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The causes of the greatest mass extinction in Earth's history, in the latest Permian, remain actively debated. Here
we use Se isotopes and abundances inmarine sediments from an outer-shelf environment to test one of themost
common hypotheses for the collapse of the biosphere, i.e.widespread euxinia in the open ocean. Our data show a
small positive excursion in δ82/78Se prior to the extinction, consistentwith local euxinia. However, this is followed
by a significant negative excursionwith aminimum of−1.8‰ (relative to NIST SRM 3149), immediately preced-
ing the principal extinction horizon. A net fractionation of thismagnitude likely resulted frompartial reduction of
Se oxyanions dissolved in the water column. Due to their low abundance, Se oxyanions are rapidly scavenged in
anoxic basins or regions of high biological productivity with little net isotopic fractionation. We therefore inter-
pret the uniquely negative fractionations in this section as an indicator for relatively oxygenated conditions in
this marine basin at the time when biological productivity declined. The offset between the peak excursion
and themajor extinction horizon possibly reflects a slow-down inocean circulation leading to nutrient limitation,
whichmay thus have prohibited a rapid recovery of the local biosphere in the early Triassic. Althoughwe are un-
able to extrapolate to the global ocean due to the short residence time of Se in seawater, our data are consistent
with the newly emerging view that euxinia developed along ocean margins and in oxygen minimum zones be-
fore the extinction, but was probably replaced by (sub-)oxic conditions during the ~1 kyr peak productivity de-
cline and was thus not solely responsible for the extinction event.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The latest Permian featured the largest known mass extinction in
Earth's history at 251.9Myr (Burgess et al., 2014), yet the causes and con-
sequences are still not well understood (e.g. Erwin et al., 2002; White,
2002). While ocean euxinia (a state of anoxia with abundant dissolved
S−II in the water column) is widely considered to be a factor contributing
to the extinction (e.g. Grice et al., 2005; Kump et al., 2005; Wignall and
Twitchett, 1996), the geographic extent and duration of euxinic condi-
tions in different ocean environments remain uncertain. Perturbations
in sulfur isotopes (e.g. Kajiwara et al., 1994; Luo et al., 2010) and wide-
spread occurrences of pyritic black shale (e.g. Wignall and Twitchett,
2002) have been interpreted as evidence for euxinia, but new data from
transition element abundances and isotopes suggest that euxinia was lo-
calized along continental margins and in mid-water oxygen minimum
zones, while large parts of the continental shelves remained oxic during
the extinction event (Algeo et al., 2010; Algeo et al., 2011; Brennecka
et al., 2011; Proemse et al., 2013). It is therefore uncertain if euxinia was
-Life Science Institute (ELSI), 2-
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indeed the primary kill mechanism resulting in a catastrophic loss of ma-
rine diversity (cf. Grice et al., 2005; Kump et al., 2005; Wignall and
Twitchett, 1996). Furthermore, it is also not well known if biological pro-
ductivity actually declined during the extinction event. There is no inde-
pendent evidence for a decline in net biological productivity and
organic-matter export at this time, other than theoretical models of
total carbon fluxes (Algeo et al., 2013; Shen et al., in press). So, despite pa-
leontological evidence of a N90% mass extinction among macro-
organisms, it is conceivable that algal and microbial organisms main-
tained a high flux of organic matter to the sediments even though bulk
productivity shifted from eukaryotic to prokaryotic plankton during the
extinction event (Cao et al., 2009; Luo et al., 2013; Xie et al., 2005). Sele-
nium isotopic ratios represent a newly emerging biogeochemical proxy
(e.g. Mitchell et al., 2012; Wen et al., 2014; Stüeken et al., 2015b) that
may help constrain our understanding of changes in ocean redox state
and productivity associated with the latest-Permian mass extinction.
The processes that control the partitioning of Se isotopes in marine envi-
ronments are not yet fully understood, but existing information reviewed
below and elsewhere (Stüeken et al., 2015b) allows us to construct hy-
potheses that we seek to test in this study.

In the modern oxic ocean, Se is mainly present as oxyanions (both
SeIV and SeVI), and it shows a nutrient-type profile in the water column,
with lowest concentrations in the surface layer and nearly constant
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levels below (Cutter and Cutter, 2001). This behavior reflects Se uptake
into biomass in the photic zone, forming organic Se−II, and subsequent
re-oxidation of organic Se−II at depth (Cutter and Bruland, 1984). In
sediments, especially under anoxic conditions, organic Se−II is usually
a major component of the total Se content, in addition to Se0, inorganic
Se−II and adsorbed SeIV (Fan et al., 2011; Kulp and Pratt, 2004). In anoxic
basins, the organic Se−II component is likely enhanced because
remineralization of organic matter is suppressed (Cutter, 1982; Cutter,
1992).

Se isotopes (here reported as δ82/78Se relative to NIST SRM3149) are
fractionated by up to 25‰ during SeVI and SeIV reduction to Se0 or inor-
ganic Se−II where the residual oxyanions become isotopically enriched
(Ellis et al., 2003; Herbel et al., 2000; Johnson and Bullen, 2003;
Johnson et al., 1999). Fractionations are generally smaller when these
reduction reactions are biologically catalyzed (max. 14‰ in microbial
cultures) and perhaps significantly smaller in natural environments
where the supply of Se oxyanions and reductants (organic or inorganic)
may be lower (Johnson and Bullen, 2004). However, individual reports
of fractionations over a range of several permil inmarine sediments (e.g.
Stüeken et al., 2015b; Wen et al., 2014, this study) suggest that Se
oxyanion reduction can leave a detectable signature in the rock record.
Fractionations associated with assimilation into biomass and SeIV ad-
sorption are minor, up to 0.6‰ in favor of the lighter isotopes (Clark
and Johnson, 2010; Johnson et al., 1999; Mitchell et al., 2013). Biomass
forming in the photic zone (+0.3‰, Mitchell et al., 2012), where Se is
quantitatively consumed, may thus record the composition of SeIV and
SeVI in seawater, or at least provide a minimum constraint; assuming
fractionation of 0.6‰ during assimilation into biomass (Clark and
Johnson, 2010), seawater Se oxyanions may be as heavy as +0.9‰. It
is plausible that this small isotopic enrichment of dissolved Se
oxyanions relative to the Earth's crust (0.0 ± 0.5‰, Rouxel et al.,
2002) results from non-quantitative Se oxyanion reduction in suboxic
environments, such as in local oxygenminimum zones or in sedimenta-
ry pore waters, i.e. in environments that are directly connected to the
relatively large Se oxyanion supply from the open ocean. Reduction like-
ly occurs concurrently with denitrification, i.e. at higher Eh than sulfate
reduction (e.g. Oremland, 1990). We would therefore predict that sedi-
ments from suboxic settings contain some proportion of isotopically
light reduced Se phases, including Se0 and/or Se−II. Data from bulk sed-
iments of the oxygen minimum zone in the Arabian Sea (−0.07 ±
0.08‰, Mitchell et al., 2012) and from the Bermuda rise in the open At-
lantic ocean (−0.10± 0.16,Mitchell et al., 2012)may indeed reflect the
presence of an isotopically negative reduced Se phase that may have
formed during Se oxyanion reduction in the water column or during
diagenesis. Sequential extractionwould be necessary to test this conclu-
sion. In contrast, sediments that are dominated by organic Se (+0.3‰,
Mitchell et al., 2012) due to high biological productivity or where Se
oxyanion reduction is relatively more quantitative than in the open
ocean, should on average be isotopically heavy. Values from the ocean-
ographically restricted Black Sea, which is largely anoxic and dominated
by S−II at depth (i.e. euxinic), are indeed isotopically heavy (+0.22 ±
0.14‰, Mitchell et al., 2012) compared to the sediments from the
open ocean quoted above. We note that this includes data from oxic
parts of the Black Sea (+0.29 ± 0.07‰, Mitchell et al., 2012), but the
overall scarcity of Se oxyanions in this restricted basin (Cutter, 1982;
Cutter, 1992) makes it unlikely that those sediments contain a signifi-
cant proportion of reduced Se phases that were formed by non-
quantitative Se oxyanion reduction.

These observations suggest that Se isotopes in ancient marine sedi-
ments can be used to draw inferences about productivity and redox
state of the overlying water column. Positive values in bulk sediments
should be indicative of high biological productivity and/or anoxic
conditions. The formerwould result in an overabundance of isotopically
heavy biomass (+0.3‰ in today's open ocean,Mitchell et al., 2012) over
other Se phases, whereas the latter results in nearly quantitative Se
oxyanion reduction and further enhances organic matter preservation.
For example,Mitchell et al. (2012) found predominantly positive values
(+0.3 ± 0.3‰) in variety of Phanerozoic rocks with high total organic
carbon contents (TOC 10.6 ± 6.9%), irrespective of redox state. High bi-
ological productivity and hence organic Se may have dominated in
those sediments. Negative isotopic composition of less than −1‰, i.e.
lighter than the crust (0.0 ± 0.5‰,Rouxel et al., 2002) and potential
fractionations by adsorption or assimilation (≤0.6‰, Clark and
Johnson, 2010; Johnson et al., 1999; Mitchell et al., 2013), should in
turn be indicative of oxic to suboxic conditions and low biological pro-
ductivity, because then organic Se is less abundant and Se oxyanions
can be reduced non-quantitatively in pore waters or in oxygen minima
in the water column. In other words, negative values should reflect a
high Se oxyanion supply relative to the demand. Wen et al. (2014) re-
cently observed negative δ82/78Se values down to −3.3‰ in very Se-
rich Cambrian sediments (up to 121 ppm Se) that were deposited
under an Fe2+-dominated water column. Such ferruginous conditions
can be classified as suboxic if sulfate was stable in the water column
(which is unknown) and may thus not have been conducive for rapid
quantitative Se reduction, especially if Se input was high. Importantly,
both Wen et al. (2014) and Mitchell et al. (2012) found relatively
more negative δ82/78Se values in sediments with molar Se/TOC ratios
greater than ~10−5, i.e.when the Se/TOC ratio exceeded that of marine
biomass (2 · 10−6 to 6 · 10−6, Mitchell et al., 2012). Hence light sedi-
mentary δ82/78Se values (−1‰ or less) likely reflect the presence of a
significant Se oxyanion reservoir in seawater and by extension, absence
of euxinia and relatively low productivity. Se isotopes therefore have
the potential to test the validity of the newly emergingpicture of the lat-
est Permian mass extinction, i.e. the collapse of biological productivity
under non-euxinic conditions in the open ocean.

In this study, we present whole-rock Se isotope and abundance data
from amarine stratigraphic section across the latest Permian extinction
horizon. In addition, as a proof of concept, we sequentially extracted dif-
ferent Se phases from one sample and show that they are isotopically
distinct, consistent with our interpretation of the bulk data. Sequential
extraction analyses thus have the potential to provide additional infor-
mation (see also Fan et al., 2011; Schilling et al., 2014) and should be
revisited in future studies, but we emphasize that the focus of this
study is on bulk rocks. We conclude that bulk Se isotopes can be a valu-
able new biogeochemical proxy in deep time, where in our case a large
negative excursion reveals a decline of macro-biological productivity in
oxic to suboxic ocean waters in the late Permian. The short residence
time of Se in seawater (~26 kyr today, Henderson and Henderson,
2009) may imply that our results are only representative of this local
basin and cannot be extrapolated to the global ocean, but we hope
that this will be tested in future studies.

2. Geologic setting

Our samples are from outcrops of the Ranger Canyon and the uncon-
formably overlying Sulphur Mountain Formations in the Western
Canada Sedimentary Basin at Opal Creek, Kananaskis Valley, southwest
Alberta (50.675171°N, 115.080011°W, e. g. Farley et al., 2005;
Henderson, 1997; Schoepfer et al., 2012). As evidenced by the abun-
dance of cold-water sponge spicules and phosphatic material and the
absence of shallow-water sedimentary features (Henderson, 1997),
these marine sediments were probably deposited in an outer shelf set-
ting, named the Ishbel Trough (Henderson et al., 1994), along the east-
ern margin of the Panthalassic Ocean (Henderson, 1997; Henderson
et al., 1994). Although it is possible that the Ishbel Trough was located
inboard of a volcanic arc, molar Mo/U ratios of 0.3 ± 0.2 times that of
seawater (Schoepfer et al., 2013) indicate open exchangewith the glob-
al ocean (Algeo and Tribovillard, 2009). Furthermore, high nitrogen iso-
tope ratios of up to +10‰ and trace metal concentrations significantly
above detrital background suggest that during themid-Permian this site
was located in an areawith a significant influx of nutrients from the sea,
possibly due to upwelling of deep water along the continental margin
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(Schoepfer et al., 2013; Schoepfer et al., 2012). This nutrient influxprob-
ably led to moderately high primary productivity and a water column
oxygen-minimum zone (Georgiev et al., 2015; Schoepfer et al., 2013;
Schoepfer et al., 2012). Productivity likely peaked in the late Permian,
resulting in a brief episode of euxinia. Productivity is then thought to
have declined as the ocean warmed under a CO2-enriched atmosphere
and circulation slowed down (Schoepfer et al., 2013; Schoepfer et al.,
2012).

The samples we analyzed span the time interval from when
productivity was highly active in the Middle and Late Permian until
well after the principal extinction horizon but before the
paleontologically defined recovery period. The extinction event itself
is marked by the abrupt disappearance of sponge spicules and bio-
turbation ~40 cm above the Ranger Canyon-Sulphur Mountain un-
conformity (Schoepfer et al., 2012) (labeled ‘EXT’ in Fig. 1) whereas
the biostratigraphic Permian–Triassic boundary occurs ~1.1 m
above the extinction horizon. Assuming an average sedimentation
rate of 2 cm kyr−1 for this section (Farley et al., 2005), the time
span between the unconformity and the extinction horizon is ap-
proximately 20 kyr, which is close to the residence time of selenium
in the modern ocean (26 kyr, Henderson and Henderson, 2009). The
unconformity between the Ranger Canyon and Sulphur Mountain
Fig. 1. Stratigraphic section across the PT extinction event in theWestern Canada Basin at Opal
tigraphy are from Schoepfer et al. (2012). Triangles = chert, broken lines = siltstone, solid line
on TS concentrations in Table 1; its usage here does not correspond exactlywith its usage by Sch
and dashed red line=main extinction horizon, PTB and solid green line=Permian–Triassic bou
the text. A: complete section. B: detail of the section between −0.5 and +1.0 m.
Formations represents a time gap of 5–7 Myr, including the entire
Wuchiapingian stage and part of the Changhsingian stage.

Though bedding is tilted to near vertical, the rocks have experienced
only moderate burial temperatures (b150 °C) as constrained by the
Conodont Alteration Index (Schoepfer et al., 2012). Chemical
weathering is limited to a thin surface layer (see also Georgiev et al.,
2015), which can be removed with a rock saw. We are therefore
confident that ourmeasured isotope ratios are not affected by alteration
(cf. Zhu et al., 2014). Lithologies are predominantly spiculitic chert and
silicified siltstones in the Ranger Canyon Fm., and organic-rich and var-
iably sulfidic shales to siltstones in the overlying Sulphur Mountain Fm.
(Fig. 1).

3. Methods

3.1. Bulk sample preparation

A detailed description of our sample preparation and analytical pro-
tocol is given in Stüeken et al. (2013). We used two slightly different
preparation procedures (methods D and E in Stüeken et al., 2013, and
in Table 1) for this sample set, because method development was still
in progress during the initial stages of this study. All samples were
Creek. Sulfur data are from Schoepfer et al. (2013); carbon and nitrogen data and lithostra-
s = shale, dotted black line= unconformity, PYR and yellow bar= pyrite-rich bed (based
oepfer et al. (2013, 2012), because our sampling density is higher during this interval), EXT
ndary. δ82/78Se data show2-sigma error bars. Roman numerals refer to stages described in



Table 1
Method comparison. Selenium isotope results, given in‰, for four samples processed with two different protocols (D) and (E). M = number of replicate analyses. Differences between
protocols are not systematic.

[cm] Method D Method E

M δ82/78Se 2σ δ76/78Se 2σ δ77/78Se 2σ M δ82/78Se 2σ δ76/78Se 2σ δ77/78Se 2σ

−4 5 −0.05 0.58 −0.04 0.32 0.05 0.24 4 −0.01 0.26 −0.01 0.22 0.01 0.08
22 8 −1.95 0.58 0.93 0.34 0.55 0.26 4 −1.58 0.10 0.84 0.48 0.43 0.02
49.5 2 −0.32 0.28 0.39 0.08 0.37 0.42 4 −0.60 0.14 0.37 0.34 0.18 0.04
159.5 3 −0.06 0.30 −0.77 1.20 −0.12 0.32 4 −0.08 0.20 0.04 0.08 0.09 0.08
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digested with HF, HClO4, and HNO3 and Se was separated from the
matrix by filtration through a column of thiol cotton fibers (TCF). The
Se was then desorbed with HNO3, partially evaporated and redissolved
in HCl for analysis. The two preparation procedures differ in that some
samples were treated with aqua regia after column filtration to further
minimize Ge concentrations (method E), whereas most samples were
not (methodD). But as shown in Table 1,we do not observe any system-
atic differences between the two methods.

3.2. Sequential extraction of selenium phases

One sample (position−40 cm)was subjected to a sequential extrac-
tion procedure to separate three different selenium phases (Fig. 2) (e.g.
Schilling et al., 2014): first adsorbed SeIV, second inorganic Se−II bound
to pyrite and possibly Se0, and third refractory organic Se−II and residual
Se0. Traces of Se0 may be contained in both fractions two and three be-
cause we could not extract it separately. The stratigraphic level of −
40 cmwas chosen because that part of the section is below any isotopic
excursions and so represents background conditions. The protocol was
adapted from Kulp and Pratt (2004) and carried out on four sample al-
iquots. Errors reported in the results are equal to the standard deviation
between those four separate aliquots. Initial tests showed that acetic-
acid-soluble, phosphate-exchangeable and water-soluble Se (e.g. Kulp
and Pratt, 2004; Martens and Suarez, 1997; Wright et al., 2003) were
below detection limit (b0.1 ppb) and thus were ignored in the final
protocol.

3.2.1. NaOH-soluble selenium
SeIV strongly adsorbed to oxides and clayminerals as well as labile

organic Se−II compounds are soluble in NaOH (Kulp and Pratt, 2004;
bulk rock powder
(SeIV

ads, Se-II
org, Se-II

pyr, Se0)

0.1 M NaOH 
90°C, 2 hours

2 M CrCl2, 6.25 M HCl
room T, 2 days

HF, HNO3, HClO4
130°C, 2 days

S
p

S
o
p

S

REAGENTS: SPE

Fig. 2. Sequential extraction protocol. Solid arrows mark transfer of rock powder; dashed arrow
detailed descriptions of each step.
Martens and Suarez, 1997). For extraction of this phase, 5 g of rock
powder was weighed into 50 ml polypropylene centrifuge tubes
and mixed with 50 ml of 0.1 M NaOH for 2 h in a 90 °C water bath.
The powder was kept in suspension with a magnetic stir bar. After
cooling to room temperature, the solution containing the desorbed
Se was separated by centrifugation for 20 min. The residual powder
was washed with 20 ml DI-H2O, which was added to the NaOH solu-
tion. This solution was then filtered twice through a 0.2 μm pore-size
filter to remove colloidal particles, acidified with 8.86 ml of 6 N HCl,
and then passed through a TCF column. All subsequent steps follow-
ed the bulk sample protocol (using the method without aqua regia).
Because the sample was not subject to oxidation during or after
NaOH leaching, any labile organic Se−II extracted by NaOH should
not have been captured by the TCF, which is optimized for SeIV (Yu
et al., 2002). However, we cannot exclude the possibility that O2 dis-
solved in the NaOH or HCl oxidized some of the labile organic Se−II or
inorganic reduced Se phases. This fraction will therefore be referred
to simply as the NaOH extract. The residual sample powder was
dried in a 60 °C oven over night.

3.2.2. Cr-reducible selenium
Chromium reduction is commonly used to extract inorganic sulfides

from bulk rocks (Canfield et al., 1986) and thus would extract inorganic
Se−II contained in sulfideminerals. This step may alsomobilize Se0 as it
does S0 (e.g. Gröger et al., 2009). We used a diffusion process adapted
from Burton et al. (2008), Ulrich et al (1997) and Hsieh and Shieh
(1997). Two grams of rock powder was weighed into a 200 ml serum
bottle and wetted with a few drops of DI-H2O. Three 5 ml pyrex test
tubes were added to the bottle and filled by a syringe with 4 ml of N2-
purged Zn-acetate solution (10% by weight) under a constant stream
eIV
ads ± trace red. Se

urified with TCF

e-II
pyr ± Se0

xidized with HNO3+HClO4, 
urified with TCF

e-II
org ± Se0

CIES EXTRACTED:

s mark separation and removal of selenium species from rock powder. See Section 3.2 for
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of N2 gas. The bottle was then capped with a vacuum-tight rubber sep-
tum and evacuated and purged with N2 three times through a needle.
Then 15ml of 12 N HCl and 15ml of 2 M CrCl2 were added sequentially
through the needle with a syringe. Both solutions were previously
purged with N2 gas for 2 h. The CrCl2-solution was prepared from
CrCl3 by reduction with mossy zinc in 0.5 M HCl (Hsieh and Shieh,
1997; Hsieh and Yang, 1989). After the addition of all reagents, the
serumbottleswere sonicated for 20min and placed on an orbital shaker
for two days. Sonication was repeated on the second day. Zinc sulfide
and ZnSe that precipitated in the Zn acetate traps were transferred to-
gether with residual Zn acetate into a 90 ml Teflon beaker and mixed
with 10mlHClO4 and10ml concentratedHNO3. The beakerwas capped
tightly and left at 130 °C overnight. Subsequent extraction of selenium
with TCF followed the bulk sample protocol. Residual rock powder
was transferred from the serum bottle into a centrifuge tube, washed
three times with DI-H2O, and dried at 60 °C overnight.

3.2.3. Total residual selenium
The residual powder contained refractory organic Se−II and residual

Se0. All rock powder remaining from the Cr-reduction was transferred
into a 90 ml Teflon beaker and digested following the same protocol
as for bulk samples.

Selenium abundances in each phase were calculated relative to the
initial bulk sample, assuming that the total mass loss associated with
NaOH desorption was negligible. This assumption is not required for
Cr-reduction, because here the remaining rock powder is transferred
quantitatively to the subsequent step.

3.3. Isotopic analyses

Analyses were carried out by multi-collector inductively-coupled
plasmamass-spectrometry (Nu Instruments), where Se was introduced
as H2Se through a cold-vapor hydride generator (Cetac HGX-200). Ana-
lytical parameters are described in more detail in Stüeken et al. (2013).
Instrumental mass bias was corrected by standard-sample bracketing.
Interferences with 74,76,78(ArAr), 76(AsH) and 74,76Ge were corrected
post-analytically (Stüeken et al., 2013). Unless otherwise noted, all re-
sults are reported in terms of 82Se/78Se relative to NIST SRM 3149:

δ82=78Se ‰½ � ¼ ð 82Se=78Se
� �

sample
= 82Se=78Se
� �

SRM3149
−1Þ � 1000 ð1Þ

because this is themost precise ratio using our protocol. It avoids isobar-
ic interferences with 76Ge and 76(AsH) and only suffers from
Fig. 3.Mass-dependent fractionation and interference correction. Empty diamonds are individu
δ76/78Se versus δ82/78Se. Linemarks the theoretical relationship of mass-dependent fractionation
that natural mass-independent mass fractionation is absent and that major isobaric interferen
comparatively minor interferences with 78(ArAr) and 82Kr, which
makes it more reliable than δ82/76Se for complex geochemical matrices.
Three-isotope diagrams (Fig. 3) show that within error our data plot
along the predicted mass-dependent fractionation line, indicating that
all major interferences have been corrected and that mass-
independent fractionation is absent. Thus δ82/78Se values can be multi-
plied by 1.54 to convert them to the more commonly used δ82/76Se
ratio. Our average precision for δ82/78Se, here defined as the average
standard deviation of replicate analyses, was 0.16‰, and the average
relative error for total Se concentrations was 7%. Analyses of the USGS
rock standard SGR-1 gave a value of −0.38 ± 0.44‰ (2σ, n = 9)
when treated with method D and a value of +0.05 ± 0.38‰ (2σ, n =
9) when treated with method E (Stüeken et al., 2013). The difference
between the twomethods is consistently smaller in other types of sam-
ples, which, as discussed by Stüeken et al. (2013),may be due to the rel-
atively low thermally maturity of the SGR-1 oil shale. Published values
for SGR-1 range from −0.13 ± 0.06‰ (2σ, n = 11, Mitchell et al.,
2012) to +0.40 ± 0.42‰ (2σ, n = 3, Layton-Matthews et al., 2006),
converted to δ82/78Se and the NIST SRM 3149 scale after Carignan and
Wen (2007). Part of this spread may also reflect sample heterogeneity.
In the following discussion, all literature values were converted to δ82/
78Se for better comparison, assuming strictlymass-dependent behavior.
Literature values reported as δ80/76Se were not converted, because they
only differ from δ82/78Se by a factor of 1.05, which is negligible within
error.

3.4. Carbon and sulfur isotope analyses

Data of organic C and total S abundances and isotopes are mostly
taken from Schoepfer et al. (2013). We added a few additional analyses
(at −40, −21, +3, +4, +5, +6 and +8 cm) to increase stratigraphic
resolution. Sample preparation and analyses were carried out with the
same protocol and facilities as described by Stüeken (2013) and
Schoepfer et al. (2013). For TOC, the average relative error (RE) was
15%, and the average standard deviation for δ13Corg (values relative to
VPDB) was 0.3‰. For total sulfur, the average RE was 7%, and the aver-
age standard deviation for δ34S (values relative to VCDT) was 0.5‰.

3.5. Fractionation model description

We used a standard mass balance model of isotope fractionation to
provide a framework for a quantitative evaluation of the isotope data.
The isotopic composition of complementary oxidized (δ82/78SeVI/IV)
almeasurements,filled diamonds are averages±2σ (Table 2). a: δ77/78Se versus δ82/78Se. b:
.Within 2σ, almost all samples fall along themass-dependent fractionation line, indicating
ces have been adequately corrected.
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and reduced (δ82/78Sered) seleniumphases is a function of the fraction (f)
of oxidized Se remaining in the system and the fractionation factor (α)
of the reduction reaction (cf. Canfield, 2001). The fractionation factor is
related to the maximum fractionation (ε ≈ δ82/78SeVI/IV–δ82/78Sered) via
the following approximation which is accurate for delta values of a
few permil:

ε≈ 1000 � α−1ð Þ ð2Þ

In an open, steady-state system with progressive reduction, the
composition of residual SeVI (δ82/78SeVIres) evolves from its initial value
(δ82/78SeVIin) as follows:

δ82=78SeVI=IVres

¼ δ82=78SeVIin= 1− fð Þ
� �

þ α−1ð Þ =αð Þ � 103
� �

= 1=αð Þ þ f = 1− fð Þð Þ:
ð3Þ

In a closed system, where the Se demand exceeds the supply, isoto-
pic fractionation is described by Rayleigh fractionation:

δ82=78SeVI=IVres ¼ δ82=78SeVIin þ 1000
� �

� f 1‐αð Þ– 1000: ð4Þ

In both systems, the composition of cumulative reduced Se
(δ82/78Sered) can be obtained by mass balance:

δ82=78Sered ¼ δ82=78SeVIin−δ82=78SeVI=IVres � f
� �

= 1−fð Þ ð5Þ

The initial composition of SeVI/IV entering the ocean (δ82/78SeVI/IV in)
is assumed to be 0‰, i.e. equal to that of bulk Earth (Rouxel et al., 2002,
converted to NIST scale after Carignan and Wen, 2007). The maximum
observed fractionation associated with biotic reduction of Se oxyanions
to Se0 is 14‰ (Johnson andBullen, 2004, excluding abiotic fractionation,
which can beup to 25‰), but becausemost unaltered sediments display
δ82/78Se values within a small range of −2‰ to +2‰ (Johnson and
Bullen, 2004; Mitchell et al., 2012; Shore, 2010; Stüeken et al., 2015a;
Stüeken et al., 2015b; this study), it is unknown if fractionations of
this magnitude occur under natural marine conditionswith low Se sup-
ply.We therefore use 2‰ and 14‰ as the two end-members to calculate
typical and extreme values for f (Fig. 4). Because of this relatively small
range in δ82/78Se values in natural samples compared to laboratory ex-
periments, it is not possible to distinguish between SeVI and SeIV reduc-
tion to Se0. However, it is likely that these two oxidized species are
isotopically similar in the modern ocean, because they are generated
by oxidation of organic matter (Cutter and Bruland, 1984), a process
which does not induce isotopic fractionation (Johnson et al., 1999).

4. Results

4.1. Bulk selenium isotope data

Our results show a brief positive isotopic excursion in δ82/78Se
followed by a large negative excursion leading up to themain extinction
horizon (Fig. 1, Table 2).We divided our dataset into four stages, captur-
ing the time before the positive excursion (−40 cm to+3.5 cm, stage I),
the positive excursion itself (+4 cm to+9 cm, stage II), the negative ex-
cursion (+10.5 cm to +46 cm, stage III) and the return to stability
(+49.9 cm to +1684cm, stage IV). In stage I, δ82/78Se averages
+0.05 ± 0.62‰ (2σ, n = 6). We note that after exclusion of the data
point at +1.5 cm (because it lies outside the 2σ uncertainty range of
the other five data points and may be an outlier), stage I has a slightly
negative average of −0.07 ± 0.12‰ (2σ), in good agreement with
values from an upwelling zone in the modern Arabian Sea (−0.07 ±
0.16‰, 2σ, Mitchell et al., 2012). Apart from this outlier, the δ82/78Se re-
cord in stage I does not show a pronounced discontinuity across the un-
conformity. In stage II, δ82/78Se increases to+0.55± 0.42‰ (2σ, n= 5).
This small but statistically significant (pone-tailed = 0.01) positive excur-
sion coincides with a pyrite-rich bed and a positive excursion in organic
carbon isotopes (Schoepfer et al., 2013). Above the pyrite bed and ex-
tending up to the main extinction horizon (stage III), δ82/78Se decreases
to a minimum of−1.8± 0.6‰ (2σ) followed by a steady recovery back
to ~−0.5‰ by the time of peakmetazoan extinction. This large negative
excursion coincides with declines in δ34S, δ13Corg and total organic car-
bon (TOC) during this stage (Schoepfer et al., 2013; Schoepfer et al.,
2012). In stage IV, δ82/78Se gradually increases to around +0.3‰ at the
Permian–Triassic boundary (+100 cm), which is similar to the pro-
posed minimum composition of modern seawater SeIV and SeVI

(Mitchell et al., 2012; Rouxel et al., 2004). Both δ34S and δ13Corg remain
low, and TOC reaches values of up to 2%. The transition from stage III to
stage IV is gradual and apparently not controlled by facies changes.

4.2. Sequential extraction experiment

The three Se extracts from one sample (−40 cm; Table 3) show
distinct isotopic compositions and abundances (Fig. 5). The residual
fraction, i.e. refractory organic Se−II (±Se0) represents the major com-
ponent, similar to samples analyzed in other studies (Fan et al., 2011;
Kulp and Pratt, 2004). Compared to the bulk sample, this fraction is iso-
topically slightly enriched by +0.20‰ in δ82/78Se. The next most abun-
dant species is the Cr-reducible Se, i.e. inorganic Se−II (±Se0), followed
byNaOH-soluble Se (adsorbed SeIV, possibly oxidized phases). Their rel-
ative abundances are comparable to those reported from Cretaceous
(Kulp and Pratt, 2004) and Cambrian samples (Fan et al., 2011).
Both fractions are isotopically depleted relative to the bulk sample
(δ82/78Se = −0.17‰) by −0.74‰ and −0.76‰, respectively.

Overall, nearly 92% of the total selenium was recovered by the se-
quential extraction protocol. The weighted mean of the three fractions
has an isotopic composition of −0.16 ± 0.24‰ (2σ), i.e. only 0.01‰
heavier than the bulk sample. This very close agreement suggests that
the lost 8% belongs to the organic selenide ±Se0 fraction, which is so
large that an additional 8%would have very little effect on the calculated
weightedmean. If so, loss of organic selenides likely occurred during the
treatment with NaOH, which has been shown to mobilize organic sele-
nides from black shales and cherts of Cambrian age (Fan et al., 2011). As
mentioned above, most of this labile organic Se−II fraction would have
been lost during TCF filtration of the NaOH extract, unless it reacted
with O2 dissolved in the NaOH.

5. Discussion

Thenegative isotopic excursion in selenium isotopes associatedwith
the latest Permian extinction reaches values that are noticeably lighter
than most previously reported measurements from the sedimentary
marine record (Johnson and Bullen, 2004; Mitchell et al., 2012; Rouxel
et al., 2002; Shore, 2010; Stüeken et al., 2015a; Stüeken et al., 2015b).
Comparable values were recently reported from very Se-rich samples
(up to 116 ppm) of early Cambrian age that were originally deposited
under a ferruginous water column (Wen et al., 2014). As discussed in
Section 1 (Stüeken et al., 2015b), negative δ82/78Se values are likely
the result of non-quantitative Se oxyanion reduction under locally
suboxic conditions, i.e. in an environment that was connected to a
large Se oxyanion supply such as the oxygenated ocean. The short resi-
dence time of Se in seawater does not allow us to extrapolate confident-
ly from our sampling locality to the global ocean. However, our data
suggest that at least the Ishbel Trough experienced a brief interval
around the latest Permian extinction event duringwhich (a) the supply
of Se oxyanions exceeded the rate of reduction, and (b) organic Se−II

production was relatively minor compared to oxyanion Se reduction
to inorganic phases. For at least this particular basin, this finding sup-
ports the hypothesis that euxinia was not sufficiently widespread to
draw down dissolved Se to low levels throughout the extinction inter-
val, and that biological productivity was only temporarily depressed



Fig. 4. Possible solutions for Se isotope mass balance. a, b: Open system fractionation with a maximum fractionation of ε= 2‰ (a) or 14‰ (b). c, d: Closed system Rayleigh frac-
tionation with a maximum fractionation of ε= 2‰ (c) or 14‰ (d). Dashed arrows point to values of f needed to obtain δ82/78SeVI/IV =+0.5‰, dotted arrows point to values of f
needed to obtain δ82/78Sered = −1.8‰. Model calculations are explained in Section 3.5.
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relative to Se supply. We interpret our data as a sequence of events rep-
resented by stages I to IV as follows.

5.1. Stage I: high-productivity upwelling zone

Stage I (Fig. 1), spanning the unconformity, is thought to have coin-
cided with a period during which regional coastal upwelling caused
moderately high productivity and the development of an oxygen mini-
mumzone along the easternmargin of the Panthalassic ocean (Georgiev
et al., 2015; Henderson, 1997; Schoepfer et al., 2013; Schoepfer et al.,
2012). Bulk δ34S is relatively high in stage I, indicative of minor diage-
netic sulfate reduction within the sediment in a closed system rather
than in the open water column (Georgiev et al., 2015; Schoepfer et al.,
2013). However, enrichment in trace elements (including Mo, U,
V) suggests that the redox state of the water column was too reducing
for efficient remineralization of organic matter and thus probably
suboxic (Schoepfer et al., 2013). Se in sediments should thus include
both organic Se−II as well as inorganic reduced phases produced from
a continuous supply of upwelled Se oxyanions. The organic fraction
should be isotopically heavy, perhaps similar to modern marine bio-
mass (+0.3‰, Mitchell et al., 2012), while the inorganic phases should
be significantly lighter, especially if upwelling continuously replenished
Se oxyanions and reduction was non-quantitative. Our results (averag-
ing −0.07 ± 0.12‰, as described in Section 4.1) are indeed consistent
with a mixture of several Se phases with distinct isotopic compositions,
and they agree well with samples from the upwelling zone of the mod-
ern Arabian Sea (−0.07±0.16‰, Mitchell et al., 2012). A high local sup-
ply of Se oxyanions is further indicated by Se/TOC ratios that are more
than one order of magnitude greater than those in modern
phytoplankton (Fig. 6a). Se concentrations are also high relative to S
(Fig. 6b), suggesting that reduction of Se oxyanions was independent
from sulfate reduction and proceeded under suboxic conditions, per-
haps concurrently with denitrification (Oremland, 1990), for which
there is evidence in these samples in the form of enriched nitrogen iso-
tope ratios (Schoepfer et al., 2012). Our data are thus further evidence
that Se does not behave as the geochemical twin of S in the marine en-
vironment (Mitchell et al., 2012).

The sequential extraction experiment, which was conducted at the
−40 cm level from this part of the section, confirms our interpretation
of isotopic partitioning between inorganic and organic reduced Se, and
it also rules out the possibility that the Se in sediments of stage I is pure-
ly detrital (cf. Georgiev et al., 2015). The Cr-reducible fraction (inorganic
Se−II ± Se0; −0.90 ± 0.46‰) is significantly lighter than the residual
fraction (refractory organics ± Se0; +0.03 ± 0.14‰). If we had been
able to extract Se0 separately, the residual organic fraction would prob-
ably be slightly heavier and capturemore accurately the composition of
marine biomass. Inorganic reduced Se is evidently significantly depleted
relative to organic Se−II and probably relative to dissolved SeIV/VI, con-
sistent with partial reduction of Se oxyanions.

The isotopically light NaOH-soluble fraction (adsorbed SeIV or oxi-
dized reduced phases; −0.93 ± 0.46‰) is probably not derived from
SeIV dissolved in seawater; dissolved SeIV is produced from organicmat-
ter remineralization (Cutter and Bruland, 1984) which does not frac-
tionate isotopes (Johnson et al., 1999). It should therefore be
isotopically heavy. Instead, if it is adsorbed SeIV, then it is likely derived
from SeVI reduction in sediments. In that case, the close agreement be-
tween SeIV and inorganic Se−II and/or Se0 would suggest that SeVI-to-
SeIV reduction was not quantitative, perhaps because it occurred close



Table 2
Data set. M(Se) = number of replicate Se measurements, using method D in Stüeken et al. (2013) unless noted otherwise in column 1; RE = relative error; blank = not determined;
dashed lines = stages boundaries discussed in the text. While δ82/78Se, δ77/78Se and δ76/78Se were directly measured, δ82/76Se was calculated from δ82/78Se by multiplication with a factor
of 1.54 to facilitate comparison of our data with other recent studies. C and S data are from Schoepfer et al. (2013, 2012) unless listed in Section 3.4.

Depth
[cm]

M
(Se)

Se
[ppm]

RE
[%]

δ82/78Se
[‰]

2σ
[‰]

δ82/76Se
[‰]

2σ
[‰]

δ76/78Se
[‰]

2σ
[‰]

δ77/78Se
[‰]

2σ
[‰]

S[%] δ34S
[‰]

TOC
[%]

δ13C
[‰]

log(Se/S)
[mol/mol]

log(Se/TOC)
[mol/mol]

−40 9 9.61 2.91 −0.17 0.22 −0.26 0.33 0.06 0.13 0.07 0.20 0.65 −2.90 0.52 −29.77 −3.22 −3.55
−21 7 25.08 17.39 −0.09 0.51 −0.14 0.78 0.02 0.22 0.00 0.13 0.86 −1.27 0.95 −29.66 −2.93 −3.40
−4 (a) 9 8.49 4.63 −0.03 0.45 −0.05 0.69 −0.03 0.27 0.03 0.18 0.86 0.63 0.36 −28.90 −3.39 −3.45
1.5 (b) 3 9.40 1.35 0.68 0.26 1.04 0.40 −0.35 0.22 −0.15 0.07 1.74 −2.73 1.29 −29.68 −3.66 −3.95
3 2 8.52 4.07 0.00 0.02 −0.01 0.03 −0.09 0.03 0.11 0.32 4.37 −11.06 0.08 −27.00 −4.10 −2.80
3.5 (b) 3 12.50 1.79 −0.06 0.19 −0.09 0.29 0.05 0.11 0.02 0.04 3.47 −7.47 1.24 −29.75 −3.84 −3.82

4 2 24.42 5.90 0.60 0.03 0.92 0.05 −0.24 0.02 −0.11 0.13 29.87 −8.99 0.13 −27.05 −4.48 −2.53
5 2 25.56 31.64 0.59 0.31 0.91 0.48 −0.33 0.13 −0.24 0.52 28.71 −7.73 0.12 −27.44 −4.44 −2.48
6 2 18.56 52.70 0.70 0.46 1.08 0.71 −0.31 0.07 −0.01 0.60 9.32 −8.48 0.32 −29.65 −4.09 −3.05
8 2 22.88 6.28 0.67 0.06 1.03 0.09 −0.35 0.07 −0.17 0.15 27.86 −8.38 0.12 −26.38 −4.48 −2.53
9 2 18.49 2.54 0.19 0.30 0.29 0.45 −0.16 0.14 0.01 0.09 26.35 −7.34 0.21 −25.68 −4.55 −2.87

10.5 7 8.31 3.96 −0.41 0.65 −0.63 1.00 0.16 0.28 0.10 0.25 5.77 −11.85 0.10 −25.77 −4.23 −2.88
15 4 4.35 7.61 −1.08 0.53 −1.66 0.82 0.52 0.32 0.26 0.26 1.76 −7.30 0.07 −26.69 −4.00 −3.02
17.5 (b) 2 3.94 0.22 −1.54 0.12 −2.37 0.19 0.82 0.06 0.39 0.03 2.58 −17.73 0.08 −27.16 −4.21 −3.11
22 (a) 12 2.31 10.98 −1.83 0.59 −2.81 0.91 0.90 0.39 0.51 0.24 2.96 −19.52 0.10 −27.06 −4.50 −3.46
24.25 (b) 2 2.30 0.47 −1.74 0.05 −2.68 0.07 0.95 0.02 0.48 0.02 2.67 −21.50 0.00 −4.46
29 5 2.06 5.61 −1.53 0.71 −2.36 1.10 1.10 0.32 0.38 0.25 5.36 −30.90 0.29 −29.59 −4.81 −3.97
30.75 8 2.46 13.10 −1.22 0.35 −1.88 0.54 0.84 0.22 0.40 0.18 3.74 −23.99 0.46 −30.76 −4.57 −4.09
36.5 (b) 2 2.48 0.19 −1.08 0.05 −1.67 0.08 0.58 0.07 0.32 0.00 2.57 −23.34 0.62 −29.73 −4.41 −4.21
37.5 (b) 2 2.39 8.06 −1.06 0.12 −1.63 0.18 0.59 0.01 0.37 0.07 3.93 −19.00 0.39 −30.37 −4.61 −4.03
40 (b) 2 2.82 0.57 −0.79 0.25 −1.22 0.38 0.43 0.13 0.26 0.09 −22.59 0.48 −30.96 −4.04
43 2 5.14 6.67 −0.52 0.25 −0.81 0.39 0.39 0.03 0.21 0.24 3.55 −23.58 0.66 −30.55 −4.23 −3.93
46 (b) 2 3.19 0.48 −1.28 0.12 −1.98 0.19 0.71 0.00 0.40 0.02 0.89 −30.92 −4.27

49.5 (a) 6 2.53 4.22 −0.51 0.33 −0.78 0.51 0.38 0.26 0.25 0.27 2.60 −25.96 0.40 −31.34 −4.40 −4.01
72 2 2.26 1.18 −0.54 0.26 −0.84 0.40 0.38 0.14 0.31 0.21 3.31 −19.43 0.70 −31.04 −4.56 −4.31
90.15 5 1.64 5.47 −0.51 0.46 −0.78 0.71 0.56 0.14 0.26 0.23 3.54 −19.99 0.75 −31.16 −4.73 −4.48
106.25 5 1.35 4.08 −0.57 0.50 −0.88 0.77 0.31 0.25 0.29 0.19 2.80 −19.52 1.01 −30.70 −4.71 −4.69
116.75 4 1.16 8.45 −0.35 0.87 −0.53 1.34 0.29 0.40 0.18 0.28 3.35 −16.77 1.45 −30.49 −4.85 −4.91
133.5 5 1.72 2.23 −0.19 0.39 −0.29 0.60 0.13 0.18 0.11 0.25 2.65 −20.59 1.97 −31.64 −4.58 −4.88
159.5 (a) 6 0.58 7.08 −0.17 0.35 −0.27 0.54 0.10 0.19 0.10 0.07 3.63 −9.79 0.62 −31.97 −5.19 −4.85
310.5 3 0.58 4.02 −0.02 0.44 −0.04 0.68 0.00 0.17 0.34 1.89 −20.41 1.57 −31.62 −4.90 −5.25
386 5 0.90 4.36 0.59 0.56 0.90 0.87 −0.26 0.61 0.00 0.26 1.88 −20.42 1.66 −32.06 −4.71 −5.08
494.2 3 1.17 2.09 0.35 0.27 0.55 0.42 −0.21 0.12 −0.10 0.12 3.09 −13.70 2.01 −31.92 −4.81 −5.05
563 3 0.92 5.65 0.49 0.18 0.76 0.28 −0.32 0.86 0.17 0.45 1.62 −20.03 2.30 −31.90 −4.64 −5.22
850.5 4 1.35 6.53 0.35 0.39 0.54 0.59 −0.41 0.28 0.02 0.17 1.96 −10.89 2.26 −31.57 −4.55 −5.04
1237 2 0.96 1.82 −0.11 0.18 −0.16 0.28 −0.35 0.05 0.09 0.04 1.47 −14.30 2.14 −30.97 −4.58 −5.16
1684 2 0.58 7.80 0.35 0.34 0.54 0.52 −0.63 0.67 0.18 0.22 1.25 −18.25 1.62 −30.57 −4.72 −5.26

(a) Prepared with both protocols D and E in Stüeken et al. (2013). See Table 1 for method comparison.
(b) Only prepared with protocol E in Stüeken et al. (2013).
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to the sediment–water interface, but further reduction to Se0 or inor-
ganic Se−II, perhaps deeper in the sediments, was quantitative (with
the exception of the SeIV that was preserved by adsorption). Alterna-
tively, the close match between the NaOH-extract and the Cr-
reducible fraction may indicate that the NaOH extraction partially oxi-
dized some inorganic reduced phases such as Se0 or Se−II. Oxidation
does not impart significant isotopic fractionation (b0.5‰, Johnson
et al., 1999).

5.2. Stage II: euxinia

The positive carbon isotope excursion during stage II (Fig. 1) likely
marks a pulse in productivity, perhaps due to increased nutrient input
Table 3
Selenium species in sample from−40 cm. Isotopic values are given in‰, selenium concentrati
replicates. SeX= uncertain contributions of reduced Se phases that were oxidized by O2 dissol
replicates for each extraction step. Errors for the weighted average are propagated. As in Tab
directly.

Reagent Se species [Se] 2σ % tot. 2σ δ8

NaOH SeIVads ± SeX 0.62 0.04 6.4% 0.4% −
CrCl2 + HCl Se−II

pyr ± Se0 1.26 0.34 13.2% 3.4% −
HF + HClO4 + HNO3 Se−II

org ± Se0 6.93 1.26 72.2% 13.0%
Weighted average 8.82 1.84 91.7% 9.4% −
Missing 8.3% 9.4%
Bulk 9.61 0.28 −
by volcanism or enhanced terrestrial weathering (Georgiev et al.,
2015; Schoepfer et al., 2013). It coincides with a massive pyrite bed,
which has been interpreted as mainly consisting of either diagenetic
or hydrothermal overgrowths on pre-existing pyrite framboids and or-
ganic particles (Schoepfer et al., 2013). Our new analyses show that the
pyrite bed is slightly depleted in δ34S compared to stage I, which would
be consistent with a relatively higher contribution of syngenetic pyrite
formedbymicrobial sulfate reduction in thewater columnor at the sed-
iment–water interface (Schoepfer et al., 2013). The δ34S values in the
pyrite bed are however dissimilar to typical hydrothermal pyrites
(Seal, 2006). It is thus likely that stage II marks a brief interval during
which increasing biological productivity resulted in local bottom
water euxinia and rapid precipitation of sulfide minerals due to
ons in ppm. % tot. = fraction of bulk rock. Each fraction was prepared and analyzed in four
ved in NaOH. Reported errors for the three extracts are the standard deviations of the four
le 2, values for δ82/76Se were calculated from δ82/78Se whereas all others were measured

2/78Se 2σ δ82/76Se 2σ δ76/78Se 2σ δ77/78Se 2σ

0.93 0.46 −1.44 0.36 0.47 0.24 0.29 0.48
0.90 0.46 −1.39 0.36 0.47 0.28 0.20 0.30
0.03 0.14 0.04 0.11 −0.08 0.12 0.05 0.38
0.16 0.12 −0.24 0.16 0.04 0.10 0.08 0.28

0.17 0.22 −0.26 0.17 0.06 0.14 0.07 0.20



Fig. 5. Sequential extraction of Se phases in sample−40 cm. a: isotopic compositions. Blue diamond= adsorbed SeIV with potential traces of reduced Se phases (SeX) oxidized by O2 dis-
solved inNaOH; yellow square= inorganic Se−II± Se0; brown triangle= refractory organic Se−II ± Se0; black circle=bulk sample; red x=weighted average of extracted fractions; solid
line= theoretical mass-dependent fractionation line. b: Relative proportions of Se phases in bulk sample, using the same color scheme as in panel a. nd= not determined (missing frac-
tion). All errors are 2σ and listed in Table 3.
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enhanced microbial sulfate reduction, both in the water column and
under diagenetic conditions (Georgiev et al., 2015). Widespread
water-column euxinia may have developed along continental margins
shortly before the mass extinction event (Brennecka et al., 2011), and
the short interval of intense pyrite formation in this section is plausibly
a local manifestation of this phenomenon.

The positive excursion in δ82/78Se to around+0.5‰ during stage II is
consistent with locally anoxic conditions in which incoming Se
oxyanions (either fromweathering or upwelling)were nearly quantita-
tively consumed by assimilation in the photic zone and/or by reduction
below, similar tomodern anoxic basins (Cutter, 1982; Cutter, 1992).We
speculate that a large fraction of total Se in these samples is in the form
of inorganic Se−II because of the high concentrations of both Se and S
(Fig. 6b). Bulk sedimentary δ82/78Se values may thus approach the com-
position of seawater SeVI/IV in the Ishbel Trough at this time. By mass
balance, the small positive excursion in δ82/78Se at this locality implies
an isotopically light selenium sink elsewhere. If euxinia was localized
to oxygen minimum zones along continental margins (Algeo et al.,
2010; Brennecka et al., 2011; Proemse et al., 2013), then the isotopically
light sink may have been partial diagenetic reduction in deeper marine
sediments further offshore in the Ishbel Trough or even elsewhere in the
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Fig. 6. δ82/78Se versus Se/TOC (a) and total Se versus total S (b). In panel a, grey bar marks Se/TO
that represents the range for a putative biomass end-member thatmay capture the isotopic com
enging in oxygen-minimum zone (stage I) or local euxinia (stage II). C: Effects of Se addition b
ocean. To achieve an isotopic enrichment in residual dissolved SeVI/IV of
+0.5‰ by partial reduction, according to our fractionation model
(Section 3.5) only 3.5% to 26% of the total SeVI/IV reservoir needs to be re-
duced (which is 1 − f expressed as a percentage, see Fig. 4). This rela-
tively small fraction supports the hypothesis that most of the deep
oceanwas oxic during this interval and that euxinia and the positive ex-
cursion in δ82/78Se were not global features (Algeo et al., 2010;
Brennecka et al., 2011; Proemse et al., 2013; Winguth and
Maier-Reimer, 2005). The high Se/TOC ratios (Fig. 6a) also support the
conclusion that Se deposition was enhanced by local processes, because
if euxinia and Se drawdown had been an ocean-wide phenomenon,
then the total marine Se reservoir should have become so small that
concentrations at individual localities should have been minimal. Our
isotope and abundance data from stage II thus support the view that
euxinia prior to the mass extinction was not widespread or long-lived
(Brennecka et al., 2011).

5.3. Stage III: extinction

Above the highly pyritic interval, δ13C decreases and δ15N drops
sharply from +9‰ to values around +2‰ (Fig. 1), which has been
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C ratio of modern phytoplankton (1.7 · 10−6 to 5.7 · 10−6, Mitchell et al., 2012). A: a circle
position of early Triassic seawater. B: Effects of Se addition to sediments by reductive scav-
y partial (diagenetic) reduction in suboxic bottom water or sediment (stages III and IV).
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interpreted as indicating the cessation of coastal upwelling and a de-
cline in productivity (Schoepfer et al., 2012). High TOC/S ratios, Fe spe-
ciation and the lack of trace metal enrichment are consistent with
suboxic conditions in the water column, i.e. somewhat more oxidized
than in the preceding euxinic interval (Georgiev et al., 2015;
Schoepfer et al., 2013). The decline in δ34S and the occurrence of
framboidal pyrite with diagenetic sulfide overgrowths and interstitial
carbonate indicate that microbial sulfate reduction occurred close to
the sediment–water interface at a slower rate of sulfate consumption
than during stage II (Schoepfer et al., 2013). Hence sediments were
probably suboxic to anoxic, a process possibly accentuated by an in-
creased sedimentation rate (Algeo and Twitchett, 2010). Negative ex-
cursions in carbon and sulfur isotopes are observed globally at this
time (Erwin et al., 2002; Fenton et al., 2007; Korte and Kozur, 2010;
Korte et al., 2004; Newton et al., 2004; White, 2002), suggesting that
this interval marks a worldwide perturbation in major biogeochemical
cycles.

Sedimentary δ82/78Se at Opal Creek decreases to a minimum of −
1.8‰, which is lighter than most marine sediments (Mitchell et al.,
2012; Stüeken et al., 2015a; Stüeken et al., 2015b; Wen et al., 2014). It
is unlikely that this excursion reflects volcanic input of Se from the Sibe-
rian Traps (Campbell et al., 1992) or enhanced weathering due to vege-
tation loss on land (Georgiev et al., 2015; Ward et al., 2000) because
both of those sources would have had a Se isotopic composition near
the crustal average of 0‰. Although one study of unusually Se-rich
rocks (up to 26,000 ppm) showed large fractionations of several permil
during weathering (Zhu et al., 2014), fractionations were minimal
(±0.25‰) in a Se-poor soil (up to 0.5 ppm, Schilling et al., 2011)
which is more representative of average crust (0.09 ppm, Rudnick and
Gao, 2014). Hence a pulse of continental weathering probably did not
cause the large negative excursion observed in stage III. The only other
types of geological samples known to be isotopically depleted by 2‰
or more relative to the crust are hydrothermal precipitates and super-
gene alteration products (Layton-Matthews et al., 2013; Rouxel et al.,
2004;Wen and Carignan, 2011; Zhu et al., 2014). However, it is unlikely
that enhanced hydrothermal fluid input or erosion of hydrothermal de-
posits caused this excursion because other elements such as Cu, with
short ocean residence times and commonly associated with hydrother-
mal activity, are close to crustal background levels during stage III and
into stage IV (Schoepfer et al., 2013). Post-depositional supergene alter-
ation (Wen and Carignan, 2011; Zhu et al., 2014) can be ruled out be-
cause the selenium isotope excursion correlates well with global
excursions in δ34S and δ13C, and because below a weathering rind,
whichwas removed during sample preparation, pyrite iswell preserved
without any sign of oxidation (see also Georgiev et al., 2015). Se input
from weathering of altered rocks elsewhere (cf. Zhu et al., 2014) is im-
probable because then similarly light values should be common
throughout Earth's history (cf .Mitchell et al., 2012; Stüeken et al.,
2015b) and should not correlate with seawater redox conditions (cf.
Wen et al., 2014). The most plausible explanation for a negative excur-
sion of this magnitude in marine sediments is thus partial reduction of
Se oxyanions to Se0 and/or inorganic Se−II at the site of deposition.

Preservation of δ82/78Se values significantly below the crustal aver-
age can only occur if dissolved Se oxyanions are not quantitatively con-
sumed, i.e. if there was a stable Se oxyanion reservoir in the water
column. Given the uncertainty in natural fractionation factors, the
amount of reduction required to explain a value of−1.8‰may be any-
where between 9% and 96% of the oceanic SeVI/IV reservoir according to
our fractionationmodel (Fig. 4). But if the fractionation factor was small
(Fig. 4a,c), i.e. close to the range of δ82/78Se values observed in marine
sediments, a smaller percentage is more likely. If so, then this implies
that the water column must have been sufficiently oxygenated for re-
sidual dissolved SeVI/IV concentrations to exceed biological demand,
which may also explain the relatively high Se/TOC ratios during the ex-
cursion interval (Fig. 6a). Anoxia or suboxia probably only existed local-
ly in bottom waters (Georgiev et al., 2015), such that partial SeIV/VI
reduction and preservation of Se0 and/or Se−II were thermodynamically
favored. This interpretation is consistent with other geochemical evi-
dence indicating widespread (sub-)oxic conditions in the open ocean
across the extinction event (Algeo et al., 2010; Brennecka et al., 2011;
Proemse et al., 2013). Although our data represent only one basin, it is
thus possible that Se oxyanions were stable throughout most the
ocean at this time and were not removed by euxinia. Sulfur concentra-
tions are not particularly high during this interval (Fig. 6b), so Se
oxyanion reduction probably occurred independently from sulfate re-
duction, as in stage I, perhaps at the oxic–suboxic interface in sediments
or in bottom waters.

By comparison, a smaller negative isotope excursion down to −
0.63‰ has been reported for the late Cretaceous Ocean Anoxic Event 2
when volcanic activity may have increased the supply of nutrients, in-
cluding selenium (Mitchell et al., 2012). That report (Mitchell et al.,
2012) argued that high nutrient input stimulated productivity, but
that Se oxyanions were supplied in amounts beyond the capacity for
complete biological reduction. In the Opal Creek section, however, pro-
ductivity evidently declined during stage III (Schoepfer et al., 2013;
Schoepfer et al., 2012), trace metals are not enriched with respect to
crustal compositions (Schoepfer et al., 2013) and TOC concentrations
are 1–2 orders ofmagnitude lower than in the late Cretaceous excursion
(Mitchell et al., 2012). It is thus more likely that at Opal Creek dissolved
SeVI/IV excess resulted not from a high Se supply but instead from a rel-
atively low demand.

Because biological assimilation and reduction are the major sinks of
Se from the ocean, this decrease in the consumption rate could indicate
a decline in organic Se export from the surface ocean to the sediments.
Thus, Se isotopes were possibly sensitive, at least locally, to the collapse
in productivity by macroscopic organisms associated with the latest
Permianmass extinction. Assuming a small isotopic fractionation factor
between 2 and 2.5‰, the isotopic composition of residual dissolved SeVI

during the peak of the negative δ82/78Se excursion would have been be-
tween+0.2‰ and+1.6‰, depending on whether partial reduction oc-
curred under open- or closed-system conditions (Section 3.5). The
complementary sink of this isotopically enriched dissolved Se may
have been in restricted basins or in localized euxinic parts of the ocean
(Algeo et al., 2010; Brennecka et al., 2011).

The slight offset between theminimum in δ82/78Se and themajor pa-
leontological extinction horizon defined by conodont turnover and the
disappearance of sponge spicules and bioturbation (Schoepfer et al.,
2012) is perhaps due toweakened upwelling that led to a local decrease
in the dissolved Se oxyanion supply. Consequently, Se reduction or
assimilation may have becomemore quantitative, resulting in less neg-
ative δ82/78Se values even when biological productivity was very low. If
so, then the extinction at this site was perhaps influenced by a limiting
supply of nutrients, including Se. Alternatively, it is possible that total
macroscopic productivity was indeed at its minimum prior to the ex-
tinction peak due to reasons other than nutrient supply, but microbial
productivity resumed quickly (e.g. Algeo et al., 2011; Georgiev et al.,
2015; Shen et al., in press) and already dominated Se consumption
and export by the time major groups of metazoans died out. However,
Se/TOC ratios decline steadily throughout stage III (Table 2), supporting
the first scenario of dwindling Se input. In either case, our data suggest
that locally, and perhaps over a wider area, total biological productivity
collapsed over the course of ~1 kyr (from ~+10 cm to +12 cm, assum-
ing the sedimentation rate of 0.5 kyr cm−1 (Farley et al., 2005)) under
relatively oxygenated conditions.
5.4. Stage IV: recovery

During stage IV (Fig. 1), sulfur and carbon isotopes in the Ishbel
Trough change little compared to the end of stage III, indicating that
the ocean probably continued to be oxic to suboxic and productivity
remained low (Georgiev et al., 2015; Schoepfer et al., 2012). Bottom-
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water suboxia and rapid burial likely limited organic matter re-
oxidation, leading to the high TOC content of these samples.

δ82/78Se is the only tracer that returns to values similar to stage I (av-
erage −0.05 ± 0.42‰, n = 14, Fig. 1), probably because Se is a much
rarer element than C and S with a shorter residence time in the ocean
and so is perhaps more sensitive to environmental changes and ocean
circulation. The return to slightly heavier values could have resulted
from two processes: (i) consumption of a relatively higher proportion
of Se oxyanions by partial reduction than during stage III, leading to a
smaller net fractionation in the reduced phase compared to the starting
composition (asmodeled in Fig. 4 for large values of f), or (ii) isotopical-
ly heavy organic Se−II becoming the major component in marine sedi-
ments, leading to dilution of isotopically light Se0 and/or inorganic
Se−II produced from oxyanion reduction. Both processes would have
been facilitated by a lower supply of Se oxyanions to the shelf, i.e.
through continued suppression of coastal upwelling, but also by local
recovery of biological activity. The first possibility is supported by Se/
TOC ratios, which are distinctly lower in stage IV than in other parts of
the section (Fig. 6a). Hence low nutrient supply under oxic to suboxic
conditions perhaps continued to delay biological recovery into the
early Triassic.

Combined with data from stage III, we observe an inverse relation-
ship between δ82/78Se values and the logarithm of Se/TOC ratios
(R2= 0.57). Low Se/TOC ratios paired with high δ82/78Se values may re-
flect a situation in which the supply of Se was locally limited and only
organic Se−II was preserved; high Se/TOC ratios paired with low δ82/
78Se values likely indicate increased availability of Se oxyanions which
were then subject to partial reduction. If the sample with highest δ82/
78Se and lowest Se/TOC (Fig. 6a, circle A) represents nearly pure bio-
mass with no addition of Se0 and/or inorganic Se−II to the sediment,
then it may capture the composition of seawater SeVI in the early
Triassic.

During stage IV, the δ82/78Se record returns to values typical of Stage
I, divergingmarkedly from the δ34S record which shows a comparative-
ly small recovery (Fig. 1). The sulfur system is only sensitive to profound
redox changes, which, as discussed above and elsewhere (Algeo et al.,
2010; Proemse et al., 2013; Schoepfer et al., 2012), did not occur be-
tween the onset of the extinction (stage III) and the subsequent recov-
ery. Even though the dissolved sulfate reservoir may have contracted
(Luo et al., 2010), sulfate was likely a conservative ion before, during
and after the latest Permian extinction event. Se, however, being a
trace element in the ocean, is more sensitive to subtle and local redox
and productivity changes. In this case, our Se data indicate more clearly
than the S record alone that ocean circulation was sluggish, though not
absent, across the Permian–Triassic boundary.

6. Conclusion

At Opal Creek, Se isotopes display a large negative excursion in ma-
rine sediments slightly before the largestmass extinction of the Phaner-
ozoic eon.Weproposed that these low δ82/78Se values in bulk sediments
resulted from a unique decline of macro-biological activity and organic
Se export, leading to excess Se oxyanion concentrations in the water
column,whichwere then subject to partial reduction in suboxic bottom
waters or at the sediment–water interface. This event is preceded by a
small positive excursion,whichwas likely caused by locally euxinic con-
ditions due to a temporary increase in productivity, and hence quantita-
tive consumption of isotopically heavy Se in the water column.
However, euxinia was likely limited to continental margins, consistent
with recent evidence from Mo and U isotopes and metal abundances
(Algeo et al., 2010; Algeo et al., 2011; Brennecka et al., 2011; Proemse
et al., 2013), and thus probably not responsible for the mass extinction.
Instead, our data suggest that at least this basin was oxic at the onset of
the productivity decline, because otherwise Se oxyanions would not
have been stable in thewater column. Althoughwe can only confidently
speak for this one locality, our data supportmodels of oxic conditions in
the open Panthalassic ocean at the time of the mass extinction (e.g.
Winguth and Maier-Reimer, 2005). Productivity during the extinction
appears to have collapsed quickly over ~1 kyr. During the peak extinc-
tion in the latest Permian and continuing into the early Triassic, an in-
creasingly stratified ocean (Song et al., 2013) decreased the supply of
nutrients to the surface, leading to more quantitative Se consumption
even under oxic to suboxic conditions. Hence nutrient limitation proba-
bly did not cause the initial collapse of the marine biosphere but may
have inhibited its recovery.

Lastly, this study shows that Se isotopes can be a valuable proxy for
geobiological changes in deep time. As demonstrated with one sample,
the sequential extraction and isotopic analysis of different Se phases
may help disentangle some of the complexity of this new isotopic sys-
tem and should be pursued in future studies.
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