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Abstract

The selenium (Se) isotope system has been proposed as a redox proxy in environmental and paleoceanographic studies.
However, Se isotope exchange among various Se species can potentially interfere with redox-related isotope signatures,
and is still poorly understood. In this work, we investigated Se isotope exchange kinetics and equilibrium fractionations
between aqueous Se(IV) and Se(VI) under various experimental conditions. At pH = 7, low-Se concentration experiments
(0.026 mM Se(IV) and 0.026 mM Se(VI)) at 25 �C, 38 �C and 60 �C were conducted for 900 days, while high-Se concentrations
(0.13 mM Se (IV) and 0.14 mM Se(VI); 1.3 mM Se(IV) and 1.4 mM Se(VI)) at 60 �C were conducted for 1547 days. All exper-
iments did not reach isotopic equilibrium, with observed Se isotope fractionations <0.20‰. Adding an electronic shuttle
(Anthraquinone-2, 6-disulfonate) did not increase the isotope exchange rate. These results show that under the experimental
conditions examined, the isotope exchange reaction between aqueous Se(IV) and Se(VI) is extremely slow.

The exchange kinetics between Se(IV) and Se(VI) were also investigated using a 82Se tracer. The exchange rates (R) at
0.13 mM Se(IV) and 0.13 mM Se(VI) at 25 �C, 38 �C and 60 �C were determined to be �6.34 � 10�10 M day�1,
�1.12 � 10�09 M day�1 and �1.17 � 10�09 M day�1, respectively. Using the upper bound for the isotope exchange rate at
25 �C and theoretically calculated equilibrium fractionations, and assuming a first order isotope exchange reaction between
Se(IV) and Se(VI) by analogy to the sulfur system, the timescale of isotope exchange between aqueous Se (IV) and Se (VI) in a
natural lake (Sweitzer Lake, Colorado, USA) was estimated. The minimum half-time (t1/2, time to reach 50% isotopic equi-
librium) and the minimum time for detectable isotope exchange (tmin) are �440,000 and �18,000 years, respectively. In the
modern oceans, t1/2 and tmin are �51 million and �3.6 million years, respectively. These timescales are much longer than
the residence time of Se in Sweizer Lake (2.4 years) and the modern ocean (26,000 years). Therefore, when using Se isotopes
to trace the biogeochemical cycle of Se in lakes and oceans, the effect caused by isotope exchange between aqueous Se(IV) -Se
(VI) systems is insignificant.
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1. INTRODUCTION

Selenium is a redox sensitive element with four main
valences in nature: -II (Se2�, HSe�, and organic Se), 0
(Se0), IV (SeO3

2�, HSeO3
�, and H2SeO3) and VI (SeO4

2�,
HSeO4

� and H2SeO4) (Robberecht and Grieken, 1982;
Cutter, 1982; Brookins, 1988; Johnson, 2004; Zhu et al.,
2004). Se(IV) and Se(VI) are the dominant species in oxic
environments (McNeal and Balistrieri, 1989; Johnson
et al., 2000; Herbel et al., 2002; Clark and Johnson, 2010;
Qin et al., 2017a, 2017b). However, in reducing environ-
ments, Se oxyanions (Se(IV) + Se(VI)) can be reduced to
elemental Se and the metal selenides (Oremland et al.,
1989; Frankanberger and Benson, 1994; Shaker, 1996;
Zhu et al., 2004, 2012; Clark and Johnson, 2010). Elemental
Se and selenides are almost insoluble in water and thus Se is
nearly immobile in reducing environments. In contrast, Se
oxyanions are soluble and mobile, and they can be
adsorbed to iron-manganese oxides and organic matter
(Balistrieri and Chao, 1990; Zhang and Sparks, 1990;
Saeki and Matsumoto, 1994; Saeki et al., 1995;
Pezzarossa et al., 1999; Catalano et al., 2006; Duc et al.,
2003, 2006; Rovira et al., 2008). Since Se(IV) is more easily
adsorbed than Se(VI) (Balistrieri and Chao, 1990; Duc
et al., 2006; Mitchell et al., 2013), a large proportion of
Se(IV) is absorbed onto sediments, which makes Se (VI)
predominating in lakes and oceans. The ratio of Se (IV)/
Se (VI) is generally less than 1 in rivers and surface seawater
(Measures and Burton, 1980; Measures et al., 1984; Cutter
and Bruland, 1984; Aono et al., 1991; Cutter and Cutter,
1995, 1998, 2001, 2004; Hung and Shy, 1995; Yao and
Zhang, 2005; Chang, 2017).

Selenium has six stable isotopes: 74Se (0.89%), 76Se
(9.37%), 77Se (7.64%), 78Se (23.77%), 80Se (49.61%) and
82Se (8.73%). The study of Se isotope fractionation can be
dated back to 1962, when Krouse and Thode (1962) first
measured Se isotope fractionations (d82/76Sereactant - d

82/76-
Seproduct = 15‰) during reduction of Se(VI) to Se(0) using
NH2OH at room temperature. Johnson (2004) systemati-
cally summarized Se isotope fractionation induced by oxi-
dation, reduction, adsorption, methylation and biological
assimilation. The reviewed studies found Se isotope frac-
tionations caused by abiotic and/or biotic reduction of Se
(VI) to Se(IV) and Se(IV) to Se(0) to be 3.90–11.04‰ and
8.25–12.6‰ (relative to NIST SRM 3149), respectively
(Johnson et al., 1999; Johnson and Bullen, 2003; Herbel
et al., 2000; Ellis et al., 2003), and by oxidation of elemental
Se and Se(IV) to Se(VI) to be less than 1‰ (Johnson et al.,
1999; Schilling et al., 2015). The fractionation of Se isotopes
during adsorption processes is relatively small, generally
less than 1‰ (Johnson et al., 1999; Mitchell et al., 2013).
The 482/76Se (d82/76Sesolution-d

82/76Sesolid) of Se(IV)
adsorbed onto iron oxide is less than 1.0‰, while
482/76Se for the Se(VI) adsorbed onto iron oxide is less
than 0.2‰ (Mitchell et al., 2013; Xu et al., 2020). Selenium
isotope fractionation in assimilation and methylation for Se
oxyanions by algae, phytoplankton and large plants is small
(482/76Se < 1.5‰) (Johnson et al., 2000; Herbel et al., 2002;
Clark and Johnson, 2010), but it is larger (<4.5‰) during
the methylation and volatilization processes by fungi
(Schilling et al., 2011, 2013).

The selenium isotope system has been applied to tracing
the biogeochemical transformations of Se in various envi-
ronmental settings (Johnson et al., 1999, 2000; Herbel
et al., 2002; Rouxel et al., 2004; Clark and Johnson, 2010;
Layton-Matthews et al., 2013; Zhu et al., 2014; Schilling
et al., 2015), to reconstructing the redox conditions of the
atmosphere-ocean system over various spatial and temporal
scales (Mitchell et al., 2012, 2016; Wen et al., 2014; Pogge
von Strandmann et al., 2015; Stüeken et al., 2015a,b,c;
Stüeken, 2017; Kipp et al., 2017; König et al., 2019), and
to investigating the origin and evolution of Earth’s volatiles
(Labidi et al., 2018; Yierpan et al., 2018, 2019; Varas-Reus
et al., 2019). However, as one of the fundamental prerequi-
sites for understanding the application of Se isotopes, iso-
tope exchange between different valence states of Se has
received little attention. Studies on isotope exchange for
other elements such as Cr, U, Mg and Fe has found signif-
icant equilibrium isotope fractionations (Wang et al.,
2015a,b; Zink et al., 2010; Johnson et al., 2002; Welch
et al., 2003; Skulan et al., 2002; Wiesli et al., 2004; Beard
et al., 2010; Wu et al., 2010, 2011; Gorski et al., 2012;
Frierdich et al., 2014a, 2014b; Reddy et al., 2015; Li
et al., 2011, 2015; Shahar et al., 2008; Macris et al.,
2013). Meanwhile, in the past 60 years, equilibrium isotope
exchange and kinetic effects between different speciation of
sulfur have been extensively studied and applied
(Mcdonald, 1961; Igumnov, 1976; Sakai and Dickson,
1978; Sakai, 1983; Fossing et al., 1992; Eldridge et al.,
2016). However, studies on equilibrium isotope fractiona-
tion between different Se speciation have been limited to
theoretical calculations (Krouse and Thode, 1962;
Schauble, 2004; Li and Liu, 2011).

Selenium (IV) and Se(VI) are the two most predominant
species in the surface environment, and they can coexist for
a long time. For example, the residence times of Se in one
lake was reported to 2.4 years (Clark and Johnson, 2010)
whereas in the ocean it was estimated at 26,000 years
(Large et al., 2015). First-principles calculations showed
that equilibrium Se isotope fractionation between Se(IV)
and Se(VI) at 25 �C is 13.78‰ (for HSeO3

�- SeO4
2�) or

13.28‰ (for SeO3
2�- SeO4

2�) (Li and Liu, 2011), but the
timescales for detectable isotope exchange are unknown.
Therefore, experimental determination of the equilibrium
fractionation and isotope exchange kinetics between Se
(IV) and Se (VI) are of great significance to the application
of Se isotope system to tracking geochemical processes. In
this work, we investigated Se isotope exchange kinetics
between HSeO3

� and SeO4
2� at pH = 7 under different

experimental temperatures and at different Se concentra-
tions. An electronic shuttle (Anthraquinone-2, 6-
disulfonate, AQDS) was also tested for its capability of pro-
moting electron transfer between Se(VI) and Se(IV) and
thus enhancing isotope exchange rates. A 82Se tracer was
used in some of the experiments to increase the ability to
detect slow isotope exchange.
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2. EXPERIMENTS AND METHODS

2.1. Materials and reagents

Na2SeO3 and Na2SeO4 powders (>98.0% purity) and an
82Se spike solution were purchased from Alfa Aesar. 80 mg
Na2SeO3 and 180 mg Na2SeO4 powders were used to pre-
pare 5.98 mM Se(IV) and 13 mM Se(VI) solutions, with
their d82/76Se measured to be �1.18 ± 0.10‰ (2SD, n = 8)
and �0.60 ± 0.10‰ (2SD, n = 8), respectively. Before the
experiment, the pH of Se(IV) and Se(VI) stock solution
was adjusted to 7 with a buffer (25 mM HEPES) and stored
at 4 �C. A solution of Se(IV) enriched in 82Se
(d82/76Se = 1089 ± 8‰ (2SD, n = 22)) was prepared by
mixing 0.65 mM 82Se and 0.65 mM Na2SeO3 solution at a
ratio of 1:1. Sodium hydroxide (pellets, 98% purity),
1.0 N Sodium hydroxide (Acculute Standard Volumetric
Solution), trace metal HNO3 and analytical grade HCl were
obtained from Thermo Fisher Scientific. The ultrapure
water used in this work was purified by a Milli-Q Element
system (Millipore, USA). The AG1-X8 anion resin (200–
400 mesh, Bio-Rad) was cleaned in turn with methanol,
1 M NaOH, 1 M HCl and stored in 0.1 M HCl.

2.2. Experimental design

2.2.1. Isotope exchange experiments of aqueous Se(IV)-Se

(VI)

Isotope exchange rate is influenced by the reactant con-
centration and temperature (Johnson et al., 2002; Welch
et al., 2003; Wang et al., 2015a,b). Therefore, we conducted
our experiments at different temperatures and Se concentra-
tions. High-Se and high-T experiments were designed to
obtain the equilibrium fractionation factor in a reasonable
duration of time, while low-Se and low-T experiments were
designed to measure isotope exchange kinetics in conditions
closer to natural environments.

Low-Se experiments with 0.026 mM Se(IV) and
0.026 mM Se(VI) were conducted at 25 �C (EXP 1), 38 �C
(EXP 2) and 60 �C (EXP 3). High-Se experiments were all
conducted at 60 �C, with 0.13 mM Se(IV) and 0.14 mM
Se(VI) for EXP 4, and 1.3 mM Se(IV) and 1.4 mM Se(VI)
for EXP 5. In order to promote isotope exchange, an elec-
tron shuttle, 0.2 M 2,6-anthraquinone disulphonate
(AQDS), was added to two experiments at 25 �C (EXP 6)
and 60 �C (EXP 7), both with 1.3 mM Se(IV) and
1.9 mM Se(VI). Quinones are the dominant redox active
moieties associated with natural organic matter (Nurmi
and Tratnyek, 2002). AQDS, which has a quinone moiety,
is a widely used model electron shuttle to represent natural
organic matter. The advantage of using AQDS is that there
has been good understanding of this molecule. To demon-
strate that the HEPES buffer does not interfere with isotope
exchange. We conducted one control experiment without
HEPS buffer at pH 3.5 and 60 �C with 0.13 mM Se(IV)
and 0.13 mM Se(VI).

All experiments used 10 mM NaCl solution as the back-
ground electrolyte to keep the ionic strength the same for
all experiments, and were buffered at pH 7 by 25 mM
HEPES buffer. Se(IV) and Se(VI) solutions with a total vol-
ume of 20 mL were mixed in a 30 ml serum bottle. Pure N2

was used to purge the solution for 20 min to remove oxy-
gen. The sealed experimental vessels were placed in a ther-
mostat oscillator at 25 �C and two thermostat water baths
at 38 ± 2 �C and 60 ± 2 �C, respectively. At each sampling
time point, 0.2 mL sample solution was withdrawn from the
bottle, and the volume was replenished with N2. After the
sample was taken out, it was immediately diluted to
200 ng/mL with ultra-pure water and processed through
anion exchange columns to separate Se(IV) and Se(VI).

2.2.2. Kinetic isotope exchange experiment

Given slow isotope exchange rates based on the experi-
ments mentioned above, we used an 82Se-enriched Se(IV)
in order to detect small extent of isotope exchange, follow-
ing a similar experimental scheme in Welch et al. (2003) and
Wang et al. (2015a). Briefly, 0.65 mM Se (IV) with a
d82/76Se of 1089 ± 8‰ (2SD, n = 22) and 0.65 mM Na2-
SeO4 with a d82/76Se of �0.60 ± 0.10‰ (2SD, n = 8) were
mixed at 1:1 mass ratio. This solution was then diluted to
0.13 mM Se(IV) and 0.13 mM Se(VI), injected into three
30 mL serum bottles each containing 10 mL solution, and
sealed after 20 min nitrogen purging. These bottles were
placed on thermostat oscillator maintained at 25 �C (EXP
8), 38 �C (EXP 9) and 60 �C (EXP 10). Subsequent steps
were the same as those described in Section 2.2.1.

2.3. Separation of Se(IV) and Se(VI)

The procedures for separating aqueous Se(IV) and Se
(VI) were modified from Ellis et al. (2003) and Clark and
Johnson (2010), which took advantage of Se(IV) and Se
(VI) having different affinities with an anion exchange resin
(AG1-X8, 200–400 mesh) when they are dissolved in HCl of
different concentrations. We tested the method and
obtained the elution curve that clearly shows good separa-
tion of Se(IV) and Se(VI) from sample solution (Fig. S1).
The recoveries for Se(IV) and Se(VI) were nearly 100%
(Table 1). The separated d82/76Se(IV) and d82/76Se(VI) val-
ues were consistent with the isotopic composition of
stock-Se(IV) and stock-Se(VI) (Table 1). Briefly, 1 mL of
AG1-X8 resin was filled into 10 mL Bio-Rad Polyprep col-
umns. The resin was cleaned with 10 mL 6 M HCl and
rinsed with MQ water until the eluent became neutral,
and then conditioned with MQ water. Sample solutions
were diluted with MQ water to 200 ng/mL Se(IV) and
200 ng/mL Se(VI), and then taking 1 mL of diluted solu-
tions were loaded onto the columns. Matrix elements were
rinsed off the columns by 5 mL MQ water. After that, Se
(IV) and Se(VI) were eluted with 5 mL 0.1 M HCl and
5 mL 5 M HCl, respectively. In order to minimize cross-
contamination between 82Se-enriched Se(IV) and isotopi-
cally natural Se(VI), the elution volume for Se(IV) was
increased from 5 mL to 8 mL for the 82Se-enriched
experiments.

2.4. Se concentration and isotope measurement

The concentrations of Na2SeO3, Na2SeO4,
82Se tracer,

and separated Se(IV) and Se(VI) were determined by



Table 1
Cross-contamination during ion exchange separation of Se (IV) and Se (VI).

Sample number Recovery (%) for Se(IV) Recovery (%) for Se(VI) d82/76Se(IV), ‰ d82/76Se(VI)#, ‰ d82/76Se(VI)*, ‰

Stock-Se �1.18 �0.60

Test 1 99.82 99.76 �1.18 �0.58 �0.58
Test 2 98.14 99.58 �1.20 �0.65 �0.65
Test 3 99.12 102.99 �1.20 �0.53 �0.53
Test 4 100.94 100.74 �1.12 �0.62 �0.62
Test 5 99.61 100.63 �1.22 �0.64 �0.64
Test 6 98.51 102.66 �1.31 �0.72 �0.72
Average 99.36 101.02 �1.21 �0.62 �0.62

2SD 2.01 2.93 0.13 0.13 0.13

Stock-Se 1089 �0.60

Test 7 98.13 100.31 1091 5.01 �0.45
Test 8 101.08 99.86 1098 1.99 �3.52
Test 9 99.85 100.20 1087 1.94 �3.51
Test 10 100.45 99.53 1090 4.83 �0.63
Test 11 98.62 101.74 1089 7.94 2.50
Test 12 98.43 102.57 1088 5.58 0.14
Test 13 98.49 103.32 1087 3.14 �2.19
Average 99.29 101.08 1090 4.35 �1.11

2SD 2.15 2.94 7.66 4.31 4.34

# No cross-contamination correction.
* Corrected for cross-contamination.
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hydride generation atomic fluorescence spectrometry (HG-
AFS) at the Institute of Geochemistry, Chinese Academy of
Sciences. 0.2% NaOH-1.5% KBH4 (w/w) was used as a
reductant to convert Se(IV) to H2Se (Zhu et al., 2008,
2014). For Se(VI) samples, Se(VI) was first reduced to Se
(IV) by 5 M HCl before being analyzed. The concentrations
of separated Se(IV) and Se(VI) were also obtained by the
double spike technique (see below), and used to monitor
whether there was reduction or oxidation occurring during
the experiments.

The d82/76Se values were determined on the Nu Plasma II
MC-ICPMS (Nu instrument, UK) at the State Key Labora-
tory of Environmental Geochemistry, Institute of Geochem-
istry, Chinese Academy of Sciences. Themass discrimination
effect of the instrument and potential isotope fractionation
during sample preparation processes were corrected by a
74Se-77Se double spike (DS) technique (Zhu et al., 2008,
2014). Since the recoveries of Se(IV) and Se(VI) were
�100%, no detectable isotope fractionation occurs in this
purification process. Therefore, the DS can be added after
column separation. We confirmed this by processing NIST
3149 (Se(IV) + Se(VI)) through the same procedures, which
yielded a value of 0.03 ± 0.06‰ (2SD, n = 3) for separated
Se(IV) and 0.01 ± 0.07‰ (2SD, n = 3) for separated Se(VI)
(Table S1). In addition, the newly mixed solution in EXP
1–10 was separated, and the isotopic composition of Se
(IV) and Se (VI) after separation was consistent with stock-
Se(IV) and stock-Se(VI) (Table 1). Therefore, the 74Se-77Se
DS in the form of Se(IV) was added after column separation
but the separated Se (VI) was firstly mixed with DS and then
reduced by 5 M HCl. A 77Sespike/

78Sesample ratio of 2 was
aimed to minimize errors during data reduction. Sample-
spike mixtures were allowed to equilibrate overnight before
measurement on the instrument. These operations ensured
that the addition of double spike after Se(IV)-Se(VI) separa-
tion is acceptable.

The Nu plasma II MC-ICPMS is equipped with 16 Fara-
day cups:Ax, L5, L2,H2,H6 andH8were used to receive sig-
nals of 76Se, 74Se, 77Se, 78Se, 80Se and 82Se, respectively; L4,
IC2 and H7 were used to monitor the interferences of 75As,
73Geand 81Br, respectively.The sampleswere introduced into
theplasma throughahydridegeneration system that converts
Se (IV) to H2Se (Rouxel et al., 2002; Zhu et al., 2008). The
instrument was operated in the low resolution mode. With
an injection concentration of�6 ng/mL and an injection rate
of 0.7 mL/min, the signal intensity of 82Se was commonly
�1.5–2 V.Thepolyatomic interferencesof36Ar40Ar+,38Ar40-
Ar+ on 76Se and 78Se were subtracted through On Peak Zero
(OPZ) measurements and a secondary correction derived
from measurement of the combined signal from 80Se and 40-
Ar40Ar+ at m/z = 80 (Zhu et al., 2008). Correction for inter-
ferences of Ge+, AsH+ and BrH+ was similar to that of
Clark and Johnson (2010). Each measurement consisted of
3 blocks, with each blocking comprising 10 cycles and each
cycle lasting 5 seconds. One NIST 3149 standard solution
wasmeasured every 3–5 samples tomonitor instrument drift,
which was typically <0.10‰ within a year. Analytical accu-
racy was monitored by measuring the laboratory standard
MH495 (d82/76Se = �3.44 ± 0.10‰) and GBW-Se
(d82/76Se = �7.92 ± 0.10‰) every 10 samples. Here, the
uncertainty of d82/76Se values in all experiments were esti-
mated by measuring the isotope composition of separated
Se (IV) and Se (VI) from a mixed Se (IV)-Se (VI) solution.
Analytical uncertainty for both d82/76Se (IV) and d82/76Se
(VI) in experiments without 82Se-tracer were ±0.13‰ (2SD,
n = 6) (Table 1), while for the experiments with 82Se-tracer
used, the uncertainty were ±7.66‰ (2SD, n = 7) for d82/76Se
(IV) and ±4.34‰ (2SD, n = 7) for d82/76Se (VI) (Table 1).
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2.5. Correction for cross-contamination during the separation

of Se(IV) and Se(VI)

Although there is small cross-contamination between Se
(VI) and Se(IV) during column separation, because only Se
(IV) was reduced by KBH4, the concentration and isotopic
composition of Se(IV) was not affected by the contamina-
tion from Se(VI). On the other hand, Se(VI) needs to be
reduced to Se (IV) before hydrogenation. Therefore, cross
contamination of Se(IV) on Se(VI) will jeopardize the deter-
mined concentration and isotopic composition of Se(VI).
The kinetic experiments were particularly prone to cross-
contamination because the d82/76Se(IV) value was very large
(1089 ± 8‰). For instance, if 5% Se(IV) enters into Se(VI),
it can cause a deviation of �50‰ in measured d82/76Se(VI).

Four separation experiments were conducted to test the
separation efficiency with AG1-X8 resin. Tests 1–6 were
Table 2
Se isotope shifts driven by Se (IV) - Se (VI) exchange without an electro

Time [Se(IV)/[Se(VI]a d82/76Se(IV) d82/76Se(VI)
(days) ‰ ‰

EXP 1: Temperature:25�C; pH = 7; 0.026 mM Se(IV)-0.026 mM Se(VI)

0 1.02 �1.20 �0.60

2 1.05 �1.21 �0.53
6 1.09 �1.18 �0.65
30 1.03 �1.23 �0.66
85 1.00 �1.22 �0.51
214 1.02 �1.15 �0.58
456 1.03 �1.24 �0.56
907 1.08 �1.22 �0.62
EXP 2: Temperature:38�C; pH = 7; 0.026 mM Se(IV)-0.026 mM Se(VI)

2 1.03 �1.11 �0.49
6 1.05 �1.23 �0.64
30 1.08 �1.22 �0.61
85 1.05 �1.18 �0.54
214 1.05 �1.25 �0.61
456 1.04 �1.12 �0.65
907 1.04 �1.20 �0.71
EXP 3: Temperature:60�C; pH = 7; 0.026 mM Se(IV)-0.026 mM Se(VI)

2 0.94 �1.11 �0.55
6 1.04 �1.22 �0.59
30 1.05 �1.29 �0.78
214 1.06 �1.23 �0.56
456 1.01 �1.20 �0.65
907 1.04 �1.35 �0.67
EXP 4: Temperature:60�C; pH = 7; 0.13 mM Se(IV)-0.14 mM Se(VI)

2 0.92 �1.33 �0.65
5 0.94 �1.18 �0.64
40 0.93 �1.16 �0.67
577 0.88 �1.07 �0.43
847 0.86 �1.18 �0.59
1547 0.82 �1.15 �0.66
EXP5:Temperature:60�C; pH = 7; 1.3 mM Se(IV)-1.4 mM Se(VI)

2 0.95 �1.25 �0.67
5 0.92 �1.21 �0.66
160 0.93 �1.19 �0.63
577 0.90 �1.17 �0.57
847 0.89 �1.13 �0.64
1547 0.81 �1.22 �0.57

a Concentration ratio of Se(IV) to Se(VI); F refer to Eq. (3).
* Corrected for cross contamination.
duplicate experiments with 200 ng/mL Se (IV) mixed with
200 ng/mL Se (VI), both with normal isotopic compositions
(d82/76Se(IV) = �1.18 ± 0.10‰ (2SD, n = 8) and d82/76Se
(VI) = �0.60 ± 0.10‰ (2SD, n = 8)); Test 7–13 are dupli-
cate experiments with 200 ng/mL 82Se-enriched Se (IV)
(d82/76Se(IV) = 1089. ± 8‰; 2SD, n = 22) and 200 ng/mL
normal Se(VI) (d82/76Se(VI) = �0.60 ± 0.10‰;2SD,
n = 8). The results are shown in Table 1. The recoveries
of Se(IV) and Se(VI) in Test 1–6 were 99.36 ± 2.01%
(2SD, n = 6) and 101.02 ± 2.93% (2SD, n = 6), respec-
tively. Measured d82/76Se(IV) was �1.21 ± 0.13‰ (2SD,
n = 6) and d82/76Se(VI) was �0.62 ± 0.13‰ (2SD, n = 6),
both in agreement with those of unprocessed mother solu-
tions. For Test 7–13, the recoveries of Se (IV) and Se (VI)
were 99.29 ± 2.17% (2SD, n = 7) and 101.08 ± 2.94%
(2SD, n = 7), respectively. The d82/76Se(VI) = 4.35
± 4.31‰ (2SD, n = 7) was slightly heavier than that of
nic shuttle.

d82/76Se(VI) * Offset VI-IV* F F
‰ ‰ Se(IV) Se(VI)

�0.62 0.60

�0.53 0.69 0.002 0.011
�0.65 0.53 �0.003 �0.007
�0.66 0.57 0.005 �0.009
�0.51 0.71 0.003 0.014
�0.58 0.57 �0.008 0.004
�0.56 0.68 0.006 0.007
�0.62 0.60 0.003 �0.003

�0.49 0.62 �0.015 0.019
�0.64 0.59 0.005 �0.006
�0.61 0.61 0.003 �0.001
�0.54 0.64 �0.003 0.010
�0.61 0.64 0.008 �0.001
�0.65 0.47 �0.013 �0.008
�0.71 0.49 0.000 �0.018

�0.55 0.56 �0.017 0.010
�0.59 0.63 0.004 0.002
�0.78 0.51 0.017 �0.033
�0.56 0.67 0.006 0.008
�0.65 0.55 0.000 �0.009
�0.67 0.68 0.028 �0.012

�0.65 0.68 0.023 �0.009
�0.64 0.54 �0.004 �0.007
�0.67 0.49 �0.007 �0.013
�0.43 0.64 �0.023 0.033
�0.59 0.59 �0.004 0.003
�0.66 0.49 �0.009 �0.011

�0.67 0.58 0.009 �0.013
�0.66 0.55 0.002 �0.011
�0.63 0.56 �0.002 �0.005
�0.57 0.60 �0.005 0.006
�0.64 0.49 �0.012 �0.007
�0.57 0.66 0.005 0.006
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mother Se(VI) solution, due to cross-contamination by Se
(IV).Therefore, the measured d82/76Se(VI) in the kinetic
experiment needs to be effectively corrected for cross-
contamination.

The correction method for cross contamination between
Se(IV) and Se(VI) was accomplished by solving simple mix-
ing equations (Wang et al., 2015a,b):

d82=76Se VIð Þ� ¼ d82=76SeðVIÞ � f � d82=76SeðIVÞ
1� f

ð1Þ

where f is the mass fraction of Se(IV) in the Se(VI) sample,
d82/76Se(IV) and d82/76Se(VI) are the measured values of Se
(IV) and Se(VI) after separation, respectively, and d82/76Se
(VI)* is the corrected value of Se(VI). The average recover-
ies of Se(IV) and Se(VI) were 99.32% (n = 13) and 101.05 %
(n = 13), respectively (Test 1 through Test 13 in Table 1).
However, since Se(IV) loss could also have occurred during
sample loading and MQ rinsing, Se(IV) cross-over into Se
(VI) would be <0.57% (i.e. f < 0.0058: 0.0058/(1.0105
+ 0.0058)). In this paper, we assumed f = 0.005 to calculate
cross contamination of Se(IV) on Se(VI). For EXP 1–7, the
correction is smaller than the analytical precision for nor-
mal samples of ±0.2‰ (2SD) (Tables 2 and 3). However,
for EXP 8–10, the correction is 5.31‰ on average (Table 4).
Errors in estimating the recoveries of Se(IV) and Se(VI)
could lead to errors in the correction. However, this level
of error is smaller than the analytical precision for samples
at �1100‰ levels, which was ±7.66‰ (Table 1).

3. RESULTS

The results for low-Se exchange experiments without
AQDS are shown in Table 2 and Fig. 1A–C. After
900 days, all d82/76Se values were, within analytical uncer-
tainty, the same as the starting mother solutions. Similar
results were observed for high-Se isotope exchange experi-
ments without AQDS at 60 �C (Table 2 and Fig. 1D and
E even after 1547 days of reaction. The values of 482/76Se-
IV-IV are 0.48‰ and 0.66‰, respectively, which are the same
Table 3
Se isotope shifts driven by Se (VI) - Se (VI) exchange with AQDS electr

Time [Se(IV)/[Se(VI]a d82/76Se(IV) d82/76Se(VI)
(Days) ‰ ‰

EXP 6: Temperature:25�C; pH = 7; 1.3 mM Se(IV)-1.9 mM Se(VI), 0.2

0 0.70 �1.18 �0.60

24 0.79 �1.38 �0.53
65 0.68 �1.14 �0.69
95 0.65 �1.23 �0.67
365 0.69 �1.16 �0.70
425 0.74 �1.07 �0.67
1095 0.64 �1.17 �0.63
EXP 7: Temperature:60�C; pH = 7; 1.3 mM Se(IV)-1.9 mM Se(VI), 0.2

24 0.76 �1.29 �0.45
65 0.67 �1.13 �0.69
95 0.78 �1.29 �0.63
365 0.73 �1.12 �0.73
425 0.65 �1.28 �0.64
1095 0.74 �1.19 �0.61

a Concentration ratio of Se(IV) to Se(VI).
* Correction for cross contamination.
as the 0.58‰ initial difference between d82/76Se (VI) and
d82/76Se (IV). At high Se concentrations and temperatures,
adding AQDS did not improve isotope exchange rates
(Table 3, Fig. 2). The control experiment with no HEPES
added at pH �7 and 3.5 also did not show detectable iso-
tope exchange (Figs. S2, S3). For experiments EXP 8–10,
utilizing the 82Se tracer, there appeared to be some system-
atic increase in d82/76Se(VI) after 910 days of exchange
(Table 4, Fig. 3). However, the changes of d82/76Se(IV) in
EXP 8 (correlation coefficient r = 0.44, p = 0.38) and
EXP 9 (r = 0.55, p = 0.26) were not statistically significant
by Pearson correlation test at the level of 0.05. However,
the d82/76Se(IV) of EXP 10 had a significant positive rela-
tionship with time (r = 0.85, and p = 0.03), indicating that
a small amount of isotopic exchange occurred.

4. DISCUSSION

4.1. Oxidation and reduction during isotope exchange

In these experiments, potential oxidation of Se(IV) or
reduction of Se(VI) can lead to isotope fractionation
(Rees and Thode, 1966; Johnson et al., 1999; Herbel
et al., 2000; Johnson and Bullen, 2003; Ellis et al., 2003;
Schilling et al., 2015) and interfere with the experiments’
ability to determine the effects of isotope exchange. In this
paper, we used the concentration ratio of Se(IV) to Se(VI)
(i.e. [Se(IV)]/[Se(VI)]) to monitor whether oxidation of Se
(IV) and/or reduction of Se(VI) occurred. In EXP 1–3
and EXP 8–10, the initial [Se(IV)]/[Se(VI)] was targeted to
be 1.0, with an estimated range of 0.86–1.14 (1.00 ± 0.14,
2SD, n = 200; Monte- Carlo method for error calculation)
based on a ±5% analytical error in Se concentration mea-
surement by HG-AFS or MC-ICP-MS analysis. In EXP
4–5 and EXP 6–7, the range of [Se(IV)]/[Se(VI)] stay in
the ranges of 0.78–1.02 and 0.60–0.80, respectively. Hence,
the measured data (Table 2–4, Figs. 1–3) in all experiments
show that the Se(IV)/Se(VI) remained unchanged within
the analytical uncertainty.
onic shuttle.

d82/76Se(VI)* Offset IV-VI* F F
‰ ‰ Se(IV) Se(VI)

M AQDS

�0.62 0.56

�0.53 0.85 0.023 0.014
�0.69 0.45 �0.008 �0.016
�0.67 0.56 0.004 �0.013
�0.70 0.46 �0.005 �0.018
�0.67 0.40 �0.017 �0.013
�0.63 0.54 �0.004 �0.005

M AQDS

�0.45 0.85 0.015 0.035
�0.69 0.44 �0.011 �0.020
�0.63 0.66 0.014 �0.006
�0.73 0.39 �0.012 �0.029
�0.64 0.64 0.012 �0.008
�0.61 0.58 �0.002 �0.002



Table 4
Results of kinetic isotope exchange experiments using 82Se-enriched Se (IV).

Times, days [Se(IV)/[Se
(VI]

d82/76Se
(IV)

d82/76Se
(VI)

d82/76Se(VI)
*

Offset F F Recovery Recovery

‰ ‰ ‰ IV-VI*‰ Se(IV) Se(VI) % Se(IV) % Se(VI)

EXP 8: Temperature:25�C; pH = 7; 0.13 mM Se(IV) �0.13 mM Se(VI)

(R � 6.34 � 10�10 M day�1)

0 1089 �0.60 �1.11 �1090
28 1.03 1091 5.81 1.30 �1090 �0.004 0.003 99.41 98.13
78 1.06 1087 5.22 0.79 �1087 0.003 0.003 101.85 95.72
108 1.09 1089 7.07 2.34 �1087 �0.001 0.005 102.20 97.88
231 1.01 1087 8.79 3.36 �1084 0.003 0.007 98.84 98.21
820 0.97 1088 7.25 1.81 �1086 0.002 0.004 99.16 102.45
910 1.01 1090 8.67 3.24 �1087 �0.001 0.004 99.30 99.21
EXP 9: Temperature:38�C; pH = 7; 0.13 mM Se(IV) �0.13 mM Se(VI)

(R � 1.12 � 10�09 M day�1)

28 0.99 1094 5.74 0.30 �1094 �0.010 0.002 98.59 104.09
78 1.02 1088 4.81 �0.64 �1089 0.001 0.000 99.11 98.96
108 1.02 1090 6.76 1.32 �1089 �0.003 0.003 99.55 98.28
231 0.99 1087 3.94 �1.51 �1088 0.007 �0.002 97.06 97.88
820 1.00 1088 5.44 0.01 �1088 0.002 0.001 99.60 97.41
910 1.04 1088 9.19 3.76 �1084 0.001 0.008 101.61 98.05
EXP 10: Temperature:60�C; pH = 7; 0.13 mM Se(IV) �0.13 mM Se(VI)

R# = 5.61 � 10�10M day-1, (R � 1.17 � 10�09 M day�1)

28 0.96 1096 5.24 �0.21 �1096 �0.013 0.001 97.71 103.70
78 0.99 1088 5.04 �0.41 �1088 0.003 0.000 100.04 103.04
108 0.99 1089 6.25 0.81 �1088 0.000 0.003 99.03 101.55
231 0.90 1087 3.80 �1.65 �1088 0.004 �0.002 98.23 101.13
820 0.98 1088 7.83 2.40 �1086 0.000 0.005 100.42 100.81
910 0.95 1084 9.86 4.44 �1079 0.010 0.009 98.60 104.31

* Correction for Cross Contamination.
# since measured values for EXP 10 has a clear statistical significance, here, the exact R value is given.
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4.2. Effects of Se speciation on equilibrium isotope

fractionation

At pH = 7 and 0.01 M ionic strength, HSeO3
� (94.5%) is

the main Se(IV) species, with a small amount of SeO3
2�

(5.15%). In contrast, SeO4
� (99.99%) is the dominant Se

(VI) species, with negligible HSeO4
� (calculated using

MINEQL 3.0; Table S2). Therefore, under the experimental
conditions, the equilibrium fractionation between Se(IV)
and Se(VI) should be controlled by isotope exchange
between HSeO3

� and SeO4
2�, and between SeO3

2� and SeO4
2-

�, with the latter pair generating an equilibrium fractiona-
tion 0.5‰ smaller than the former pair (Table S3; Li and
Liu, 2011). Because this difference is small, the values of
D82/76SeVI-IV caused by exchange reactions between HSeO3

�

and SeO4
2�, and SeO3

2� and SeO4
2� are considered approxi-

mately equal for the purposes of the calculations below.

4.3. Extraction of isotope exchange rates

Although most experiments in this study yielded con-
stant d82/76Se(IV) and d82/76Se(VI) after 3 to 4 years of reac-
tion, the d82/76Se(VI) values for EXP 8,9 and 10 seem to
have increased (Table 4 and Fig. 3). According to Pearson
correlation test, only EXP 10 showed statistically significant
change (see Section 3), and thus can be used to calculate the
isotope exchange rate at 60 �C. Although the d82/76Se(IV) in
EXP 8 and 9 did not change significantly, we provided esti-
mates for the upper bounds of possible rates of EXP 8 and
9. Here, we acknowledge that these calculated exchange
rates are only first order approximations. Isotope exchange
rate can be derived using the equation formulated by
Mckay (1938):

�Lnð1� F Þ ¼ R � ½SeðIVÞ	 þ ½SeðVIÞ	
½SeðIVÞ	½SeðVIÞ	 � t ð2Þ

where t is the time in days; [Se(IV)] and [Se(VI)] are the con-
centrations of Se (IV) and Se (VI), respectively; R is the iso-
tope exchange rate in M day�1; F is the reaction extent,
calculated by

F ¼ dt � di
de � di

ð3Þ

where d refers to d82/76Se, and i, t, and e represent ‘‘initial”,
‘‘time”, and ‘‘equilibrium”, respectively (Mcdonald, 1961;
Welch et al., 2003).

Since the equilibrium fractionation between Se(IV) and
Se(VI) could not be determined even after more than
3 years of experiments, the previous three-isotope (Shahar
et al., 2008; Cao and Bao, 2017) and multi-direction meth-
ods (Welch et al., 2003; Frierdich et al., 2014a) do not work
well here. Hence, we used theoretically calculated equilib-
rium isotope fractionations between HSeO3

�and SeO4
2�
Fig. 1. Se concentrations (left panels) and isotope compositions (right pan
(A) 25 �C, 0.026 mM Se(IV) + 0.026 mM Se(VI); (B) 38 �C, 0.026 mM Se
Se(VI); (D) 60 �C, 0.13 mM Se(IV) + 0.14 mM Se(VI); (E) 60 �C, 1.3 m
represent the initial [Se(IV)]/[Se(VI)], and the dotted lines of red and blu
respectively. (For interpretation of the references to colour in this figure

3

(13.78‰, 12.83‰, 11.44‰ for 25 �C, 38 �C and 60 �C,
respectively; Li and Liu, 2011). Using these fractionations,
together with di(IV) and di(VI) values and mass ratio of Se
(IV) and Se(VI), d (IV) and de(VI) can be calculated for
EXP 1–7 (-7.80‰, �7.33‰, �6.63‰, �6.83‰, �6.83‰,
�9.03‰ and �7.64‰ for Se(IV), and 5.98‰, 5.51‰,
4.81‰, 4.61‰, 4.61‰, 4.75‰ and 3.80‰ for Se(VI)).
According to Eq. (3), F values for Experiments 1–3 at
900 days are all <0.03 (Table 2). Similarly, the F values
For EXP 4–5 are also < 0.03 (Table 2).

Adding AQDS (EXP 6–7) did not lead to significant iso-
topic exchange. There are two possible reasons: (1) isotope
exchange between Se(IV) and Se(VI) is extremely slow, and
increased exchange rates caused by AQDS are still difficult
to detect with the methods used in these experiments; (2)
AQDS does not effectively change the electron transfer
mechanism between Se(IV) and Se(VI). Future experiments
are needed to investigate this further. The HEPES buffer
used was an organic molecule that can potentially affect iso-
tope exchange. However, the control experiment with no
HEPES added did not show detectable isotope exchange
after 847 days (Fig. S3).

Measurement of d82/76Se(IV) values at roughly 1089‰ is
prone to large errors due to ordinary laboratory back-
ground contributions, the memory effect in the sample
introduction system and the concentration effect of double
spike added, these factors have contributed to the large
analytical uncertainty of �8‰. As discussed above, Se
(IV) suffers smaller cross contamination from Se(VI) than
vice versa, leading to errors (±4.31‰ for Se(VI)) smaller
than analytical errors of Se(IV) measurement. Therefore,
only Se(VI) data was used to calculate the Se isotope
exchange rate for 82Se-enriched experiments. Based on ini-
tial d82/76Se(IV) and d82/76Se(VI), theoretical equilibrium
fractionations and mass ratio of Se(IV) and Se(VI), the
d82/76Se(IV) and d82/76Se(VI) at isotopic equilibrium should
be 537.18‰, 537.65‰ and 538.35‰, and 550.96‰,550.48‰
and 549.79‰ for EXP 8, 9, and 10, respectively. Using cross
contamination-corrected d82/76Se(VI) data and Eqs. (2) and
(3), the slopes of straight lines in the diagram for -Ln (1-F)
vs. time can be obtained by linear regression analysis
(Fig. 4). The exchange rate R derived from the best-fit line
of EXP 10 is calculated to be 5.61 � 10�10 M day�1. The
upper bounds of possible exchange rates for EXP 8, 9
and 10 are estimated to be � 6.34 � 10�10 M day�1,
�1.12 � 10�09 M day�1 and � 1.17 � 10�09 M day�1,
respectively (Table 4).

4.4. A possible isotope exchange mechanism

The extremely slow exchange kinetics between Se(IV)
and Se(VI) suggest that electron transfers between these
two species is not a straightforward process. Assuming only
els) for Se (IV) and Se (VI) under different experimental conditions:
(IV) + 0.026 mM Se(VI); (C) 60 �C, 0.026 mM Se(IV) + 0.026 mM
M Se(IV) + 1.4 mM Se(VI). The red dotted lines in left panels
e in right panels represent the initial d82/76Se(VI) and d82/76Se(IV),
legend, the reader is referred to the web version of this article.)



Fig. 2. Se concentrations (left panels) and isotope compositions (right panels) for Se (IV) and Se (VI) isotope exchange experiments, with
0.2 M AQDS added. (A) 25 �C; (B) 60 �C. The red dotted lines in A1 and B1 represent the initial [Se(IV)]/[Se(VI)], and the dotted lines of red
and blue in A2 and B2 represent the initial d82/76Se(VI) and d82/76Se(IV), respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

30 D. Tan et al. /Geochimica et Cosmochimica Acta 277 (2020) 21–36
one electron is transferred at a time, an intermediate transi-
tion state (Se(V)) such as HSe2O7

3� (complexes of HSeO3
�

and SeO4
2�) must be formed (Rao and Badami, 1931;

Sawyer and Humphreys, 1928; Ei-Absy et al., 1997). How-
ever, the concentration of Se(V) in solution is likely very
low and unstable, which greatly reduces the probability of
ion collisions, and thus electron transfers. In this process,
a possible isotope exchange reaction sequence can be
proposed:

82Se IVð Þ þ 76Se VIð Þ ¼ 82Se Vð Þ þ 76Se Vð Þ ð4Þ
followed by subsequent reactions involving the two Se(V)’s,

82Se IVð Þ þ 76Se Vð Þ ¼ 82Se Vð Þ þ 76Se IVð Þ ð5Þ
82Se Vð Þ þ 76Se VIð Þ ¼ 82Se VIð Þ þ 76Se Vð Þ ð6Þ
with the overall exchange reaction being

82Se IVð Þ þ 76Se VIð Þ ¼ 82Se VIð Þ þ 76Se IVð Þ ð7Þ
If two electrons are transferred simultaneously during

one 82Se(IV) +76Se(VI) collision, the isotope exchange reac-
tion can be described directly by equation (7). Whether one-
electron or two-electron transfers during one Se(IV)�Se
(VI) collision needs further investigation.

Transfer of electrons between Se(IV) and Se(VI) requires
breaking of SeAO chemical bonds: Se(IV) is bound to three
oxygen atoms in a pyramidal structure, whereas Se(VI) is
bond to four oxygen atoms in a tetrahedral structure (Li
and Liu, 2011). The SeAO bond length in Se(VI) (1.66–
1.68 Å) is much shorter than that in Se(IV) (1.72–1.74 Å)
(Foster et al., 2003; Peak, 2006; Li and Liu, 2011), and thus
breaking the SeAO bond in Se (VI) requires more energy.
Therefore, we propose that breaking SeAO bonds in Se
(VI) likely limits the isotope exchange between these two
species. With the increase of pH, the bond breaking
between the central ion and O becomes more and more dif-
ficult (Hall and Alexander, 1940). Simultaneously, due to
the difference in chemical structures of HSeO3

� and SeO4
2�,

the configurations formed by the many nearby dipolar
molecules around them are not the same. After electron
transfer occurs, Se(IV) will be formed in a chemically unfa-
vorable environment which was originally occupied by Se
(VI), and so the energy barrier for reaction will be large
(Marcus, 1993). In contrast, isotopic exchange between spe-
cies with similar coordination environments is much faster.
For example, both Fe (II) and Fe (III) are octahedrally
coordinated, and they can reach isotopic equilibrium in a
few minutes (Johnson et al., 2002; Welch et al., 2003).
The extremely slow isotope exchange between Se(IV) and
Se(VI) in this system is comparable to that between S(IV)
and S(VI). At low temperatures, extremely slow isotope
exchange kinetics was observed in the SO3

2�-SO4
2� system

(Voge, 1939; Mcdonald, 1961; Fossing and Jørgensen,
1990; Fossing et al., 1992). Chiba and Sakai (1985) con-
cluded that the sulfur atom at the center of the tetrahedral
SO4

2� is strongly bound to four oxygen atoms, which hin-
dered the isotope exchange between S(IV) and S(VI). Se
(VI) has a similar tetrahedral structure as S(VI) (Peak,
2006; Fernandez-Martinez and Charlet, 2009; Li and Liu,



Fig. 3. Se concentrations (left panels) and isotope compositions (right panels) for Se (IV) and Se (VI) isotope exchange experiments, with Se
(IV) doped with 82Se. A, B and C represent experiments at 25 �C, 38 �C and 60 �C, respectively. The yellow symbols represent the d82/76Se(VI)
values corrected for cross contamination, the red dotted lines in left panels represent the initial [Se(IV)]/[Se(VI)], and the dotted lines of red
and blue in right panels represent the initial d82/76Se(VI) and d82/76Se(IV), respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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2011), thus explaining the extremely slow exchange between
Se(IV) and Se(VI).

4.5. pH effect on isotope exchange kinetics

The pH of most isotope exchange experiments in this
study was 7. This pH is close to freshwater river and lake
systems but is lower than typical ocean pH of �8 or higher
than hydrothermal acidic pH. Our control experiment
(without HEPES) was conducted at pH 3.5 and did not
show detectable isotope exchange after 847 days (Fig. S3),
suggesting that low pH does not facilitate isotope exchange
between Se(IV) and Se(VI), at least over the experimental
timescale. At higher pH, we expect the isotope exchange
to be similar or slightly slower based on analogy to sulfur
isotope exchange kinetics, where Hall and Alexander
(1940) proposed that breaking of SAO bond in SO4

2� is
more difficult at higher pH. However, to better understand
pH effect on Se(IV)-Se(VI) isotope exchange more defi-
nitely, future experiments at low and high pH over even
longer timescales are needed.

5. IMPLICATIONS

In recent years, the Se isotope system has been widely
used to investigate the redox conditions in paleo-oceans
and the geochemical cycles of Se in various settings
(Johnson et al., 2000; Herbel et al., 2002; Clark and
Johnson, 2010; Mitchell et al., 2012, 2016; Zhu et al.,
2014; Wen et al., 2014; Stüeken et al., 2015a,b,c; Pogge
von Strandmann et al., 2015; Kipp et al., 2017; Stüeken,
2017; König et al., 2019; Kurzawa et al., 2019). The pH
value of the surface water environment is generally close
to 7, thus allowing us to discuss the implications of our



Fig. 4. Isotope exchange rates between aqueous Se(IV) and Se(VI) at 25 �C, 38 �C and 60 �C. The black solid lines are linear regressions
(equation (3)) of experimental data. Isotope exchange rates are derived from the slopes of the regression lines. The black dashed curves refer to
the 95% confidence interval of possible linear regression lines for EXP 8–10. The blue dashed lines represent the steepest lines (maximum
slopes); the upper bounds of isotope exchange rates for EXP 8–10 are calculated using these maximum slopes. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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experimental results in such settings. The maximum
exchange rates for EXP 8–10 are estimated to be
6.34 � 10�10 M day�1, 1.12 � 10�09 M day�1 and
1.17 � 10�09 M day�1, respectively (Table 4 and Fig. 4).
Application of these results from this study to natural con-
ditions with much lower Se concentrations is difficult
because we did not derive an empirical relationship between
isotope exchange rates and Se concentrations due to extre-
mely slow exchange rates. However, if we assume, provi-
sionally, that the isotopic exchange rate obeys first order
kinetics with respect to Se(IV) and Se(VI), as has been
observed for the S(IV)-S(VI) system (Mcdonald, 1961):

R ¼ k Se IVð Þ½ 	 Se VIð Þ½ 	 ð8Þ
isotope exchange rates in natural reservoirs can be extrapo-
lated using Eq. (8). For example, the concentration and iso-
tope composition of Se(IV) and Se(VI) in Colorado’s
Sweitzer Lake were determined to be 60.1 ± 20.2 nM
(2SD, n = 13), 55.5 ± 31.1 nM (2SD, n = 13) and 2.83
± 1.60‰ (2SD, n = 4), 3.13 ± 1.07‰ (2SD, n = 4), respec-
tively (Clark and Johnson, 2010). An upper bound for the
Se(IV) - Se(VI) isotope exchange rate in this lake can be
estimated based on the results of EXP 8 because this exper-
iment was conducted at 25 �C. We acknowledge that the
slope in Fig. 4 for EXP 8 is not statistically significant,
but the data clearly constrain the slope to be very small.
Accordingly, we calculate a maximum exchange rate based
on the upper bound of possible slope given the results of
EXP 8. Assuming isotopic exchange follows first-order
kinetics with respect to Se(IV) and Se(VI) (Eq. (8)), extrap-
olating the isotope exchange experimental results to Sweit-
zer Lake Se concentrations yields an exchange rate
of � 1.24 � 10�16 M day�1 (Fig. 5R1), which translates to
t1/2 (calculated by setting F to 0.5 in Eq. (2)) and tmin (the
minimum time for detectable isotope exchange in Se(IV) –
Se(VI) systems, obtained by Eq. (9)) of 440,000 and
18,000 years, respectively.

tmin ¼ �Ln½1� �0:2

deðIVÞ � d0ðIVÞ	=R � ½SeðIVÞ	½SeðVIÞ	
½SeðIVÞ	 þ ½SeðVIÞ	

ð9Þ
where 0.2 represents the minimum detectable change in
d82/76Se(IV) or d82/76Se(VI). These timescales are much
longer than the residence time of Se in Sweitzer Lake
(2.4 years, Clark and Johnson, 2010). Therefore, isotope
exchange between Se(IV) and Se(VI) is unlikely to have
an effect on Se isotopic composition of Se(IV) and Se(VI).
Sweitzer Lake has unusually high concentrations that have
led to fish consumption restrictions. Accordingly, in most
lakes, Se isotope shifts caused by isotopic exchange between
aqueous Se(IV) and Se(VI) must be negligible.

In modern oceans, total dissolved inorganic Se (DISe)
ranges from 0.6 to 1.6 nM (average 1 nM), and Se(IV)/Se
(VI) ranges from 0.12 to 0.90 (average of 0.44; Measures
and Burton, 1980; Measures et al., 1984; Cutter and
Bruland, 1984; Aono et al., 1991; Cutter and Cutter,
1995, 1998, 2001). Thus, the concentration of Se(IV) and
Se(VI) in seawater are �6.9 nM and �3.1 nM, respectively.
Currently there are no species-dependent Se isotope data
for seawater. Fortunately, the selection of initial d values
of Se (VI) and Se (VI) has little effect on determining the
values of R, t1/2 and tmin. Based on previously published
deep seawater total Se isotope composition of 0.40
± 0.05‰ (Chang et al., 2017) and an average Se(IV)/Se
(VI) ratio of 0.44 (Measures and Burton, 1980; Measures
et al., 1984; Cutter and Bruland, 1984; Aono et al., 1991;
Cutter and Cutter, 1995, 1998, 2001; Chang, 2017), a simple
mass balance constrains the relationship between seawater
d82/76Se(IV) and d82/76Se(VI):

0:44 � d82=76Se IVð Þ þ d82=76Se VIð Þ ¼ 0:58 ð10Þ
Assuming the difference between d82/76Se(VI) and

d82/76Se(IV) is the same as that in Sweitzer Lake (0.30‰,
n = 4) (Clark and Johnson, 2010), seawater d82/76Se(IV)
and d82/76Se(VI) can be solved to be 0.19‰ and 0.49‰.
Thus, according to the above calculated parameters, the
R for seawater (Fig. 5R1) is extrapolated to be
�7.96 � 10�21 M day�1 from EXP 8 data, which translates
to t1/2 and tmin of �51 million and �3.6 million years,
respectively. These timescales are much longer than the res-
idence time of Se in modern oceans (<26,000 years; Large
et al., 2015). Choosing drastically different d82/76Se(IV)-



Fig. 5. Estimated timescales for isotope exchange in freshwater (A: lake) and seawater (B: Ocean). R1 and R2 are the upper bounds of
exchange rates derived from EXP 8 and EXP 10, respectively. The yellow dashed and solid lines are the smallest values of d82/76Se VI) and d82/
76Se (IV) distinguishable by MC-ICP-MS, respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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d82/76Se(VI) offset from 0.00‰ to 0.81‰ (Maximum differ-
ence between d82/76Se(VI) and d82/76Se(VI) in Sweitzer
Lake, Clark and Johnson, 2010) does not change this con-
clusion. Although the temperature of seawater was gener-
ally between 0 �C and 30 �C in geologic history, it was as
high as 45 �C in some periods (such as late Cambrian)
(Song et al., 2019). To explore the exchange rate in an extre-
mely warm ocean, we apply the upper bound of the rate
derived from the results of EXP 10 to estimate the lower
limits of t1/2 and tmin for isotope exchange between Se(IV)
and Se(VI) in ocean; they are �27 million and �2 million
years, respectively (Fig. 5). Therefore, isotope exchange is
unlikely to matter in seawater as warm as 60 �C. Although
organic ligands exist in seawater that can serve as electron
shuttles, the results from EXP 6 and 7 indicate that any
related increase in the exchange rate is not large enough
to matter. On the early Earth, the level of free oxygen in
the paleo-ocean or atmosphere was lower than it is now
(Kump, 2008; Lyons et al., 2014). Hence, the residence time
of Se should be lower than that of the present residence of
26,000 years (Stüeken et al., 2015b), making isotope
exchange even less likely to matter.

6. CONCLUSIONS

Experiments designed to measure rates of isotopic
exchange between Se(IV) and Se(VI) of natural isotopic
compositions, at pH 7, concentrations up to 1.3 mM, and
temperatures up to 60 �C revealed no detectable isotope
fractionation within four years. Adding the electron shuttle
AQDS did not increase the isotope exchange rate above the
detection threshold.

In experiments that employed 82Se-enriched Se(IV) to
increase detection of very small amounts of exchange, there
appears to be a slight systematic change in d82/76Se(VI) after
910 days. Based on the results of three 82Se-tracer experi-
ments, we constrained the rate of isotope exchange to be
�6.34 � 10�10 M day�1 (25 �C; pH 7; 0.13 mM Se(IV)
+ 0.13 mM Se(VI)), �1.12 � 10�09 M day�1 (38 �C; pH 7;
0.13 mM Se(IV) + 0.13 mM Se(VI)) and � 1.17 � 10�09

M day�1 (60 �C; pH 7; 0.13 mM Se(IV) + 0.13 mM Se(VI)).
Extrapolating these results to lower Se concentrations
observed in a freshwater lake using an assumed first-order
rate law, the time required to progress halfway to isotopic
equilibrium (t1/2) is estimated to be >440,000 years. The
time required to shift the isotopic values by the minimum
detectable amount (tmin) is >18,000 years. For the modern
ocean, t1/2 and tmin are estimated to be >51 million and
>3.6 million years, respectively. These isotope exchange
timescales are far longer than residence time in lakes and
seawater. Therefore, the isotope changes between Se(IV)
and Se(VI) in natural environment should be free from iso-
tope exchange effects, and should be mainly controlled by
reduction, adsorption and microbial assimilation or dissim-
ilatory reduction.
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Kipp M. A., Stüeken E. E., Bekker A. and Buick R. (2017)
Selenium isotopes record extensive marine suboxia during the
Great Oxidation Event. Proc. Natl. Acad. Sci. USA 114, 875–
880.

König S., Eickmann B., Zack T., Yierpan A., Wille M., Taubald H.
and Schoenberg R. (2019) Redox induced sulfur-selenium
isotope decoupling recorded in pyrite. Geochim. Cosmochim.

Acta 244, 24–39.
Kump K. L. (2008) The rise of atmospheric oxygen. Nature 451,

277–278.
Kurzawa T., König S., Alt J. C., Yierpan A. and Schoenberg R.

(2019) The role of subduction recycling on the selenium isotope
signature of the mantle: Constraints from Mariana arc lavas.
Chem. Geol. 513, 239–249.

Labidi J., König S., Kurzawa T., Yierpan A. and Schoenberg R.
(2018) The selenium isotopic variations in chondrites are mass
dependent; implications for sulfide formation in the early solar
system. Earth Planet. Sci. Lett. 481, 212–222.

Large R. R., Halpin J. A., Lounejeva E., Danyushevsky L. V.,
Maslennikov V. V., Gregory D., Sack P. J., Haines P.W., Long J.
A.,MakoundiC.andStepanovA.S. (2015)Cyclesofnutrient trace
elements in the PhanerozoicOcean.GondwanaRes. 28, 1282–1293.

Layton-Matthews D., Leybourne M. I., Peter J. M., Scott S. D.,
Cousens B. and Eglington B. (2013) Multiple sources of
selenium in ancient seafloor hydrothermal systems: composi-
tional and Se, S, and Pb isotopic evidence from volcanic-hosted
and volcanic-sediment-hosted massive sulfide deposits of the
Finlayson Lake District, Yukon, Canada. Geochim. Cos-

mochim. Acta 117, 313–331.
Li W., Beard B. L., Li C., Xu H. and Johnson C. M. (2015)

Experimental calibration of Mg isotope fractionation between
dolomite and aqueous solution and its geological implications.
Geochim. Cosmochim. Acta 157, 164–181.

Li W., Beard B. L. and Johnson C. M. (2011) Exchange and
fractionation of Mg isotopes between epsomite and saturated
MgSO4 solution. Geochim. Cosmochim. Acta 75(7), 1814–1828.

Li X. and Liu Y. (2011) Equilibrium Se isotope fractionation
parameters: A first-principles study. Earth Planet. Sci. Lett. 304

(1–2), 113–120.
Lyons T. W., Reinhard C. T. and Planavsky N. J. (2014) The rise

of oxygen in Earth’s early ocean and atmosphere. Nature 506

(7488), 307–315.
Macris C. A., Young E. D. and Manning C. E. (2013) Experi-

mental determination of equilibrium magnesium isotope frac-
tionation between spinel, forsterite, and magnesite from 600 to
800℃. Geochim. Cosmochim. Acta 118, 18–32.

Marcus R. A. (1993) Electron transfer reactions in chemistry.
Theory and experiment. Rev. Mod. Phys. 65(3), 599–610.

Mcdonald R. L. (1961) The kinetics of the sulfur (IV) - sulfur (VI)

isotopic exchange reaction in aqueous and concentrated acid

solutions. Ph.D. thesis. Oregon State University, Corvallis, Oregon.
McKay H. (1938) Kinetics of exchange reactions. Nature 142, 997–

998.
McNeal J. M. and Balistrieri L. S. (1989) Geochemistry and

occurrence of selenium; an overview. In: Selenium in Agriculture
and the Environment. SSSA Special Publication. (ed. L. W.
Jacobs). Soil Science Society of America,Madison,WI, pp. 1–13.

Measures C. and Burton J. (1980) The vertical distribution and
oxidation states of dissolved selenium in the northeast Atlantic
Ocean and their relationship to biological processes. Earth

Planet. Sci. Lett. 46(3), 385–396.
Measures C., Grant B., Khadem M., Lee D. S. and Edmond J. M.

(1984) Distribution of Be, Al, Se and Bi in the surface waters of
the western North Atlantic and Caribbean. Earth Planet. Sci.

Lett. 71(1), 1–12.
Mitchell K., Couture R. M., Johnson T. M., Mason P. R. D. and

Cappellen P. V. (2013) Selenium sorption and isotope fraction-
ation: Iron (III) oxides versus iron (II) sulfides. Chem. Geol.

342, 21–28.
Mitchell K., Mansoor S. Z., Mason P. R. D., Johnson T. M. and

Van Cappellen P. (2016) Geological evolution of the marine
selenium cycle: Insights from the bulk shale d82/76Se record and
isotope mass balance modeling. Earth Planet. Sci. Lett. 441,
178–187.

Mitchell K., Mason P. R. D., Cappellen P. V., Johnson T. M.,
Twill B. C., Owens J. D., Diaz J., Ingall E. D., Reichart G. J.
and Lyons T. W. (2012) Selenium as paleo-oceanographic
proxy: a first assessment. Geochim. Cosmochim. Acta 89, 302–
317.

Nurmi J. T. and Tratnyek P. G. (2002) Electrochemical properties
of natural organic matter (NOM), fractions of NOM, and
model biogeochemical electron shuttles. Environ. Sci. Technol.
36, 617–624.

Oremland R. S., Hollibaugh J. T., Maest A. S., Presser T. S., Miller
L. G. and Culbertson C. W. (1989) Selenate reduction to
elemental selenium by anaerobic bacteria in sediments and
culture: biogeochemical significance of a novel, sulfate-inde-
pendent respiration. Appl. Environ. Microb. 55(9), 2333–2343.

Peak D. (2006) Adsorption mechanisms of selenium oxyanions at
the aluminum oxide/water interface. J. Colloid Interf. Sci. 303

(3), 337–345.
Pezzarossa B., Piccotino D. and Petruzzelli G. (1999) Sorption and

desorption of selenium in different soils of the mediterranean
area. Commun. Soil Sci. Plant Anal. 30(19–20), 2669–2679.

Pogge von Strandmann P. A. E., Stüeken E. E., Elliott T., Poulton
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