMSe refers to dimethyl selenide. All
numerical values shown are e values (&), with zero values indicating unknown but presumably small fractionation. The e values for
assimilation are from Hagiwara (2000); values for dissimilatory reduction are from the compilation by Johnson and Bullen (2004) and the
values given for adsorption are from Johnson et al. (1999).
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of the range in the d82/76Se values, which converge to a typ-
ical shale value of �0& at about 50 m depth (Zhu et al.,
2008). The exceptional Se enrichments and large ranges in
Se isotopic compositions observed in the black-shale hosted
Se deposits of China are therefore the result of secondary
redistribution of Se by alteration processes and, hence,
not indicative of the paleoenvironmental conditions during
sediment deposition.

Our current conceptual understanding of the biogeo-
chemical cycling of Se and Se isotopes in the oceans, under
variable redox regimes is summarized in Fig. 4. The panels
in the figure are based on the selenium isotopic ratios and
Se/TOC values observed in the marine sediments and sedi-
mentary rocks discussed above. For each of the redox re-
gimes, we suggest that the main dissolved Se species in
the water column is organic Se (Cutter, 1982; Cutter and
Bruland, 1984; Cutter, 1992), and that assimilation is the
main driving mechanism of Se cycling in the surface oceans.
The figure also includes dimethyl selenide (DMSe) efflux as
a possible pathway for the removal of Se from the oceans
(Amouroux et al., 2001). This process is unlikely to impart
a significant isotopic shift, as little fractionation is associ-
ated with volatilization (Schilling et al., 2011). The trans-
port of Se to the sediments is dominantly in the form of
settling organic matter in all three redox regimes, with some
input of oxidized Se species in the oxic and OMZ water col-
umn scenarios and elemental Se and FeSe in the anoxic/
euxinic scenario. In the anoxic/euxinic water column there
is no input of oxidized Se species to the sediments, as they
are reduced in the water column. Further early diagenetic
redistribution leads to the ultimate burial of a mix of pre-
dominantly organic Se, elemental Se and sorbed Se.

Admittedly, many of the proposed interpretations of the
data and the conceptual diagrams of Fig. 4 remain highly
speculative. Their verification will require a far more com-
prehensive characterization of the chemical speciation and
isotopic composition of the key sediment Se pools. So far
there have been very few studies that have successfully ana-
lyzed the isotopic compositions of the different forms of Se
in sediments and sedimentary rocks. Wen and Carignan
(2011) analyzed the Se isotopic composition of different
fractions extracted from rock samples; their samples, how-
ever, were significantly more enriched in Se (100–
10000 ppm) than our sediments and sedimentary rocks
(675 ppm). Clark and Johnson (2010) successfully analyzed
Se isotopic signatures of samples with lower Se concentra-
tions (640 ppm), but they relied on relatively large sample
sizes (�3 g). Both studies report some mass balance discrep-
ancies after extraction steps, as also reported by others
(Wright et al., 2003; Lenz et al., 2008). Thus, there remains
ample room for methodological improvements to fully un-
lock the Se and Se isotopic proxies.

6. CONCLUSIONS

This study provides a first assessment of the paleo-ocean-
ographic insights that may eventually be extracted from
selenium records in fine-grained marine sediments and sed-
imentary rocks. The Se concentrations and Se/TOC ratios
show significant variations, which are interpreted in terms of
changes over time in the sources, water column availability
and sedimentary sinks of Se. The small variations in d82/76Se
provide further constraints on the sources and cycling of
Se under different oceanographic regimes. For example,
the large Se/TOC ratios (compared to modern marine
plankton) and the negative d82/76Se excursion observed for
black shales deposited during OAE2 are explained by an en-
hanced supply of volcanogenic Se to the oceans accompa-
nied by reduction of excess Se(VI, IV) oxyanions in the
euxinic water column and subsequent burial as elemental
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Se and iron-bound selenide. A similar isotopic signature is
not observed in modern sediments deposited under euxinic
bottom waters in the Black Sea, presumably because of a
much lower water column availability of Se.

The interpretations proposed to explain the observed Se
concentration and isotopic records in the sediments and
sedimentary rocks analyzed are speculative and non-un-
ique. In a large measure, this reflects the wide diversity of
oxidation states and geochemical forms of Se. Bulk sedi-
ment Se concentrations and isotopic signatures therefore
only offer a partial window into the depositional conditions
and biogeochemical processes that control the incorpora-
tion of Se into marine sediments. Quantitative information
on the speciation of Se in marine sediments and sedimen-
tary rocks would significantly strengthen the Se proxy,
especially if the chemical differentiation of the sedimentary
pools of Se is coupled to their isotopic fingerprints. Equally
important, however, is the effort to fully characterize all
end-member sources that contribute Se to marine sedi-
ments. The existing datasets on Se contents, speciation
and isotopic ratios of end-member sources, such as marine
and terrestrial organic matter, continental weathering prod-
ucts, river run-off, and volcanic plus hydrothermal inputs,
are limited at best. Similarly, many gaps remain in our
understanding of the isotopic fractionations associated with
key processes in the marine Se cycle, such as the reduction
of selenite by free sulfide and iron sulfide minerals.

The results of our study clearly caution against the com-
mon assumption that selenium is an analog of sulfur. The
narrow range of d82/76Se values in marine sediments and
sedimentary rocks contrasts with the large variations in sed-
imentary d34S over geological time. We believe this reflects
the dominant imprints of assimilatory and dissimilatory
reduction processes on the sedimentary records of d82/76Se
and d34S, respectively. This further implies that bulk d82/76Se
values may only be weakly affected by redox conditions
at the seafloor, unless Se is present in large excess in the
water column. The sedimentary records of Se and S there-
fore encode distinct, and possibly complementary, paleo-
oceanographic information. The results presented in this
study should be useful in prioritizing further research efforts
in the field of Se biogeochemistry and isotope geochemistry
to more firmly develop the proxy potential of this element.
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Hetzel A., Böttcher M. E., Wortmann U. G. and Brumsack H.-J.
(2009) Paleo-redox conditions during OAE 2 reflected in
Demerara Rise sediment geochemistry (ODP Leg 207). Palae-

ogeogr., Palaeoclimateol., Palaeoecol. 273, 302–328.

Hockin S. L. and Gadd G. M. (2003) Linked redox precipitation of
sulfur and selenium under anaerobic conditions by sulfate-
reducing bacterial biofilms. Appl. Environ. Microbiol. 69, 7063–

7072.

Hoefs J. (2009) Stable Isotope Geochemistry, Sixth ed. Springer-
Verlag, Berlin, Heidelberg.

Ingall E. D., Bustin R. M. and Van Cappellen P. (1993) Influence
of water column anoxia on the burial and preservation of
carbon and phosphorus in marine shales. Geochim. Cosmochim.

Acta 57, 303–316.

Ingall E. D. and Jahnke R. (1997) Influence of water-column
anoxia on the elemental fractionation of carbon and phospho-
rus during sediment diagenesis. Mar. Geol. 139, 219–229.

Jenkyns H. C. (2010) Geochemistry of oceanic anoxic events.
Geochem. Geophys. Geosyst. 11, Q03004.

Johnson T. M. (2004) A review of mass-dependent fractionation of
selenium isotopes and implications for other heavy stable
isotopes. Chem. Geol. 204, 201–214.

Johnson T. M. and Bullen T. D. (2003) Selenium isotope
fractionation during reduction by Fe(II)–Fe(III) hydroxide-
sulfate (green rust). Geochim. Cosmochim. Acta 67, 413–419.

Johnson T. M. and Bullen T. D. (2004) Mass-dependent fraction-
ation of selenium and chromium isotopes in low-temperature
environments. Rev. Mineral. Geochem. 55, 289–317.

Johnson T. M., Bullen T. D. and Zawislanski P. T. (2000) Selenium
stable isotope ratios as indicators of sources and cycling of
selenium: results from the northern reach of San Francisco Bay.
Environ. Sci. Technol. 34, 2075–2079.

Johnson T. M., Herbel M. J., Bullen T. D. and Zawislanski P. T.
(1999) Selenium isotope ratios as indicators of selenium sources
and oxyanion reduction. Geochim. Cosmochim. Acta 63, 2775–

2783.



K. Mitchell et al. / Geochimica et Cosmochimica Acta 89 (2012) 302–317 315
Kerr A. C. (1998) Oceanic plateau formation: a cause of mass
extinction and black shale deposition around the Cenomanian–
Turonian boundary? J. Geol. Soc. 155, 619–626.

Krouse H. R. and Thode H. G. (1962) Thermodynamic properties
and geochemistry of isotopic compounds of selenium. Can. J.

Chem. 40, 367–375.

Kulp T. R. and Pratt L. M. (2004) Speciation and weathering of
selenium in upper cretaceous chalk and shale from South
Dakota and Wyoming, USA. Geochim. Cosmochim. Acta 68,

3687–3701.

Kuypers M. M. M., Pancost R. D., Nijenhuis I. A. and Sinninghe
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