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Equilibrium fractionation factors of vanadium (V) isotopes among tri- (V(III)), tetra- (V(IV)) and penta-
valent (V(V)) inorganic V species in aqueous system and during adsorption of V(V) to goethite
are estimated using first-principles calculation. Our results highlight the dependence of V isotope 
fractionation on valence states and the chemical binding environment. The heavy V isotope (51V) 
is enriched in the main V species following a sequence of V(III) < V(IV) < V(V). According to 
our calculations, at 25 ◦C, the equilibrium isotope fractionation factor between [V5+O2(OH)2]− and 
[V4+O(H2O)5]2+ (lnαV(V)–V(IV)) is 3.9�, and the equilibrium isotope fractionation factor between 
[V5+O2(OH)2]− and [V3+(OH)3(H2O)3] (lnαV(V)–V(III)) is 6.4�. In addition, isotope fractionation between 
+5 valence species [V5+O2(OH)2]− and [V5+O2(H2O)4]+ is 1.5� at 25 ◦C, which is caused by their 
different bond lengths and coordination numbers (CN). Theoretical calculations also show that light V 
isotope (50V) is preferentially adsorbed on the surface of goethite. Our work reveals that V isotopes 
can be significantly fractionated in the Earth’s surface environments due to redox reaction and mineral 
adsorption, indicating that V isotope data can be used to monitor toxic V(V) attenuation processes 
through reduction or adsorption in natural water systems. In addition, a simple mass balance model 
suggests that V isotope composition of seawater might vary with change of ambient oxygen levels. Thus 
our theoretical investigations imply a promising future for V isotopes as a potential new paleo-redox 
tracer.

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

Vanadium (V) is a redox sensitive element that has been widely 
used to constrain variation of redox conditions during many geo-
logical processes, including core-mantle segregation (e.g., Siebert 
et al., 2013), mantle evolution and melting (e.g., Lee et al., 2005), 
and low temperature processes on the Earth’s surface (e.g., Breit 
and Wanty, 1991). Especially as V has multiple valances in sea-
water, it can be used as a redox tracer to study paleo-environment 
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and paleo-oceanography (e.g., Algeo and Maynard, 2004). As a con-
servative or near conservative element with a residence time of 
∼100,000 years in seawater (about 20 times longer than the sea-
water cycle) (Morford and Emerson, 1999), V is nearly uniformly 
distributed in the ocean. Therefore, understanding transportation 
and removal of V in the seawater and precipitation of V into ma-
rine sediments has global implications. Furthermore, industrial ex-
ploitation of V could result in environmental problems as V is toxic 
to plants, animals, and human bodies (e.g., McCrindle et al., 2001). 
For regulation and evaluation of potential V pollution, it is im-
portant to identify the source and monitor V transportation and 
attenuation in solution.

An understanding the chemical behavior of V in water is 
important to understand the cycling of V in surface environ-
ments. V undergoes very complex hydrolysis in solution, where 
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the species of V in solution are controlled by pH, Eh, concen-
tration and aquatic chemistry. Fig. 1 shows the Eh–pH diagram 
for V aqueous in dilute V solutions ([V]total < 10−4 mol/L), which 
applies to most natural water including seawater and freshwa-
ter. In oxidizing conditions, V is mainly presented as V(V) in 
the form of vanadate oxyanion (HVO2−

4 and H2VO−
4 ) in natu-

ral water. At environmentally-impacted sites, which are typically 
associated with mining activities, V(V) could also form polynu-
clear species such as decavanadate (HxV10Ox−6

28 ) or metavanadate 
((VO3)x−

x ) at high concentrations. V(V) is highly soluble and mobile, 
and is the most toxic form of V in solution. Meanwhile, adsorp-
tion of V(V) onto iron and manganese oxides or clay minerals is 
one of the main controls of V concentration in modern seawa-
ter (Trefry and Metz, 1989; Elderfield and Schultz, 1996), river 
water (Auger et al., 1999), and groundwater (e.g., Breit, 1995). Un-
der mildly or strongly reducing conditions, dissolved V(V) tends to 
be reduced to V(IV) or further to V(III) by organic compounds or 
H2S (Breit and Wanty, 1991; Wanty and Goldhaber, 1992). V(IV) 
species are less soluble than V(V) and thus are apt to coprecipi-
tate with minerals and organic substances (Breit and Wanty, 1991;
Morford and Emerson, 1999), while V(III) species are insoluble and 
tend to precipitate from natural water as solid oxide or hydroxide 
(Wehrli and Stumm, 1989). Therefore, transportation and segrega-
tion of V in solution is mainly controlled by redox state variation 
and mineral adsorption–desorption.

V has two stable isotopes, 50V (0.24%) and 51V (99.76%). Highly 
precise and accurate V isotope data have recently been obtained 
due to the advancement of instruments (MC-ICP-MS) and chemi-
cal purification techniques (0.12–0.15�, 2SD, Prytulak et al., 2011;
Nielsen et al., 2011). V isotope data are expressed as: δ51V =
[(51V/50V)sample/(51V/50V)reference − 1] × 1000. Studies on mantle 
xenoliths and mafic lavas gave an estimation of the V isotopic com-
position of bulk silicate earth, and showed that V isotope can be 
fractionated during high-temperature magmatic processes such as 
mantle melting and mineral fractional crystallization (Prytulak et 
al., 2013). V isotope measurement of meteorites indicates that the 
silicate Earth is enriched in 51V by about 0.8� relative to chon-
drites, likely reflecting the different irradiation history of the solar 
system (Nielsen et al., 2014).

Theoretical investigation and experimental work has shown 
that isotopes of multi-valence elements (e.g., Cr and Fe) can 
be fractionated during redox reactions (e.g., Anbar et al., 2005;
Ellis et al., 2002; Schauble et al., 2004). Because V also has various 
valences in natural systems, remarkable fractionation of V isotopes 
is expected. Thus V isotope compositions of terrestrial samples 
may fingerprint redox-state variation.

It is important to understand how V isotopes are fractionated 
during processes controlling V transportation and deposition in 
the Earth’s surface system, i.e., adsorption and redox reactions. To 
present, there has been no experimental work to investigate V iso-
tope fractionation among V species with different valences and 
during mineral adsorption. With advancements in computational 
chemistry, equilibrium isotope fractionation factors can be ob-
tained by first-principles calculations. Quantum chemistry calcula-
tions combined with the Urey model or Bigeleisen–Mayer equation 
(Bigeleisen and Mayer, 1947; Urey, 1947) can provide a reliable 
way to obtain isotope fractionation factors. This method has been 
successfully applied to calculate equilibrium isotope fractionation 
factors of many systems such as Fe, Cu, Zn, Cr, and Ge (e.g., Anbar 
et al., 2005; Fujii et al., 2014; Li et al., 2009; Schauble et al., 2004;
Sherman, 2013).

In this study, V isotopic equilibrium fractionation factors of 
selected V species with valences +3, +4, or +5, including 
[V5+O3(OH)]2−, [V5+O2(H2O)4]+, [V5+O2(OH)2]−, [V4+O(H2O)5]2+, 
[V4+O(OH)2(H2O)3], and [V3+(OH)3(H2O)3] were calculated us-
ing density functional theory. Among these, [V5+O3(OH)]2− and 
Fig. 1. Eh–pH diagram for vanadium aqueous species in the system V–O-H at 25 ◦C 
and 1 atm. [V]total < 2 × 10−5 m (modified from Baes and Mesmer, 1976).

[V5+O2(OH)2]− are dominant V(V) species in natural water un-
der oxic conditions (Fig. 1). [V5+O2(H2O)4]+ is the main form 
of V(V) in acid solution (pH < ∼2, Fig. 1). [V4+O(H2O)5]2+, 
[V4+O(OH)2(H2O)3], and [V3+(OH)3(H2O)3] were investigated since 
they are among the common inorganic V(IV) and V(III) forms in 
solution under anoxic and euxinic conditions (Fig. 1). We also 
calculated the V isotope fractionation due to adsorption of V(V) 
species on the surface of goethite, since goethite, as a represen-
tative mineral adsorbent, is one of the most stable iron oxides 
and oxyhydroxide phases, and exists widely in chemical sedi-
ments and weathered soil (Langmuir et al., 1997). To reinforce the 
reliability of our results, we further calculated the V isotope frac-
tionation factors of V4+O-Lactate complex systems (VO(D-(−)-lact), 
VO(L-(+)-lact) and [VO(lact)2]2−), which could be compared with 
the chromatographic experimental results from Zhang et al. (2003). 
The purpose is to constrain V isotope fractionations caused by re-
dox reaction in solution and adsorption on the mineral surface. 
This work provides a theoretical approach to employ V isotopes 
to investigate variations of redox conditions in paleo-ocean and 
paleo-atmosphere and to trace the source and transportation of 
anthropogenic V.

2. Methods

2.1. First-principles calculations

Mass dependent equilibrium isotope fractionation factors were 
calculated using the Urey model (Urey, 1947) or the Bigeleisen–
Mayer equation (Bigeleisen and Mayer, 1947). The isotope fraction-
ation factors are reported in the form of 103 lnαA–B (103 lnαA–B =
103(ln βA − ln βB), where βA and βB represent the reduced partition 
function ratio of phase A and B, respectively). The reduced parti-
tion function ratio (βA) of element X of phase A is calculated in a 
harmonic approximation, using the Teller–Redlich rule to simplify 
the calculation procedure (Redlich, 1935). The reduced partition 
function ratio depends on temperature and vibrational frequencies. 
The equation used to calculate the reduced partition function ra-
tios is below:

βA = Q ∗

Q
=

3N−6∏

i

μ∗
i

μi

e−1/2μ∗
i

(1 − e−μ∗
i )

(1 − e−μi )

e−1/2μi
(1)

where Q is the vibrational partition function, and ∗ refers to the 
heavy isotope system. All the calculations were run over 3N − 6
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vibrational modes for non-linear and polyatomic molecules con-
sisting of N atoms. μi = hvi/kB T , where h is the Plank constant, 
kB is Boltzmann’s constant, T is the temperature in Kevin, and vi

represents the vibrational frequency of the ith mode.
The harmonic vibrational frequencies were computed by first 

principles calculations. In this study, all calculations, including ge-
ometry optimization and frequency calculations, were performed 
at the B3LYP/6-311+G(d,p) level (Lee et al., 1988) using Gaus-
sian 03 package (Frisch et al., 2004). Previous studies have shown 
that this level can produce good accuracy with moderate compu-
tational cost (Fujii et al., 2014; Li et al., 2009; Li and Liu, 2010, 
2011). The calculated infra-red frequencies attributed to the V–O 
stretching vibration of some V species are generally consistent with 
experimental results, as shown in Table A.2. Similar to some inves-
tigations of transitional element fractionation, such as Fe, Ni, Cu 
and Zn (Fujii et al., 2014), no scaling factors were used in the cal-
culations.

2.2. Structures of V species and V(V) adsorption surface complexes

Structures of chosen V species in solution i.e., [V5+O3(OH)]2−, 
[V5+O2(H2O)4]+, [V5+O2(OH)2]−, [V4+O(H2O)5]2+, [V4+O(OH)2-
(H2O)3], and [V3+(OH)3(H2O)3], were modeled. Among the cal-
culated species, [V5+O3(OH)]2− and [V5+O2(OH)2]− occur in 
solutions with fourfold coordinated phosphate-like cluster struc-
tures (Rehder, 2008; Wehrli and Stumm, 1989); [V5+O2(H2O)4]+, 
[V4+O(H2O)5]2+, [V4+O(OH)2(H2O)3] and [V3+(OH)3(H2O)3] show 
a sixfold coordination environment in solutions (Rehder, 2008). 
The V4+O-Lactate complexes (VO(lact) and [VO(lact)2]2−) exhibit 
a structure of square pyramidal geometry.

A [Fe2(OH)2(H2O)8]4+ dimer is conventionally used to repre-
sent the goethite surface structure (e.g., Peacock and Sherman, 
2004a, 2004b). In addition, because a [Fe2(OH)2(H2O)8]4+ dimer 
contains almost all the important surface sites of Fe(III) oxyhy-
droxides, it can also be used to represent the surface structure of 
Fe(III)-oxyhydroxides (e.g. Cornell and Schwertmann, 2006).

There are at least three possible structures of adsorption com-
plexes on the surface of goethite, i.e. bidentate corner-sharing, 
bidentate edge-sharing surface complexes and monodentate sur-
face complex. Among all the complexes, bidentate corner-sharing 
complexes mainly formed on the dominant surfaces of goethite 
(Boily et al., 2001). Furthermore, for V system, according to the 
structures determined by Peacock and Sherman (2004b) using 
both EXAFS spectroscopy and ab-initio calculations, the bidentate 
corner-sharing complexes (here expressed as Fe2O2V(OH)+2 and 
Fe2O2VO(OH)) are the most favorable configurations based on the 
energy level (see Fig. 7 of Peacock and Sherman, 2004b). Similar 
surface complexes are also found for Cu (Peacock and Sherman, 
2004b) and U (Sherman et al., 2008) adsorbed onto the surface of 
goethite. Therefore the bidentate corner-sharing complexes were 
adopted in this study.

We simulated solvation effects by adopting the “water-droplet” 
method, in which the V-species are surrounded by explicit wa-
ter molecules. In this study, we ran all the calculations (structure 
optimization and frequencies calculations) with all atoms free, sim-
ilar to previous work (Li et al., 2009; Li and Liu, 2010, 2011; Liu 
and Tossell, 2005; Rustad et al., 2010). We initially put 6 water 
molecules around each V species, optimized the geometry, and 
then calculated the harmonic frequencies. After that, 6 additional 
water molecules were added to the previously optimized V-species 
with 6 water molecules, and optimization and frequencies calcula-
tions were repeated. These processes were iterated until the calcu-
lated ln β of V-species (with various number of water molecules) 
converged. For V(V) adsorption surface complexes, the same pro-
cess was run with 3 water molecules each time.
Table 1
Calculated geometrical properties of vanadium species in this study, compared with 
literature values.

Formula Bond type Mean bond distances 
(Å)

[V3+(OH)3(H2O)3] V–O 2.06 This work
2.01 Literaturea

[V4+O(OH)2(H2O)3] V=O 1.62 This work
V–O(OH) 1.91 This work
V–O(H2O axial) 2.52 This work
V–O(H2O equatorial) 2.14 This work

[V4+O(H2O)5]2+ V=O 1.58 This work
1.59 Literaturea

V–O(H2O axial) 2.40 This work
2.21 Literaturea

V–O(H2O equatorial) 2.03 This work
2.03 Literaturea

[V5+O2(OH)2]− V=O 1.64 This work
V–O(OH) 1.80 This work

[V5+O3(OH)]2− V=O 1.68 This work
V–O(OH) 1.87 This work

[V5+O2(H2O)4]+ V=O 1.60 This work
1.63 Literaturea

V–O(H2O axial) 2.38 This work
2.22 Literaturea

V–O(H2O equatorial) 2.00 This work
2.00 Literaturea

Fe2O2V(OH)+2 V–O 1.76 This work
1.67 Literatureb

V–Fe 3.11 This work
3.25 Literatureb

Fe2O2VO(OH) V–O 1.74 This work
1.67 Literatureb

V–Fe 3.22 This work
3.23 Literatureb

a Literature data is from EXAFS analysis results from Krakowiak et al. (2012).
b Literature data is from EXAFS analysis results from Peacock and Sherman 

(2004b).

3. Results

Optimized structures of all species are shown in Fig. 2 and 
V(V) adsorption surface complexes are shown in Fig. 3. Optimized 
structures of V4+O-Lactate complexes are shown in Fig. A.1. The 
geometries and frequencies used in this paper are provided in Sup-
plementary data (Appendix B). Comparison of calculated geometri-
cal properties of surface complexes with literature values is shown 
in Table 1. The calculated structure of goethite surface agrees with 
previous studies (Li and Liu, 2011; Peacock and Sherman, 2004a, 
2004b). The distance between the two Fe atoms is 3.0 Å and the 
mean bond length of four bridging Fe–O bonds is 1.89 Å. In the 
Fe2O2V(OH)+2 complexes (Fig. 3b), the mean bond lengths of V–O, 
Fe–Fe, and Fe–V are 1.76 Å, 2.90 Å, and 3.11 Å, respectively; and 
for the Fe2O2VO(OH) complexes (Fig. 3c), the mean bond lengths 
of V–O, Fe–Fe and Fe–V, are 1.74 Å, 2.89 Å, and 3.22 Å, respec-
tively.

We calculated 103 ln β for a series of water-droplet models with 
6, 12, 18, and 24 water molecules for V species, and 3, 6, 9, and 
12 water molecules for V(V) adsorption surface complexes that ad-
sorb V(V). The reduced partition function ratio (β factor) calculated 
with water-droplet models can be affected by the numbers of sur-
rounding water molecules. The relationship between 103 ln β of V 
species and the number of water molecules are presented in Fig. 4. 
As shown in Fig. 4, because the 103 ln β do not obviously change 
with more than 12 water molecules, adding 12 water molecules is 
sufficient to simulate the solvation effects for the V species. In or-
der to reduce the possible error in calculation, the final 103 ln β of 
V species are taken from the averages of the water-droplets with 
12, 18, and 24 water molecules. For the V(V) adsorption surface 
complexes, the preferred 103 ln β values come from the averages of 
models using 6, 9, and 12 water molecules. Considering the com-
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Fig. 2. Structures of vanadium cluster species with 24 water molecules: (a) [V3+(OH)3(H2O)3], (b) [V4+O(OH)2(H2O)3], (c) [V4+O(H2O)5]2+ , (d) [V5+O2(OH)2]− , 
(e) [V5+O2(H2O)4]+ and (f) [V5+O3(OH)]2− . CN of V in [V5+O2(OH)2]− (d) and [V5+O3(OH)]2− (f) is 4. In the other species (a, b, c and e), the CN of V is 6.
putational cost, we only report the 103 ln β values of V4+O-Lactate 
complexes with 6 water molecules added. This result is enough 
for us to test the reliability of our calculation. The standard devi-
ations (SD) for our calculation of ln β on species at 25 ◦C range 
from 0.06� to 0.21� for [V5+O3(OH)]2− and [V5+O2(H2O)4]+, 
which can be used to represent the accuracy of our calculations 
of ln β .

The calculated 103 ln β of V species versus temperature are 
showed in Fig. 5. Polynomial fitting factors of the 103 ln β are 
presented in Table A.1. As shown in Fig. 5, the V isotopes are 
fractionated between different valence species. More specifically, 
the δ51V enrichment order follows a sequence of [V5+O2(OH)2]−
≈ [V5+O3(OH)]2− > [V5+O2(H2O)4]+ > [V4+O(OH)2(H2O)3] ≈
[V4+O(H2O)5]2+ > [V3+(OH)3(H2O)3]. The equilibrium isotopic 
fractionation factors between V(V) species and their surface com-
plexes onto goethite are plotted in Fig. 6. V isotopes can be frac-
tionated during the adsorption process with V(V) adsorption sur-
face complexes enriching the 50V relative to the corresponding 
V(V) species (Fig. 6). In addition, the equilibrium isotopic fractiona-
tion factors between [V4+O(H2O)5]2+ and V4+O-Lactate complexes 
(lnαV(IV)–V(IV)-Lactate) are −0.3 to −1� at 25 ◦C (Table A.1), com-
parable with previously published results from Zhang et al. (2003).
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Fig. 3. Cluster models of (a) Fe(III) hydroxide dimer [Fe2(OH)2(H2O)8]4+ , and cluster with 12 water molecules of (b) Fe2O2VO(OH) and (c) Fe2O2V(OH)+2 .
Fig. 4. 103 lnβ vs. the number of water molecules for [V5+O2(OH)2]−
and [V5+O3(OH)]2− , and the adsorption surface complexes (Fe2O2VO(OH) and 
Fe2O2V(OH)+2 ) at 25 ◦C.

Fig. 5. The temperature dependence of reduced partition function ratios 
(103 lnβ51–50) for V species with different valence states.

4. Controlling factors of equilibrium fractionation of vanadium 
clusters

Equilibrium isotope fractionation is controlled by bond strength 
(e.g., Bigeleisen and Mayer, 1947; Urey, 1947). Previous work 
showed that species with shorter chemical bonds tend to be en-
Fig. 6. The temperature dependence of 103 lnβ51–50 for V(V) species 
([V5+O2(OH)2]− , [V5+O3(OH)]2− and [V4+O(H2O)5]2+) and the V(V) adsorp-
tion surface complexes of goethite (Fe2O2VO(OH) and Fe2O2V(OH)+2 ).

riched in heavy isotopes relative to species with longer chemical 
bonds, as they have stronger bond strength with higher vibrational 
frequency (e.g., Hill and Schauble, 2008; Schauble et al., 2004;
Urey, 1947). In this study, there is also a negative correlation be-
tween 103 ln β51–50 of V isotope and average V–O bond length in 
V species as showed in Fig. 7, in line with the general theory of 
equilibrium isotope fractionation.

The oxidation state of V is the major factor to influence isotope 
fractionation among different species. As shown in Fig. 5, V species 
with high valence state tend to be enriched in 51V. For example, at 
25 ◦C, the equilibrium fractionation factor between V(V) and V(IV) 
species (lnαV(V)–V(IV)) varies from 2.34 to 3.92�. Similar phenom-
ena are also documented for other redox sensitive elements, like 
Cu (Sherman, 2013), Cr (Schauble et al., 2004), and Fe (Anbar et 
al., 2005). From the structural perspective, V–O bond length (par-
ticularly for the same bond types) decreases and bond strength in-
creases with increasing valence state. As shown in Fig. 7, V species 
with higher valance state show a shorter average V–O bond and 
are enriched in heavier isotopes.

Isotope fractionation also occurs among species with different 
CN. Fig. 5 shows that [V5+O2(OH)2]− and [V5+O3(OH)]2−, exist-
ing as 4-fold coordinated clusters, are enriched in 51V compared to 
6-fold coordinated cluster [V5+O2(H2O)4]+. Further, the difference 
of bond length and isotopic fractionation is negligible between 
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Fig. 7. The negative correlation between 103 lnβ51–50 for V species and average V–O 
bond length at 25 ◦C. V species with high valence state show shorter V–O bond 
length and higher 103 lnβ51–50. V(V) species with different CN also show differ-
ent V–O bond length. [V5+O2(OH)2]− and [V(5+O3(OH)]2− with four-fold CN have 
shorter V–O bond length than [V5+O2(H2O)4]+ with six-fold CN.

[V4+O(H2O)5]2+ and [V4+O(OH)2(H2O)3], which are both 6-fold 
coordinated V species with the same +4 valence.

The clusters of V(V)-goethite surface complexes (Fe2O2V(OH)+2
and Fe2O2VO(OH)) are enriched in 50V compared to the V(V) clus-
ters in solution despite the similarity of their average bond length 
of V–O (Fig. 7), perhaps as a result of distortion in V(V)-goethite 
complexes. Our calculations showed that the structures of ad-
sorbed V species are distorted by forming the bidentate corner-
sharing complexes. For instance, all the O–V–O bond angles are 
near 110◦ for [V5+O3(OH)]2−, while the (Fe–)O–V–O(–Fe) bond 
angle is 85◦ for Fe2O2VO(OH). The distortion of the adsorption sur-
face complexes should decrease the stability and bond strength of 
V–O bonds in the first coordination sphere, and cause enrichment 
of 50V in the adsorption surface complexes. Similar mechanisms 
have also been used to explain the isotope fractionation during 
surface adsorption processes of Ge (Pokrovsky et al., 2014) and Mo 
(Barling and Anbar, 2004).

5. Geological applications

5.1. Implications for monitoring environmentally toxic V(V)

As a contaminant in water, most waste V is generated by the 
ferrous metallurgy industry (World Health Organization, 1988). 
To reduce the potential risk of this toxic element, it is impor-
tant to monitor the attenuation of V in water. Because V is a 
highly redox-active element, its mobility and environmental im-
pact in water mainly depend on redox reaction and adsorption 
processes. Our calculations predicts large fractionation of V iso-
topes among species of different valences and during V(V) adsorp-
tion on goethite. Thus, V isotope data could be used to trace toxic 
V(V) transportation and removal processes in solution.

To quantify isotopic shifts of V in solutions during removal pro-
cesses, we developed a numerical model simulating isotope frac-
tionation in a closed system by batch or Rayleigh fractionation. 
This approach has been widely used in the literature to explain 
isotopic fractionation of Se, Fe, Cr, and U during redox reactions 
(e.g., Ellis et al., 2002; Johnson and Bullen, 2004). In such models, 
the isotope fractionation factor (α) is conventionally defined as

α = Rproducts/Rreactants (2)

where Rproducts refers to the 51V/50V of the V reduced or adsorbed 
during the reaction in a closed system fractionation or at an in-
stant in time for Rayleigh fractionation, and Rreactants refers to the 
51V/50V ratios of the V remaining in the reactant pool. Then in a 
closed system, the V isotope composition of remaining unreacted 
V(V) in solution (δ51V) can be described as:

δ51V = (δ51Vinitial + 103) × [( f − 1) × lnα + 1] − 103 (3)

In an open system that can be described as a Rayleigh fractionation 
process, δ51V could be described as equation (4):

δ51V = [(δ51Vinitial + 103) × (ln f (α−1) + 1)] − 103 (4)

In equations (3) and (4), δ51Vinitial refers to the V isotopic com-
position of the initial solution, and f is the fraction of residual 
unreacted V(V).

Assuming that isotopic exchange equilibrium between V(V) 
species and other V species is reached, the isotope fractionation 
factor during reduction reaction and adsorption could be esti-
mated based on equilibrium isotopic fractionation among differ-
ent V species. V(V) would form polynuclear species in V con-
taminated water at high concentration of V(V), and the V iso-
topic composition of polynuclear species might be different from 
mononuclear species. However, such species only exist as the 
primary V(V) species at concentrations in excess of ∼1 mmol/L 
(Rehder, 2008), which is higher than that of most natural solu-
tions even at environmentally-impacted sites. Therefore, vanadate 
([V5+O3(OH)]2− and [V5+O2(OH)2]−) is chosen to represent V(V) 
species here, since they are supposed to be the dominant V(V) 
species in most natural solutions as shown in Fig. 1. Meanwhile, 
[V4+O(H2O)5]2+, [V4+O(OH)2(H2O)3], and [V3+(OH)3(H2O)3] are 
tentatively assumed to represent the V(IV) and V(III) species re-
spectively in the current study. Based on such assumptions, we can 
model the variation of δ51V of residual V(V) dissolved in the solu-
tion during such redox and adsorption processes (Fig. 8).

Our model indicates that as V(V) content decreases due to 
reduction or adsorption, 51V is preferentially enriched in V(V) 
species. δ51V of the remaining V(V) could increase by several �, 
very large change relative to the precision of the present analy-
sis (0.12–0.15� 2SD, Prytulak et al., 2011; Nielsen et al., 2011) 
(Fig. 8). Since δ51V variations in solution are strongly related to 
the extent of reduction or adsorption, V isotope ratios can be used 
as indicators of the extent of V(V) attenuation in natural solution.

5.2. Oceanic V isotope budget and its geological implication

Understanding of the oceanic V flux and isotope mass balance 
is the key to developing V isotope geochemistry as a new paleo-
redox proxy. Our calculation can provide theoretical predictions of 
V isotope budget for the ocean. The geochemical cycle of V in the 
oceans is mainly controlled by environmental redox conditions be-
cause the change of redox state can influence the flux proportions 
of V outputs from the ocean (e.g., Morford and Emerson, 1999;
Algeo and Maynard, 2004). The oceanic cycle of an element can be 
evaluated based on the elemental flux mass balance (e.g., Tipper 
et al., 2006). In general, the V inputs to the ocean are equal to the 
outputs from the ocean at the steady state:

Fin = Fout (5)

where Fin is the input flux and Fout is the output flux of the ocean. 
River input is considered as the main source of V to the ocean, 
and the main output from the ocean is marine sediments in oxic-
reduced environments and hydrothermal deposits (see Morford 
and Emerson, 1999 and references therein). Assuming no output 
other than these three sinks, equation (5) can further be expressed 
as:

FR = FO + FA + FH (6)
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Fig. 8. Isotope equilibrium exchange model for δ51V of remaining unreacted V(V) 
versus the fraction of residual unreacted V(V) in the solution. In this model, we de-
fine αV(IV)–V(V) = 0.9963 ±0.0002, αV(III)–V(V) = 0.9936 ±0.0001, αV(V)adsorbed–V(V) =
0.9979 ±0.0004 and assume δ51Vinitial = 0 (see detailed discussion in the texts). Red 
lines: V(V) reduced to V(III). Blue lines: V(V) reduced to V(IV). Black lines: V(V) ad-
sorbed by goethite. The lightly shaded areas represent the range of our models for 
each equilibrium exchange reaction. Abbreviations: RF, Rayleigh fractionation model; 
CSF, closed system fractionation model. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

In equation (6), FR represents river flux into the ocean as the 
main V input, FO represents flux of the oxic sink where V(V) 
is adsorbed by Fe–Mn oxide and deposited in oxic conditions, 
FA represents the flux of the reduced sink (both anoxic and eu-
xinic) in which V with main valence of +4 or possibly +3 is re-
moved from water lacking free oxygen, and FH represents the flux 
due to hydrothermal precipitation of V (Breit and Wanty, 1991;
Morford and Emerson, 1999 and references therein).

The V isotope budget of seawater creates additional constraints 
on oceanic V mass balance. Attempts were previously made to in-
vestigate oceanic mass balance of elements such as Mg (e.g., Tipper 
et al., 2006), Cu, and Zn (e.g., Little et al., 2014). Based on the 
steady-state model of the ocean, which presumes a balance be-
tween the influx from the continents and outflux into sediments, 
we get the equation:

δin = fO × δO + fA × δA + fH × δH (7)

where δ refers to the V isotope composition of the different source 
and sinks, fx = (Fx/Fin) refers to the fraction of V removed by 
these sinks. In additions, we get

fO + fA + fH = 1 (8)

from equation (6). Considering the V isotope fractionation between 
seawater and different sinks (i.e., �SW–X

51V = δSW −δO, where δSW
refers to the V isotope composition of seawater), we further obtain 
the equation:

δSW = δin + fO × �SW–O
51V + fA × �SW–A

51V

+ fH × �SW–H
51V, (9)

where δSW is the V isotope composition of seawater. Equation (9)
reveals that seawater V isotope composition (δSW) is controlled by 
the V isotopic composition of input (δin) as well as the fraction of 
V removed into different sinks ( fX). Additionally, V isotope frac-
tionation factors between seawater and different sinks are the key 
parameters to quantify the ocean V isotope mass balance. Here we 
use our calculation results to give a theoretical estimation of the 
ocean V isotope budget:
In the oxic environment of the ocean, the dominant species of 
V is vanadate (HVO2−

4 and H2VO−
4 , see Fig. 1) with +5 valence. 

Vanadate is mainly scavenged by Fe and Mn oxides through an 
adsorption process in which sediments and ferromanganese nod-
ules/crusts deposit under oxic conditions. Since goethite is one 
of main mineral that adsorb V(V), and sequential leaching exper-
iments imply that V(V) species tend to be accumulated in fer-
romanganese nodules and crusts in the ocean through adsorp-
tion to goethite (Koschinsky and Hein, 2003), it is reasonable to 
assume that �51VSW–O ≈ �51VV(V)-goethite. In addition, previous 
works on other metal stable isotope like Mo (e.g. Barling and 
Anbar, 2004) imply that adsorption process of transitional metal 
isotopes could be simulated as equilibrium isotope exchange re-
actions. Therefore, isotope fractionation factors of V between sea-
water and oxic sinks could be estimated using our model, i.e. 
�51VSW–O ≈ �51VV(V)-goethite = 2.1 ± 0.4�.

Furthermore, in the modern oxic ocean, iron oxyhydroxide par-
ticles forming in hydrothermal systems by oxidation reactions can 
take up ocean V(V) through adsorption processes (Trefry and Metz, 
1989). Assuming that goethite can represent iron oxides and oxy-
hydroxides for adsorption processes, as they show similar surface 
structures (e.g. Cornell and Schwertmann, 2006), the V isotopic 
composition of hydrothermal systems could also be approximately 
expressed as �51VSW–H ≈ �51VV(V)-goethite = 2.1 ± 0.4�.

Under reducing conditions, V(V) is reduced to V(VI) or further 
to V(III), and such species are easily taken up by the sediment 
from seawater. The isotopic offset of V during accumulation into 
reduced sediment from seawater depends on both the proportion 
of V removed from the reactive pool and isotope fractionation of 
V during the reduction reaction. If the sequestration of V from 
seawater is quantitative, which is most likely the case given the 
ocean’s pervasive lack of free oxygen, the isotopic composition of 
authigenic V in the reducing sediments is likely the same as that 
of the contemporaneous seawater, i.e. �SW–A

51V ≈ 0. Otherwise, if 
V(V) is partially reduced and taken up from the water, isotope frac-
tionation of V during the reduction reaction is the key parameter 
to control �SW–A. Stratified water columns in which anoxic wa-
ter underlies oxic water favor such partial reduction. In addition, 
assuming isotope exchange for V is fast enough so that isotopic 
equilibration is reached during the reduction reaction of V(V), we 
can give a rough estimation of �SW–A based on our calculation, i.e. 
�SW–A

51V ≈ 3.7∼6.4�.
Combining our estimation of �SW–X

51V with equation (8) and 
(9), we plotted the variations of V isotope offset between the dis-
solved V of seawater and the global input (δSW − δin) along with 
the change of fA (Fig. 9). In Fig. 9, both the quantitative V se-
questration model with �SW–A

51V = 0 (Model 1 in Fig. 9) and V 
isotope equilibration model with �SW–A

51V = 3.7–6.4� (Model 2 
in Fig. 9) are simulated. The vertical shaded area shows the es-
timated modern value of the proportion of riverine flux removed 
from anoxic sediment (8 ± 5%, Emerson and Huested, 1991). Al-
though the exact V isotope offset of different sinks from seawater 
inventory cannot be obtained with any accuracy, our calculations 
support the idea that changes of oceanic redox conditions influ-
ence δ51VSW via changes of the relative proportions of different 
sinks, as shown in Fig. 9. In addition, such variations of δ51VSW

are likely to be recorded in the oceanic sediments. Thus, although 
there is currently no V isotope measurement for seawater and 
ocean sediment, our theoretical work provides basic parameters 
to constrain V isotope fractionation between ocean inventory and 
different sinks, implying that δ51V records of ancient sedimentary 
rocks may offer insights into regional or global redox conditions of 
the paleo-ocean.
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Fig. 9. Models for the shift of δ51V between seawater reservoir and river inputs 
(δSW − δin) versus proportion of riverine flux removed by anoxic sink ( fA). Two pos-
sible models of isotope shift with different assumed V isotope fractionation factors 
between seawater and reducing sinks are presented. In model 1, �SW–O

51V = 2.1�, 
�SW–H

51V = 2.1�, and �SW–A
51V = 0. In model 2, �SW–O

51V = 2.1�, �SW–H
51V 

= 2.1�, and �SW–A
51V = 3.7–6.4�. The vertical shaded area shows the estimated 

modern value of proportion of riverine flux removed from anoxic sediment. See de-
tailed discussions in the text.

6. Conclusions

Equilibrium V isotope fractionation factors among dominant V 
species of different valences in solution and V(V)-goethite surface 
complexes were calculated using first-principles calculations. Our 
calculations predict significant V isotope fractionation among V 
species with different valences, following a general trend of enrich-
ment of 51V isotopes as VO2(OH)−2 ≈ VO3(OH)2− > VO2(H2O)+4
> VO(OH)2(H2O)3 ≈ VO(H2O)2+

5 > V(OH)3(H2O)3. Our results 
also reveal that 50V is preferentially adsorbed onto the surface of 
goethite during adsorption of V(V) species. Our theoretical estima-
tion predicts that large V isotope fractionation could occur during 
V transportation and segregation in natural solutions via redox re-
action and adsorption processes. A rough estimation of oceanic V 
isotope mass balance is also presented based on our calculation. 
This work implies that V isotope fractionation is promising as a 
potential paleo-redox tracer and an indicator to monitor the atten-
uation of V(V) in polluted systems.
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