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Equilibrium Se isotope fractionation parameters: A first-principles study
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Several important equilibrium Se isotope fractionation parameters are investigated by first-principles
calculations, involving dominant inorganic and organic Se-bearing species in gaseous, aqueous and condensed
phases. Because anharmonic effects are found to be negligible for Se isotope fractionation calculation, the
Bigeleisen–Mayer equation method is used without corrections beyond harmonic approximation. All
calculations are made at B3LYP/6-311+G(d,p) level, with a frequency scaling factor of 1.05. Solvation effects
are carefully evaluated by the explicit solvent model (i.e. the “water droplet” method). A number of
conformers are used for aqueous complexes in order to reduce the possible error coming from different
configurations.
Redox state is found to be an important factor controlling equilibrium Se isotope fractionations. Our results
suggest a trend of heavy Se isotopes enrichment as SeO4

2−NSeO3
2−NHSeO3

−NSeO2Nselenoamino acidsN
alkylselenidesNSe(0) or H2SeNHSe−. The Se(− II) species regardless of organic and inorganic forms can
enrich extremely light Se isotopes comparing with other species. Equilibrium Se isotope fractionation factors
provided in this study suggest Se isotopes can be used as a tracer of redox conditions and also useful to study
Se cycling.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Selenium (Se) is an indispensable trace element for human and
animals. Meanwhile, Se is also toxic due to excessive intake. Similar to
sulfur (S), Se usually exists in several valence states, including +VI,
+IV, +II, 0, and−II states in inorganic and organic compounds under
different redox environments. Several previous studies (Dauchy et al.,
1994; Hashimoto and Winchester, 1967; Johnson, 2004; Wen and
Carignan, 2007) described the forms of Se species in different phases.
In the atmosphere, inorganic compounds include H2Se, Se2, SeO and
SeO2, while single molecule is instable and easily transforms into
particulate phase. Dimethyl Se (DMSe) (i.e. CH3SeCH3) (Challenger
and North, 1934) is the major species in volatile organic matters, in
addition, dimethyl diselenide (DMDSe) (i.e. CH3SeSeCH3), dimethyl
selenenyl sulfide (DMSeS) (i.e. CH3SeSCH3) and other alkylselenides
were also identified in the atmosphere, natural aqueous systems and
particulate phase despite of their small contents (Dauchy et al., 1994).
The stable aqueous Se species mainly depend on redox conditions
(Cutter, 1982; Elrashidi et al., 1987; Johnson and Bullen, 2004),
selenate (SeO4

2−) is the dominate anion under oxidizing conditions,
and it can be reduced to selenite (SeO3

2−) and biselenite (HSeO3
−)

under mildly reducing conditions, moreover it can be also reduced to
Se(0) under moderately reducing conditions. If under strongly

reducing conditions, only Se(− II) species may exist. In the oceans,
Se(VI), Se(IV) and organic Se are dominate species, but the inorganic
species will be decreased in surface waters because of biological
assimilation processes, and organic Se(II) complexes, for example, Se-
amino acids, hold a leading pose (McConnell and Wabnitz, 1957;
Peterson and Butler, 1962). In a condensed phase, elemental Se has
been widely discovered in nature (Sun and Weege, 1959; Thompson
et al., 1956; Zhu et al., 2002, 2004, 2005), and its crystal forms are
diverse, including trigonal, monoclinic structures, etc. Se concentra-
tion in the Earth's crust is around below 0.5 μg/g (Rouxel et al., 2002).
Se in most rocks is less than 0.1 ppm, but shale is an exception with
about 1 ppm. Coal is also an important Se reservoir with an average of
3 ppm (Cooper et al., 1974).

Se has six stable isotopes, 74Se, 76Se, 77Se, 78Se, 80Se, and 82Se, with
relative abundances of 0.889%, 9.366%, 7.635%, 23.772%, 49.607% and
8.731%, respectively (Johnson and Bullen, 2004). Because Se belongs
to one of the most redox-sensitive elements (Fan et al., 2007), and the
mass differences between its isotopes (such as between 76Se and 82Se)
are large, Se isotopes were expected to have large fractionations in
nature. Previous studies suggested that the largest Se isotopic
variation (in terms of δ82/76SeNIST values) varied from −12.77‰ to
4.93‰ (Johnson et al., 1999; Rouxel et al., 2002; Wen et al., 2007). Se
isotopes are distinctively fractionated in a number of geologic
processes and they are good candidates as tracers of redox and bio-
interference processes.

There are just a few pioneering studies that provided equilibrium
Se isotope fractionation factors. Krouse and Thode (1962) measured
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normal vibrational spectra of some Se-containing compounds and
used the Bigeleisen–Mayer equation method (Bigeleisen and Mayer,
1947; Urey, 1947) to calculate equilibrium fractionation factors
among several Se isotope systems for the first time. Schauble
(2004) used the spectroscopic data of Krouse and Thode (1962) and
the empirical force field to produce fractionation factors for several
gaseous Se molecules. Due to the lack of spectroscopic data, many
important Se isotope systems were not included in these previous
studies. Furthermore, several important Se aqueous species were
simply treated as gaseous molecules without considering solvation
effects. Such treatment might bring large errors to Se isotope
fractionation calculations. Therefore, precise equilibrium Se isotope
fractionation factors of many important geological systems are still
not well established.

In this study, SeO2, SeO, Se2, H2Se, DMSe, DMDSe and DMSeS in
gaseous phase, SeO4

2−, SeO3
2−, HSeO3

−, HSe−, two Se-amino acids,
Selenomethionine (SeMet) and selenocystine (SeCyst) in aqueous
phase, and monoclinic and trigonal elemental Se in solid phase are
chosen as important geological Se isotope systems for studying. These
basic isotope fractionation parameters are expected to provide
important information for the Se stable isotope geochemistry field.

2. Methods

2.1. Bigeleisen–Mayer equation or Urey model

The Bigeleisen–Mayer equation (hereafter, B–M equation) or the
Urey model has been the cornerstone of stable isotope geochemistry
for decades (Bigeleisen and Mayer, 1947; Urey, 1947). Readers are
referred to several reviews of this method for further information
(Chacko et al., 2001; Criss, 1999; O'Neil, 1986; Richet et al., 1977;
Schauble, 2004).

For an isotope exchange reaction between substances A and B,

A + B�↔A� + B ð1Þ

where the asterisk represents the substance with heavier isotopes.
The reaction equilibrium constant KA–B is related to the isotope
fractionation factor αA–B (α=K1/n if the excess factor is ignored). n is
the number of isotopes exchanged. In this study, we only consider
situations with n=1 (only one isotope exchanged). Based on
statistical mechanics, KA–B can be expressed by

KA�B =
Q�ð ÞA Qð ÞB
Qð ÞA Q �ð ÞB

=
Q �

=Qð ÞA
Q � =Qð ÞB

ð2Þ

where Q is the total partition function of substance A or B, and equals
to the product of a series of subgroup of partition functions such as
electronic (Qelec), translational (Qtran), rotational (Qrot), and vibra-
tional (Qvib) partition functions, etc. If pure harmonic frequencies are
used, the Teller–Redlich product rule (Redlich, 1935) is often
employed to further simplify the calculation procedure, and conse-
quently the mass-weighted reduced isotope partition function ratios
(RPFR for short) are used instead of the original partition function
ratios:

RPFR = ∏
N

i

u�
i exp −u�

i = 2ð Þ 1−exp −uið Þ½ �
uiexp −ui = 2ð Þ 1−exp −u�

i

� �� � ð3Þ

and

KA�B =
s
s�
� �

A
s
s�
� �

B

RPFR A�
= Að Þ

RPFR B� = Bð Þ ð4Þ

where s is the symmetry number of the molecule; N is the harmonic
vibrational modes of the molecule (3n−6 for non-linear, polyatomic

molecules or 3n−5 for linear, polyatomic molecules consisting of n
atoms), and

ui =
hvi
kT

ð5Þ

where vi denotes the ith vibrational frequency; h is Planck's constant;
k is Boltzmann's constant and T is temperature in Kelvin. Therefore,
RPFR only relates to the harmonic vibrational frequencies before and
after the isotope substitution. Geochemists often use β factor instead
of RPFR because α=βA/βB. The β factor will equal to the RPFR value
when there is only one isotope exchanged.

2.2. Calculation details

The number of stable isotope geochemistry studies using compu-
tational quantum chemistry methods is increasing rapidly (e.g. Anbar
et al., 2005; Driesner and Seward, 2000; Jarzecki et al., 2004; Li and
Liu, 2010; Liu and Tossell, 2005; Liu et al., 2010; Oi, 2000; Oi and
Yanase, 2001; Otake et al., 2008; Rustad and Bylaska, 2007; Rustad
and Zarzycki, 2008; Rustad et al., 2008, 2010; Schauble, 2004, 2007;
Schauble et al., 2003, 2006; Seo et al., 2007; Zeebe, 2005, 2010). The
key point of this kind of calculation is obtaining precise harmonic
frequencies of interested isotope systems. Computational quantum
chemistry methods can provide harmonic frequencies easily (Harris,
1995; Hehre et al., 1986).

In this study, geometry optimizations and frequency calculations
are implemented at B3LYP/6-311+G(d,p) level using GAUSSIAN03
software package (Frisch et al., 2003). The hybrid DFT method, B3LYP
(Becke, 1993; Lee et al., 1988) is one of the most popular methods for
vibrational frequency calculation. Triple-zeta basis-set 6-311+G(d,p)
is chosen because Se is a third-row element andwe used this basis-set
to successfully handle Ge isotope fractionations (Li and Liu, 2010; Li
et al., 2009), which is very similar to the Se case. Because the B3LYP/6-
311+G(d,p) level underestimates vibrational frequencies in Ge
isotope calculation, moreover, this is a common phenomenon for ab
initio calculations and especially for heavy elements in solution with
extra charges (Li et al., 2009). Here, for the Se isotope fractionation
calculation, the scaling factor 1.05 also makes harmonic frequencies
close to those at MP2/aug-cc-pVTZ, CCSD/aug-cc-pVTZ and CCSD/aug-
cc-pVQZ levels which are usually considered as precise ones for
harmonic frequencies (see Table A1 in the Appendix). Therefore, we
also choose 1.05 as frequency scaling factor in this study to remedy
the inadequacy of the theoretical level.

To check the possible effects of higher-order corrections to the B–
M equation beyond harmonic levels (Liu et al., 2010), a series of
higher-order corrections are evaluated for H2Se (Table 1). Detailed
formalism about these higher-order corrections can be found in Liu
et al. (2010). At the B3LYP/6-311+G(d,p) level with a frequency
scaling factor of 1.05, the differences between the uncorrected and
corrected RPFR are about 0.2‰ for two different initial structures of
H2Se (Table 1), suggesting that the anharmonic effect for Se isotopes
is not significant even for a H-bearing small molecule. Considering the

Table 1
The anharmonic correction to RPFR results of H2Se.

RPFR AnZPE AnEXC AnCorr AnRPFR Diff
(‰)

H2Se_A 1.005609 1.0001597 1.0000015 1.0001612 1.005771 0.2
H2Se_B 1.005611 1.0001526 1.0000015 1.0001542 1.005766 0.2

Note: A and B represent two different initial structures of H2Se; RPFR is reduced
partition function ratio based on the Bigeleisen–Mayer equation; AnZPE is the
anharmonic correction for the zero-point energy (e.g. AnZPE=Q⁎AnZPE/QAnZPE);
AnEXC is the anharmonic correction for the vibrational excited states; AnCorr is the
product of AnZPE and AnEXC; AnRPFR is the product of RPFR and AnCorr; Diff is the
difference between AnRPFR and RPFR.

114 X. Li, Y. Liu / Earth and Planetary Science Letters 304 (2011) 113–120



Author's personal copy

huge computing cost of many large Se systems studied here, we
choose not to include the calculation of these higher-order corrections
at this time.

All aqueous Se species are modeled using the explicit solvent
model, so-called the “water-droplet” method, which solvent water
molecules are added surrounding the species of interest to simulate
solution environment. The explicit solvent model has been used to
treat a lot of aqueous species in solutions (Driesner and Seward, 2000;
Li et al., 2009; Liu and Tossell, 2005; Rustad et al., 2008), and has
showed reliable results. For reducing possible errors caused by
different configurations, every aqueous Se species is evaluated by
adding different numbers of water molecules (i.e. 6, 12, 18, and 24,
respectively) and each “water-droplet” cluster is optimized twice
from two different initial structures (A and B). Finally, the average
RPFR value of the Se species with 12, 18 and 24 water molecules is
taken (as the preferred value in Table 2).

3. Results

3.1. Se species in gaseous phase

Structures of the dominant inorganic Se species SeO2, SeO, Se2, and
H2Se (Fig. 1a–d) in the atmosphere are studied. The H–Se–H bond
angle of H2Se is 91° (Fig. 1d) and the bond length of Se–H is 1.47 .
They are consistent with known experimental data. In Table 2, the
comparison of calculated harmonic, calculated fundamental and
experimental fundamentals for SeO (Hezberg, 1950) and H2Se
(Cameron et al., 1939) are given. The calculated fundamental
frequencies can generally match the experimental ones. Several
volatile alkylselenides, e.g. DMSe, DMDSe and DMSeS, are also
calculated. Optimized geometries are shown in Fig. 1e–g. RPFRs of
these species in terms of 82Se/76Se at 25 °C are shown in Table 3.

Schauble (2004) had calculated the β factors (denoted asαAX−X in
his paper) of several gaseous Se-bearing molecules based on
measured vibrational spectra (Krouse and Thode, 1962). Our results,
which are purely based on quantum chemistry calculations, are very
close to his results. Such as, his β factors of H2Se, Se2, and SeO are
1.005, 1.0055 and 1.008 at 298.15 K, respectively, comparing to our
results (1.0056, 1.0056 and 1.0084). Note that the β factor of Se2 listed
in his paper was not for singly substituted situation. We correct it into
the right way here (i.e. 1.011 is changed to 1.0055).

3.2. Se species in aqueous phase

According to the Eh–pH stability diagram given by Johnson and
Bullen (2004), the highly soluble inorganic species SeO4

2−, SeO3
2− or

HSeO3
− can generally co-exist in nature waters and most of soils. In

reducing waters, HSe− is the stable inorganic form. Therefore, isotope

fractionation factors among these aqueous Se species are very
important for the study of Se isotope distribution in solutions.

Here, SeO4
2−, SeO3

2−, HSeO3
− and HSe− with different numbers (i.e.

6, 12, 18 and 24) of water molecules are optimized and performed
frequency calculations. No imaginary frequency is found, meaning
their structures are optimized to the energy minimum points.
Optimized structures with 24 water molecules are shown in Fig. 2a–
d, respectively. Two different configurations (A and B) for every
water-droplet are calculated from different starting structures
(Table 3). The preferred RPFR is the average value of water-droplets
with 12, 18, and 24 water molecules. The preferred RPFR values of
SeO4

2−, SeO3
2−, HSeO3

− and HSe− are shown in Table 3.
Under reducing conditions, especially in shallow surface waters,

Se-bearing organic compounds will be significantly increased because
of biological uptake and assimilation, and become the predominant
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Fig. 1. Several gaseous Se molecules: (a) SeO2; (b) SeO; (c) Se2; (d) H2Se; (e) DMSe;
(f) DMDSe; and (g) DMSeS. Bond lengths are in Angstrom (Å) in this paper.

Table 2
The comparison of calculated harmonic, calculated fundamental and experimental
fundamental frequencies of two gaseous Se molecules at B3LYP/6-311+G** level.

Molecule

SeO H2Se

Calc. harmonic frequencies (no scaling) (cm−1) 891 1072 2378 2394
Calc. harmonic frequencies (scaled by 1.05) (cm−1) 935 1125 2496 2514
Calc. fundamentals (cm−1)⁎ 884 1033 2445 2447
Experimental fundamentals(cm−1) 897.9 1074 2260 2350

Note: The calculated fundamental frequency (vi) is obtained from

vi = ωi + 2xii +
1
2
∑
i≠j

xij

where ωi is the harmonic frequency and xij is the anharmonic constant (e.g. Barone,
2004).
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species. Many studies proposed the model of Se biogeochemical
cycling in aquatic phase (Cooke and Bruland, 1987; Fan et al., 2002;
Flury et al., 1997; Frankenberger and Arshad, 2001; Suzuki et al.,
2008). The simplified schematic diagram can be found in Fig. 6 in the
paper of Cooke and Bruland (1987). The reductive assimilation of
selenate and selenite by an organism in these processes is the main
reason of production of selenoamino acids. Several investigations
confirmed the occurrence of selenoamino acids, such as SeMet
(Kajander et al., 1989; McConnell and Wabnitz, 1957) and SeCyst
(Martin and Gerlach, 1969; McConnell and Wabnitz, 1957; Peterson
and Butler, 1962).

Here, SeMet and SeCyst are calculated using the water-droplet
method. Optimized clusters surrounding 24 water molecules are
shown in Fig. 2e and f. The preferred RPFR values of SeMet and SeCyst
are also shown in Table 3.

3.3. Elemental Se in condensed phase

Elemental Se can exist in trigonal, monoclinic, orthorhombic and
cubic crystals, but only trigonal Se is the most stable form at usual
conditions. Other crystal systems are apt to convert into the trigonal
form. The monoclinic elemental Se includes α and β types of
structures. The two structures consist of a number of crown-like Se8
rings, with high similarity (Burbank, 1951, 1952; Marsh et al., 1953).
The Se isotope fractionation between these twomonoclinic structures
is negligible. Therefore, we only build two models to study elemental
Se, one for monoclinic Se (Fig. 3a) and the other for trigonal Se
(Fig. 3b). The two models are directly cut from X-ray structures of
elemental Se crystals and it is a common treatment of using cluster
model to study minerals (Gibbs, 1982; Liu and Tossell, 2005; Rustad
and Zarzycki, 2008; Rustad et al., 2008).

For the monoclinic Se, the initial structure is from X-ray
coordinates of β-Se determined by Marsh et al. (1953), with
a=12.85 , b=8.07 , c=9.31 , α=90.0°, β=93.1°, and γ=90.0°
in unit cell, and space group P121/a1(Marsh et al., 1953). The
positions of 5 Se atoms are fixed (Se atom No. 3–7 in Fig. 3a) in the Se8
ring in order to keep the monoclinic form of structure. Three Se atoms
(Se1, Se2 and Se8 in Fig. 3a) are freely optimized. The middle Se atom
in gray color (Se1) is the one with exchanged isotopes. Alternatively,
we calculate 4 different exchange positions of Se atoms in the Se8 ring
(Fig. 3a is just one of them). Although we find that position difference
in this Se8 ring has almost no effect on RPFR (Table 3), we still use the
average value of the four different positions as the preferred RPFR of
monoclinic Se (1.00601) at 298.15 K.

For trigonal Se, the initial structure is from X-ray coordinates
determined by Cherin and Unger (1967). The parameters of the unit
cell are a=4.3662 , c=4.9536 , α=β=90.0°, and γ=120.0° and
the space group is P3121. We fixed the atoms in the outer-most layer
in order to avoid breaking down during optimization (Fig. 3b).
Although there are a few imaginary frequencies produced, they are all
very small ones (b60 cm−1). According to our experiences, they
reflect false measurements of weak interactions after geometry
optimization and cannot contribute significant changes to a “true”
RPFR result. Therefore, they can be safely neglected. The RPFR value of
trigonal Se is very close to that of monoclinic Se (Table 3) though their
structures are quite different. It is because both of them are at Se(0)
valence state and also with the same Se–Se bonding.

3.4. Equilibrium Se isotope fractionations

Equilibrium Se isotope fractionation factor αA–B can be obtained
easily between any two Se species studied. The “per mil” fractionation

Table 3
RPFR results in term of 82Se/76Se for Se species in gaseous, liquid, and condense phases at B3LYP/6-311+G(d,p) level, with a frequency scaling factor of 1.05 (25 °C).

Species RPFR Species RPFR Species RPFR

Gaseous phase
SeO2 1.02003 SeO 1.00843 H2Se 1.00561
Se2 1.00562 CH3SeCH3 1.00999 CH3SeSCH3 1.00872
CH3SeSeCH3 1.00833

Liquid phase
SeO4

2− 1.035038 SeO3
2− 1.022453 HSeO3

− 1.023188
SeO4

2−–6H2O_A 1.036819 SeO3
2−–6H2O_A 1.023415 HSeO3

−–6H2O_A 1.023593
SeO4

2−–6H2O_B 1.036826 SeO3
2−–6H2O_B 1.023645 HSeO3

−–6H2O_B 1.023841
SeO4

2−–12H2O_A 1.037314 SeO3
2−–12H2O_A 1.023872 HSeO3

−–12H2O_A 1.023369
SeO4

2−–12H2O_B 1.037410 SeO3
2−–12H2O_B 1.023848 HSeO3

−–12H2O_B 1.023598
SeO4

2−–18H2O_A 1.037697 SeO3
2−–18H2O_A 1.024012 HSeO3

−–18H2O_A 1.023715
SeO4

2−–18H2O_B 1.037862 SeO3
2−–18H2O_B 1.024075 HSeO3

−–18H2O_B 1.023875
SeO4

2−–24H2O_A 1.038032 SeO3
2−–24H2O_A 1.024244 HSeO3

−–24H2O_A 1.023630
SeO4

2−–24H2O_B 1.038291 SeO3
2−–24H2O_B 1.024341 HSeO3

−–24H2O_B 1.023166
Preferred value⁎ 1.03777 Preferred value⁎ 1.02407 Preferred value⁎ 1.02356

HSe− 1.002314 SeMet 1.010001 SeCyst 1.009972
HSe−–6H2O_A 1.003666 SeMet–6H2O_A 1.010348 SeCyst–6H2O_A 1.010041
HSe−–6H2O_B 1.003657 SeMet–6H2O_B 1.010301 SeCyst–6H2O_B 1.010191
HSe−–12H2O_A 1.003879 SeMet–12H2O_A 1.010321 SeCyst–12H2O_A 1.010118
HSe−–12H2O_B 1.003915 SeMet–12H2O_B 1.010271 SeCysta–12H2O_B 1.010086
HSe−–18H2O_A 1.004661 SeMet–18H2O_A 1.010459 SeCyst–18H2O_A 1.010215
HSe−–18H2O_B 1.004702 SeMet–18H2O_B 1.010338 SeCyst–18H2O_B 1.010206
HSe−–24H2O_A 1.004493 SeMet–24H2O_A 1.010641 SeCyst–24H2O_A 1.010521
HSe−–24H2O_B 1.004601 SeMet–24H2O_B 1.010485 SeCyst–24H2O_B 1.010616
Preferred value⁎ 1.00438 Preferred value⁎ 1.01042 Preferred value⁎ 1.01030

Condensed phase
Se(monoclinic)1 1.006061 Se(trigonal) 1.00595
Se(monoclinic)2 1.006023
Se(monoclinic)3 1.005976
Se(monoclinic)4 1.005978
average value 1.00601

The superscripts 1, 2, 3 and 4 denote the monoclinic structures where different position Se atoms are exchanged.
⁎ The average RPFR value from clusters with 12, 18, and 24 water molecules.
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Fig. 2. Cluster models of aqueous Se species with 24 water molecules. (a) SeO4
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−; (d) Hse−; (e) Selenomethionine; and (f) selenocystine.

117X. Li, Y. Liu / Earth and Planetary Science Letters 304 (2011) 113–120



Author's personal copy

ΔA–B (≈103lnα) data are shown in Table 4. These results suggest a trend
of heavy Se isotope enrichment as SeO4

2−NSeO3
2−NHSeO3

− >SeO2>
selenoamino acidsNalkylselenidesNSe(0) or H2SeNHSe−. Again, redox
conditions play an important role in controlling Se isotope fractionation.

Our gaseous Se species results agree with those of Krouse and Thode
(1962)andSchauble (2004)verywell,whicharebasedonexperimental
vibrational spectra data. Except for gaseous Se species, we also provide a
lot of basic and important Se fractionation factors related to aqueous Se
species, organic Se species and elemental Se. These data are crucial for
many Se stable isotope geochemistry studies.

In addition, we provide Se isotope fractionation factors at different
temperatures in Table 5. A simple 103ln(α)=a*106/T2+b*103/T+c
formula is used to facilitate the calculation of Se isotope fractionation
factors from 0 to 300 °C (Table 5).

Se1

Se8Se2

Se7Se3

Se6Se4

Se5

2.37

102.6°

2.37
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2.34
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108.5°108.1°
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Se
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Se

2.37
3.44

4.37

42.8°

a

b

Fig. 3. Cluster models for elemental Se (a) monoclinic Se; (b) trigonal Se. Se atom in
gray color denotes the exchanged one.

Table 4
Equilibrium Se isotope fractionation ΔA–B between any two Se species in this paper at 25 °C.

A-B(‰)   B 

A

SeO2 SeO Se2 H2Se HSe− DMSe DMDSe DMSeS SeO4 SeO3 HSeO3 SeMet SeCyst Se(M)* Se(T)* 
1.02003 1.00843 1.00562 1.00561 1.00438 1.00999 1.00833 1.00872 1.03777 1.02407 1.02356 1.01042 1.01030 1.00601 1.00595 

SeO2
1.02003 

0.0 11.4 14.2 14.2 15.5 9.9 11.5 11.1 −− 17.2 − 3.9 − 3.5 9.5 9.6 13.8 13.9

SeO 
1.00843 

0.0 2.8 2.8 4.0 − 1.5 0.1 − 0.3 −    28.7 − 15.4 − 14.9 − 2.0 − 1.9 2.4 2.5

Se2
1.00562 

0.0 0.0 1.2 − 4.3 − 2.7 − 3.0 −    31.5 − 18.2 − 17.7 − 4.8 − 4.7 − 0.4 − 0.3

H2Se 
1.00561 

0.0 1.2 − 4.3 − 2.7 − 3.1 −    31.5 − 18.2 −    17.7 − 4.8 − 4.7 − 0.4 − 0.3

HSe−

1.00438 
0.0 − 5.6 − 3.9 − 4.3 − 32.7 − 19.4 − 18.9 − 6.0 − 5.9 − 1.6 − 1.6

DMSe 
1.00999

0.0 1.6 1.3 −    27.1 − 13.8 − 13.3 − 0.4 − 0.3 3.9 4.0

DMDSe 
1.00833

0.0 −    0.4 − 28.8 − 15.5 − 15.0 − 2.1 − 2.0 2.3 2.4

DMSeS 
1.00872 

0.0 − 28.4 − 15.1 − 14.6 − 1.5 − 1.4 2.7 2.8

SeO4
1.03777 

0.0 13.3 13.8 26.7 26.8 31.1 31.3

SeO3
1.02407 

0.0 0.5 13.4 13.5 17.8 17.8

HSeO3
1.02356 

0.0 12.9 13.0 17.3 17.4

SeMet 
1.01042 

0.0 0.1 4.4 4.4

SeCyst 
1.01030 

0.0 4.3 4.3

Se(M)* 
1.00601 

0.0 0.0

Se(T)* 
1.00595 

0.0

2− 2− −

2-

2-

-

Table 5
The formula for Se isotope fractionations at different temperatures.

A–B 103ln(αA–B)=a 106/T2+b 103/T+c

SeO4
2−–SeO3

2− 103ln(αA–B)=0.524637 106/T2+2.94785 103/T−2.50587
SeO4

2−–HSeO3
− 103ln(αA–B)=0.608479 106/T2+2.77841 103/T−2.38642

SeO4
2−–HSe− 103ln(αA–B)=1.709258 106/T2+5.51101 103/T−5.02758

SeO3
2−–HSeO3

− 103ln(αA–B)=0.083841 106/T2−0.16944 103/T+0.11944
SeO3

2−–HSe− 103ln(αA–B)=1.184621 106/T2+2.56316 103/T−2.52171
SeO4

2−–SeMet 103ln(αA–B)=1.236799 106/T2+5.12772 103/T−4.42211
SeO4

2−–SeCyst 103ln(αA–B)=1.204255 106/T2+5.32442 103/T−4.59242
SeO4

2−–DMSe 103ln(αA–B)=1.323029 106/T2+4.90539 103/T−4.22539
SeO4

2−–DMDSe 103ln(αA–B)=1.306259 106/T2+5.48531 103/T−4.72162
SeO2–SeO 103ln(αA–B)=0.438882 106/T2+2.57817 103/T−2.15291
SeO2–Se2 103ln(αA–B)=0.335359 106/T2+4.14586 103/T−3.45764
SeO2–H2Se 103ln(αA–B)=0.725619 106/T2+2.61754 103/T−2.71278
SeO2–Se(T) 103ln(αA–B)=0.263308 106/T2 +4.34169 103/T−3.63616
SeO2–Se(M) 103ln(αA–B)=0.257529 106/T2+4.34519 103/T−3.63933
SeO–Se(T) 103ln(αA–B)=−0.175574 106/T2+1.76352 103/T−1.48325
SeO2–DMSe 103ln(αA–B)=0.198796 106/T2+3.02243 103/T−2.49061
SeMet–DMSe 103ln(αA–B)=0.086231 106/T2−0.22233 103/T+0.19672

⁎Se(M) denotes monoclinic structure; Se(T) denotes the trigonal one.
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4. Discussion

The general trend of enrichment of heavy Se isotopes provided in
this study is useful for indicating the change of redox conditions. The
Se(− II) species can preferentially enrich light Se isotopes no matter
if it is in organic (e.g. alkylselenides and selenoamino acids) or
inorganic forms. If there is a chance that Se(VI) or Se (IV) species can
co-exist with Se(− II) species (e.g. in organic forms), large
fractionations can be expected due to the large valence state
changes. Se isotopes therefore can be used as tracer of reducing
environments because some researchers suggested that the oxida-
tion of Se from low to high valence does not fractionate Se isotopes
(Johnson and Bullen, 2004; Johnson et al., 1999, 2000). Some light
isotopic compositions of geological samples might reflect the
involvements of sulfides or organic matters. It might be used to
explain the largest Se isotopic variation found in Yutangba Se
deposit, Huber Province, China, the δ82/76SeNIST values vary from
−12.77‰ to 4.93‰ (Wen et al., 2007). The data suggest that
reduction reactions might have happened, and light Se isotopes
prefer to the organic-rich environments, such as coal and black
shales, which can explain the light Se isotopic composition
(−12.77‰) of carbonaceous shale (Wen et al., 2007).

It is obvious that organisms play an important role in the cycling of
Se in the whole ecosystem. Se might be transported and transformed
via different chemical and physical pathways. Since biomethylation of
Se has been considered as a major pathway in surface waters, the
isotope fractionation involving alkylselenides and selenoamino acids
will greatly affect Se isotope distributions in ocean surfaces as well as
in the atmosphere, eventually the global Se cycling. Without further
information about molecular level mechanisms of each pathway, we
provide equilibrium Se isotope fractionation factors for each step of
biogeochemical cycle of Se in natural waters (Fig. 4).We are not sure if
these fractionations are correct because some biochemical processes
involving organisms will use “transporters” to exchange elements
between bio-materials and the environment. For such situations, the
Se fractionation should be re-evaluated by considering the Se bonding
forms in those transporters. All in all, our attempting analyses find
that the transformation process from inorganic compounds to the
organically bound Se seems to lead large rearrangement of Se isotopes
(Fig. 4).

5. Conclusions

Equilibrium Se isotope fractionation parameters among some domi-
nant Se species in gaseous, aqueous and condensed phases in nature have
been carefully evaluated. Our gaseous Se species data agreewith previous
results verywell. The redoxcondition is the controlling factor to Se isotope
fractionation. Our results suggest a general trend of enrichment of
heavy Se isotopes as SeO4

2−NSeO3
2−NHSeO3

−NSeO2Nselenoamino acidsN
alkylselenidesNSe(0) or H2SeNHSe−. The largest fractionation at 25 °C,
33‰, occurs between SeO4

2− and organically bound Se(−II) if they can
coexist. Se(−II) species will extremely enrich light Se isotopes relative to
the high valence states of Se species. Such large isotope fractionations
suggest that Se isotopes may be used as an indicator for distinguishing
reduction processes, and they might also greatly affect Se isotope
distributions in nature. These basic equilibrium Se isotope fractionation
factors provided in this studywill largely help thefield of Se stable isotope
geochemistry.
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Appendix

In this study, we use a frequency scaling factor (1.05) for the Se
isotope fractionation calculation at B3LYP/6-311+G** level. It is
because such scaling factor can let the harmonic frequencies match
those of much higher levels (i.e. MP2/aug-cc-pVTZ, CCSD/aug-cc-
pVTZ and CCSD/aug-cc-pVQZ). Table A1 shows the calculated
harmonic frequencies and suggested scaling factors for the B3LYP/6-
311+G** level.

Table A1
The calculated harmonic frequencies and suggested scaling factors for B3LYP/6-311+
G** level.

Se2 SeO H2Se

B3LYP/6-311+G** 378 891 1071 2379 2396
B3LYP/6-311+G(2df,p)
(suggested scaling factor)

381
(1.008)

931
(1.045)

1067 2396
(1.005)

2411

CCSD/aug-cc-pVTZ
(suggested scaling factor)

387
(1.024)

941
(1.056)

1083 2494
(1.056)

2513

CCSD/aug-cc-pVQZ
(suggested scaling factor)

399
(1.056)

953
(1.070)

1088 2494
(1.055)

2510

MP2/aug-cc-pVTZ
(suggested scaling factor)

366*
(?)

805*
(?)

1078 2547
(1.045)

2571

Note: There is something obviously wrong for our MP2 calculations of Se2 and SeO.
These two data are not used to calibrate the scaling factor of the B3LYP/6-311+G**
level.
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