
1 Introduction 
 
Tin (Sn) is a critical metal in the global high-tech 

industry.  In  recent  years,  metallogenesis  and  related 
mineral exploration of tin deposits has received increasing 
attention (Mao et al., 2019, 2021; Yuan et al., 2019; Yuan 
and Zhao, 2020). Previous studies have shown that 95% of 
the Sn resources in the world were extracted from tin 
deposits related to hydrothermal fluids (Lehmann, 1990, 
2021).  Therefore,  investigating  the  transportation  and 
enrichment processes of tin  in hydrothermal fluids is 
crucial to better understanding the enrichment mechanism 
during tin mineralization. Many studies have shown that 
Sn(II) and Sn(IV) can combine with Cl−, OH−, F−, SO4

2− 
and CO3

2−  to form various complexes and they have 
identified  a  series  of  complex  structures  of  tin  in 
hydrothermal  fluids  (Jackson  and  Helgeson,  1985; 
Heinrich, 1990; Edwards et al, 1996; Sherman et al., 2000; 
Séby et al., 2001; Müller and Seward, 2001; Uchida et al., 
2002; Cigala et al., 2012; Schmidt, 2018). 

In recent years, with the rapid development of non-
traditional isotope geochemistry, accurate determination of 
tin  isotopic  composition  for  geological  samples  has 
allowed us to use Sn isotope data to trace the process of 
tin mineralization (Badullovich et al., 2017; Mathur et al., 

2017; Wang et al., 2019). The preliminary application of 
the  Sn  isotope  in  the  study  of  hydrothermal  tin 
mineralization shows that they can trace redox reactions 
that occurred during the formation of tin deposits (Brugger 
et al., 2016; Mason et al., 2016; Creech et al., 2017; Yao 
et al., 2018; She et al., 2020; Wang et al., 2021). Recent 
experiments  by  Wang  et  al.  (2019)  suggested  that 
vaporation-induced fractionation  results in the residual 
solution becoming isotopically lighter, and heavier  Sn 
isotopes are favored in a stronger bonding environment 
associated with oxidation. The experimental study of Liu 
et al. (2021) shows that the Sn isotope can record the 
complex fluid evolution in a single cassiterite crystal. 
However, Sn(II) is easily oxidized at ambient conditions 
(Wang et al., 2019), and separating Sn(II) and Sn(IV) 
species in aqueous solution is difficult. This leads to the 
lack of equilibrium Sn isotope fractionation factors among 
the different Sn species, such as Sn−F, Sn−OH, Sn−CO3, 
which has hampered the application of the Sn isotope in 
revealing the genesis of hydrothermal tin deposits. 

With  the  rapid  development  of  computational 
chemistry, the first-principles techniques have been widely 
used to calculate various isotope fractionations, especially 
for  isotope systems that are difficult to determine the 
equilibrium  fractionation  factors  under  extreme 
experimental conditions (Schauble et al., 2003; Liu and 
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Tossell, 2005; Tossell, 2005; Li et al., 2009; Li and Liu, 
2011; Huang et al., 2019; She et al., 2020; Gao and Liu, 
2021; Wang, et al; 2021). 

In  this  investigation,  in  order  to  comprehensively 
understand the equilibrium Sn isotope fractionation factors 
between various Sn complexes in hydrothermal solutions, 
we aimed to systematically calculate the fractionation 
between Sn(II, IV)−Cl, Sn(II)−OH, Sn(II)−F, Sn(II)−SO4 
and Sn(II)−CO3 species using an implicit solvent model. 
 
2 Methods 
 
2.1 Reduced partition function ratio (β) 

Here, we briefly summarize the definition of the terms 
and  equations  of  the  theories  of  equilibrium  isotope 
fractionation (Chacko et al., 2001; Schauble, 2004; Liu et 
al., 2010; Dauphas and Schauble, 2016; Blanchard et al., 
2017). Considering: 

116SnR + 124Sn ⇋ 124SnR + 116Sn       (1) 

where R is a ligand of tin species. The reduced partition 
function ratios (βSnR or βSn) represent the fractionation 
factors between the interested phases and ideal gas atom 
of  element  Sn.  The  isotope  fractionation  factor  (α) 
between two phases can be expressed as: 

αSnR−Sn = βSnR/βSn                   (2) 

in which, according to the Bigeleisen–Mayer  equation 
(Bigeleisen  and Mayer, 1947),  the β factor  is closely 
related to the vibrational frequencies of the corresponding 
phase: 

and  

where N is the number of vibrational modes; vi is the 
harmonic vibrational frequency of its mode; h is Planck’s 
constant;  k  is  Boltzmann’s  constant  and  T  is  the 
temperature in Kelvin. Therefore, β only relates to the 
harmonic  vibrational  frequencies  before  and  after  the 
isotope substitution. If the vibrational frequencies of the 
isotope are known, the equilibrium isotope fractionations 
can  be easily calculated. In this study,  we report the 
reduced partition function ratio as 1000lnβ because it can 
easily be converted to 1000lnαA–B by subtracting the β 
factors of the two complexes in equilibrium, Eq. (5): 

1000lnαA−B = 1000·lnβA − 1000·lnβB            (5) 

 
2.2 Computational methods 

We conducted the calculations using quantum chemical 
calculations with Gaussian 16; they were performed with 
three different basis sets: (1) the Becke-style3-parameter 
density function theory (B3LYP) with the Lee–Yang–Parr 
correlation functional (Lee et al., 1988; Becke, 1993a, b) 
with 6-311+G(d, p) basis sets for H, O, Cl, F and S and the 
Lan2DZ ECP pseudopotential for Sn; (2) B3LYP with 6-

311+G(d, p) basis sets for H, O, Cl, F and S and SDD 
pseudopotential for Sn; and (3) B3LYP with def2-TZVP 
basis  sets.  After  the  vibrational  frequencies  were 
calculated, the reduced partition function ratios (β) were 
determined  using Eq.  3.  Through  Eq.  5,  the  isotope 
fractionation factors are predicted. 

 
2.3 Uncertainties of calculations of β factors by the 
implicit solvent model 

The implicit solvent model (PCM method) defines the 
aqueous  solution  environment  around the solute  as  a 
continuum of the uniform dielectric constant, which does 
not fully consider the dynamic characteristics of water and 
the interaction between water molecules (e.g., Liu and 
Tossell, 2005). To test whether our results are valid or not, 
we compared the calculated β values in the present work 
with those of previous theoretical study. Our calculation 
results show that the 1000ln122/116β values for [Sn(IV)Cl5

(H2O)]− and Sn(II)Cl2 calculated at the B3LYP/def2TZVP 
level  at  25°C are  5.51‰ and 2.751‰, respectively, 
(Tables 3, 4), which are slightly lower than the values 
5.29‰ and 2.62‰ calculated by Wang et al. (2021) using 
the explicit solvent model. The 1000lnα[Sn(IV)Cl5(H2O)]− 

−Sn(II)Cl2  values  are  2.759‰ and 2.670‰, and the 
difference is 0.089‰. 
 
3 Results 
 
3.1 Geometric properties of Sn species in solution 

In this study, three different theoretical levels were used 
to optimize the structures and then the harmonic vibration 
of all species was analyzed (Table 1); the bond lengths of 
these species are listed in Table 2. The Sn−O bond length 
of [Sn(OH)3]

− and the Sn−Cl bond length of [Sn2+Cl3]
− 

measured by previous experiments were 2.078 Å and 2.47 
Å, respectively (Table 2) (Chen and Grandbois, 2013; 
Bajnóczi  et  al.,  2014), which are consistent with the 
calculate bond lengths (Table 2) by B3LYP/def2−TZVP 
(2.076  Å and  2.524  Å).  The  comparison  between 
calculated values and experimental values shows that bond 
lengths calculated by the B3LYP/def2−TZVP method are 
accurate and reliable. Therefore, the harmonic vibration 
frequencies of all Sn complexes were calculated using the 
B3LYP/def2−TZVP  method;  the  optimized  molecular 
structures of these species are shown in Fig. 1 (Sn−OH 
species), Fig. 2 (Sn−F and Sn−Cl species) and Fig. 3 
(Sn−CO3 and Sn−SO4

 species). 
The geometric properties of the Sn−OH, Sn−Cl and 

Sn−F complexes are shown in Table 2. The results show 
that the bond lengths of Sn(II)−Cl are significantly longer 
than those of Sn(II)−F and Sn(II)−OH, whereas the bond 
lengths  of  Sn(II)−F and  Sn(II)−OH are  almost  equal 
(Table 4) at the same coordination number. The variation 
rule of bond length of Sn(II)−CO3 and Sn(II)−SO4 is not 
obvious. The geometric properties of Sn(IV) species are 
shown in Table 2 and Fig. 5. The average Sn−Cl bond 
lengths of [Sn4+Cl4]

0, [Sn4+Cl3·3H2O]+, [Sn4+Cl4·2H2O]0, 
[Sn4+Cl5·H2O]− and [Sn4+Cl6]

2−, are 2.32 Å, 2.36 Å, 2.41 
Å,  2.44  Å and  2.49  Å,  respectively,  which  increase 
gradually with the increase of the number of Cl atoms in 
the solute molecules. 
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Fig. 1. Molecular structure of Sn(II)−OH species in aqueous solution. 
(a) [Sn2+(OH)(H2O)3]

+; (b) [Sn2+(OH)2(H2O)2]
0; (c) [Sn2+(OH)3(H2O)]−. 

Table 2 Comparison of bond lengths and experimental values of Sn(II, IV) complexes optimized at different theoretical and 

basis set levels 

Speciation Average bond length of Sn-X 
Bond length (Å) 

B3LYP/6-311G+(d, p)/Lan2DZ B3LYP/6-311G+(d, p)/SDD B3LYP/def2tzvp 

[Sn(OH)3]
−
 

Sn−O 2.03113 2.0969 2.0762 

Exp 2.078
a
 

[Sn
2+

OH]
+
 Sn−O 1.84026 1.8955 2.014 

[Sn
2+

(OH)2]
0
 Sn−O 1.95928 2.02512 2.063 

[Sn
2+

Cl]
+
 Sn−Cl 2.42491 2.45457 2.44893 

[Sn
2+

Cl2] Sn−Cl 2.53041 2.55935 2.50838 

[Sn
2+

Cl3]
−
 

Sn−Cl 2.61875 2.64729 2.52367 

Exp 2.475
a
 

[Sn
2+

F]
+
 Sn−F 1.89758 1.9578 1.98808 

[Sn
2+

F2]
0
 Sn−F 1.94954 2.00906 2.02325 

[Sn
2+

F3]
−
 Sn−F 1.99745 2.05801 2.02494 

[Sn
4+

Cl4] Sn−Cl 2.37704 2.40718 2.31749 

[Sn
4+

Cl3∙3H2O]
+
 Sn−Cl 2.42669 2.45269 2.35531 

[Sn
4+

Cl4∙2H2O] Sn−Cl 2.46868 2.49477 2.40554 

[Sn
4+

Cl5∙H2O]
−
 Sn−Cl 2.48360 2.52729 2.43911 

[Sn
4+

Cl6]
2−

 Sn−Cl 2.53319 2.56321 2.48571 

        Raman spectra 

[Sn
2+

Cl2] 
Calculated value     273 

Exp     272
b
  

Table 1 Calculations of the main tin(II, IV)-bearing complexes obtained by previous experiments 

Sn(II, IV) species in solution Reference 

Sn(II) species 

Sn(II)−OH species 
[Sn(OH)]

+
 

Jackson and Helgeson,1985; Dokic et al., 1991; Djurdjevic et al., 

1995; Séby et al., 2001; Cigala et al., 2012 
[Sn(OH)2]

0
 

[Sn(OH)3]
−
 

Sn(II)−Cl species 

[Sn
2+

OHCl]
0
 

Bond and Taylor, 1970; Pettine et al., 1981; Müller and Seward, 2001; 

Séby et al., 2001; Cigala et al., 2012; Wang et al., 2021 

[Sn
2+

Cl]
+
 

[Sn
2+

Cl2] 

[Sn
2+

Cl3]
−
 

Sn(II)−F species 

[Sn
2+

F]
+
 

[Sn
2+

F2]
0
 

[Sn
2+

F3]
−
 

Sn(II)−CO3
2−

,SO4
2−

 species 

[Sn
2+

CO3]
0
 

Cigala et al., 2012 
[Sn

2+
HCO3]

+
 

[Sn
2+

(OH)CO3]
−
 

[Sn
2+

SO4]
0
 

Sn(IV) species Sn(IV)−Cl/H2O species 

[Sn
4+

Cl4] 

Sherman et al., 2000; Schmidt, 2018; She et al., 2020; Wang et al., 

2021 

[Sn
4+

Cl6]
2−

 

[Sn
4+

Cl5∙H2O]
−
 

[Sn
4+

Cl4∙2H2O] 

[Sn
4+

Cl3∙3H2O]
+
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3.2 β values of Sn-bearing aqueous species 
We  systematically calculated  the  1000ln124/116β  and 

1000ln122/116β  values of all  Sn complexes at  different 

temperatures, as shown in Tables 3 and 4. The 1000lnβ 
values decreased with an increase in temperature, and the 
1000ln124/116β value of the same complex is greater than 
the  1000ln122/116β  value  (Tables  3,  4)  at  constant 
temperature.  Here,  we  calculated  the  equilibrium  Sn 
isotope fractionation factors of Sn−OH species, Sn−CO3, 
Sn−SO4  and Sn−F species for  the first time and the 
1000ln124/116β (1000ln122/116β) values of these species at 
different temperature are listed in Table 3. 

In order to investigate the Sn isotope fractionation 
between Sn(II)−F species, Sn(II)−OH species and Sn(II)
−Cl  species,  we  used  the  implicit  solvent  model  to 
calculate the 1000ln124/116β (1000ln122/116β) values of Sn(II)
−Cl species that were calculated by explicit solvent model 
(Wang et al., 2021). The results show that the β factors of 
the Sn–Cl species are smaller than those of Sn(II)−F and 
Sn(II)−OH, whereas the difference in the equilibrium Sn 
isotope fractionation factors between Sn(II)−F and Sn(II)
−OH species is small at the same coordination number. 
For  the  Sn(IV)  complexes,  the  1000ln124/116β 
(1000ln122/116β)  values  of  [Sn4+Cl4]

0,  [Sn4+Cl3·3H2O]+, 
[Sn4+Cl4·2H2O]0, [Sn4+Cl5·H2O]− and [Sn4+Cl6]

2− are listed 
in Table 4, and the 1000lnβ values decreased gradually 
with the increase in the number of Cl atoms in the solute 
molecules. In general, the β factors of the Sn(IV) complex 
is larger than that of the Sn(II) complex. 
 
4 Discussion 
 
4.1 Isotope fractionation between various complexes of 
Sn(II) 
4.1.1  Isotope  fractionation  between  Sn(II)−OH 
complexes 

Previous studies have demonstrated that the hydrolysis 
of tin (II) in aqueous solutions widely occur at pH ≥ 2, 
and the three products of the hydrolysis, namely: [Sn(II)

Fig. 2. Molecular structure of Sn(II)−F and Sn(II)−Cl species in aqueous solution. 
(a) [Sn2+F(H2O)3]+; (b) [Sn2+F2(H2O)2]0; (c) [Sn2+F3(H2O)]−; (d) [Sn2+Cl(H2O)3]

+; (e) [Sn2+Cl2(H2O)2]0 ; (f) [Sn2+Cl3(H2O)]−; (g) [Sn2+OHCl(H2O)2]
0. 

Fig. 3. Molecular structure of Sn(II)−CO3
2− and Sn(II)−SO4

2− 

species in aqueous solution. 
(a) [Sn2+CO3(H2O)2]

0; (b) [Sn2+HCO3(H2O)3]+; (c) [Sn2+OHCO3(H2O)]−; 

(d) [Sn2+SO4(H2O)3]
0. 
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(OH)]+,  [Sn(II)(OH)2]
0  and [Sn(II)(OH)3]

−,  have been 
identified by experiments (Djurdjevic et al., 1995; Séby 
et  al.,  2001;  Cigala  et  al.,  2012).  Here,  we  have 
calculated the values of 1000ln124/116β and 1000ln122/116β 
for Sn(II)−OH species at 25, 100, 200 and 300°C (Table 
3). The 1000ln124/116β values of [Sn2+OH(H2O)3]+, [Sn2+

(OH)2(H2O)2]
0  and [Sn2+(OH)3]

− are 3.820‰, 4.558‰ 
and 6.046‰, respectively, at 25°C.The average Sn−O 
bond lengths of [Sn2+OH(H2O)3]

+,  [Sn2+(OH)2(H2O)2]
0 

and [Sn2+(OH)3]
− are 2.014 Å, 2.0633 Å and 2.0762 Å, 

respectively.  The data  show that  one,  two and three 
Sn−O bonds are formed in [Sn2+OH(H2O)3]

+, [Sn2+(OH)2

(H2O)2]
0 and [Sn2+(OH)3]

− (Fig. 1), respectively. Though 
bond length increases and bond strength weakens with 
the increase in the number of OH, the greater the amount 
of OH−, the stronger the bond environment provided to 
tin (Table 2, 3). Therefore, the 1000lnβ values of Sn−OH 
species increases with the increase of the amount of OH−, 
indicating that the influence of bonding environment on 
the 1000lnβ value is stronger than bond length. This 
leads to the enrichment order of the heavy isotope of Sn
(II) in solution is [Sn(II)(OH)3]

− > [Sn(II)(OH)2(H2O)2]
0 

> [Sn(II)(OH) (H2O)3]
+ at constant temperature (Fig. 4). 

 
4.1.2 Isotope fractionation between Sn(II)−F and Sn(II)
−Cl complexes 

A large number of studies have shown that fluorine 
and chlorine are ubiquitous components in the granitic 
magmatic−hydrothermal  tin  mineralization,  indicating 
that  Cl  and F probably play important  roles for  tin 
transportation in hydrothermal fluids (Helgeson, 1969; 
Bailey, 1977; White et al., 1981; Zhu and Sverjensky, 
1992).  Field  observations  have also shown  that  the 
fluorite intergrowth with cassiterite is ubiquitous in tin 
ore (Wang et al., 2012; Mohamed, 2013; Guo et al., 

2018).  In  addition,  previous  experimental  studies 
suggested that the solubility of Sn(II) in HF-bearing and 
HCl-bearing fluids are 70−2000 ppm (0.5−3.2 m HF) 
and 0.8 to 11 wt% (0.5−4.4 m HCl) at 700°C, 140 MPa 
(Duc-Tin et al., 2007), respectively, which indicate that 
Sn  maybe  transported  as  Sn(II)−F  and  Sn(II)−Cl 
complexes in ore-forming fluids. Previous experimental 
studies of potentiometry, solubility, spectrophotometry, 
polarography and new voltametric measurements on tin 
in hydrothermal fluids have suggested that the Sn(II) 
complexes combined with F and Cl in solution mainly 
include [Sn(II)F(H2O)3]

+, [Sn(II)F2(H2O)2]0, [Sn(II)F3]
−, 

[Sn(II)Cl(H2O)3]+,  [Sn(II)Cl2(H2O)2],  [Sn(II)Cl3]−  and 
[Sn(II)OHCl(H2O)2]

0  (i.e.,  Müller  and Seward,  2001; 
Séby et al., 2001; Cigala et al., 2012). 

Here,  we calculated the Sn isotope fractionation of 
between different Sn(II)−F species and Sn(II)−Cl species. 
The 1000ln124/116β and 1000ln122/116β values of Sn(II)−F 
and Sn(II)−Cl species at 25, 100, 200 and 300°C (Table 3) 
show that the heavy Sn isotope enrichment order of tin in 
the solution is [Sn(II)F3]

− > [Sn(II)F2(H2O)2]
0 >[Sn(II)F

(H2O)3]
+ > [Sn(II)OHCl(H2O)2]

0 > [Sn(II)Cl3]
− > [Sn(II)Cl

(H2O)3]
+ > [Sn(II)Cl2(H2O)2] at constant temperature (Fig. 

4). The calculated results show that the bond length of Sn
(II)−Cl is significantly longer than that of Sn(II)−OH and 
Sn(II)−F (Table 2), which led to the enrichment of light 
isotopes in Sn(II)−Cl complexes and the enrichment of 
heavy isotopes in Sn(II)−OH and Sn(II)−F complexes. 
This is consistent with that shorter bonds are stronger, and 
more favorable to the heavy isotopes relative to the longer 
bonds (Urey, 1947; Schauble, 2004; Young et al., 2009; 
Huang et al., 2013, 2014). 
 
4.1.3 Isotope fractionation between Sn(II)−CO3 and Sn
(II)−SO4 complexes 

Some  skarn  cassiterite−sulfide  deposits  are 
accompanied by carbonate alteration,  such as Mount 
Biscoff, Cleveland deposits in Australia (Collins, 1981; 
Halley and Walshe, 1995), and the experimental studies 
showed  that  SnO2  has  high  solubility in  the  alkali 
carbonate aqueous solution during heating (Liu et al, 
2020). Moreover, the studies of Eadington (1983) and 
Barsukov and Suschevskaya (1973) have shown that the 
importance of SO4

2− relative to Cl− ions is increasing in 
later lower temperature and HCO3

− could be dominant 

 

 Table 3 Values of 1000ln
124/116

β and 1000ln
122/116

β of Sn(II) species (25°C −300°C) 

Speciation 
1000ln

 124/116
β 1000ln

122/116
β 

25°C 100°C 200°C 300°C 25°C 100°C 200°C 300°C 

[Sn
2+

OH]
+
 3.82 2.506 1.589 1.095 2.924 1.919 1.217 0.838 

[Sn
2+

(OH)2]
0
 4.558 3.003 1.91 1.318 3.491 2.299 1.462 1.009 

[Sn
2+

(OH)3]
−
 5.7095 3.7423 2.3714 1.633 4.355 2.855 1.809 1.246 

[Sn
2+

Cl]
+
 2.79 1.805 1.135 0.778 2.156 1.395 0.877 0.602 

[Sn
2+

Cl2] 2.751 1.774 1.111 0.76 2.092 1.349 0.845 0.578 

[Sn
2+

Cl3]
−
 2.8959 1.8620 1.1637 0.7951 2.2167 1.4253 0.8908 0.6086 

[Sn
2+

OHCl] 3.647 2.384 1.508 1.037 2.793 1.825 1.155 0.794 

[Sn
2+

F]
+
 3.868 2.522 1.589 1.089 2.945 1.918 1.208 0.827 

[Sn
2+

F2]
0
 4.785 3.134 1.985 1.367 3.672 2.406 1.525 1.05 

[Sn
2+

F3]
−
 5.8553 3.82527 2.4175 1.6618 4.4777 2.925 1.848 1.271 

[Sn
2+

CO3] 3.895 2.535 1.599 1.099 2.985 1.942 1.225 0.842 

[Sn
2+

HCO3]
+
 2.683 1.711 1.056 0.713 1.967 1.247 0.765 0.513 

[Sn
2+

(OH)CO3]
−
 5.26 3.436 2.173 1.495 4.018 2.625 1.66 1.142 

[Sn
2+

SO4]
0
 3.454 2.214 1.369 0.922 2.742 1.752 1.079 0.724  

Table 4 Values of 1000ln
 124/116

β and 1000ln
122/116

β of Sn(IV) 

complexes (25°C‒300°C) 

Speciation 
1000ln 

124/116
β 1000ln

122/116
β 

25°C 100°C 200°C 300°C 25°C 100°C 200°C 300°C 

[Sn
4+

Cl4] 7.57 4.91 3.09 2.12 5.80 3.77 2.37 1.62 

[Sn
4+

Cl3∙3H2O]
+
 7.30 4.74 2.98 2.05 5.58 3.62 2.28 1.57 

[Sn
4+

Cl4∙2H2O] 6.63 4.29 2.69 1.84 5.05 3.27 2.05 1.40 

[Sn
4+

Cl5∙H2O]
−
 5.51 3.55 2.23 1.52 4.59 2.97 1.86 1.27 

[Sn
4+

Cl6]
2−

 5.27 3.39 2.12 1.45 4.04 2.60 1.62 1.11  
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or significant anion in fluids associated with many tin 
deposits. This suggested that Sn(II) can also be probably 
transported as Sn(II)−CO3

2− or Sn(II)−SO4
2− complexes 

in ore-forming fluids. Up to now, there are four Sn(II) 
species combined with CO3

2− and SO4
2− in hydrothermal 

fluid have been identified by experiments (Cigala et al., 
2012),  including [Sn(II)CO3]0,  [Sn(II)HCO3]

+,  [Sn(II)
(OH)CO3]

−  and  [Sn(II)SO4]0.  In  this  study,  we 
calculated the values of 1000lnβ for those Sn(II) species 
at different temperature, and the results are present in 
Table 3. 

The 1000lnβ values of [Sn(II)(OH)CO3]
−, [Sn(II)CO3]

0, 

[Sn(II)HCO3]+ and [Sn(II)SO4]
0 are 5.260‰, 3.895‰, 

2.683‰  and  3.454‰ ,  respectively,  and  complexes 
containing  OH  ligands  are  higher  than  those  of 
complexes without OH− ligands (Table 3; Fig. 4), which 
determines that the heavy Sn isotope enrichment order 
was [Sn(II) (OH)CO3]− > [Sn(II)CO3]

0 > [Sn(II)SO4]0 > 
[Sn(II)HCO3]+ (Fig. 4). 

 
4.2 Isotope fractionation between Sn(IV) complexes 

Although most of the previous studies suggest that tin 
mainly  transport  as  Sn(II)  species  in  the 
magmatic−hydrothermal  process  (i.e.,  Sherman  et  al., 

Fig. 4. Calculated 1000ln124/116β (A) and 1000ln122/116β (B) values for Sn(II) species in aqueous solution. 
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2000; Duc-Tin et al., 2007), some recent studies show that 
Sn(IV)  complexes  can  also  be  transported  in  the 
hydrothermal fluids (Schmidt, 2018; Wang et al., 2021), 
and the Sn(IV) complexes in the solution mainly include 
[Sn(IV)Cl3·3H2O]+,  [Sn(IV)Cl4·2H2O],  [Sn(IV)Cl4],  [Sn
(IV)Cl5·H2O]− and [Sn(IV)Cl6]

2− (Sherman et al., 2000; 
Schmidt,  2018).  Here,  we  optimized  the  molecular 
structures and calculated harmonic frequencies of various 
Sn(IV) species (Fig. 5). By comparing the 1000ln124/116

(122/116)β values and Sn−Cl bond length of those Sn(IV) 
species  (Table  2),  it  is  suggested  that  as  the  H2O 
molecules  in  Sn−Cl−H2O  complexes  are  gradually 
replaced by Cl ions, Sn−Cl bond length of those species 
increase gradually, 2.36 Å, 2.41 Å, 2.44 Å and 2.49 Å, the 
1000lnβ values of those complexes decrease gradually at 
constant temperature (Table 4). This leads to a enrichment 
trend of heavy tin  isotope as:  [Sn(IV)Cl4] > [Sn(IV)
Cl3·3H2O]+ > [Sn(IV)Cl4·2H2O] > [Sn(IV)Cl5·H2O]− > [Sn
(IV)Cl6]

2−  (Table  4),  which  is  consistent  with  the 
enrichment trend of Sn isotope fractionation calculated by 
She et al. (2020). 
 
4.3 Tin isotope fractionation caused by valence change 
between Sn(II) and Sn(IV) in aqueous solution 

In the process of transport and enrichment of tin in 
magmatic  hydrothermal  fluid,  the  change  of  redox 
condition  is  an  important  controlling  factor  of  tin 

mineralization  (Heinrich,  1990),  and  the  Sn  isotope 
investigation suggested that the variation of valance state 
is the main factor controlling the Sn isotope fractionation 
(Yao et al., 2018). In addition, Roskosz et al. (2020) also 
concluded that large tin isotope fractionation is expected 
between materials containing Sn2+ and Sn4+.  Here, we 
calculated the 1000lnβ values of Sn(IV)−Cl species and 
Sn(II)−Cl species in solution. The results show that the 
124/116Sn  fractionations  between  Sn(IV)  and  Sn(II) 
complexes is up to 4.88 ‰ (1000lnαSnCl4−SnHCO3

−) at 25°C, 
which indicate that the valence state change of Sn in 
aqueous  solution  leads  to  significant  Sn  isotope 
fractionation. Our calculation results are consistent with 
the conclusions of Yao et al. (2018) and Roskosz et al. 
(2020). 

In  addition,  we  also  calculated  the  Sn  isotope 
fractionation between Sn(II)−OH, Sn(II)−F, Sn(II)−SO4, 
Sn(II)−CO3 species and Sn(IV)−Cl species. Among these 
complexes (Table 1), the variation of valence state leads 
to large Sn isotopic fractionation at 25°C (1000lnαSn(IV)

−Sn(II) = 1.411‰–5.772‰). However, the difference of 
1000lnβ values between these complexes ([Sn(II)F3]

−, 
[Sn(II)(OH)3]

−, [Sn(II)(OH)CO3]−, [Sn(IV)Cl6]
2− and [Sn

(IV)Cl5·H2O]−)  is  very  small,  and  the  Sn  isotope 
fractionation caused by the valence change is also small 
at constant temperature (Table 5). Our calculation results 
suggest  that  the total  enrichment  trend of  heavy Sn 

Fig. 5. Species of Sn(IV) in aqueous solution. 
(a) [Sn4+Cl4]; (b) [Sn4+Cl6]

2−; (c) [Sn4+Cl5(H2O)]−; (d) [Sn4+Cl4(H2O)2]; (e) [Sn4+Cl3(H2O)3]
+. 
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isotope is Sn(IV) species > Sn(II) species (Tables 3 and 
4). In fact, the enrichment trend of Sn isotope in magma 
is the same as that in hydrothermal fluids (Badullovich et 
al.,  2017;  Creech  et  al.,  2017;  Wang  et  al.,  2018; 
Roskosz et al., 2020). 
 
5 Conclusions 
 

In  this  study,  we  systematically  calculated  the 
fractionation between Sn(II, IV)−Cl, Sn(II)−OH, Sn(II)−F, 
Sn(II)−SO4  and  Sn(II)−CO3  species  using  an  implicit 
solvent model. 

We  estimate  that  the  equilibrium  Sn  isotope 
fractionation factors between several important processes 
leads  to  transportation,  and  enrichment  of  tin.  Our 
calculations predict significant Sn isotope fractionation 
among Sn species with different valences, following a 
general trend of enrichment of 124Sn (122Sn) as Sn(IV) 
species > Sn(II) species. 

The main factors leading to tin isotope fractionation are 
as  follows:  (1)  isotope  fractionation  between  Sn(II) 
species in hydrothermal fluids is mainly affected by the 
speciation and bond length, and Sn(II)−Cl species will 
enrich light Sn isotopes relative to the Sn(II)−OH and Sn
(II)−F species; and (2) isotope fractionation between Sn
(IV) species in hydrothermal fluids is affected by the 
coordination number of ligands (Cl− and H2O). These 
basic equilibrium Sn isotope fractionation factors provided 
in  this  study  will  allow  us  to  further  study  the 
transportation,  and  enrichment  mechanism  of  tin  in 
hydrothermal systems by Sn isotope tracer. 
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