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Selenium (Se) isotopes can yield substantial isotopic fractionation (up to 20‰) confirmed by experiments and
field investigations, depending on various biotic or abiotic redox transformations. Therefore, it is expected that
redox changes in the ancient oceans would induce significant isotopic fractionation, and the Se isotopic signa-
tures recorded in old sedimentary rocks might provide new insight into how the redox state of the ancient
ocean has evolved. However, previous studies have shown that Se is slightly enriched in the lighter isotope rel-
ative to the bulk earth values in most deposited conditions (oxic, anoxic, and even sulfidic). Here, our results re-
veal that ferruginous conditions can result in excessive accumulation of Se in sediments with an elevated Se/S
ratio and significant isotope fractionation (about 6‰), which leads us to propose that Se isotopes are an appro-
priate geochemical proxy to trace unique oceanic conditions over times. Accordingly, Se isotopic variationsmea-
sured in three Early Cambrian formations in southern China suggest that anoxic waters with ferruginous
conditions must have been present in early Cambrian ocean along the eastern margin of the Yangtze platform,
and oceanic circulationwas stepwise reorganized. Thismay have triggered biological diversification from the Edi-
acaran to the Early Cambrian.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Redox-sensitive metals (e.g., Fe, Mo) and their isotopes have been
increasingly used as proxies for changing redox conditions in the oceans
(Anbar and Rouxel, 2007). Selenium is also redox-sensitive, potentially
existing in four redox states (VI, IV, 0 and -II), and its chemical behav-
iour depends strongly on redox reactions (Johnson, 2004). Under
oxidizing conditions, Se(VI) is favored thermodynamically and forms
the selenate (SeO4

2−) anion, is highly soluble and not strongly adsorbing
(Neal and Sposito, 1989); under mild reducing conditions, Se(VI) is
reduced to Se(IV) (selenite, SeO3

2− and biselenite, HSeO3
−), is highly sol-

uble and strongly absorbing onto Fe and Al oxides. Under moderate re-
ducing conditions, Se(IV) reduces to Se(0). Under strong reducing
conditions, Se(-II) as HSe- is the thermodynamically stable form, with
behavior similar to that of sulfide (Johnson, 2004).

Selenium has six stable isotopes: 74Se, 76Se, 77Se, 78Se, 80Se and 82Se
with relativemolar proportions varying from0.8% (74Se) to 49.6% (80Se)
(Coplen et al., 2002). Experimental work has shown that Se isotope
fractionation occurs during reduction of Se(VI) or Se(IV) to Se(0) and/
or Se(-II), through various biotic or abiotic reactions (Krouse and
Thode, 1962; Rees and Thode, 1966; Rashid and Krouse, 1985;
Johnson et al., 1999; Herbel et al., 2000; Ellis et al., 2003). Fractionation
may vary from 7‰ to 11‰ in the δ82Se value, depending on environ-
mental conditions (e.g. reducing agents, Se concentration), with the re-
duced product being depleted in heavier isotopes. Reduction
experiments in the presence of natural sediment slurries have also
yielded similar fractionation factors for Se(VI) reduction (2.6–3.1‰)
and for Se(IV) reduction (5.5–5.7‰) to those performed on pure
cultures (Herbel et al., 2002). Thus, substantial isotopic fractionation
suggests that Se isotopes may be a powerful paleo-environmental
proxy, as has been established for Mo and Fe isotopes (Anbar and
Rouxel, 2007).

Based on above Se isotopic framework, greater isotope fractionation
should presumably occur under anoxic and euxinic conditions when
dissolved Se in thewater column is reduced bymicrobial or abiotic pro-
cesses. However, an important implication for Se is the lack of strong en-
richment in light isotopes evident in most marine sediments deposited
under anoxic and even euxinic conditions (Hagiwara, 2000; Mitchell
et al., 2012). For example, Mitchell et al. (2012) analysed ~120 samples
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of fine-grained marine sedimentary rocks and sediments spanning the
entire Phanerozoic, and they found that δ82Se values fall within a nar-
row range, from −1 to +1‰. This phenomenon was also observed by
Hagiwara (2000) in a survey of marine sediments and algae. For un-
weathered (fresh) black shale samples, the mean δ82Se value is
−0.30 ± 1.01‰ with a mean Se concentration of 77 ± 3.49 ppm;
however, weathered samples yield a δ82Se value of 3.98 ± 3.90‰ and
mean Se concentration of 716 ± 1670 ppm. The largest range of Se iso-
topic composition for a single sedimentary formation is reported in the
Yutangba Se deposit, where supergene alteration has produced a frac-
tionation of ~23‰ (Wen and Carignan, 2011; Zhu et al., 2014). It ap-
pears that in most cases only secondary alteration (weathering,
diagenesis) can lead to a greater isotopic fractionation and Se enrich-
ment. Overall, results from analyzed shales and sediments have not
yet shown that marine sedimentary Se isotope ratios provide an indica-
tion of past redox conditions. For this reason, we report on systematic
measurements of Se isotopes in some Cambrian strata. Results from Fe
speciationmeasurements indicate that isotopically lighter Se is associat-
ed with ferruginous waters, and therefore we propose that strongly
Fig. 1. (a) Simplified palaeogeographic map of the Yangtze Platformduring Ediacaran–Cambrian
section; (c) Lithological profile of the Chuanyanping section from Fan et al. (2013); (d) Litholo
negative δ82Se values may be indicative of ferruginous conditions in
the sedimentary record.
2. Geological setting and stratigraphy

The Ediacaran to early Cambrian successions were well preserved
over the Yangtze platform in South China with different stratigraphical
settings, including platform facies, transition belt and protected basin as
illustrated in Fig. 1-a (Steiner et al., 2001; Guo et al., 2007). In several
areas, they are exposed across a transection from platform to basin, of-
fering an opportunity to investigate the stratigraphic features during
this critical interval in Earth history, which can provide clues of sea-
level fluctuations, ocean anoxia, metal accumulation and corresponding
ocean-atmosphere-biology evolution. Three sections were selected for
this study, the Huangjiawan (HJW), Chuanyanping (CYP) and Silikou
(SLK) sections, which are separated from each other by approximately
400 km (Fig. 1-a), and located at sites from the carbonate platform
(HJW section and CYP section) and protected basin (SLK section)
transitionmodified from Steiner et al. (2001); (b) Lithological profile of theHuangjiawan
gical profile of the Silikou section from Chang et al. (2012).



166 H. Wen et al. / Chemical Geology 390 (2014) 164–172
respectively, which reflects a shallow to deep water sedimentation as
documented by Zhu et al. (2007).

2.1. The Huangjiawan section

The Huangjiawan section is located at Huangjiawan village in Zunyi
County, northern Guizhou province. The base of this section comprises
dolomites of the Ediacaran (Neoproterozoic) Dengying Formation,
which are disconformably overlain by the Cambrian Niutitang Forma-
tion (Fig. 1-b). A variable rock assembly occurs in the Niutitang forma-
tion, consisting of phosphorite, K-bentonite, carbonaceous shale and
carbonaceous chert. Phosphoritewith a thickness of several centimeters
overlaid disconformably over the dolomite of the Dengying Formation.
Higher up the section, the special K-bentonite layer is identified with
normally several centimetres thick. Over the K-bentonite, black shale
is divided into lower and upper sections by a Ni-Mo sulfide layer. The
lower section comprises laminated black shales and carbonaceous
chert with phosphoric nodules, in alternating layers. The upper section
commonly consists of carbonaceous shaleswith an occasional interlayer
of stone coal.

There is a discrepancy between the ages obtained for the section. Re-
Os and Pb-Pb dating yielded ages of 535 ± 11 Ma (Re-Os) and 531 ±
24 Ma (Pb-Pb) for the black shales within the Niutitang Formation,
and 521 ± 54 Ma (Pb-Pb) for the Ni-Mo sulfide layer (Jiang et al.,
2006, 2007). This is in contrast to the Re-Os isochron age (541 ±
16 Ma) measured by Mao et al. (Mao et al., 2002). Furthermore,
a much younger U-Pb zircon age (518 ± 5 Ma) was obtained for
K-bentonite, which is stratigraphically lower than the black shales
and Ni-Mo sulfide layer of the Niutitang Formation (Zhou et al., 2008).
Further, a new U-Pb zircon age (532.3 ± 0.7 Ma) was also obtained
for K-bentonite (Jiang et al., 2009). In consideration of the stratigraphic
relationship, we suggest that the ages from (Jiang et al., 2006, 2007,
2009) are more reasonable than those measured by Mao et al. (2002)
and Zhou et al. (2008).

2.2. The Chuanyanping section

The Chuanyanping section has a similar stratigraphical horizon
and rock assemblages with the Huangjiawan Section, separated from
each other by a distance of approximately 400 km (Fig. 1-c). The
Chuanyanping section crosses the Ediacaran - early Cambrian (E-C)
boundary. It includes the upper part of the Ediacaran Doushantuo and
the Dengying Formation and the lower part of Cambrian Niutitang For-
mation, representing a shallow shelf depositional environment (Fan
et al., 2013). The major lithofacies of the Dengying Formation is gray
carbonates. The lower Cambrian Niutitang Formation consists of
black-gray cherts, organic-rich shale succession (up to 100 m thick)
and a basal Ni–Mo sulfide-rich horizon (Steiner et al., 2001). In the re-
gion, one SHRIMP U–Pb zircon age has been obtained, 536.3 ± 5.5 Ma
for the tuff layer (Chen et al., 2009), which is equivalent to the E-C
boundary age (542 Ma).

2.3. The Silikou section

The Silikou section studied here is located at Silikou village in
Sanjiang Dong Autonomous County, northern Guangxi (Fig. 1-d). It
comprises the upper part of the Ediacaran Doushantuo Formation, the
Laobao Formation and the lower part of the Cambrian Qingxi Formation
up section (Chang et al., 2012). Because of lack of rocks suitable for iso-
topic dating, the age of the Laobao Formation can be obtained only
through stratigraphic correlation. It is ca. 550 Ma for the lower bound-
ary, which corresponds to the Dengying-Doushantuo boundary
(Condon et al., 2005), and ca. 536 Ma for the upper boundary in the
early Cambrian (Zhu et al., 2007; Chen et al., 2009). The underlying
Doushantuo Formation and overlying Qingxi Formation are conform-
able with the Laobao Formation. The Laobao Formation is ~169 m
thick and consists of black (or gray) cherts with few interbedded carbo-
naceous or siliceousmudstones in the upper part. In the Silikou section,
the Laobao cherts are finely laminated, have a nodular structure and un-
dulating bedding surface, and containmanypaleobotanicalmicrofossils.

3. Samples and methods

Samples were collected from three Chinese stratigraphic sections,
described above. Samples from the Huangjiawan and Chuanyanping
sections were collected in underground mines. Zhu et al. (2014) found
that Se isotopes vary widely as deep as 80 m below the land surface
due to alteration by groundwater infiltration, but little at greater
depth in the Yutangba Se deposit. In this study, mines for sample collec-
tion are located in 300-400meters below themountain surface, and the
active ground water flow is commonly as deep as several ten meters of
the land surface. In addition, the Ni-Mo sulfide layer co-existed in the
black shale also kept the original structure without altered minerals
found (eg. Fe oxides), ensuring that most fresh samples were obtained
in these two sections. The characteristics of these samples have been de-
scribed in Wen and Carignan (2011) and Fan et al. (2011, 2013). Sam-
ples from the Silikou section have been studied in detail in terms of
mineralogy and petrology (Chang et al., 2010, 2012). The samples
(mainly chert) have finely laminated fabric, aphanitic or microcrystal-
line structure. Metasomatic relict texture or distinct recrystallization is
not found (Chang et al., 2010). In addition, the H/C atomic ratio of ker-
ogen in samples exceeds 0.2 (Hu, 2008), indicating that maturity of
the kerogen is low and samples experienced little thermal alteration.
These results suggest that the samples from the Silikou section did
not suffer a strong thermal metamorphism, distinct metasomatism or
recrystallization, and thus primary deposition information may be pre-
served and recorded in the samples. A total of 59 sampleswere analysed
formajor and trace elements and Se isotopes. Prior to geochemical anal-
yses, each sample was cleaned with distilled water and dried, then
crushed to –200 meshes. Chemical analyses were performed using dif-
ferent methods.

Major and trace elements in samples were analysed by XRF (Axios,
PW4400) and ICP-MS (PE Elan 9000), respectively, at the State Key
Lab of Ore Deposit Geochemistry (SKLODG), Institute of Geochemistry
of Chinese Academy of Sciences. Analytical uncertainty for elemental
concentrations was generally better than 5%. Total organic C and total
S contents in the samples were measured by C-S element analytical in-
strument (CS-314) in the analytical centre of the Institute of Geochem-
istry, Chinese Academy of Sciences. Se contents were determined by
Atomic Absorption Spectrometry (Varian AAS 240 at CRPG, France) fol-
lowing the method of Marin et al. (2001). Pyrite iron (FeP) concentra-
tions were analysed using the chromium reduction method, and
reactive iron (HCl-extractable iron, FeH) is extracted by a boiling 12 N
HCl solution method as described by Poulton and Canfield (2005) and
Canfield et al. (2007).

The analytical process for Se isotopes has been detailed described by
Wen and Carignan (2011). Briefly, Chemical purification of Se for isoto-
pic measurements used the Thiol Cotton Fibre (TCF) method (Marin
et al., 2001; Rouxel et al., 2002) for which Se recovery is N98%. Se isoto-
pic measurements were performed at the Centre de Recherches
Pétrographiques et Géochimiques (CRPG, France) using an Isoprobe
MC-ICP-MS coupled with on-line hydride generation. Before entering
the ICP torch, the Se hydrides were passed through a pneumatic nebu-
lizer and a cyclonic chamber to further regulate the gas sample
flux into themass spectrometer. The sample-standard bracketingmeth-
od was used to calculate delta values. A solution blank signal was
subtracted for all measured masses (76, 77, 78, 80, and 82). Instrumen-
tal drift was corrected by averaging the measured ratios of the
bracketing reference Se samples (bracketing standards). Only sections
presenting linear or smooth drifts of the measured reference solution
were considered and used for calculating sample delta values. The sen-
sitivity achieved using the on-line hydride generation is ~85 V ppm−1
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total Se. A single bracket analysis comprised three blocks of 25 cycles of
measurements on each amu, which corresponds to ~450 ng Se
analysed. Analytical precision was better than 0.2 per ml (2σ) as de-
scribed by Wen and Carignan (2011). Because there are no certificated
international Se isotopic standard reference materials, the NIST SRM
3149 was used here as the "delta zero" reference material as suggested
by Carignan and Wen (2007). The delta values are expressed as:

δ82Se ‰ð Þ ¼ 82Se=76Se
� �

sample
=

82Se=76Se
� �

std
−1

� �
� 1000

where std is the NIST SRM 3149 reference.

4. Results

The δ82/76Se values and selenium concentrations from the three an-
alyzed sections, with total sulfur, organic carbon, Fe speciation and ele-
mental enrichment ratios, are presented in Tables 1, 2 and 3. The Se
isotopic compositions for all samples, with some natural sample values
from the literature for comparison, are illustrated in Fig. 2.

Samples from three sections showed the distinct Se concentrations
and Se isotopic compositions. The δ82Se and Se concentrations mea-
sured for samples from the Huangjiawan section are shown in Table 1
and Fig. 3. A high level of Se was observed in the Huangjiawan section
with the range from 1.41 ppm to 221 ppm. The total range in δ82Se
values (0.6‰ to −5.09‰ with a mean of −1.5‰, Table 1). There is no
clear relationship found with Se contents. The δ82Se and Se concentra-
tions in Chuanyanping samples are listed in Table 2 and Fig. 3. The Se
level observed in whole rock samples is lower than that observed in
Huangjiawan samples, and is normally b20 ppm (1.37–20.78 ppm).
The total range in δ82Se values (0.86‰ to -2.02‰ with a mean of
-0.94‰), which have a significantly narrower range compared with
the other two sections. Although mean Se content is lowest in the
Silikou section (Table 3 and Fig. 3), varying from 0.50 ppm to
6.28 ppm, a moderate variation in δ82Se values was measured (0.49‰
to −3.25‰) with a mean of -1.03‰.

Fe speciations have beenwidely used to distinguish the redox condi-
tion of water column (Poulton and Canfield, 2005; Canfield et al., 2007).
Studies have shown that, if conditions were anoxic (FeHR/FeT N 0.38),
low associated Fepy/FeHR ratios (b0.8) would indicate ferruginous bot-
tom waters; whereas, high Fepy/FeHR points to euxinic conditions, or
an anoxic and H2S-containingwater column (Li et al., 2010). Fig. 4 illus-
trates depositional conditions using the fractional abundance of Fe spe-
ciation in the studied strata. Data from the three sections clearly show
non-uniform redox conditions. Besides some of the associated Fe that
plots in the oxic and euxinic fields, most of samples, especially from
the Silikou and Huangjiawan sections, plot in the ferruginous zone, as
noted for Fe(II)-rich samples from Huangjiawan.
Table 1
Selenium isotopic compositions and Fe speciations in samples from the Huangjiawan section.

Sample No. Sample type δ82/76Se
(2σ, ‰)

S
(%)

Se
(ppm)

TOC
(/%)

Fe
(%

xiaozhu-02 Carbonaceous shale 0.68 ± 0.09 1.10 6.29 4.3 3.1
xiaozhu-19 Carbonaceous shale −3.10 ± 0.18 0.25 116.00 15.9 2.5
xiaozhu-20 Carbonaceous chert −1.40 ± 0.12 0.15 36.00 8.9 0.6
xiaozhu-22 Carbonaceous chert −0.18 ± 0.06 0.14 35.00 7.7 1.3
xiaozhu-23 Carbonaceous shale −5.09 ± 0.24 0.32 121.00 15.5 1.6
xiaozhu-24 Carbonaceous chert −0.15 ± 0.08 0.16 26.00 9.1 0.6
xiaozhu-25 Carbonaceous shale −0.27 ± 0.06 0.50 98.00 18.6 2.5
xiaozhu-26 Carbonaceous chert −0.87 ± 0.10 0.15 20.00 8.5 0.7
xiaozhu-27 Carbonaceous shale −3.65 ± 0.23 0.28 53.00 20.2 1.7
xiaozhu-28 Carbonaceous chert −0.20 ± 0.09 0.09 8.87 3.4 0.7
GZW-02-32 Phosphorite −2.21 ± 0.14 0.09 1.41 0.34 1.9

Note: FeT, FePy and FeHCl represent total iron concentrations, pyrite iron concentration and HCl-e
FeH.
5. Discussions

5.1. Selenium isotopic system from the E–C boundary

Se/S mass ratios and δ82Se in the studied strata show a broadly neg-
ative correlation (Fig. 5) which suggests that Se isotope fractionation
is closely related to Se and S geochemical cycles in the oceans. Seawater
contains very low Se concentrations (about 0.08 ppb in modern
seawater) and Se/S ratios (about 10−8 to 10−9) (Measures and
Burton, 1980) while Se/S ratios in sediments are higher (N10−5)
(Hattori et al., 2004). A number of investigations have shown that Se
and S cycles in the oceans exhibit marked differences, although
the two elements share chemical similarities (Johnson, 2004). Se may
be influenced greatly by fluxes of organically-bound Se; whereas, the
marine S cycle is dominated by sulfate. It has been suggested by
Cutter (1982) and Baines et al. (2001) that uptake or absorption of Se
by algae/plankton and its subsequent deposition is one of the most ef-
fective mechanisms of concentrating Se in sediments to several orders
of magnitude greater than seawater. This notion is also supported by
measurements of modern marine plankton (typically 0.5–3 ppm Se),
which indicate an enrichment of more than three orders of magnitude
of Se in plankton compared with bulk seawater (Boisson and Romeo,
1996). Therefore, Se may be enriched in organic-rich black shales
formed in anoxic basins with a relatively higher Se/S ratio (10−5 to
10−3) in comparison with most clastic sedimentary rocks and evapo-
rates (10−6 to 10−5) (Hattori et al., 2004). As investigated through ex-
periments and analyses of natural terrestrial samples, uptake or
adsorption of Se by algae/plankton (assimilation) induces little isotopic
fractionation within the range of 1‰ to 2‰ (Johnson, 2004; Clark and
Johnson, 2010; Mitchell et al., 2012).

In this study, however, significant isotopic fractionation and anoma-
lously high Se/S ratios (10−3 to 10−1) were found in anoxic and ferru-
ginous strata from the Silikou and Huangjiawan sections but not in
euxinic sediments (e.g. Chuanyanping section andmost of the reference
data) (Fig. 5). Fig. 6-a clearly shows that the Se/S ratio in samples from
anoxic and ferruginous conditions is closely related to the FePy/FeHR
ratio. Where the FePy/FeHR ratios increase towards euxinic conditions,
the Se/S ratio is in a restricted range: 10−4 to 10−3. However, where
FePy/FeHR ratios are small (especially less than 0.2), elevated Se/S ratios
(N10−3) and greater variations (10−3 to 10−1) were observed. It is
consistent with the relationship between FePy/FeHR and Se isotopes
(Fig. 6-b). δ82Se values stabilise to between −2‰ and 1‰ when FePy/
FeHR increases towards euxinic conditions. However, where FePy/FeHR
is b0.2, a large fractionation in Se isotopes was found (~0‰ to −5‰),
as well as enrichment of the lighter isotopes, which indicate that anoxic
and ferruginous conditions strongly control both the variation in Se/S
ratios and the large Se isotopic fractionation. Two important implica-
tions can be observed in Fig. 6-a and 6-b: (1) the euxinic samples
from the three sections show lower Se/S ratio and a narrow range
T

)
FePy
(%)

FeHCl
(%)

FeHR
(%)

FePy/FeHR FeHR/FeT FeHCl/FeT Se/S(10-3)

1 0.611 1.038 1.649 0.371 0.530 0.333 0.57
7 0.062 1.639 1.701 0.036 0.662 0.638 46.08
8 0.011 0.234 0.245 0.045 0.363 0.347 23.34
1 0.028 0.749 0.777 0.036 0.592 0.570 24.52
7 0.032 1.187 1.220 0.026 0.730 0.711 38.28
2 0.033 0.269 0.302 0.109 0.485 0.432 16.12
3 0.112 1.104 1.216 0.092 0.480 0.436 19.57
1 0.006 0.341 0.346 0.016 0.490 0.482 13.04
9 0.030 1.163 1.193 0.025 0.666 0.650 19.03
0 0.004 0.194 0.197 0.018 0.282 0.277 10.07
3 0.008 1.278 1.285 0.006 0.666 0.662 1.64

xtractable iron concentration in samples, respectively. FeHR represents the sum of FePy and



Table 2
Selenium isotopic compositions and Fe speciations in samples from the Chuanyanping section.

Sample No. Sample type δ82/76Se
(2σ, ‰)

S
(%)

Se
(ppm)

TOC
(/%)

FeT
(%)

FePy
(%)

FeHCl
(%)

FeHR
(%)

FePy/FeHR FeHR/FeT FeHCl/FeT Se/S(10-3)

ZJJ-03 Carbonaceous shale −1.59 ± 0.12 4.53 8.12 7.47 2.91 1.745 0.260 2.004 0.871 0.690 0.089 0.18
ZJJ-04 Carbonaceous shale −0.87 ± 0.13 3.38 11.42 7.14 2.84 1.140 0.240 1.380 0.826 0.487 0.085 0.34
ZJJ-05 Carbonaceous shale −1.32 ± 0.16 4.85 13.55 8.13 2.97 1.014 0.247 1.261 0.804 0.425 0.083 0.28
ZJJ-12 Carbonaceous shale −0.43 ± 0.10 3.28 5.80 8.36 2.02 - - - - - - 0.18
ZJJ-13 Carbonaceous shale −0.20 ± 0.09 3.25 5.16 9.08 2.53 0.591 0.988 1.579 0.374 0.625 0.391 0.16
ZJJ-14 Carbonaceous shale −0.60 ± 0.10 1.67 4.31 9.82 1.86 0.578 1.141 1.718 0.336 0.924 0.613 0.26
ZJJ-15 Carbonaceous shale −2.02 ± 0.17 1.86 9.20 10.32 1.18 - - - - - - 0.49
ZJJ-16 Carbonaceous shale −1.39 ± 0.14 1.24 5.00 1.19 - - - - - - 0.4
ZJJ-52 Carbonaceous shale −1.41 ± 0.20 4.40 7.07 7.12 3.675 0.703 1.278 1.981 0.355 0.539 0.348 0.16
ZJJ-17 Carbonaceous shale −0.90 ± 0.11 3.21 8.10 9.23 1.86 - - - - - - 0.25
ZJJ-18 Carbonaceous shale −1.67 ± 0.14 4.03 6.55 7.65 4.81 0.923 0.382 1.305 0.707 0.271 0.080 0.16
ZJJ-19 Carbonaceous shale −1.75 ± 0.16 5.27 18.11 8.3 3.30 0.702 0.092 0.795 0.884 0.240 0.028 0.34
ZJJ-20 Carbonaceous shale −1.69 ± 0.13 3.84 12.80 6.34 2.59 - - - - - - 0.33
ZJJ-22 Carbonaceous shale −1.80 ± 0.20 2.48 6.61 6.36 2.58 1.486 0.315 1.801 0.825 0.697 0.122 0.27
ZJJ-23 Carbonaceous shale −1.50 ± 0.10 4.39 14.07 6.86 2.65 2.37 0.21 2.58 - - - 0.32
ZJJ-24 Carbonaceous shale −1.26 ± 0.06 3.39 18.41 8.52 2.77 1.937 0.717 2.653 0.730 0.957 0.259 0.54
ZJJ-26 Phosphorite −0.16 ± 0.06 0.65 20.78 0.91 2.20 0.285 0.034 0.318 0.894 0.145 0.015 3.21
ZJJ-27 Carbonaceous chert 0.56 ± 0.10 0.33 4.35 0.13 0.40 - - - - - - 1.31
ZJJ-28 Carbonaceous chert 0.86 ± 0.11 0.19 3.63 0.76 1.30 0.055 0.082 0.137 0.402 0.105 0.063 1.87
ZJJ-43 Carbonaceous chert −0.62 ± 0.10 0.26 1.37 0.09 0.46 0.016 0.101 0.117 0.136 0.253 0.219 0.52
ZJJ-56 Carbonaceous chert 0.00 ± 0.05 0.66 8.36 0.54 0.77 0.014 0.359 0.374 0.038 0.485 0.467 1.27

Note: FeT, FePy and FeHCl represent total iron concentrations, pyrite iron concentration and HCl-extractable iron concentration in samples, respectively. FeHR represents the sum of FePy and
FeH.
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(−2‰ to 0‰) in δ82Se value; (2) although the Se/S ratio in samples
from oxic conditions is variable, isotopic fractionation is also limited to
between −2‰ and 1‰ in δ82Se value. The HCl-Fe commonly includes
Fe-(oxyhydr) oxides, ferrous carbonates (e.g. siderite and ankerite)
and some Fe from certain sheet silicate minerals (e.g. nontronite, chlo-
rite, glauconite, biotite). In anoxic condition, the high FeH/FeT ratio rep-
resents the excessive Fe(II) occurred in the water column. A broadly
negative correlation between δ82Se values and FeH/FeT can be observed
for anoxic and ferruginous samples in Fig. 6-c, however, most of euxinic
and oxic samples do not array in this trend. Therefore, it is evident that
Table 3
Selenium isotopic compositions and Fe speciations in samples from the Silikou section.

Sample No. Sample type δ82/76Se
(2σ, ‰)

S
(%)

Se
(ppm)

TOC
(/%)

FeT
(%)

Sampling site: Silikou section
SLK-117 chert −0.36 ± 0.08 0.049 2.28 0.41 0.70
SLK-111 chert −1.10 ± 0.12 0.034 1.05 2.30 0.48
SLK-107 chert −0.57 ± 0.09 0.545 1.39 1.98 0.79
SLK-103 chert 0.15 ± 0.06 0.469 2.30 2.71 0.52
SLK-94 chert −2.53 ± 0.14 0.013 0.95 1.02 0.31
SLK-90 chert −1.04 ± 0.11 0.132 0.99 1.65 0.48
SLK-87 chert −0.46 ± 0.08 0.051 2.08 2.22 0.48
SLK-85 chert −0.29 ± 0.06 0.043 0.28 2.96 0.41
SLK-83 chert −0.73 ± 0.09 0.113 1.63 5.12 0.32
SLK-78 chert 0.49 ± 0.10 0.364 1.89 0.86 0.83
SLK-71 chert −1.47 ± 0.12 0.035 1.71 1.82 0.36
SLK-59 chert −1.93 ± 0.16 0.042 0.52 2.40 0.28
SLK-57 chert 1.43 ± 0.14 0.499 2.10 0.78 0.75
SLK-53.5 chert −1.62 ± 0.16 0.044 1.44 1.64 0.41
SLK-51 chert −0.37 ± 0.08 0.306 1.78 1.72 0.41
SLK-47 chert −1.27 ± 0.11 0.021 0.50 1.66 0.17
SLK-43 chert −1.54 ± 0.15 0.361 1.54 0.49 0.58
SLK-40 chert −0.06 ± 0.07 0.166 2.22 0.20 0.43
SLK-36 chert −2.34 ± 0.15 0.004 2.47 0.25 0.38
SLK-31 chert −2.40 ± 0.18 0.015 3.04 0.89 0.36
SLK-24 chert −1.16 ± 0.09 0.009 0.94 0.76 0.27
SLK-20 chert −1.37 ± 0.11 0.008 1.07 0.60 0.32
SLK-16 chert −0.23 ± 0.07 0.063 3.38 0.56 0.44
SLK-12 chert −1.10 ± 0.10 0.1 6.28 0.33 0.47
SLK-8 chert −3.25 ± 0.22 0.018 3.35 0.61 0.32
SLK-4 chert −1.71 ± 0.13 0.007 2.25 0.79 0.34

Note: FeT, FePy and FeHCl represent total iron concentrations, pyrite iron concentration and HCl-e
FeH.
lower FePy/FeHR ratios in anoxic conditions represent thepresence of ex-
cess Fe(II) in thewater column,whichmay be responsible for the larger
Se isotopic fractionation, thereby facilitating the enrichment of lighter
isotopes.

5.2. Mechanism of Se isotopic variations in ferruginous waters

Although microbial action is reported to be an important, and likely
dominant, oxyanion reduction and removal pathway of Se, recent re-
search has identified that abiotic redox reactions also play an important
FePy
(%)

FeHCl
(%)

FeHR
(%)

FePy/FeHR FeHR/FeT FeHCl/FeT Se/S(10-3)

0.002 0.190 0.192 0.010 0.274 0.271 4.65
nd - - - - - 3.08
0.206 0.210 0.416 0.495 0.527 0.266 0.26
0.234 0.200 0.434 0.539 0.835 0.385 0.49
nd - - - - - 7.31
0.041 0.200 0.241 0.170 0.502 0.417 0.75
0.001 0.120 0.121 0.008 0.252 0.250 4.07
nd - - - - - 0.66
0.001 0.120 0.121 0.008 0.378 0.375 1.44
0.101 0.210 0.311 0.325 0.375 0.253 0.52
nd - - - - - 4.89
nd - - - - - 1.25
0.104 0.220 0.324 0.321 0.432 0.293 0.42
nd - - - - - 3.26
0.069 0.190 0.259 0.266 0.632 0.463 0.58
nd - - - - - 2.39
0.113 0.210 0.323 0.350 0.557 0.362 0.43
0.094 0.190 0.284 0.331 0.660 0.442 1.34
1 0.14 0.142 0.014 0.374 0.368 61.76
0.001 0.16 0.161 0.006 0.447 0.444 20.24
0.003 0.11 0.113 0.027 0.419 0.407 10.39
0.002 0.2 0.202 0.010 0.631 0.625 13.33
0.024 0.22 0.244 0.098 0.555 0.5 5.37
0.025 0.26 0.285 0.088 0.606 0.553 6.28
0.002 0.14 0.142 0.014 0.444 0.438 18.62
0.001 0.16 0.161 0.006 0.474 0.471 32.14

xtractable iron concentration in samples, respectively. FeHR represents the sum of FePy and



Fig. 2. Se isotopic variations in samples from the three analyzed sections, with natural
sample values from the literature.

Fig. 4. Variations of FePy/FeHR and FeHR/FeT data for samples from the three analysed sec-
tions, with end-member redox conditions denoted on the cross-plot (Li et al., 2010).
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role in Se cycling. For example, under sulfidic conditions selenite can re-
ductively precipitate as elemental Se as follows (Weres et al., 1989;
Breynaert et al., 2008):

SeO3
2− þ 2HS− þ 4Hþ ¼ Se0 þ 2S0

þ 3H2O △G0 ¼ −324:3 kJ=mol
� �

ð1Þ

However, the elemental Se produced by the reaction may be is un-
stable because under the condition of an H2S-containing water column,
elemental Se can be readily further reduced to H2Se or HSe-. An Eh-pH
diagram after Brookins (1988) clearly indicates a very limited region
of coexistence for hydrogen sulphides (HS- + H2S) and elemental Se,
but a wide region of coexistence for hydrogen sulphides (HS- + H2S)
and hydrogen selenide (HSe- + H2Se) identified by thermodynamic
calculation. Field measurements by Cutter (1982) also revealed that
hydrogen selenide actually occurred in the H2S-containing water col-
umn. Therefore, under strongly reducing conditions, selenide would
be formed by reduction in presence of hydrogen sulphides but
Fig. 3. Se isotopic variations and Se concentrations for samples from the three analysed
sections.
furthermore could be retained in a sulfidic water column because
metal cations (e.g. Fe, Cu, Pb, Cd, Hg, and Ag) are scavenged by sulfide
mineral formation and are therefore not available to form solid sele-
nides. This indicates that sulfidic conditions would not cause an excess
Se deposition in sediments, and then result in a higher Se/S ratio (com-
monly 10−5 to 10−3 similar tomost organic-rich black shales formed in
anoxic basins, Hattori et al., 2004). This may be the critical reason why
Se isotope fractionation is limited to a certain range, based onmeasure-
ments of almost all fresh natural samples from anoxic or even euxinic
conditions (such as in the Chuanyanping section; see also reference
data).

A number of clues suggest that the abiotic reduction of Se(VI) and/or
Se(IV) by reduced Fe species (e.g. green rust [GRSO4]) occurs, which
may be an important process in Se cycling in nature. Experiments of abi-
otic Se redox transformations in the presence of Fe(II, III) oxides
(GRSO4) showed that Se reduces from an oxidation state of Se(VI) to
Se(0) and Se(-II) (Myneni et al., 1997).Meanwhile, reactions of elemen-
tal Fe and Fe(OH)2 with Se(VI) in the laboratory produce similar redox
transformations (Zingaro et al., 1997). The adsorption of Se on other
Fig. 5. Correlation between Se isotopic variations and Se/S ratios with reference data from
Hagiwara (2000) andMitchell et al. (2012). The seawater Se isotope value comes from es-
timation by Rouxel et al. (2002). Same shape represents samples from same site with dif-
ferent depositional conditions. Colour-filled symbols represent samples from anoxic and
ferruginous conditions; open symbols represent samples fromoxic conditions and crossed
symbols (x) represent samples from euxinic conditions.
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Fig. 6. (a) Correlation between Se/S ratio and FePy/FeHR. (b) Correlation between Se
isotopic variations and FePy/FeHR. (c) Correlation between Se isotopic variations and FeH/
FeT. Same shape represents samples from same sitewith different depositional conditions.
Colour-filled symbols represent samples from anoxic and ferruginous conditions; open
symbols represent samples from oxic conditions and crossed symbols (x) represent sam-
ples from euxinic conditions.
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Fe-bearing mineral phases, such as Fe sulfides (pyrite) is also an effec-
tive mechanism for Se removal from solution. However, an electron
transfer mechanism mediated by ferrous iron is proposed to operate
during the reduction of aqueous Se(IV) by pyrite (Kang et al., 2011).
Therefore, reduction by Fe(II) is likely to be an effective and important
pathway for removing Se from thewater column to sediments via depo-
sition of elemental Se, or of FeSe/FeSe2 as HSe- incorporating the Fe cat-
ion. These redox reactions represent an abiotic pathway for Se cycling in
natural environments, which has previously been considered to beme-
diated principally by microorganisms. Therefore, Relative to sulfidic
condition, it is reasonable to predict that the ferruginous condition in
water columnwill effectively drive Se to reduce and precipitate, and re-
sult in an excessive accumulation of Se in sediments with an elevated
Se/S ratio.

Further experiments on reduction of selenate have used GRSO4 with
varying solution compositions and pH, yielding identical isotopic frac-
tionation of ~11‰ in δ82Se values, which indicates that selenite reduc-
tion by GRSO4, induces a much larger isotopic fractionation than that
of bacterial selenite reduction (Johnson and Bullen, 2003). Similarly,
Se sorption by Fe(II) sulfides could lead to relatively high fractionation
(up to 9.7‰) (Mitchell et al., 2013). However, asmentioned above, buri-
al of organically bound Se by assimilation and dissimilation is an impor-
tant flux even in oceans with ferruginous waters in comparison with
abiotic process (Cutter, 1982; Cutter and Bruland, 1984; Baines et al.,
2001; Mitchell et al., 2012). It is necessary to note that dissimilatorymi-
crobial reduction alsowill yield large isotope fractionation (up to 13.7‰
in δ82Se value) based on experimental measurements (Herbel et al.,
2000, 2002; Ellis et al., 2003). However, the lack of strong enrichment
in light isotopes in most marine sediments indicates that this process
is less important than assimilation processes on Se cycling in the oceans.
Therefore, this abiotic reduction of Se by Fe(II) may be major mecha-
nism for larger Se isotopic fractionation in an ferruginouswater column,
and resulting in an enrichment of lighter isotopes, which is consistent
with our observations from the three stratigraphic sections of this
study. Although the bulk Se isotope fractionation will depend on pro-
portions of biotic and abiotic Se fluxes in oceans with ferruginous wa-
ters, it could be concluded that the lighter Se isotopic fractionation
found in sediments will indicate a stronger ferruginous oceans.

5.3. Implications on the seawater conditions into the Early Cambrian

Overall, our study clarifies the removal mechanism of Se from the
water column under different conditions, and its possible isotopic frac-
tionation. A schematic diagram is shown in Fig. 7 to aid in developing Se
isotopes as a proxy for palaeo-environmental conditions. As observed in
most studies, the diagram indicates the restricted Se isotope fraction-
ation range (−1‰ to+1‰) that is found inmost fresh natural samples.
In both oxic and anoxic conditions, Se mainly occurs as organic-bound
Se and also as Se adsorbed by Fe-Mn oxides, and is slightly enriched in
the lighter isotope relative to the coexisting solution (Rouxel et al.,
2002). Under anoxic conditions, organic-bound Se remains amajor spe-
cies, as observed in most organic-rich black shales (Fan et al., 2011).
However, in the anoxic and H2S-containingwater column (sulfidic con-
dition), the Se oxyanion can be reduced to elemental Se, and further re-
duced to H2Se or HSe-, which is then retained in the water column due
to an absence of metal cations. No greater range in Se isotope fraction-
ation is possible in such sediments.

However, the most important result of our study is that theoretical
considerations andfieldmeasurements provide the first direct evidence
that only ferruginous conditions can result in excessive accumulation of
Se in sediments and elevated Se/S ratios in the presence of Fe(II), there-
by inducing a larger isotope fractionation. This strongly suggests that Se
isotopes are an appropriate geochemical proxy to trace unique oceanic
conditions within the geological record.

Abundant geochemical evidencemostly suggests that oceanic basins
were fully oxygenated by the late Ediacaran (Fike et al., 2006; Scott
et al., 2008). However, other studies provide seemingly conflicting evi-
dence for a redox stratified Ediacaran ocean, and anoxic deep waters
with ferruginous conditions persisting into the Cambrian (Canfield
et al., 2008; Li et al., 2010). Our results of Se isotopes combined with
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Fig. 7. Schematic diagrams for Se concentration and speciation in seawater along with redox conditions, possible Se speciation in sediments and predicated Se isotopic fractionation.
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Fe speciation further indicates that anoxic waters with ferruginous con-
ditionsmust have been present in early Cambrian ocean along the east-
ern margin of the Yangtze platform, although local ocean sulfidic zone
may still present. This suggests that oceanic circulation was stepwise
reorganized, and these changes in ocean chemistry conditions may
have been responsible for triggering the biological diversification
known as the Cambrian explosion. In addition, large magnitude fluctu-
ation in Se isotope composition should also be evident during most of
the Proterozoic if the proposed oceanic redox stratification model for
anoxic deep waters with ferruginous conditions is feasible, but it need
to develop via relevant geological strata to test our conclusion.

6. Conclusions

According to the presently available Se isotope framework, it is ex-
pected that redox changes in the ancient oceans would induce signifi-
cant isotopic fractionation, and the Se isotopic signatures recorded in
ancient sedimentary rocks might provide new insight into how the
redox state of the ancient ocean has evolved. However, the hypothesis
has not been verified because of the fairly narrow range (−2‰ to
+2‰) in δ82Se value measured for most fresh sedimentary rocks. Our
studies have shown that only anoxic and ferruginous conditions can re-
sult in excessive accumulation of Se in sediments with an elevated Se/S
ratio and significant isotope fractionation (about 6‰), which proposed
that Se isotopes are an appropriate geochemical proxy to trace unique
oceanic conditions over times. Accordingly, Se isotopic variations mea-
sured in three Early Cambrian formations in southern China suggest
that anoxic waters with ferruginous conditions should be mostly pre-
vailing in early Cambrian ocean along the easternmargin of the Yangtze
platform. It indicated that oceanic circulation was stepwise reorganized
and may have triggered biological diversification from the Ediacaran to
the Early Cambrian.
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