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Abstract

Selenium isotopes are becoming an important paleoenvironmental proxy. However, few studies have focused on the behav-
ior of Se isotopes during oxidative weathering. In this paper, a comprehensive set of Se isotopic composition and concentra-
tion data were collected from the weathering profiles of Se-rich shales of the Permian Maokou Formation in Yutangba and
Shadi, China to investigate Se isotopic fractionation and Se enrichment during weathering processes. The 5°%7°Se in fresh
shales (148 4+ 118 mg/kg Se, 1SD, n = 40) from Shadi and Yutangba drill cores varies from —1.69%, to 1.749, with an average
of 0.40 +0.719, (1SD, n = 40), consistent with the range in other Phanerozoic shales, suggesting that Se isotopes are not
strongly fractionated during Se sequestration in the primary sedimentary environment. However, the strongly weathered
Se-rich shales from Shadi and Yutangba profiles are isotopically lighter with average 3%27°Se values of —1.96 + 1.08%,
(1SD, n=15) and —1.08 4+ 1.83%, (1SD, n = 23), respectively. These data suggest that Se isotopes can be fractionated during
oxidation and reduction processes associated with weathering, with heavier isotopes removed preferentially during oxidative
weathering of shales. Such a shift, if found to be a global phenomenon, would have implications for models of the global Se
cycle and interpretation of Se isotope data from past biogeochemical regimes.

Locally altered shales exposed in a quarry at Yutangba are extremely enriched in Se with 1642 4 1505 mg/kg (1SD,
n = 45), approximately 10 times greater than that in unaltered drill core samples. These rocks display very strong variation
in 8%%7°Se over short distances, with a single 60 cm transect showing the most strongly negative and positive 582/70Se values
(—14.209%, to +11.379%,) observed to date in natural samples. This suggests that Se has undergone multiple cycles of oxidation,
mobilization, and re-reduction, resulting in a Se-rich redox front that has migrated downward through the organic-rich shales
over time. 8°%/7°Se values vary sharply over distances as small as 10 cm, indicating that Se redox conditions change strongly
with position and are controlled by fractures and rock layering. Our data and a simple conceptual model suggest that zones of
increased permeability that are accessed first by infiltrating waters are isotopically light, whereas less accessible zones are hea-
vy. Repeated redox cycling accentuates this pattern. Furthermore, the average 5%2/7%Se in Se-rich shales at the Yutangba
weathering system is 0.45 4+ 5.77%, (1SD, n = 39), identical with that (0.40 4 0.71%,) in fresh shales from same locality,
implying that Se released by weathering accumulates in the redox front with little loss. The strong Se isotopic fractionation
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occurring in the redox front implies that Se isotopes can be extensively used in tracing geochemical processes of Se in

groundwater system, especially related to fractures.
© 2013 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Selenium (Se) is an essential trace element for human
beings and animals, but is toxic at high concentrations
(WHO, 1987; Rayman, 2000; Lens and Lenz, 2009). The
distribution of Se on the earth’s surface varies widely, form-
ing both Se-excessive and Se-deficient geo-ecosystems
where human and animal health problems are well docu-
mented (Yang et al., 1983; Presser et al., 1994; Zheng
et al., 1999; Tan et al., 2002; Fordyce, 2007). The weather-
ing of sedimentary rocks, particularly in Se-rich shales,
leads to most Se contamination problems worldwide (Zhu
et al., 2008a; Lens and Lenz, 2009). Furthermore,
Se isotopes in black shales are becoming a powerful
paleo-oceanographic proxy that could provide information
about past redox changes in earth systems, from the great
oxygenation event to Phanerozoic oceanic anoxic events
(Mitchell et al., 2012). Consequently, selenium has received
considerable attention in geological, environmental, biolog-
ical and agricultural sciences (Rouxel et al., 2002, 2004; Zhu
et al., 2008b, 2009; Lens and Lenz, 2009; Williams et al.,
2009; Clark and Johnson, 2010; Fairweather-Tait et al.,
2011; Wen and Carignan, 2011; Mitchell et al., 2012).

Selenium is a redox-sensitive element, as it can occur in
the -II, 0, IV, and VI oxidation states in natural environ-
ments (Elrashidi et al., 1987; Seby et al., 2001). Selenate, re-
ferred to below as Se(VI), is highly soluble, mobile and
bioavailable. Selenite and hydroselenite, referred to below
as Se(IV), are also highly soluble, but tend to adsorb onto
organic matter, clay minerals and oxide minerals. Elemen-
tal Se, Se(0), is readily precipitated, sparingly soluble and
less mobile. Selenides (Se(-II)) can exist in insoluble me-
tal-selenide and metal-sulfide minerals, or as organic Se
compounds formed by assimilatory biological reduction
of Se (Howard, 1977; Balistrieri and Chao, 1990; Nelson
et al., 1996; Seby et al., 2001; Johnson, 2004; Kulp and
Pratt, 2004; Stolz et al., 2006). Thus, the mobility, bioavail-
ability, and toxicity of Se vary greatly depending on its oxi-
dation state. Additionally, Se is an important
micronutrient, and organically bound Se (org-Se) is an
important constituent in many systems. Selenium cycling
in wetland sediments is dominated by org-Se fluxes (Clark
and Johnson, 2010). In the modern oceans, Se exhibits
nutrient-like profiles, suggesting that a large fraction of
the total Se may be present as org-Se and sulfide/selenide-
Se in organic-rich shales that formed under dysoxic condi-
tions (Cutter and Bruland, 1984; Cutter and Cutter, 1995;
Kulp and Pratt, 2004; Zhu et al., 2012).

Because of the complex geochemistry of Se, its behavior
in the critical zone (soils and weathering horizons) is both
complex and poorly understood. A better understanding
of Se fluxes and chemical transformations is needed to en-
able better prediction of the processes that lead to either
Se deficiency or Se toxicity in various environments.

Furthermore, Se could be useful as an indicator of redox
conditions that affect other processes such as U(VI) or
As(V) reduction. A better understanding of geochemical
processes affecting Se in weathering environments would
aid in a range of scientific investigations.

Precise measurements of Se isotope ratios provide a new
means to examine Se redox processes. Recently, Se iso-
topes, like those of several other heavier elements (Bullen
and Eisenhauer, 2009; Bullen and Walczyk, 2009), have
been developed as new geochemical tools that can be ap-
plied in environmental, agricultural, life and biomedical re-
search (Herbel et al., 2002; Johnson and Bullen, 2004;
Chanton et al., 2008; Zhu et al., 2008a; Clark and Johnson,
2010; Mitchell et al., 2012). Selenium has six naturally
occurring stable isotopes, 74Se, 7Se, 7'Se, "8Se, 8°Se, and
$2Se, whose abundance are 0.89%, 9.37%, 7.64%, 23.77%,
49.61%, and 8.73%, respectively. Following the pioneering
work of Krouse and Thode (1962), recently developed
methods have exploited negative ion thermal ionization
mass spectrometry (TIMS) and hydride generation (HG)-
multicollector inductively coupled plasma-mass spectrome-
try (MC-ICP-MS) to produce precise and accurate
measurements of Se isotope ratios using as little as 20 ng
Se (Johnson et al., 1999; Rouxel et al., 2002; Carignan
and Wen, 2007; Zhu et al., 2008a). External reproducibili-
ties of +0.1%, (20) for clean reference materials (NIST
SRM 3149 and MH 495) and less than £0.29,, (2¢) for nat-
ural samples have been obtained using a "*Se + "’Se dou-
ble-spike technique combined with HG-MC-ICP-MS
(Zhu et al., 2008a). These analytical techniques have greatly
improved the efficiency of Se isotope measurement and
broadened Se isotope applications for those natural sam-
ples with low Se concentration.

Selenium isotopes can be fractionated by equilibrium
and kinetic processes (Krouse and Thode, 1962; Johnson,
2004; Li and Liu, 2011). Li and Liu (2011) estimated isoto-
pic fractionation factors (« = R,/Ry, where R is the isotope
ratio) that would result from isotopic equilibrium between
different Se oxidation states. They estimated o= 1.0134
for Se04>"=Se05>~ equilibrium at 25°C, and showed a
general trend of heavy Se isotope enrichment in the order
Se0,>~ > Se05>~ > HSeO?™ > Se0, > selenoamino  acids >
alkylselenides > Se(0) or H,Se > HSe™.

A variety of experiments have sought to determine isoto-
pic fractionation factors for kinetically controlled reactions.
Selenium isotope fractionation has been found to result
from both biological and abiotic processes (Rees and
Thode, 1966; Herbel et al., 2000; Rouxel et al., 2002; John-
son, 2004), and a preliminary assessment of Se isotope sys-
tematics has been constructed (Johnson et al., 1999;
Johnson, 2004; Johnson and Bullen, 2004). Large Se iso-
tope fractionations have been found during reduction of
Se oxyanions, during which reaction products are enriched
in lighter isotopes, whereas the unreduced fraction becomes
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isotopically heavier as reduction proceeds. The largest
fractionations have been observed during abiotic reduction
of Se(VI) to Se(0) by green rust (o ~ 1.0112) and dissimila-
tory reduction of Se(VI) to Se(0) in pure cultures of mi-
crobes (o= 1.0089-1.0112) (Herbel et al., 2000; Johnson
and Bullen, 2003). In comparison with these reactions,
other processes such as oxidation of reduced Se, adsorption
by Fe oxides and assimilation by plants or algae, are asso-
ciated with smaller isotopic fractionation of less than 4.29,,
(Johnson and Bullen, 2004; Clark and Johnson, 2010;
Schilling et al., 2011). Using the emerging knowledge of
these systematics, Se isotopes have been used as tracers of
pollution sources, occurrence and extent of Se redox reac-
tions, and biogeochemical processes in a variety of modern
environments and ancient environments, including shales,
soils, sediments, ground waters, rivers, lakes and wetland
areas (Herbel et al., 2002; Rouxel et al., 2004; Carignan
and Wen, 2007; Clark and Johnson, 2008, 2010; Wen and
Carignan, 2011; Mitchell et al., 2012).

Variations in Se isotope ratios in weathering profiles have
not been studied extensively, despite the successful applica-
tion of lithium and molybdenum isotope data in weathering
studies (Duan et al., 2010; Pearce et al., 2010; Teng et al.,
2010). Variations of Se isotope ratios in various geological
reservoirs have been reported in Johnson (2004), Rouxel
et al. (2002), Carignan and Wen (2007) and Clark and
Johnson (2010). 8%%7°Se (see Eq. (1)) values of meteorites
and basalts are close to zero relative to the NIST SRM-
3149 reference solution, with mean values of 0.01 4 0.329,
(1SD, n=4) and 0.38 £ 0.71%, (1SD, n = 4), respectively,
suggesting the bulk earth should be close to zero. However,
Se isotopes in weathered shales display a very large variation
of 8%%7°Se of more than 17%,, suggesting that weathering
processes related to Se redox transformations may lead to
significant Se isotopic fractionation in surficial environments
(Johnson, 2004; Zhu et al., 2008a; Wen and Carignan, 2011).
However, data are still sparse at present and more work must
be done to investigate the systematics of Se isotopic fraction-
ation during weathering processes of sedimentary rocks, par-
ticularly in Se-rich shales, which are the sources of most Se
contamination problems worldwide.

Enshi Prefecture is one of several areas in China where
Se-rich rocks and soils occur. In the village of Yutangba,
a sudden incidence of human Se poisoning took place in
1963 (Yang et al., 1983; Zheng et al., 1999). Previous stud-
ies have shown that Se was mainly sourced from the carbo-
naceous shale and carbonaceous chert of the Lower
Permian Maokou and Wujiaping Formations (Yao et al.,
2002; Zhu et al., 2008b; Wen and Carignan, 2011). The
Se concentrations in these strata are high and variable. Sev-
eral kinds of Se minerals such as native Se and krutaite
(CuSe;), and Se concentrations greater than 3% were found
in some of Yutangba’s shale layers (Zhu et al. 2004, 2012).
These strata were investigated as a potentially useful Se ore
deposit in 1987 (Song, 1989). Wang and Li (1996) suggested
that the formation of this deposit occurred because of its
nearly vertical bedding, combined with the processes of oxi-
dation, leaching and adsorption of Se by organic matter.
However, the primary rock, prior to weathering, was al-
ready Se-rich. Yao et al. (2002) suggested that primary

Se-rich shales were formed in a shallow sea transitioning
to a moderately deep anoxic environment, and the Se
enrichment was mainly controlled by biological processes.
Those studies suggested that Se enrichment in Yutangba
occurred as a result of both primary and secondary pro-
cesses. However, those models do not allow one to distin-
guish between the various potential mechanisms of Se
enrichment.

Wen and Carignan (2011), in a study of three Se-bearing
ore deposits in China, presented a suite of 5%27°Se data
from the Yutangba rocks. Nine whole rock samples, six
kerogen extracts, and two soil samples revealed a wide
range in 5%%7°Se from —12.99, to 7.5%,. Accordingly, they
suggested that redox-driven Se redistribution in a weather-
ing environment is favorable to explain the formation of the
Se ore deposit in Yutangba and the occurrence of native Se.
Their study, and sparse data from other Se isotope studies
of weathered materials (Hagiwara, 2000; Clark and
Johnson, 2010) suggest that Se isotope should be useful
indicators of redox processes in weathering environments.

The present study was designed to examine in detail the
systematics of Se redistribution, and the accompanying Se
isotope ratio shifts, as Se-rich shales are weathered. The Se-
rich shales of Enshi Prefecture were chosen because the his-
tory of human and animal Se poisoning drives a practical
necessity to determine precisely the patterns and mechanisms
of Se enrichment, and also because the high Se concentra-
tions allow relatively easy sample preparation. Systematic,
dense sampling of the rock outcrops and soils was conducted
to obtain a large suite of samples that reveals the small scale
variability, the moderate-scale mean values, and larger scale
trends of Se concentration and *¥7°Se. Samples of water
and water-deposited minerals were collected to determine
the composition of mobilized Se. Archived drill core samples,
from depths as great as 274 m below the ground surface, were
obtained with the goal of determining the primary composi-
tion of the rock prior to any weathering and providing con-
clusive proof that the 8*¥7°Se variations observed by Wen
and Carignan (2011) were not primary features of the rock.
Samples from a wide range of depth were obtained so that
the transition from the weathering zone to the fresh rock
could be observed.

The resulting detailed, systematic data set reveals the
range of primary Se concentrations and 8%%/7°Se values in
the Enshi rocks, and provides deeper insights into the sys-
tematics of Se remobilization in shale weathering zones.
This leads to a preliminary understanding of 85%/75Se values
of soluble Se exported from weathering rocks, which is
needed to define isotopic fluxes in the global Se cycle. This
information is needed for studies using 35%76Se measure-
ments in ancient marine sediments as indicators of past
marine redox shifts. Furthermore, the present study pro-
vides information regarding the fidelity of outcrop samples
as indicators of primary rock composition and the depth to
which alteration can persist.

2. GEOLOGICAL SETTING AND SAMPLING

The Lower Permian Maokou (Pym®) formation in Enshi
Prefecture, also named as “Gufeng formation” elsewhere
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(Yao et al., 2002; Kametaka et al., 2005), is notorious in
China for Se enrichment, and mainly consists of carbona-
ceous shale and carbonaceous chert (Finkelman et al.,
1999; Zheng et al., 1999; Yao et al., 2002). The formation
is widely exposed in southwest Hubei Province (Fig. 1A).
The Se-rich strata in Yutangba are located in the north-
western limb of the Shuanghe syncline (Fig. 1B), in the
northeastern part of the Upper Yangtze Platform fold belt
(Wang and Li, 1996; Yao et al., 2002; Wen and Carignan,
2011), approximately 81 km SE of Enshi City (Fig. 1A,
30°10'810”"N, 109°46'728"E). These strata strike ENE and
dip 45-70° SSE (Fig. 1C). Several SSE-dipping normal
faults were developed within the strata (Figs. 1C and 2).
The Se-rich strata (30°20'304"N, 109°45'124"E) in Shadi
of Enshi are stratigraphically similar to those in Yutangba,
but are nearly horizontal.

The Se-rich strata generally consist of a suite of black,
thin-layered carbonaceous chert interbedded with carbona-
ceous shale, about 10 m in thickness. The rock is extremely
rich in organic carbon, ranging from 3.7% to 46.6% with an
average of 17.1 £ 10.7% (1SD, n = 24); these rocks are lo-
cally known as stone coal, which are unmetamorphosed
and show no evidence of hydrothermal alteration. Several
thin-layered tuffs with 0.5-1 cm thicknesses within shale
were found in this study; these were either present as

calcareous tuff or altered to mudstone. The chert layers
are commonly 3-11 cm in thickness and exhibit massive,
laminated structures. The shales are 2-8 cm in thickness
and also exhibit laminated structures.

The steeply dipping Yutangba section contains such
high Se concentrations that it has been described as an
ore deposit. Several such deposits are thought to be present
locally as lenticular bodies (Fig. 1C), associated with nor-
mal faults, ranging roughly from 30 m to 150 m in length,
from 0.7 m to 5.2 m in thickness, and from 14m to 35m
in depth (Wang and Li, 1996; Yao et al., 2002). Selenium
minerals such as krutaite (CuSe;), klockmannite (CuSe),
and native Se were found there (Wang and Li, 1996; Zhu
et al., 2004, 2012).

Rock samples spanning a range of weathering intensity
were collected at Yutangba and Shadi. The samples are cat-
egorized as weakly weathered, strongly weathered, or fresh,
depending on observations of hand specimens and their
locations (depth) relative to the original ground surface
prior to quarrying. At Shadi, three groups of samples were
collected from a newly cut vertical profile (13 m height) in
2003 and 2006, within a hillside quarry exposing the nearly
horizontal strata. Four fresh samples (labeled with the pre-
fix SD), were collected near the bottom of the profile. These
samples are uniformly solid black in color, whereas the
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Fig. 2. Photo of the quarry face at Yutangba, showing the layering of the rock and the locations of sampling transects.

weakly weathered rocks show sparse iron staining and/or
lighter colors on fracture surfaces, and the strongly weath-
ered rocks are softer, lighter in color, and laden with iron
oxides. Strongly weathered rocks were found near the top
of the outcrop; 5 samples (labeled using the SDIII prefix)
were taken. Eight weakly weathered samples (SDI prefix)
were collected from the middle of the profile. One sample
of water seeping from the quarry face near the profile,
and two efflorescent salt samples, were also collected.

At Yutangba, where the same strata are inclined steeply,
samples were collected along a series of transects traversing
horizontally across the strata exposed in a quarry face
(Fig. 2). Transect 1 (Cp0 prefix) consisted of 24 mildly al-
tered samples collected about 2 m above the quarry floor
in 1997, with roughly 0.1 m spacing between samples. Tran-
sect 2 (Ytb prefix) sampled strongly weathered samples sev-
eral meters above the quarry floor at about the same
spacing in 2006. Transect 3 (Ytb- prefix) consisted of closely
spaced samples taken along a line 50 cm in length, very
close to transect 1, about 2 m above the quarry floor. Tran-
sects 1 and 3 transected two faults that appear to have cre-
ated weaknesses and possibly conduits for fluid flow in the
rock. Finally, four samples of the soils developed at the top
of the outcrop were collected in 2006 (Fig. 2). One seep
water sample was taken from a short adit created for ore
exploration purposes. All rock samples were trench-cut,
generally 1 kg in weight and sealed in polyester plastic bags
for transport. Wet samples were freeze-dried soon after they
were taken back to the laboratory.

Drill core samples, taken in 1987 by the No. 4 Geolog-
ical party of Hubei, were also obtained; these were fresh
or slightly altered. The samples were mainly from drill holes
Zk00A, Zk00B, Zk00C,Zk0OE, Zk180A, Zk180C, but a few
came from other sites. These samples were powdered and
stored in a sealed vessel closely packaged with polyester

plastic bags. Drill core locations are shown in Fig. 1B
and C. Of these, Zk180A and Zk180C are directly down-
dip from the sampled quarry face, while Zk0OA, B C and
E are located several hundred meters to the NE (Fig 1C).

3. ANALYTICAL METHODS
3.1. Sample digestion

Rock samples were digested using a mixed acid solution
in high pressure Parr® digestion vessels. Typical masses of
powder were 50-100 mg; these were weighed into 23 ml
PTFE bomb liner vessels. To each sample 0.5 ml concen-
trated HF (38%) and 0.5 ml HNO; (15.6 M) was added;
the solution was allowed to decompose carbonate minerals
at room temperature for 2 h. Then, 2.2-2.5 ml of HNO;3
was added. The Parr bombs were sealed and placed in a
pre-heated oven for 16 h at 155+ 5 °C. After cooling, 1-
2 ml of 30% H,O, was added, and the liner was allowing
to stand, covered on a hot plate at 70 °C for about 1 h.
The clear solution was transferred to 15 ml Savillex beakers
and taken to incipient dryness at 70 °C. The residue was
redissolved by adding 1 ml of 7.8 M HNOs;, then diluted
with Milli-Q water to attain 5 ml of sample stock solution.
Because Se concentrations in our samples were very high
and ranged from 2 mg/kg to 3%, small aliquots of 0.2
1 ml solution were used for the Se concentration and iso-
tope measurements. These aliquots, after addition of 0.5
or 1 ml HNO;, were evaporated to incipient dryness, and
then dissolved in 5ml of 5M HCI. These solutions were
heated for 60 min in glass tubes with Teflon caps at
100 °C in aluminum blocks, then diluted with MQ-water
to 30 ml (0.83 M HCI) or 12.5 ml (2 M HCI) for Se concen-
tration measurement by hydride generator-atomic fluores-
cence spectrometry (HG-AFS) (Zhu et al.,, 2008b) or
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MC-ICP-MS. Duplicates, reagent blanks and standard
solutions (NIST SRM3149 and MH495) were treated ex-
actly as were the samples. Total sulfur (TS) in samples
was measured by an element analyzer (Elementar Vario
Macro Cube), Total organic carbon (TOC) was also deter-
mined using an element analyzer (Elementar Vario Macro
Cube) after treatment of the sample with 1 M HCI to re-
move carbonate. The measured TS and TOC in standard
USGS SGR-1b were 1.59 £+ 0.07 wt% (1SD, n=6) and
24.9 +0.20 wt/% (1SD, n = 8), respectively, which are con-
sistent with the certified values of 1.53 £0.11 wt/% and
24.8 wt/%. Total iron (TFe) was determined using induc-
tively coupled plasma-optical emission spectrometry (ICP-
OES) after treatment of sample digestion by Parr bomb;
the average Fe concentration in standard USGS SGR-1b
were determined to be 2.15 + 0.09 wt% (1SD, n = 6), which
is in agreement with the certified concentration of
2.12 4 0.10 wt/%. Titanium (Ti) concentrations were deter-
mined by ELAN DRC-e ICP-MS at The Institute of Geo-
chemistry, CAS, with Rh as an internal standard (Liang
et al., 2000). These results are reported on a bulk-rock basis
and the relative standard deviation (RSD) is less than 10%.

3.2. Chemical separation with TCF

Previous studies have shown that thiol cotton fiber
(TCF) can be successfully used in chemical separation of
Se from the sample matrix (Marin et al., 2001; Rouxel
et al., 2002; Elwaer and Hintelmann, 2008). Before the sep-
aration procedure, a double isotope tracer solution (see be-
low) was added. The procedure in this study was similar to
that described in Rouxel et al. (2002). However, some mod-
ifications have been made to remove residual organic com-
pounds that appeared to interfere with Se isotope
measurements (Zhu et al., 2008a). We present here a brief
summary: The sample, in 5ml of 5N HCIL is diluted to
30 ml to load onto 10 ml polypropylene columns filled with
0.14 g of TCF, previously washed with 3 ml H,O and con-
ditioned with 1 ml 6 N HCI and 1 ml 0.8 N HCI. The TCF
column was rinsed with 2 ml of 6 N HCI, followed by 3 ml
H,0. The TCF was suctioned to dry it and transferred to a
15 ml centrifuge tube. 1 ml of a well-mixed solution of
HNO; + 30% H,0, + H,O was injected into the tube,
which was suspended in a boiling-water bath for 20 min
to completely desorb Se. 3.5 ml H,O was added and the
TCF was centrifuged for 20 min. The supernatant was dec-
anted into a 15 ml Savillex beaker and evaporated to a
small spot (100 pl), then treated with a mixed solution of
HNO; and H,0, several times until a colorless tiny spot
less than 5 pl resulted. This was dissolved in Sml 5N
HCI and heated for 60 min at 100C in a hot aluminum
block. After cooling, N, was bubbled through the samples
for 15 min to remove volatile Br species. The solution was
then diluted to exactly 2.0 N HCI (%0.1) for Se isotope
analysis on the mass spectrometer.

3.3. Double isotope spike

The double spike technique has been widely used to cor-
rect for isotopic fractionation that occurs during sample

preparation and mass spectrometry. It has been used for
several elements, such as iron (Johnson and Beard, 1999),
lead (Galer, 1999), chromium (Ellis et al., 2004), molybde-
num (Siebert et al., 2001), and selenium (Johnson et al.,
1999). Briefly, a double isotope spike containing *Se and
"7Se or 7*Se and ¥*Se is introduced into each sample before
purification. The "’Se/™*Se or 82Se/”*Se ratio of the spike is
calibrated, and the measured ratio in the spike-sample mix-
ture is later used to correct for instrumental discrimination
and any isotopic fractionation during Se preparation.

3.4. Mass spectrometry and data reduction

Selenium isotope analysis was carried out on a Nu
instruments HR MC-ICP-MS (Wrexham, North Wales,
UK) at the Department of Geology, University of Illinois
at Urbana-Champaign. Samples were introduced into the
plasma as SeH, using a continuous flow hydride generator
(HG) system described in Ellis et al. (2003) and Rouxel
et al. (2002). Typical analyte is 18 ml of sample solution
with 5 pug/L Se(IV). Measurements and interference correc-
tions followed the method described in Clark and Johnson
(2010). All six Se isotopes were measured simultaneously
using 6 Faraday cups in static mode. The signal of "®Se
was 1.7-2.0 V. Signals at m/z =75 and 79 were measured
at the same time, to determine As and Br beam intensities.
On-mass baseline measurements were made to remove Kr™,
and NiO" interferences and reduce ArAr' interferences.
Residual ArAr" interferences at m/z =78 and 76 were
determined using the intensity at m/z = 80, and interfer-
ences from Ge™, AsH™, and BrH" were corrected for, as de-
scribed in Clark and Johnson (2008).

An iterative data reduction routine (Johnson et al.,
1999) was used to subtract interferences, separate the con-
tributions from sample and spike to signals, determine mass
bias, and determine the isotopic composition of samples.
All Se isotopic ratios were reported relative to NIST
SRM3149 in the delta notation (Carignan and Wen, 2007):

€3 ]
§82/76g0 — $ — 1| x 1000 (1)
76Se/ std
and
i 82g¢ i
e
§52/78Ge — ((i)mv‘1 x 1000 (2)
8Se/ std

for the "Se + 7’Se double spike and

_ (&> -

M 1 1000 3
78Ge X ( )
(W) std

for the "Se + #2Se double spike. With the “Se + "’Se dou-
ble spike, the value obtained for the SRM-3149 reference
solution varied with time, smoothly increasing during most
analytical sessions. We attribute this to deviation of the
mass bias law (Albarede and Beard, 2004) from the as-
sumed exponential form. This causes an offset that is the

578/76SC _
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same for samples and standards. Accordingly, results are
normalized to values interpolated from SRM-3149 solu-
tions analyzed at least once per 5 samples. The 352/785¢
measurements obtained with the *Se + 7’Se double spike
are partially independent of the 5°%7°Se measurements
and are used to check for analytical errors.

3.5. Measurement reproducibility

The average 5%27%Se value of 10 SRM 3149 solutions
processed with TCF is —0.024 £+ 0.08%, (2SD, n=10).
The average 5%2Se value of an in-house reference solution,
MHA495 was —3.44 4+ 0.069,, (2SD, n=15), in good agree-
ment with previously published data &% 75Senma0s Vs
srm3149 = —3.04 + 0.59,, from sample-standard bracketing
techniques (Carignan and Wen, 2007). The same solution,
when processed through the TCF sample preparation pro-
cedure, yielded an identical result (—3.44 £+ 0.07%,; 2SD,
n=29).

Duplicate digestion and analysis was carried out for 8§
samples (Tables 3 and 4). Almost all of these repeated mea-
surements yielded differences less than 0.209,,, The excep-
tions, YTB-fault and ytb-C, both had extremely high Se
concentrations. For ytb-C, three duplicate analyses were

Table 1
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performed. Two of the three analyses were from the same
powder and the third is from a separate rock chip.
3%%7°Se values of the two powders are —13.199, and
—13.199,, respectively, while the rock chip is —14.20%,.
The big difference (1.019,) between them suggests that sam-
ple powder sometimes cannot be homogeneously mixed for
Se-high samples that likely contain elemental Se. In light of
the results from processed reference solutions and duplicate
sample preparations, the external precision for 352765
using the 7’Se/7*Se spike is estimated to be +0.20%, (2SD,
Fig. Al, Appendix). Precision for the 19 samples measured
using the %’Se/’*Se spike is estimated to be +0.12 for
§7%/7°Se, and +0.349/, when the results are converted to
88%/768e (Clark and Johnson, 2008).

4. RESULTS
4.1. Shadi profile

Se concentrations, §52/765e values, and Ti concentrations
are listed in Tables 1-4. The calculated mass transfer
coefficient, 7, is also listed to provide an estimate of the
loss or enrichment of Se due to weathering and/or Se
deposition by fluids. t is defined in the equation:

Selenium concentrations and isotopes in rocks, efflorescent salts, and water from the Shadi profile.

Sample No. Sample type  Se (mg/kg) 8°%7°Se 5%%/785e Ti (%) ¢ (Tau) TOC (wt%) TS (wt%)  Fe,O5 (wt%)
Upper section: strongly weathered

SDIII-6 Shale 8.0 —1.18 —0.79 045  —0.99 3.38 0.13 5.52
SDIII-4 Shale 11.2 —1.21 —0.81 045 —0.98 2.92 0.15 5.21
SDIII-3 Shale 13.5 -1.71 -1.17 034 —-0.97 8.26 0.21 5.57
SDIII-2 Shale 31.7 —4.08 —2.68 039 —0.93 8.98 3.44 3.59
SDIII-1 Shale 75.5 —1.63 —1.08 0.36 —0.83 7.55 3.48 3.35

Mean + SD 28.0+28.1 —1.96 +1.21 —1.31+£0.79 0.93+0.07 6.22+2.85 1.48+1.81 4.65+1.09
Median 13.5 —1.63 —1.08 -0.97 7.55 0.21 5.21
Middle section: some weathering apparent

SDI-1 Shale 230 0.19 0.16 0.17  0.13 13.3 1.77 1.39

SDI-3 Chert 57.5 0.35 0.28 0.03 8.41 0.56 0.36

SDI-4 Shale 198 0.58 0.35 0.15  0.11 233 1.84 1.77

SDI-5 Shale 223 0.44 0.32 0.16 0.15 36.6 247 1.85

SDI-6 Shale 113 0.33 0.22 012 -0.2 18.3 1.29 1.33

SDI-7 Chert 42.2 —0.03 0.00 0.02 4.71 0.41 0.25

SDI-9 Shale 268 0.77 0.52 0.19  0.19 35.0 2.66 2.27
SDI-10 Shale 245 0.61 0.43 0.15 0.15 16.5 1.92 1.77

Mean + SD 172+88  0.41+025 0.29+0.16 0.09+0.14 19.5+11.6 1.624+0.82 1.37+0.72
Median 211 0.40 0.30 0.14 17.4 1.81 1.58

Mean (shales only) 213+54  049+021 0.33+0.13 0.12+0.14 23.8+9.83 1.994+0.50 1.73 +0.34
Median 223 0.51 0.34 0.14 20.8 1.88 1.77

Lower section: no visible weathering

SD1 Shale 242 1.32 0.86 38.8 2.17 1.74

SD3 Shale 212 1.25 0.80 0.18  —0.02 35.5 2.12 1.57

SD4 Shale 152 1.28 0.91 26.7 1.11 0.56

SD6 Shale 233 1.38 0.98 0.16 0.21

Mean + SD 210 £40.5 1.31+0.06 0.89 +0.08 0.10 33.7+6.25 1.80+0.60 1.29 +0.64
Median 223 1.3 0.89 0.10 35.5 2.12 1.57

Other samples

SD5 Dolomized tuff 654 0.59 0.40 5.64 2.50 2.71

Gypl Gypsum 16.4 3.28 2.18

Gyp2 Gypsum 13.1 2.95 1.95

W1 Seep water 0.53 3.03 2.00
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Table 2
Selenium concentrations isotopes in drill cores’ samples from Yutangba.
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Sample Sample type Se (mg/kg) 387%5e  58/785e  §78/70e” Depth (m) Ti (%) ¢ (Tau) TOC (wt%) TS (wt%) Fe,O5 (wt%)
Drill holes located 800 m NE of the Yutangba quarry

Zk00B-1 Shale 110 0.71 0.46" 0.25 =27 0.10 -0.12 215 1.34 0.94
Zk00B-10  Shale 163 7.31 4.73" 2.56 -36 0.12 0.11 182 1.63 1.85
Zk00B-20  Chert 51 -0.36 —023" —0.12 —41 0.072 0.30 8.42 1.22 1.44
Zk00A-38  Chert 101 0.22 0.15" 0.08 -59 0.077 1.40 6.05 1.11 1.29
Zk00A-35  Chert 104 0.26 0.17" 0.09 —63 0.14 0.39 7.89 1.66 1.36
Zk00A-30  Chert 93.5 1.70 1.10" 0.59 —65 0.065 1.63  10.0 0.98 1.40
ZKk00A-25  Shale 213 1.22 0.79" 0.43 —67 0.13 0.34 165 1.57 1.29
Zk00A-20  Chert 84.8 1.23 0.80" 0.43 -70 0.063 1.46 9.58 1.10 1.37
Zk00A-15  Chert 119 0.58 0.38" 0.20 -73 0.092 1.37 134 1.28 3.15
ZKk00A-11  Shale 114 0.58 0.38" 0.20 -76 0.087 0.09 21.7 1.43 1.86
Zk00A-5 Chert 73.3 -1.17  —0.76" —0.41 -79 0.23 -0.41 104 3.88 3.37
Zk00A-1 Chert 22.3 —248 —161" —0.87 —81 0.31 —0.87 3.37 3.32 4.26
Zk00C-38  Chert 113 -0.08 —0.16 —148 12.5 1.22 1.29
Zk00C-30  Shale 149 0.38 0.30 —152 0.10 0.19 226 3.11 2.86
Zk00C-20  Shale 150 0.60 0.37 —157 0.088 042 126 2.01 1.57
Zk00C-15  Shale 206 0.19 0.12 —161 0.17 0.02 10.1 2.05 2.74
Zk00C-8 Shale 141 0.27 0.14 —-165 0.11 0.11 135 1.79 1.62
Zk00C-1 Chert 423 -1.26 —0.89 —168 0.10 —0.24 7.85 1.13 1.98
ZKkOOE-25  Chert 69.1 —0.54 —035 -0.19 —260 0.075 0.69 9.77 2.13 1.80
ZKOOE-15  Chert 35.8 0.32 021" 0.11 —264 0.14 —0.53 4.87 3.20 3.29
ZKkOOE-10  Chert 70.7 0.50 0.33" 0.18 —267 0.18 —0.26 5.17 3.70 3.09
ZKk00E-1 Chert 55.9 0.47 0.31" 0.17 —274 0.29 —0.65 7.28 4.45 5.26
Drill holes located at the Yutangba quarry

Zk180A-4  Chert 33.1 -1.07 -0.75 —58 0.27 —0.78 6.03 3.77 3.85
Zk180A-10 Chert 67.6 -1.69 —1.08 —64 0.044 1.81 8.52 1.08 1.09
Zk180A-20 Shale 150 0.07 0.05 —69 0.062 1.02 102 1.68 1.75
Zk180C-1  Shale 201 1.10 0.72 —126 0.093 0.80 17.0 2.02 1.72
Zk180C-5  Shale 124 0.39 0.27 -129 0.10 0.02 14.7 1.32 1.3
Zk180C-11 Shale 159 0.11 0.12 —134 0.16 -0.16 185 1.91 1.42
Samples from an exploration trench at the Yutangba quarry

TC18-1 Shale 14,702 —535 —348 —187 -5 14.6 1.13 1.68
Pd20-11 Shale 576 1.02 0.67" 0.36 —-10 17.9 1.32 1.45
Pd16-7 Shale 494 2.24 1.46" 0.79 -21 15.8 1.03

* Indicates measurement using "*Se + 52Se double spike. 3%%/76Se values were calculated from the measured 5’%7°Se results to enable better
comparisons. 8¥7°Se ~ 2.8558"%7°Se, 5%%/78Se = [(103882/76Se) + 1/(10°57/76Se + 1) — 1] x 10°.

1=((Ciw/Cp)/(Ciw/Cip) —1 (Brimhall et al, 1991;
Scribner et al., 2006; Tuttle and Breit, 2009), where C;,,
and G represent the concentrations of Se in weathered
and parent rock, respectively, and Cj,, and C;, are the con-
centrations of an inert index element in weathered and par-
ent rock, respectively. A 7 value of —1 indicates that Se has
been completely lost; a value of zero indicates no loss, and a
value greater than zero indicates a gain. The concentrations
of Ti are roughly constant in fresh and slightly weathered
samples of the Shadi and Yutangba profiles, but Ti is en-
riched in strongly weathered sections, consistent with the
observation by Tuttle and Breit, 2009. Thus, we use Ti as
the inert index component, with an assumed initial concen-
tration of 0.13+0.10 wt% (1SD, n=28; median = 0.1
wt%) derived from the analyses of unaltered shale and chert
from drill cores obtained at Yutangba. The average Se con-
tents in unweathered shale and chert from drill cores are
156 4+ 34 mg/kg (1SD, n=12; median = 150 mg/kg) and
71.0 £ 30.0 mg/kg (1SD, n=16; median = 70.0 mg/kg),
respectively.

Selenium concentrations, isotopic compositions, TOC,
TS, TFe and t values from the Shadi profile are listed in

Table 1 and plotted in Fig. 3A and B. Our sampling and
analysis efforts at Shadi focused on shale layers; only two
chert layers were analyzed. In the four shale samples from
the fresh-looking rock near the base of the exposure (sam-
ples with the SD prefix), TOC is higher than strongly
weathered samples, with an average of 34 + 6.25 wt%
(1SD, n=3), and both TS (1.80 £ 0.60 wt%; 1SD, n = 3)
and TFe (1.29 £ 0.64 wt%; 1SD, n = 3) have a significantly
positive correlation (correlation coefficient R = 1). Se con-
centrations varied from 152 to 242 mg/kg with an average
of 210440 mg/kg (1SD, n=4; median =223 mg/kg).
These concentrations are much greater than those reported
for other Phanerozoic shales (Rouxel et al., 2002; Johnson
and Bullen, 2004; Clark and Johnson, 2010; Mitchell et al.,
2012). The 8*¥7°Se values show a very narrow range with a
mean of 1.31 £ 0.06%, (1SD, n =4).

For the weakly weathered shales from the middle section
(SDI), the two chert samples were excluded for consistency;
TOC is still higher than that in strongly weathered samples,
with an average of 24 +9.83 wt% (1SD, n=6; med-
ian = 21wt%), and there is a strong positive correlation be-
tween TS (1.62 +0.82 wt%; 1SD, n=6; median = 1.88



236 J.-M. Zhu et al./ Geochimica et Cosmochimica Acta 126 (2014) 228-249

Table 3
Results for transects across bedding of weakly weathering (altered) rock near the base of the Yutangba quarry face.
Sample Sample type Se (mg/kg) 887°se  5%788e  Ti (%) t(Tau) TOC (wt%) TS (wt%) Fe,Os3 (wt%) Sampling
distance (cm)
Transect 1
Cp01 Shale 2588 9.05 590 0.13 16 30.5 1.96 1.54 50
8.95 5.82
9.13 5.94
Cp02 Shale 2285 6.69 428 0.11 16 24.2 1.6 1.29 55
Cp03 Chert 2376 5.18 337  0.058 74 8.18 0.79 0.81 60
Cp04 Mudstone 26,054 7.88 513 0.22 97 17.7 1.65 3.28 65
7.73 5.12
Cp05 Chert 2247 5.93 386  0.046 88 7 0.59 0.66 70
6.26"
Cp06 Shale 4478 —-0.68 —0.37 0.10 35 22.4 0.88 0.74 90
Cp07 Chert 1113 1.28 0.85 0.046 43 12.2 0.67 0.60 100
1.42°
Cp08 Chert 4873 —-0.80 —0.49 0.038 23 9.82 0.53 0.49 105
—0.64"
Cp09 Shale 1162 5.21 336  0.16 5.2 39.9 2.30 1.87 113
Cp010 Chert 896 0.91 0.67 0.046 35 14.2 0.68 0.59 118
Cp011 Chert 582 —-1.69 —1.04 0.022 47 8.44 0.36 0.33 126
Cp012 Chert 657 -791 =511 0.033 36 6.96 0.47 0.48 135
-8.17"
Cp013 Shale 1150 -8.03 =517 0.14 5.8 154 1.66 1.71 140
—-8.00 —5.17
Cp014 Shale 396 -794 -513 0.15 1.2 26.3 0.52 0.99 151
Cp015 Mudstone 287 —-148 -096 0.28 -0.2 12.1 0.31 0.88 156
Cp015a Chert 114 2.71 1.84  0.022 8.5 2.77 0.02 0.36 166
Cp016 Shale 136 -376 —-240 0.15 -0.2 25.5 0.47 0.84 170
Cp017 Chert 637 —-0.78 —0.47 0.038 30 7.81 0.37 0.60 176
Cp018 Chert 316 -3.51 =226 0.052 10 4.67 0.38 0.50 183
Cp019 Chert 106 —-0.59 -036 0.01 18 6.91 0.18 0.18 200
Cp020 Shale 4064 —4.10 -2.62 0.14 23 39.1 1.48 0.74 600
-3.88"
Cp021 Shale 1351 2.08 1.39  0.12 8.4 29.6 0.59 0.27 620
Cp021a Mudstone 1039 —-143 -093 0.35 1.5 17.0 0.44 5.26 625
Cp022 Shale 296 0.96 0.65 0.11 1.2 23.1 0.79 0.34 650
0.87 0.61
Transect 3
Ytb-bottom Shale 3254 0.13 0.08 0.44 516 41.23 1.74 1.76 4
Ytb-3 Shale 838 —-145 -086 0.40 0.75 17.8 0.57 0.29 8
Ytb-4 Chert 1541 -226 —1.44 0.08 34 5.78 0.54 0.27 12
ytbA Shale 503 —-3.08 -2.01 18.8 0.71 0.4 16
Ytb-5 Shale 327 —4.51 -282 043 —0.37 463 1.52 0.56 20
Ytb-fault surface Shale 1404 —6.81 —441 040 1.93 403 1.28 0.64 24
Ytb-B Shale 2371 -729 —-476 048 312 431 1.38 0.64 28
ytb-C Shale 2622 —13.19 -8.63 0.44 397  40.1 2.84 1.78 32
—13.19 -8.61
—14.2 —9.29
Ytb-2 Shale 253 2.19 146  0.53 —0.6 44.2 1.73 0.88 36
Ytb-fault Shale 5859 11.37 742  0.26 18 19.8 0.46 0.19 40
10.39 6.74
Ytb-1 Shale 2239 9.08 590  0.51 2.66 9.31 0.51 0.23 44
Si-2 Shale 1092 9.69 631 0.092 21 11.9 1.16 0.79 48
Si-3 Chert 4497 6.62 431 8.8 1 1.29 52
Si-4 Mudstone 25,472 7.03 4.58 17.3 1.48 1.63 56
7.06 4.62
Si-5 Chert 1181 4.88 317  0.089 21 4.7 0.57 0.46 60
w2 Seep water 0.43 323 2.11

" Indicates measurement using "*Se + %2Se double spike. 5*%/7°Se values were calculated from the measured 87%7°Se results to enable better
comparisons. 5%%70Se ~ 2.85567%/7%Se.
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Table 4

Selenium concentrations and isotopes in a transect across strongly weathered rock layers high up on the Yutangba quarry face.

Sample Sample type Se (mg/kg) 38/7°Se 35785 Ti (%) t (Tau) TOC (wt%) TS (wt%) Fe,O5 (wt%)
Transect 2
Ytb28 Chert 119 1.98 1.33 0.21 0.04 4.45 0.21 0.94
2.03 1.34
Ytb27 Chert 146 —1.44 —-0.92 0.22 0.22 4.75 0.18 1.47
Ytb26 Chert 17.5 —0.99 —0.63 0.16 —0.8 4.47 0.19 0.27
Ytb25 Shale 60.9 5.90 3.84 0.27 —0.81 3.67 0.10 0.26
Ytb24 Shale 4.05 1.27 0.89 0.23 —0.99 3.85 0.16 0.21
Ytb23 Shale 16.6 —1.62 —1.01 0.31 —0.96 9.79 0.27 0.37
Ytb22 Shale 30.9 —3.09 —-1.99 0.033 —0.22 2.19 0.10 0.79
Ytb21 Shale 11.2 —0.63 —0.40 0.22 —0.91 5.74 0.18
Ytb20 Shale 4.85 —0.92 —0.60 0.34 —0.99 7.50 0.25
Ytb18 Shale 8.49 0.09 0.07 0.15 —0.95 3.77 0.19 0.57
Ytbl7 Chert 4.88 —0.63 —0.37 0.02 —0.55 2.01 0.14 0.11
Ytb16 Shale 9.43 —3.54 —2.27 0.36 —0.98 6.55 0.27 0.64
Ytbl5 Chert 11.7 —2.55 —1.60 0.032 —-0.33 2.67 0.13 0.21
Ytbl4 Shale 27.7 —2.63 -1.73 0.40 —0.94 4.24 0.24 1.12
Ytbl3 Shale 5.39 —-2.04 —1.29 0.32 —0.99 2.1 0.16 0.80
Ytbll Shale 20.6 0.46 0.35 0.35 —0.95 2.25 0.23 0.93
Ytbl10 Chert 8.78 3.09 2.09 0.02 —0.20 2.45 0.12 0.13
Ytb9 Shale 6.13 0.48 0.34 0.35 —0.99 1.62 0.27 0.65
Ytb7 Shale 52.2 —-2.04 —1.25 0.22 —0.8 1.95 0.18 1.86
Ytb5 Shale 20.1 —4.48 -2.93 0.28 —0.94 3.05 0.15 1.74
Ytb4 Chert 4.24 -0.11 —0.06 0.13 —0.94 3.21 0.12 0.51
Ytb3 Shale 11.9 0.16 0.12 0.31 —0.97 5.05 0.18 1.19
Ytb2 Shale 1.48 0.18 0.06 0.27 —1.00 4.36 0.14 0.23
Ytbl Shale 67.2 —2.21 —1.44 0.33 —0.83 1.30 0.11 2.63
Ytb0-C Shale 68.4 —2.46 —1.46 0.50 —0.90 0.57 0.33 4.52
Ytb0-A Shale 60.6 —3.42 —2.29 0.45 —0.87 3.07 0.17 1.73
Soils
Ytb-L Soil 19.6 —0.89 —0.50 0.31 —-0.95 5.03 0.19 1.63
Ytb-LO Soil 15.6 1.33 0.99 0.22 —0.94 3.29 0.16 1.03
Ytb-M Soil 26.1 -3.05 —1.98 0.56 —0.96 1.43 0.12 4.51
Ytb-R Soil 10.5 1.12 0.86 0.35 —0.98 0.67 0.14 3.22
wt%) and TFe (1.37+£0.72 wt%; 1SD, n=6; the fresh-looking samples near the base of the profile. The

median = 1.77 wt%) (R*=0.94). Se concentration ranges
from 113 to 268 mg/kg with an average of 213 + 54 mg/
kg (1SD, n = 6; median = 226 mg/kg). The average t value
is 0.12+0.17 (1SD, n=06). 5%2/7°Se values vary from
0.19%, to 0.779%, (two chert samples were —0.03 and
0.35%,). The mean 3%2/7°Se of all weakly weathered samples
is 0.41 £ 0.249%, (1SD, n = 8), 0.90%, less than the mean va-
lue of the fresh-looking rocks in the lower section. For both
of the fresh and weakly weathered sections, there are posi-
tive relationship between Se and TOC (R> = 0.50, n = 11).

In the five strongly weathered shale samples, those from
the uppermost section (SDIII), TOC is heavily depleted
with an average of 6.22 +2.85 wt% (1SD, n=15; med-
ian = 7.55 wt%); TS is greatly variable from 0.13 to 3.48
wt% due to some efflorescent salts (such as gypsum) formed
at the bottom of this section; TFe (4.65 + 1.09 wt%; 1SD,
n=25; median =521 wt%) is significantly enriched
throughout SDIII section. There is a good negative correla-
tion between TS and TFe (R2 =0.98, n =5), clearly differ-
ent from that in fresh-looking and weakly weathered
samples. Selenium concentrations are much lower, ranging
from 8.0 to 75.5mg/kg with a mean value of
28.0 +£28.1 mg/kg (ISD, n=15; median = 13.5 mg/kg).
This is approximately one seventh the concentrations of

average t value is -0.93 4+ 0.07 (1SD, n =5), indicating Se
was heavily depleted. The 8°%7°Se ranges from —1.219%,
to —4.089, with an average of —1.96 +1.08%, (1SD,
n=175), 3.279, lower than the mean value of the fresh-look-
ing rocks below. In comparison with the fresh and weakly
weathered samples, heavy isotopes were relatively more de-
pleted in strongly weathered samples.

Two secondary mineral samples (efflorescent salts, iden-
tified as gypsum by XRD) and one seep water sample
yielded 5%2/7°Se values close to +39%,- These samples, which
represent Se-enriched weathering solutions moving down-
ward through the rock, are notably enriched in heavy iso-
topes compared to all rock samples in the Shadi profile.
Their mean value is offset relative to fresh, slightly weath-
ered, and strongly weathered shales by 1.8%,, 2.7%,, and
5.19%,, respectively. These results suggest that Se isotopes
were fractionated during oxidative weathering of Se-rich
rocks, with heavier isotopes enriched in the leachate.

4.2. Drill cores from Yutangba
The samples from Yutangba drill cores display a rela-

tively large spread in Se concentrations, ranging from
22.3mg/kg to 213 mg/kg (Table 2, Fig. 4). Most of this
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Fig. 3. (A) 8%%7%Se vs. 1/Se (concentration) in strongly weathered
to fresh shales from the Shadi outcrop. Legend: A Fresh shales; B
Weakly weathered shales; ¢ Strongly weathered shales. (B) §52/765¢
vs. the mass transfer coefficient (7), an index for the extent of rock
weathering. Gray arrows show the possible trend of Se isotopes
evolution during oxidizing weathering. Gray boxes show the range
of 8%¥7°Se in gypsum and seep water, and strongly weathered
shales from Shadi.

variability is related to a systematic difference between shale
and chert. The average Se concentration in shale is
156 4+ 34 mg/kg (1SD, n =12, median = 150), similar to
that in fresh shales from Shadi, but about 2.2 times greater
than that in drill core chert (71.0 4 30.0 mg/kg; 1SD,
n=16, median =70). TOC of shale and chert is
16.4 +4.3 wt% (1SD, n=12; median = 16.7 wt%) and
8.19 £+ 2.73 wt%(1SD, n = 16; median = 8.16 wt%), respec-
tively, slightly lower than that in weakly weathered shales
from Shadi; TS and TFe in all rocks from Yutangba drill
cores are 2.04 +1.01 wt% (1SD, n =28, median = 1.67
wt%) and 2.154+1.09 wt% (1SD, n =28, median = 1.74
wt%), respectively, slightly higher than those in fresh and
weakly weathered shales from Shadi. These small differ-
ences may be attributed to the sampling locations and our
focus only on shale layers at Shadi.

Drill core 3**7°Se values vary widely near the land sur-
face but vary little at greater depth (Fig. 5; Table 2). Sam-
ples from less than 100 m depth range from —2.54 to 7.499,
with an average of 0.49 +2.27%, (1SD, n=15, med-
ian = 0.27%,). Samples from deeper than 100 m have a nar-
rower range of 8%/7%Se, from —1.26 to 1.10%, with an
average of 0.19 4+ 0.589%,, (1SD, n = 13, median = 0.339,).

The shale layers from the drill core have a mean 552/705e
value of 0.52+0.37%, (1SD, n=11, mean = 0.39%,),
slightly greater than that of the chert (—0.21 4+ 1.129;
1SD, n =16, mean = 0.229,,). The overall mean 5%2/7°Se va-
lue of all drill core samples is 0.35 & 1.69%, (1SD, n =28,
median = 0.309,), similar to that in basalt (0.35 +0.119,,
n =4; Rouxel et al., 2002) and in other Phanerozoic shales
(0.38 £ 0.47%,, 1SD, n = 80; Mitchell et al. (2012)). A weak
correlation of 8*%7°Se with Se concentration was observed
in the Yutangba drill core (Fig. 4). The trend is defined
mostly by the chert samples; some with concentrations less
than about 80 mg/kg have lower 352765 by 1-29%,.

Sample Zk00B-10, at 36 m depth, is an outlier, with a
85/76Se of 7.49%,. This sample was taken close to disturbed
zones interpreted to be faults (Fig. 1C). Similarly, the loca-
tions of samples ZkO00A-1, ZkO00A-5, Zk00OC-1 and
Zk180A-10 (in which TS and/or TFe are higher than other
samples), were also near the inferred faults, but the 58275
values are generally less than —1.0%,. These large isotopic
contrasts suggest strong redox cycling of Se occurs along
faults, which may act as conduits for relatively rapid water
infiltration, possibly to depths as great as 168 m (Figs. 5
and 1C).

4.3. Weakly weathered, Se-enriched rocks from the Yutangba
quarry, lower transects

Transects 1 and 3 from the Yutangba quarry combine to
form a single transect of sampled rock that in hand speci-
men appeared to be weakly weathered. The rock is gener-
ally dark in color, having been recently excavated by local
people using the rock as fertilizer. Pyrite crystals are pre-
served in most samples. However, iron staining and other
secondary mineralization are visible on fracture surfaces.
Transect 3 samples were collected at closer spacing, focused
on a small area with higher Se concentrations near dis-
turbed layering that appears to be a fault. Results are given
in Table 3. For transect 1 samples, the average of TOC, TS
and TFeis 17.2 4= 10.1 wt/% (1SD, n = 23, mean = 14.8 wt/%),
0.824+0.61 wt/% (1SD, n=23, mean=0.59 wt/%),
1.06 & 1.12 wt/% (1SD, n = 23, mean = 0.70 wt/%), respec-
tively. For transect 3 samples, the average of TOC, TS and
TFe is 24.6 & 15.8 wt/% (1SD, n = 15, mean = 18.8 wt/%),
1.17 £ 0.65 wt/% (1SD, n=15 mean=1.16 wt/%),
0.79 £ 0.56 wt/% (1SD, n = 15, mean = 0.64 wt/%), respec-
tively. These results are slightly lower than or similar to
those in weakly weathered shales at Shadi. Selenium con-
centrations are highly variable, ranging from 106 mg/kg
to 26,054 mg/kg with an average of 1441 4- 1421 mg/kg
(1SD, n = 23, median = 1039 mg/kg) for transect 1 samples
and 1971 4 1633 mg/kg (1SD, n = 15, median = 1473 mg/
kg) for transect 3 samples, excluding samples cp04 and
Si-4, which are extremely Se-rich outliers containing approx-
imately 3% Se, including native Se and krutaite (Zhu et al.,
2004, 2012). The average t value is 26 + 28 (1SD, n = 24) in
the transect 1 samples, and Se contents are approximately 8
times higher than those in fresh shale samples from Shadi
and drill cores, showing a strong accumulation of Se.

The 8%%7°Se values of samples from transect 1 range
from —8.039%, to 9.139,; those from transect 3 range from
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sampling depth at Yutangba profile. Grey bar represents the
average range (0.40 & 0.71%,; n=40) of 5% Se in unweathered
samples (see text) from Shadi and Yutangba.

—14.20%, to 11.379, (Fig. 6). Strikingly, this range of
25.57%, (Fig. 7), the largest Se isotopic range in any study
published thus far (Rouxel et al., 2002; Johnson, 2004;
Johnson and Bullen, 2004; Rouxel et al., 2004; Carignan
and Wen, 2007; Clark and Johnson, 2010; Wen and
Carignan, 2011) occurs over a distance of less than 10 cm
(Fig. 6). An abrupt change, and the most extreme values,
occurs at the location of the inferred fault. 5°%7°Se values
return to near-zero values over a distance of about 60 cm
upward in the section or about 40 cm downward. These
trends are mostly smooth, with little small-scale noise.
The association of such strong isotopic fractionation with

a fault indicates that strong redox cycling of Se was focused
in the fault. However, the mean 5%2/76Se value of the sam-
ples from transects 1 and 3 (0.45 + 5.77%,; n = 39), is not
strongly shifted relative to the fresh rock from deep drill
core samples.

The three samples from the exploration trenches at the
Yutangba quarry (a few meters deep) showed results similar
to those of the samples from transects 1 and 3. Se concen-
trations ranged from 494 to 14702 mg/kg and 3%%/7°Se ran-
ged from —5.489, to 2.309,, (Table 2).

4.4. Strongly weathered rock from the upper part of the
Yutangba quarry

Samples of strongly weathered carbonaceous shale and
chert were obtained from transect 2, along the upper part
of the Yutangba quarry face; sampling locations are
shown in Fig 2. TOC (3.72 £2.05 wt/%, 1SD, n=26;
median =3.44  wt/%), TS (0.18 £0.06 wt/%, 1SD,
n=26; median =0.18 wt/%) and TFe (1.00 & 1.00 wt/
%, 1SD, n=26; median =0.72 wt/%) are much lower
than those in other rocks from Yutangba drill cores
and Shadi (Table 4). Selenium concentrations are highly
variable, ranging from 1.14 to 146 mg/kg with an average
of 30.8 & 36.7 mg/kg (1SD, n = 26). These concentrations
are similar to those from the highly weathered samples
from Shadi, and significantly lower than those from the
lower quarry transect and fresh drill core samples. The
average 7 value is —0.78 +0.35 (1SD, n = 26), indicating
Se was strongly leached out.

552/765¢ values, compared to those of the lower transect,
show a somewhat narrower range between —4.48 and
+3.099,, with a mean of —0.96 + 1.89%, (1SD, n = 23), with
one outlier (sample Ytb25; 5.90%,) excluded. This sample
was collected from the upper part of the inferred fault near
which the most extreme 8°*7°Se values were found in the
lower transects. Although the scatter is wide, the negative
mean 5°%7°Se value of transect 2 reflects a significant bias
toward isotopically lighter values. This is similar to the re-
sults from the strongly weathered samples of the Shadi
profile.



240

J.-M. Zhu et al./ Geochimica et Cosmochimica Acta 126 (2014) 228-249

15.0
Transect 3

Transect 1

10.0

AN A

AN\ AA
v ¥

A

0 40 60 80

582/76Ge (o)

5.0

Fault
-10.0

S

0 180 2

120 140

100

Fault

-15.0

Distance (cm)

Fig. 6. 8%2/7%Se vs. distance along transects 3 and 1 across the Yutangba quarry face, as shown in Fig. 2. Here we present 85%/76Se values for
samples collected from 2 m of transect 1 (Table 3). Red lines represent fault locations. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

(0] o]

O QO@W@®OOE® 0 0 O

® @
000

YTB-1 Altered shales and chert ‘@ o

o 0O (oXe] o O
YTB-3 Altered shale and chert near fault

Shadi weathered shale © O

ol 0 @ ¢

O O® @@®OOo

Shale and chert from YTB core (<-100m) @& @ @@ O

00 EED @ Shadi fresh shale
AN A 4 Other Phanerozoic Shalesf

@ Soils at YTB
O YTB weathered shales and chert
000 © ®
(o]e] 000 O

© Shale and chert from YTB
core(>-100m)

o0 00

X XXX X X 2 YTB Shales®
* * - e * & Other altered Shales?
Shalese FEIIIEISSNNN River® (Colorado, USA)
40 Shales®
+ 4 Sediments>>f
Sphalerite
Hydrothermal sulfides*® Chalcopyrite o g9 o8 '.—- N
pyrite ® amm oo 00 O

A Mn nodule?
Altered Basalt* A M Basalt?

K Meteorite®

-15-14-13-12-11-10 -9 -8 -7 -6 -5 -4 3

2 -1 01

23 45 6 78 9101112131415

58276 (%)

Fig. 7. Summary of Se isotopic composition of various shale samples from Shadi and Yutangba profiles, China, together with the published
data in literatures. YTB-1 or 3 represents transects 1 or 3 across the Yutangba quarry face. For data in Rouxel et al.(2002, 2004), the chan*ge of
scale for NIST SRM3149 was calculated using 582/76SCNIST3149 = 582/768651)1 vs Merck + 582/76861\/[“01( vs Nist3149 + [(82/76565[,1 vs Merck 582/
70SeMerck vs Nist3149)/1000]; 582/7GSeMmk vs Nista149 = 1.53%, (Carignan and Wen, 2007); For data in Johnson (2004), 682/765eMH495 vs
Nist3149 = —3.44%,. a: Rouxel et al. (2002); b: Rouxel et al. (2004); c: Clark and Johnson (2010); d: Johnson and Bullen (2004); e: Wen and

Carignan (2011); f: Mitchell et al. (2012).

4.5. Soils from the top of the Yutangba quarry and one
seepage water sample

Results from four soils at the top of the quarry face are
given in Table 4. TOC (2.61 £ 1.96 wt/%, 1SD, n = 4; med-
ian = 2.36 wt/%) and TS (0.15 4 0.03 wt/%, 1SD, n=4;
median = 0.15 wt/%) of soils are heavily depleted, while
TFe (2.60 & 1.57 wt/%, 1SD, n = 4; median = 2.43 wt/%)
is enriched. These samples have a narrow range of Se

concentration  from  10.5mg/kg to  26.1 mg/kg
(17.9 £ 8.0 mg/kg, 1SD, n=4; median=17.6 mg/kg).
The average t value of Se in soils is —0.96 4+ 0.02 (1SD,
n=4), showing that Se was almost completely leached
out. 5%¥7°Se values range from —3.059%, to 1.33%, with a
mean of -0.37 4+2.059%, (1SD, n = 4), suggesting that such
moderate 8*%7°Se variation in soils may be derived from
the weathering of previously Se-rich shales with different
Se isotopic composition. Notably, the mean 8%2/7°Se value
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is less negative than those of the strongly weathered sam-
ples from Shadi and Yutangba.

The sample of water seeping out of the rock inside an
adit cut into the Yutangba quarry face yielded a 52/7°Se va-
lue of 3.23%,, nearly identical to that of the water sample
from Shadi.

5. DISCUSSION
5.1. Primary selenium concentrations and isotope ratios

The results clearly show that rocks from the Lower
Permian Maokou Fm exposed to near-surface fluids have
widely varying Se concentrations and 8%%7°Se values;
whereas rocks with less exposure are restricted to relatively
narrow ranges (Fig. 7). In order to study the effects of near-
surface leaching and deposition of Se, it is greatly valuable
to determine the range of primary compositions prior to
any alteration. However, determining the primary Se con-
centrations and &°%7°Se values of sedimentary rocks can
be difficult if Se has been mobilized by reactive fluids during
burial or near-surface exposure. Clearly, many of the sam-
ples studied here are highly altered, based on visual field
observations and the t values of Se (from —0.96 to 26).
The obvious candidates for unaltered rocks are the deeper
drill core samples from Yutangba and the fresh-looking
outcrop samples from Shadi.

Drill core samples from greater than 100 m depth at Yu-
tangba show evidence that little or no mobilization of Se
has occurred. First, Se concentrations are less variable than
in the near-surface regime. More importantly, 8%2/7%Se val-
ues are restricted to a narrow range (mean =0.199;
SD = 0.58%,; n = 13). This indicates that the Se redistribu-
tion processes operating in the near-surface regime (see be-
low) have little or no impact below 100 m depth at this
locality.

This near-zero 5°/7°Se value for the primary rock coin-
cides with results from a growing body of research on Se
isotope ratios in shales and modern sediments. Mitchell
et al. (2012) reported Se isotope ratios for a suite of 120
samples spanning the Phanerozoic, from Cambrian shales
to modern muds. Conditions of deposition ranged from
oxic to euxinic. Despite the strong contrasts in depositional
setting, 8%2/7°Se values ranged only from —0.349,, to 2.289%,,
with a mean value close to zero. This stands in stark con-
trast to sulfur isotope ratios, which vary strongly in the
same materials. Mitchell et al. (2012) concluded that the
narrow 8°/7°Se range reflected a dominance of the biolog-
ical Se cycle in the oceans, with assimilation into organic
matter and its eventual burial being the dominant sedimen-
tary flux. This route of deposition involves little isotopic
fractionation, whereas incorporation into sediment via dis-
similatory reduction (like sulfur) would induce much larger
fractionation (Johnson and Bullen, 2004; Mitchell et al.,
2012). Other studies reporting Se isotope data for unaltered
shales or marine sediments have also reported near-zero
values (Rouxel et al., 2002; Johnson and Bullen, 2004;
Clark and Johnson, 2010). Previous studies have found that
organically bound Se is one of the dominant form in organ-
ic-rich sediments and shales (Kulp and Pratt, 2004; Zhu

et al., 2006, 2007; Wen and Carignan, 2011). Thus, our re-
sults extend an emerging consensus that most unweathered
shales have near-zero 5°%7°Se relative to SRM-3149.

Other geochemical data support the hypothesis that Se
accumulation in the Enshi sediments is driven by dissimila-
tory reduction and/or assimilation by marine organisms.
For fresh Se-rich shales, previous studies have shown that
carbonaceous shale and chert in Enshi have similar geo-
chemical features to the Gufeng Chert on the northeastern
Yangtze platform, China, with low Mn content, abundant
Mo, V, Ni and Cu contents, and high organic carbon
(Yao et al., 2002; Kametaka et al., 2005). This indicates
both units were formed in anoxic environments during sed-
imentation or early digenesis. Furthermore, Se, V and Mo
are all bio-essential elements and highly enriched in Se-rich
shales, implying that biological activities were involved in
the formation of these rocks. This is in agreement with
the conclusion by Kametaka et al.(2005). Selenium is pri-
marily accumulated in reduced fractions of shales such as
organic matter and sulfides/selenides (Zhu et al., 2006,
2007; Matamoros-Veloza et al., 2011), suggesting that Se
was sequestered dominantly by assimilatory biological pro-
cesses with less dissimilatory reduction (Kulp and Pratt,
2004).

The visually fresh samples from the lower strata of
the nearly horizontal Shadi section have mildly positive
3%2/7Se values (mean: 1.319%,) that appear to be unaltered
primary values, though this is not certain. All four samples
are shale, with a narrow range of Se concentration and an
extremely narrow range of 3%2/7°Se (SD: 0.05%,). Thus,
there is no clear evidence of strong Se redistribution. How-
ever, it is impossible to rule out a small addition of Se to
these strata via migration of Se-bearing solutions generated
by weathering of overlying strata into the reducing condi-
tions of the fresher rock. Notably, the Se concentrations
of these shale samples are on average 30% greater than
the unweathered shales from the Yutangba deep cores. Se
added via redistribution from overlying layers could poten-
tially cause the concentration and 3%2/7°Se difference be-
tween this rock and the deep cores, but the likelihood of
this process leading to four identical 8%%/7°Se values seems
remote. Thus, we tentatively classify results from these sam-
ples as unaltered primary values.

There are small, systematic differences among the
5%%7°Se values of the unaltered samples. Among the deep
Yutangba drill cores, the mean 5%2/76Se  of shale
(0.52 £ 0.37%,, 1SD, n=11) is greater than that of chert
(—=0.21 £ 1.12%,, 1SD, n = 16). The range of variability of
the shales is very narrow, whereas the cherts exhibit greater
scatter in their apparent primary compositions, with three
falling within the range of the shales and three somewhat
lower. In the Shadi section, similar small isotopic differ-
ences exist. The dolomized tuff layer with extremely high
Se concentration, in which elemental Se reaches 20% of
total Se, is closely interbeded within shales (682/76862
1.31 £0.05%,) but has a 8%7°Se value about 0.59%,
lower.

The Shadi section is located only 20 km from the
Yutangba quarry section, and has similar thickness and rock
characteristics, so the systematic 5*¥7°Se difference of 0.8%,
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between the lowermost Shadi shale and unweathered
Yutangba shale is unexpected. If this difference is not caused
by Se redistribution in the Shadi rock as described above, it
suggests variation in the marine depositional environment.
Mitchell et al. (2012) ascribe similar variation in their 8%
76Se data set to differences in terrestrial Se input and the con-
ditions of marine assimilation and deposition. This hypothe-
sis could be examined further by the study of Se speciation
and other geochemical proxies such as Mo isotopes.

If our assertion that the deep drill core samples from
Yutangba are unaltered is correct, our observed primary
Se concentrations are unusually high, being much greater
than average shale (0.6 mg/kg; Turekian and Wedepohl,
1961) and Se-enriched shales of the western USA (up to
45 mg/kg; Presser et al., 1994; Kulp and Pratt, 2004). We
suggest this extreme primary Se enrichment was caused
by the combination of an abundant, volcanic Se source
and a large flux of organic matter to the sediments. Previ-
ous studies have attributed elevated Se concentrations in
the western USA to regional volcanism, with Se volatilized
during eruptions later condensing and settling with ash
(Floor and Roman-Ross, 2011). In the Enshi case, the
abundant Se probably originated from the Late Permian
Emeishan large igneous province (LIP) in Southwest China
(Xu et al., 2003). Some of this abundant Se was swept into a
basin that was likely euxinic. TS in the fresh shales from
Shadi and Yutangba is linearly related to TOC with a posi-
tive intercept on TS-axis, and TS/TOC ratio is also low
(0.12 £ 0.09, n=29), which can be somewhat indicative
of euxinic conditions (Raiswell and Berner 1985). Signifi-
cant correlations between TS and TFe in the fresh shales
further indicate that both are primarily present as sulfide
minerals; this further supports euxinia. The presence of pyr-
ite nodules may strengthen that conclusion depending on
their size (Wilkin et al., 1996). Thus, we suggest that an
unusually large atmospheric flux of Se was transported to
a local, euxinic marine basin with restricted communication
with the global ocean, bio-concentrated into abundant bio-
logical materials, then deposited at the bottom of the basin
to form sediment with extreme Se enrichment.

5.2. Selenium isotope shifts induced by oxidative weathering

In the strongly weathered shales and cherts at Shadi and
Yutangba, Se is depleted significantly and the 58%/76Se of
the average residual Se is shifted to negative values relative
to the unaltered rock. The average 3%/7%Se offsets relative
to fresh shale are —2.369, for Shadi and —1.48%, for Yu-
tangba, with a maximum offset of —5.469%,. On the other
hand, the seep water and efflorescent minerals, which must
reflect recent seepage, have positive 5%%/75Se values approx-
imately 2.7%, greater than the mean fresh rock value. These
data show that Se isotopes are fractionated during oxida-
tive weathering, presenting a systematic pattern with the
heavier isotopes of Se enriched in water and depleted in
the Se left behind after strong leaching. This finding is sim-
ilar to the observations of Clark and Johnson (2010), who
found that weathering of Mancos shale with near-zero
85%76Se  values produced stream waters with a mean
85276Se of 3.36 + 0.50%, (1SD, n = 20).

This isotopic shift might be hypothesized to result from
preferential leaching of certain forms of Se from the rock.
Generally, oxidative weathering of black shale involves
strong decreases in both sulfides and organic matter relative
to parent rocks (Littke et al., 1991; Chang and Berner,
1999; Jaffe et al., 2002; Tuttle and Breit, 2009). Because
Se is dominantly associated with the organic matter and
sulfide/selenides fractions in Se-rich shales (Kulp and Pratt,
2004; Zhu et al., 2006, 2007; Matamoros-Veloza et al.,
2011; Qin et al., 2012), and the combination of these two
fractions reaches more than 81% of total Se in our shale
samples (Zhu et al., 2006), it has been suggested that oxida-
tion of sulfides/selenides (mainly pyrite) and organic matter
(OM) controls the release of Se during shale weathering
(Matamoros-Veloza et al., 2011). However, pyrite oxidizes
two to three orders of magnitude faster than OM during
the oxidative weathering processes (Chang and Berner,
1999). We expect that sulfides/selenides should have lower
5%%/7°Se values than OM. Support for this comes from Se
isotopic data in sulfides and the kerogen fraction (Rouxel
et al., 2004; Wen and Carignan, 2011) and from the fact
that inorganic Se(-II) is a product of dissimilatory reduc-
tion, which favors lighter isotopes (Herbel et al., 2000).
Accordingly, we expect that preferential leaching of sulfide
or selenide phases would remove lighter Se isotopes prefer-
entially and leave the rock isotopically heavy. This is the
opposite of our observations of strongly leached rock, seep-
age waters, and gypsum deposited by those waters, and we
conclude that another process must dominate in fractionat-
ing Se isotopes during oxidative weathering.

Redox reactions expected to occur during the weather-
ing process are likely to have produced the observed isoto-
pic shifts. During progressive oxidative weathering, sulfide/
selenide mineral oxidation, organic matter degradation and
the formation of clay minerals and Fe/Al, Mn-oxides all
occur. In strongly weathered samples, Se is mainly present
as soluble Se(IV), with lesser amounts of Se(VI) and organ-
ic-Se with low molecular weight (Zhu et al., 2006, and
unpublished data). There are few data on leachates, but
the mobilized, soluble Se probably consists of Se(VI) and
Se(IV) with lesser amounts of organically bound Se, as
was observed by Clark and Johnson (2010). It is unclear
if generation of Se(VI) and Se(IV) from the predominant re-
duced forms in the fresh rock involves any isotopic frac-
tionation. Simple congruent dissolution would not,
because this involves complete transfer of material as solids
are dissolved and thus there can be no preference for either
lighter or heavier isotopes.

Once the Se(VI) and Se(IV) are formed, however, they
may become enriched in heavier isotopes via subsequent
chemical interaction with reduced rock. Redox conditions
are expected to fluctuate in much of the weathering zone:
Oxidized conditions would tend to occur during influxes
of water from episodic rains, whereas reducing conditions
must resume as O, and other oxidized species are consumed
during periods of stagnation. Oxidized, mobile Se formed
during oxidation episodes would be subjected to re-
reduction (Maes et al., 2005; Charlet et al., 2007) if it
lingered in close proximity to organic-rich rock. Because
reduction favors lighter isotopes, the re-reduced Se would
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be enriched in lighter isotopes, creating an isotopically light
precipitate and leaving the remaining dissolved, oxidized Se
enriched in heavier isotopes (Johnson and Bullen, 2004).
This remaining Se would then travel downward over time
and may exit the Se-rich strata. In this way, we expect a
general tendency for oxidized, mobile Se to develop higher
5%%/7°Se values than the primary rock. By mass balance,
extensively leached rocks and those rocks in close proximity
to leached horizons should have lower 5°%7°Se values. This
is the observed pattern.

Approach toward Se isotopic equilibrium could also
generate the same pattern. Equilibrium exchange between
oxidized Se and reduced Se results in enrichment of the oxi-
dized Se in heavier isotopes (Li and Liu, 2011). If fluids
bearing oxidized Se move into contact with rock bearing re-
duced Se and remain in contact for sufficient time, electron
exchange reactions could result in shifts toward isotopic
equilibrium. However, the rate of this process and its rela-
tive importance in nature are so far unknown. Isotopic
equilibrium between Fe(III) and Fe(II) can occur rapidly
(Johnson et al., 2002), but this is mostly because the
Fe(III)-Fe(Il) interaction is a simple one-electron ex-
change. Isotopic exchange for chromium, which involves
transfer of three electrons between Cr(VI) and Cr(III), is
very slow, with little exchange occurring over months (Zink
et al., 2010). If the exchange rate for Se is fast enough to
cause partial or complete isotopic equilibration during the
time fluids are passing through the rock, this should lead
to enrichment of oxidized, mobile Se in heavier isotopes,
in addition to any enrichment occurring via partial reduc-
tion. This mechanism is similar to that proposed for copper
isotope fractionation during oxidative weathering of sul-
fide-rich rocks (Borrok and Fernandez, 2009), in which hea-
vier isotopes become enriched in the fluid phase via
electron-exchange-driven reactions at the surface of sulfide
minerals during aqueous chemical reactions.

Adsorption of Se(IV) may also be an important process
in these systems. Se(IV) is more easily adsorbed by Fe/
ALMn (hydro) oxides, clay minerals, and organic matter,
relative to Se(VI) (Balistrieri and Chao, 1990; Missana
et al., 2009; Wang et al., 2009). One study reported only
weak isotopic fractionation between dissolved Se(IV) and
Se(IV) adsorbed onto Fe(III) oxyhydroxides (Johnson
et al., 1999). However, no systematic experimental data
for Se isotopic fractionation associated with adsorption
on organic matter, clay minerals and Fe/Al,Mn (hydro)
oxides exist at this time, and this remains an open issue.
Mo and U both show significant isotopic fractionation
resulting from adsorption onto Mn oxides (Brennecka
et al., 2011; Wasylenki et al., 2011), and Ge shows isotopic
fractionation resulting from adsorption onto Fe(III) oxyhy-
droxides (Li and Liu, 2010). Systematic experiments of this
type are needed for Se. However, adsorption of Se(IV)
without a valence change likely involves little isotopic frac-
tionation, because the bonding environment around Se(IV)
would differ little between adsorbed and dissolved species
(Johnson and Bullen, 2004). On the other hand, partial
reduction of dissolved Se(VI) to Se(IV), or isotopic equili-
bration of the two species, would produce isotopically light
Se(IV) while driving the remaining Se(VI) to isotopically

heavy compositions. If the Se(IV) then becomes attached
to the solid via adsorption, the overall result is isotopically
heavy dissolved Se and a shift toward isotopically lighter
rock, as we have observed.

5.3. Selenium enrichment through redox cycling

Our data suggest that Se in the Yutangba quarry has
been subjected to multiple cycles of oxidation, mobilization,
and re-reduction, leading to extreme Se enrichment. A re-
cently published study (Wen and Carignan, 2011) provided
an initial 5°¥7°Se data set and suggested this model for Se
enrichment. Wen and Carignan (2011) analyzed a suite of
nine samples from the Yutangba quarry, obtaining 8%
76Se values on whole rock digests and kerogen extractions.
The wide range of 5%2/7°Se values we have observed was
also apparent in their smaller data set. However, a strong
bias toward negative 3%27°Se values occurring in the Wen
and Carignan (2011) data set (8 out of 9 whole rock analy-
ses are negative; mean of —4.59 ) is not borne out in our
more systematic sampling (mean of 0.45%,). Their exact
sample locations were not reported, but their focus was
on Se ore systematics and they did not attempt to obtain
a broad, unbiased sampling of the quarry rock. Overall,
though, their data set show very strong Se isotope fraction-
ation and they argued that this reflects repeated cycles of
oxidation and reduction.

The regime at Yutangba may be unusual, caused by the
configuration of the rock. In contrast, a simpler history for
Se is consistent with the data from Shadi. In Shadi, Se
mobilized by oxidation in the upper part of the outcrop
can pass out of the organic-rich strata after only a few me-
ters of seepage. The potential for repeated redox cycles is
much less. However, at Yutangba, the bedding is nearly
vertical (Figs. 1C and 2); waters bearing dissolved Se from
the upper part of the weathering zone tend to remain within
the Se-rich, organic-rich strata for tens of meters or more.
The chert layers are largely impermeable and would tend
to accentuate this effect by directing seepage parallel to bed-
ding. Thus, essentially all of the Se mobilized in the oxidiz-
ing zone near the top of the system should be delivered to
the underlying reducing zone, which is likely located near
the water table. The Se would then be deposited there to
form the current Se ore deposit, as has been suggested by
Wen and Carignan (2011). Over time, as material was
eroded from the top of the system, the redox front must
have gradually moved deeper. As this occurred over mil-
lions of years, the Se mobilized from many meters of
now-eroded rock must have become trapped in the redox
front. This process, in the ore deposits literature, is known
as supergene enrichment that the largest differences
(A65Cuchrysocolla-alacamitc = ~8%0) in 665/63cu value were
found at the Spence deposit (Palacios et al., 2011). The Se
within the redox front must have been re-oxidized, mobi-
lized, and re-reduced repeatedly, and this is consistent with
the observed strong isotopic contrasts.

Although Wen and Carignan (2011) proposed supergene
enrichment to explain the high Se concentrations, their data
set included only nine samples, all of them from the quarry
face, and thus they did not have any information about the
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primary characteristics of the Maokou formation prior to
near-surface alteration. Our data indicate that the primary
Se concentration varies within a narrow range and that the
enrichment, although spatially variable, averages about a
factor of eight. Furthermore, our 5%%/7%Se data indicate that
very nearly all of the >259, isotopic variation observed in
the quarry face is not related to variation in the primary
composition but rather is due to geochemical reactions
occurring near the surface. This provides definitive evidence
of redox involvement in the Se enrichment process.

In the fresh and weakly weathered shales from Shadi
and drill cores in Yutangba (depth larger than 100 m), Sele-
nium has a strong positive correlation with TOC and TS,
and also has a significant correlation with TFe and TS.
These indicate that sulfide/selenide-hosted Se (45.5% of to-
tal of Se in rock) and organically bound Se (34.3% of total
of Se in rock) are dominant Se fractions. However, in the
weathered shales, selenium concentration has only a weak
positive correlation with TOC and TS; TFe and TS show
a significant negative correlation. Organically bound Se
(52.3%) is the predominant fraction. Sequential Se extrac-
tions from altered shales show that Se associated with or-
ganic matter and sulfide/selenide accounted for
approximately 60% and 15% of total Se (1642 + 1505 mg/
kg), respectively (Zhu et al., 2006, 2007). This indicates that
interaction of dissolved Se with organic matter also appears
to play a role in trapping dissolved Se. A majority of Se oc-
curs adsorbed by or complexed with organic matter, and a
minority of Se exists as Se(-1I) and Se(0). Accordingly, the
mechanism by which oxidized Se is immobilized does not
appear to be simple reduction to insoluble Se(0) or selenide
minerals. Rather, the mobile Se reacts with organic matter
to form organic-Se species. This is not unexpected; Se(IV) is
known to react with thiol groups to form strong complexes
(Yu et al. 1983; Rouxel et al., 2002). Thus, interaction of Se
with organic matter can trap large amounts of Se as organic
species in at least some parts of the system, and may play a
major role in the dynamics of the weathering system.

The soil zone at the top of the Yutangba system, which
has been subjected to extreme leaching, exhibits a moderate
range of 85%/76Se (—3.05%, to 1.33%,) with a mean value close
to zero. This appears to contradict our Shadi-inspired weath-
ering model, in which 8%%/7%Se values should tend to be neg-
ative. However, the number of soil samples from Yutangba is
small, and the variation among those samples is significant.
Thus, the true mean value may not be captured by these sam-
ples. Alternatively, because the soils have been subjected to
intense leaching, the remaining Se is likely dominated by
highly recalcitrant primary organic molecules rather than
the rapidly cycled, labile Se that dominates in the redox front.
Accordingly, we tentatively suggest that the processes that
lead to negative 5%2/7°Se values in early weathering (see
above) cease to operate under conditions of intense weather-
ing. More work is needed to evaluate this hypothesis.

5.4. Selenium isotope systematics of redox fronts

In a redox transition zone that traps Se dissolved in
downward percolating waters, certain Se isotope systematics
are expected. Fluid flow pathways are complex in the

Yutangba rocks, but we begin here with a simplified model
of a one-dimensional system to gain general insight into ex-
pected spatial 352765 patterns. In Fig. §, we present a calcu-
lated model as one example of the general pattern expected
at redox interfaces. We consider one-dimensional advective
transport of dissolved, oxidized Se into a porous, homoge-
nous, reducing zone. As water migrates into the reduction
zone, it loses Se as it is converted to insoluble reduced Se
or organic Se complexes. Se(VI) or Se(IV) reduction favors
lighter isotopes (Johnson, 2004; Johnson and Bullen, 2004)
and thus the remaining dissolved Se becomes progressively
more enriched in the heavier isotope as the amount of Se lost
increases with increasing distance traveled into the reducing
zone. The 5°%/7°Se value of the reduced Se added to the rock
follows that of dissolved Se, with an offset in the negative
direction because of isotopic fractionation.

Importantly, the 3%%7°Se value of the reduced and
deposited Se is negative in the proximal part of the reducing
zone (i.e., the part first encountered by inflowing water),
and increases with increasing distance traveled into the
reducing zone. It eventually becomes strongly positive in
the distal part of the reducing zone, but when the water
reaches there, much reduction has occurred, the dissolved
Se concentration has decreased, and the amount of isotopi-
cally enriched Se deposited is also small. Accordingly, the
3%2/7°Se value in the far distal region is close to the primary
value of the rock. This model is similar to the model pro-
posed by Qi et al. (2011) of germanium isotope variation
in a Ge deposit created by interaction of fluids with coal.
A clear pattern in 5°%7°Se values in the rock as a function
of position occurs in this model. Rock at great depth has
unaltered primary 8*Se values, rock in the distal (lower)
part of the reduction zone has a positive 5%2/7%Se, and rock
in the proximal part has negative 352/76ge,

This model is highly simplified, and the complexities of
the actual system must be considered. Most importantly,
flow rate in the actual system varies with position, as it is
controlled by fractures in the rock and permeability differ-
ences between shale and chert layers. This is obvious, con-
sidering the extreme variations in rock Se concentration
and §%77°Se over short distances. However, the simple
model for a homogeneous redox front can be extended to
describe 8°%7°Se variation within and near a fracture:
Water flowing along a fracture into a reducing zone would
evolve in essentially the same way as in the homogenous
model, with the proximal part of fracture receiving isotopi-
cally lighter deposited Se and the more distal parts receiving
heavier Se. Advection or diffusion of Se into rock masses
adjacent to the fracture would result in a similar pattern,
with rock masses immediately adjacent to the fracture
receiving isotopically light Se and rock masses farther from
the fracture receiving isotopically heavy Se. Based on these
considerations, we suggest that rock 3%2/7°Se values are
determined by the rock’s accessibility to incoming water.
The first reducing rock the water encounters acquires Se
with lower 8%7°Se values. More distal rock masses acquire
Se with greater 8°2/7°Se values.

Qualitatively, the pattern of 552/76Se values observed in
the Yutangba quarry fits this model. The material close to
the inferred fault intersected by transect 3 (Fig. 2; Fig. 6)
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Fig. 8. A conceptual model of the spatial variation of 8%%/76Se as a
function of distance in a highly simplified, one-dimensional system
with a redox front. The reducing zone begins at z = 0, and as water
flows downward, dissolved Se is gradually lost via reduction and its
8%27°Se value increases. In this particular example, isotopic
fractionation factor, o, is 1.010, the Se concentrations of the
primary rock and the inflowing water are 10 mg/kg and 0.05 mg/L,
respectively. The first-order reaction rate constant and the water
velocity are chosen such that reduction removes 50% of the
dissolved Se(VI) for every 1.39 m of depth, and 1000 pore volumes
of water have passed through. The isotopic composition of the
dissolved Se(VI) is calculated from the extent of reduction using the
Rayleigh distillation equation. Qualitatively, the pattern observed
here applies to any redox front: The precipitated Se causes a
decrease the 5°%/7°Se value of the rock near the top of the reduction
zone, but at great depth, it increases the 5%%/7%Se value. At greater
depth, the rock 8%2/7%Se value approaches primary values because
very little dissolved Se penetrates that far.

appears more friable and fractured than adjacent materials,
and, according to observations of seepage out of the rock
and visual indicators of weathering, it acts as a conduit
for flow. Because this zone is quickly accessed by infiltrat-
ing water, the model predicts it should have low &*¥7°Se.
Indeed, the lowest 5%2/7%Se values from the entire site are
found toward the lower side of this zone. An indication
of the redox activity occurring there is the existence of
abundant secondary framboidal pyrite (Fig. A2,
Appendix), which is known to be produced by sulfate
reducing bacteria (Wilkin et al., 1996; Donald and
Southam, 1999) or abiotic redox processes (Butler and
Rickard, 2000). Furthermore, because the rock layering is
not vertical, we expect that some of the water passing
through this zone seeps out of the fractures and downward
into the underlying layers (Fig 2). The model predicts that
8%%/7°Se should increase with increasing distance down-
section from the fracture; this is the pattern observed
(Fig. 6). A second, less obvious fault is located at approxi-
mately 155 cm in transect 1 (Fig. 6). Here again, 352765
values are low immediately below the fault, then increase

with increasing distance downward, reaching a maximum
value just above the lower fault.

Repeated redox cycling is another complicating aspect
of the real system that must be considered. Most of the
Se has been oxidized and re-reduced several times, as the re-
dox front has migrated downward. Furthermore, redox
conditions probably vary with changes in water influx, O,
infiltration and/or water table elevation. During a pulse
of higher flow, dissolved oxygen and other oxidants pene-
trate deeper and would enter the proximal parts of the
reducing zone. This would cause oxidative leaching of pre-
viously deposited Se, which in the proximal zone has low
5%2/768e. As flow slows, Se reduction would resume, and
the first Se deposited by the waters in the proximal part
of the reducing zone would be shifted to lower 8%2/7°Se, rel-
ative to the already low value of the dissolved Se. The oxi-
dized, dissolved Se that remained to migrate deeper would
be shifted to greater 3%2/7°Se. In this way, repeated oxida-
tion and reduction of Se should tend to continually drive
the more accessible rock masses to isotopically light compo-
sitions, and the more distal rock masses to isotopically hea-
vy compositions. Repeated cycling of this type would
generate extreme 552/765¢ values, as is observed at
Yutangba.

A final complicating factor is the possible presence of
both dissolved Se(IV) and dissolved Se(VI) in the descend-
ing waters. Partial reduction of Se(VI) to Se(IV), or isotopic
exchange between Se(IV) and Se(VI) (see above) would
tend to fractionate isotopes, with the Se(VI) becoming iso-
topically heavier. Because Se(VI) is less prone to adsorp-
tion, it would be mobile and thus penetrate more readily
to more distal or less accessible zones. This provides yet an-
other mechanism by which spatial variation of 352705
could be generated.

Interestingly, the average 5°7°Se for all samples from
transects 1 and 3, despite the very strong variability, is
0.45%, (n=239), very close to the fresh shales
(0.40 +0.71%,, 1SD, n = 40). Assuming transects 1 and 3
are representative of rocks in the redox front, this lack of
overall isotopic shift suggests that Se accumulates in a rel-
atively closed weathering system. Apparently, Se released
from weathering in the upper parts of the system has been
efficiently captured by the Yutangba reduction zone with-
out much loss of isotopically fractionated Se.

There is no significant correlation between 5%/7%Se and
Se concentration, but samples with very high Se levels gen-
erally span a wide range of 3%/7%Se, either more positive or
negative, indicating the process causing extreme enrichment
of Se is also causing the extreme 5%2/7°Se values, and that
the process is closely related to Se redox transformations
in this environment. As described above, repeated redox cy-
cling probably plays a role in creating deposits of Se that
are extremely fractionated isotopically, both light and hea-
vy. However, the relationship between Se concentration
and 5°7°Se depends on the details of redox cycling and
transport, and those details are not clear to us at this point.

The restricted range of 5%%/7°Se values and the lower
concentrations observed at Shadi reflect the lack of re-
peated redox cycling that created the Yutangba Se deposit.
Because the rock layering is horizontal at Shadi, Se
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mobilized by weathering can pass through the Se-rich, or-
ganic-rich strata into carbonate rocks below and is not
trapped semi-permanently as it is at Yutangba. Thus, the
concentration of secondary Se cannot build up to many
times the primary concentration. Furthermore, repeated re-
dox cycling of Se has not occurred to the extent it has at
Yutangba, although secondary Se with variable 552705
values probably exists within the Shadi outcrop, it is not
very abundant relative to the primary Se and thus the
whole-rock *%7°Se variation is muted.

5.5. Implications for Se and Se isotopes in modern and
ancient weathering zones

The results of this study have important implications for
the general understanding of Se and Se isotopes in near-
surface rocks and weathering environments. It should be
expected that Se is redistributed unevenly during weathering
of rocks rich in organic matter, sulfides, or other reductants.
Oxidative dissolution will generate dissolved Se which may
be re-deposited in underlying zones, especially if the organ-
ic-rich rock unit is thick or is steeply dipping, as in the
Yutangba case. The Se deposited in these zones can be dis-
tributed unevenly, especially in shales where micro-scale per-
meability is very low and fluid flow is focused in fracture
networks and/or faults. The isotopic composition of the
deposited Se may be spatially variable, as observed in this
study, with isotopically lighter Se in proximal zones and/or
fractures, and isotopically heavier Se elsewhere. If the re-
dox-driven redistribution process has operated for a long
time and redox cycling of Se has been repeated many times,
the magnitude of isotopic variation can be enhanced.

In light of this expected redistribution process, Se con-
centration and 8%%7°Se data from outcrops, quarries and
roadcuts, and even drill core from depths up to 100 m
should be considered with care. In the Yutangba drill cores,
significant 8°%7°Se shifts persist to more than 80 m below
the ground surface. This suggests oxidized Se penetrates
to that depth. This is probably caused in part by local topo-
graphic relief of about 200 m, which should tend to drive
groundwater flow to great depths. Sites with less relief
may not have such deep Se redistribution.

Our results and those of Clark and Johnson (2010) sug-
gest that dissolved Se mobilized by weathering is moder-
ately (e.g., 39,) enriched in heavy isotopes relative to
fresh rock. If this enrichment occurs in all or most weather-
ing zones, then riverine input to the oceans should be isoto-
pically heavy. However, it must be noted that with
sustained release of isotopically heavy Se, mass balance de-
mands the existence of a complementary, isotopically light
pool or flux of Se. Se is almost completely leached from the
most weathered rock and soil at both Yutangba and Shadi,
and although the highly weathered material at Shadi is iso-
topically light, the Se pool within it is too small and is not
isotopically light enough to be the required complementary
pool. In other words, if essentially all of the Se in the out-
crops is eventually dissolved, it is impossible to sustain iso-
topically heavy leachate. Furthermore, it is possible that
our four samples of seepage water and salt deposits may
not be representative of the long-term weathering flux of

dissolved Se. We conclude that it is possible for weathering
to produce isotopically fractionated Se, but further work
must be done to better understand long term, global weath-
ering fluxes.

According to our conceptual model (above), We assert
that fracture zones providing conduits for inflowing water
should have lower 8*¥7°Se relative to the remainder of
the rock. In the Yutangba quarry rocks, large differences
in 8%%7°Se occur over distances of only a few cm in all tran-
sects. In transect 3, only 60 cm long, extreme differences oc-
cur on this scale (Fig. 6), with the lowest 8**7°Se values
occurring in the friable rock that has been interpreted to
be a fault. The only reasonable interpretation we have
found is that this feature provides an important conduit
for water and the rock along the fracture thus receives Se
from water that has not previously been exposed to much
reduction. Further work should examine fractures and frac-
ture zones in greater detail and determine if this phenome-
non occurs universally.

6. CONCLUSIONS

Systematic variations of Se isotopic composition and
concentration occur in the weathering environment of
extraordinarily Se-rich carbonaceous shales and cherts of
the Permian Maokou formation at Shadi and Yutangba,
in Enshi prefecture, China. Nominally unaltered rock, with
an average of 210 mg/kg Se, displays a narrow range of
552/7%S¢ values varying from —1.699,, to 1.74%, with a mean
of 0.40 + 0.719,. This result adds to a growing body of
published data indicating that shales formed at various
times and in a wide range of environments tend to have
near-zero values prior to near-surface alteration. The
extraordinarily high primary Se concentrations in these
rocks are probably related to both their extremely high or-
ganic carbon contents (3.7-46.6%), nearby volcanism in the
Permian, and restricted water circulation in the basin of
deposition. Minor, systematic 8%2/7°Se variations occur in
the rocks, suggesting spatial and/or temporal biogeochem-
ical variations as the rocks were deposited.

Our Se concentration and isotope results from two dis-
tinct weathering regimes reveal systematic patterns of alter-
ation in the rock. In the Shadi section, the data reveal shifts
related to degree of weathering, in sub-horizontal strata.
Strongly weathered material has lost 60% to >90% of its
Se; the remaining Se is isotopically light by about 39, rela-
tive to the fresh rock. Weakly weathered rock has lost little
Se but has 8**7°Se values 1.7%, less than fresh rock. Seep-
age waters appear to be isotopically heavy by about 1.7%,,
but sampling was sparse. These data suggest that oxidative
weathering preferentially removes heavy isotopes, leaving
rock enriched in the lighter isotopes. It is not clear at pres-
ent if this applies to other weathering environments.

The weathering regime at Yutangba, which has similar
strata 20 km away from Shadi, is very different because
the strata are nearly vertical. As proposed by Wen and
Carignan (2011) based on a more limited data set, our re-
sults show conclusively that Se is efficiently trapped as
waters seep downward and interact with the organic-rich
rock. Se mobilized by oxidation becomes re-reduced and/
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or adsorbed, and deposited in a redox front that has
migrated downward over time, resulting in extreme Se
enrichment (1642 + 1505 mg/kg). This enrichment is
accompanied by extreme isotopic contrasts, with the largest
natural variations yet measured in a single study (—14.209%,
to 11.37%,) occurring over distances as small as 10 cm along
transects across the strata. This pattern indicates that water
seepage and Se redox cycling vary strongly with position
and are controlled by fractures and rock layering.

Our data and a simple conceptual model strongly sug-
gest that, within the zone of Se deposition, zones of in-
creased permeability that are accessed first by descending
waters are isotopically light, whereas less accessible zones
are heavy. Repeated redox cycling accentuates this pattern.
Speculatively, we suggest that 5%%/76Se data from organic-
rich shales may provide information about relative fluid
migration rates and may be useful to identify fast flow
paths through the shales.

Se isotope ratios have potential as indicators of biogeo-
chemical processes in modern environments and biogeo-
chemical conditions over earth history, but our results
suggest that primary isotopic compositions of organic-rich
rocks can be significantly altered by near-surface processes.
Outcrop samples can have strongly altered 3%2/7°Se values,
and even apparently fresh drill core, like that from up to
80 m depth at Yutangba, may be affected. Our results also
suggest that weathering tends to produce isotopically heavy
dissolved Se, at least under certain circumstances. Such a
shift would have implications for models of the global Se
cycle and interpretation of Se isotope data from past bio-
geochemical regimes.
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