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Abstract

Equilibrium Sn isotope fractionation properties between aqueous Sn (2+, 4+) species
and Sn-bearing minerals are the key to using tin isotope to trace the transportation,
enrichment and precipitation of tin in various geological processes. However, the
application of Sn isotope geochemistry has been impeded by the absence of equilibrium
Sn isotopic fractionation factors between Sn-bearing minerals and fluid and between
mineral pairs. In this contribution, we conducted first-principles calculations based on the

density functional theory to obtain the equilibrium Sn isotopic fractionation factors
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between aqueous Sn complexes and minerals. For Sn-bearing complexes in solution, the
reduced partition function ratios () are determined by taking snapshots from the
molecular dynamic trajectories and computing the average B of the snapshots based on
the lowest energy atomic coordinates. For Sn-bearing minerals, the static first-principles
periodic density functional theory methods are performed. The results show that the P
factors decrease in the sequence of malayaites) (Sn*") > cassiterites) (Sn*") >
Sn*"Cla(H20)2aaq) > Sn*F3~ (ag) > Sn**(OH)2aag) > Sn**CO3aq) > stannites) (Sn*") >
Sn**Cl3™ ag). The predicted Sn isotope fractionation follows several distinct patterns: (1)
for minerals, the Sn isotope fractionations (1000In0minerals-stannite) Of cassiterite-stannite
and malayaite-stannite minerals pairs are controlled by the coordination elements of tin,
and equilibrium Sn isotope fractionations factors between mineral pairs are large enough
to make them powerful Sn isotope thermometry; (2) for Sn-bearing aqueous species, the
B values of tin (4+) complexes are remarkably larger than those of all aqueous Sn**
species, indicating that higher valence tin preferentially enriched heavy tin isotopes. For
aqueous Sn**species, the aqueous species with shorter bonds are enriched in heavy Sn
isotopes than those with longer bonds. When both the valence state and bond length are
different, the valence state is the main factor controlling tin isotope fractionation; (3)
during precipitation of various Sn’" aqueous complexes into cassiterite or malayaite,
heavy Sn isotopes tend to be enriched in minerals, while there are two situations for the
precipitation of Sn®" complexes into stannite. When Sn is transported in hydrothermal
solution as Sn**Cls", stannite precipitation leads to the enrichment of light tin isotopes in
residual solution and late minerals. On the contrary, other Sn*' species (Sn*'F3-,

Sn**(OH)2 and Sn**COs3) precipitate as stannite will result in the enrichment of heavy tin
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isotopes in the residual solutions . In addition, the direct precipitation of Sn** complexes
into cassiterite, malayaite, or stannite also produces considerable tin isotope fractionation.
During precipitation, Sn*" aqueous complexes form cassiterite or malayaite, and heavy Sn
isotopes tend to be enriched in minerals; while it is precipitated into stannite, heavy Sn
isotopes enrich in residual fluid and late minerals. The calculated results are essential for
further understanding the mechanisms of Sn isotopic fractionation in various Sn-involved
geological processes.

Key words: Equilibrium Sn isotope fractionation; First-principles molecular dynamics;

Sn-bearing aqueous species; Sn-bearing minerals

1. INTRODUCTION

Tin is an important metal for global high science and the technology industry, and it
has been identified as a critical metal for the development of decarbonization technology
(Moss et al., 2013). Most of the Sn production (99%) throughout the world originates
from hydrothermal tin deposits, and consequently, the ore-forming processes and mineral
exploration of tin have attracted closer attention. (Yuan et al., 2019; Lehmann, 1990, 2021;
Mao et al., 2019, 2021). A great deal of research has shown that Sn (Sn** and Sn*") forms
various complexes with different ligands in different geological fluids (e.g., Tobias, 1958;
Mark, 1977; Pettine et al., 1981; Séby et al., 2001; Miiller and Seward, 2001; Uchida et
al., 2002; Duc-Tin et al., 2007; Cigala et al., 2012; Schmidt, 2018; Liu et al, 2020; She et
al., 2020; Wang et al., 2021). According to the limited experimental studies, the Sn
isotope fractionations are obvious among aqueous Sn species and Sn-bearing minerals,

indicating that the Sn isotope geochemistry is a robust tool to trace the Sn-involved

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8804. http://www.minsocam.org/

geological process (Polyakov et al., 2005; Brugger et al., 2016; Mason et al.,2016;
Badullovich et al., 2017; Creech et al., 2017; Mathur et al., 2017; Yao et al., 2018; Wang
et al., 2019; Liu et al., 2021). The equilibrium Sn isotopic fractionation factors among
Sn-bearing substances are prerequisite to use Sn isotope to trace geological processes.
However, equilibrium Sn isotopic fractionation factors between mineral and fluid and
between mineral pairs are mostly lacking because Sn** is readily oxidized under
environmental conditions (Wang et al., 2019) and dividing Sn** and Sn*" complexes in
solutions is tough (Altunay and Giirkan, 2015), which makes it difficult to further decode
the evolution process of Sn in geological systems.

Recently, the reduced partition function ratios (B factors) of Sn-Cl species in solution
were preliminary calculated by using the cluster method (one configuration) (She et al.,
2020; Wang et al., 2021; Sun et al., 2022), and the B values of Sn**-Cl species and
tin-bearing minerals (cassiterite, megawite, and romarchite) were calculated by two
different methods: the cluster method and the periodic boundary calculations (Wang et al.,
2021), respectively. However, due to the dynamic property of aqueous solutions, previous
studies have demonstrated that the configuration disorder of the aqueous solutions can
affect the P values (e.g., Li et al., 2009; Li and Liu, 2011; Wang et al., 2019; Gao and Liu,
2021). Therefore, different configurations are required to be sampled when calculating
the B factors for the complexes in solutions. First principles molecular dynamics (FPMD)
simulations based on DFT (Density functional theory) can generate sufficient long and
stable trajectories for solutions at constant volume, temperature and pressure, which can
provide enough configurations to calculate B values of complexes in solutions. This

approach has successfully predicted the equilibrium isotopic fractionation factors among
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92  minerals and aqueous species for many isotope systems (e.g., Blanchard et al., 2009,
93  2017; Kowalski and Jahn, 2011; Dupuis et al., 2015; Qin et al., 2016; Wang et al., 2019;
94  Gao and Liu, 2021).

95 In the present work, we apply this method to calculate the B values of aqueous Sn
96 species and tin-bearing minerals. All tin-bearing substances are treated at the same
97  theoretical level. We focused on [Sn*'(OH)2]%q), [Sn*'F3] @q, [Sn*'CI] (g,
98  [Sn?"CO3]%aq) and [Sn*"Cla(H20)2]aq) which have been identified as the predominant
99  stable Sn-bearing species in various geological fluids (e.g., Mark, 1977; Heinrich, 1990;
100  Edwards et al, 1996; Sherman et al., 2000; Cigala et al., 2012; Schmidt, 2018; Liu et al,
101 2020; She et al., 2020; Wang et al., 2021). As for Sn-bearing minerals, we mainly focused
102 on cassiterites) (Sn**02), malayaites) (CaSn**SiOs) and stannite(s) (Cu2FeSn*'S4) which
103  are dominant in various types of tin deposits (Hosking, 1988; Eadington, 1983; Eadington
104  and Kinealy, 1983; Peng and Bromley, 1992; Bortnikov, 2006; Aleksandrov and Troneva,
105  2007; Yao et al., 2018). The controlling factors of tin isotope fractionation among these
106  minerals and the aqueous Sn species have been further discussed, and the calculated
107  equilibrium Sn isotope fractionation between aqueous Sn species and minerals are key to

108 the utilization of Sn isotopes in geological processes.

109

110 2. METHODS

111 2.1. Theory

112 Equilibrium Sn isotopic fractionation is determined by the vibrational frequency of
113  tin atoms in two distinct phases (Bigeleisen and Mayer, 1947; Urey, 1947), and more

114  details information about the terms and equations of the theory can be found in many
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115  reviews (Schauble, 2004; Chacko et al., 2001; Liu et al., 2010; Dauphas and Schauble,
116  2016; Blanchard et al., 2017). The isotope exchange reactions of the light tin isotope

117  ('%Sn) and the heavy tin isotopes (1?’Sn or '?*Sn) in two tin-bearing substances (SnA and

118  SnB):
119 16SnA + 1228nB = 1228nA + 116SnB (1)
120 where A and B is a ligand of tin substance. The reduced partition function ratios (Bsna

121 or PBsnB) represent the fractionation factors in two phases (Sn phases of interest and its
122 ideal gas atom). The isotope fractionation factor (asna-sns) between the two Sn substances

123 (SnA and SnB) can be described by:

124 0SnA-SnB =PsnA/PsnB (2)

125 Based on the Bigeleisen-Mayer equation, the B factors is defined as follows

126 (Bigeleisen and Mayer, 1947; Urey, 1947):

. ﬁ ujexp (- uj/2)[1 - exp(—uy)]

127 ; 3
Lewcudi—epcuy P
128 and
129 hvi (4)
u-:
Y kgT

130  Where N depicts the amount of harmonic vibrational modes. v; depicts the vibrational

131 frequency of i mode; h represents Planck constant; kg depicts Boltzmann constant
132 and T depicts the temperature in Kelvin. The above expressions are applicable to the
133 calculation of isotope fractionation between molecules.

134 For crystals, the B factor are calculated in a similar way which can be represented

135  as following:

136 5 :[1_[ 1_[ za,iexp (—ui/2)[1- exp(_ui)]]l/Nq )
i q

,i€Xp (—ui/2)[1 — exp(—u])]
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137

138  where Nq depicts the amounts of g-vectors in the Brillouin zone. In this study, the
139  vibrational frequencies of minerals are achieved by computing supercells. The vibrational
140  frequencies of g = 0 modes can yield adequately precise  values. Three translational
141 modes with vibrational frequencies verging on zero are neglected.

142

143 2.2. Computational details

144 2.2.1. Sn-bearing Minerals

145 We carried out calculations on cassiterite(s) (Sn*"0z), malayaite(s) (CaSn**SiOs) and
146  stannites) (Cu2FeSn**Ss) (Fig.1). Based on the density functional theory (DFT), the first
147  principles periodic method is used to calculate the vibrational frequency which is
148  implemented with Vienna ab initio simulation package (VASP) (Kresse and Furthmiiller,
149  1996). The exchange-correlation functional is defined by the Perdew, Burke and
150  Ernzerhof (PBE) (Perdew et al., 1996) of generalized gradient approximation (GGA) and
151  projector augmented wave (PAW) method. The cut-off energy of plane wave is set at 600
152 eV. On the basis of the Monkhorst-Pack scheme (Monkhorst and Pack, 1976), the k-point
153 grids in the Brillouin-zone integration are shown in Table 1. Supercells are used for the
154  structural relaxations (Table 1), and both the cell parameters and atomic positions are
155  optimized. The force convergence criterion is set as 10 eV/A. After relaxations, the
156  vibration frequencies are computed by applying the density functional perturbation theory
157  (IBRION=5).

158 In addition, in order to detect the influence of size on Sn isotope fractionation, we
159  compared the calculated B values with different sizes. For instance, we calculated the 3

160  factors of stannite with supercells of 1x1x1 and 2x2x2, the calculated B values are

7
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161  1.00323 and 1.00326, respectively. The difference is very small, which indicates that

162 2x2x2 supercells are already large adequately to remove the size effect.

163 2.2.2 Sn-bearing species in aqueous fluids

164 For aqueous Sn (2+,4+) complexes (Table 1), we carry out the FPMD simulations to
165  provide configurations for calculating the final  factors. This technique has been used to
166  predict the Si, Mg, and Br isotope fractionations among various minerals and aqueous
167  species (Kowalski and Jahn, 2011; Dupuis et al., 2015; Pinilla et al., 2015; Wang et al.,
168  2019; Gao and Liu, 2021). The simulations of all Sn complexes are carried out in the
169  NVT (canonical ensemble) thermodynamic ensemble at a fixed temperature of 300K. The
170  cut-off energy of plane wave is set at 600 eV, and the k-point grids are 1x1x1. For
171 [Sn?'F3] and [Sn?'Cls]™ species, the Na atom is added to keep the charge balance. These
172 cell parameters are selected to guarantee that the statistical pressure is verging on zero
173 and the densities are nearly 1 g/cm’. The time step for all simulations is set to 1 fs. The
174  FPMD simulation are totally performed for 50 ps and the energies converge to a constant
175  value after 30 ps. The Sn-bearing solute molecules and 50 water molecules are embedded
176  in a cubic box (Table 1). Isotope fractionation has previously been shown to be a
177  relatively local effect, and fractionations are closely linked to the local structures of the
178  atoms of interest (e.g., Liu and Tossell, 2005; Li and Liu, 2011; Fujii and Albarede, 2018).
179 It is sufficient to simulate the local structures of Sn (2+, 4+) ions in solutions using a
180  solute molecule surrounded by 50 water molecules (e.g., Gao and liu, 2021; Wang et al.,
181  2019). Because structure after FPMD simulation, with at least 3 layers of water molecules
182  surrounding the Sn-bearing solute, and each water molecule is in a location that allows

183  for the formation of two or more hydrogen bonds. They form many four-, five-, and
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184  six-member rings (e.g., Xantheas and Dunning, 1993; Estrin et al., 1996; Ludwig and
185  Weinhold, 1999; Liu and Tossell, 2005).

186 The Sn-bearing species (Sn**Cli"(H20)s0, Sn?>"CO3(H20)s0, Sn**(OH)2(H20)s0,
187  Sn*'F37(H20)s0 and Sn*'Cls(H20)s0) solution structures are sustained at 300 K for 50ps
188  and the energies converge to a constant value between 30ps and 50ps. Because of the
189  configuration disorder of the aqueous solution, it is necessary to sample enough
190  configurations to get the converged B value. Here, we take 10 configurations for each
191 aqueous solution (Fig.2). The configurations are extracted from the equilibrated
192  trajectories (> 30 ps) with equal intervals (2 ps). Then the atomic positions of the
193  configurations are optimized with a force convergence criterion of 1e-3 eV/A. Finally, the
194  vibration frequencies are calculated to predict the  values for each aqueous species.

195

196 3. RESULTS

197  3.1. Structures and B factors of minerals

198 The relaxed crystal structures of all calculated minerals are shown in Fig.1. The
199  calculated lattice parameters of Sn-bearing minerals, bond lengths and frequencies are
200 listed in Table 1 and Table 2. The B factors of minerals ('>''%Sn and !'*?!'6Sn) are
201 calculated by equation (5). In Table 3, we present the polynomial fit parameters for the
202  minerals B factors calculated. The computed B values for cassiterite, malayaite and
203  stannite are shown in Table S2, and their variation with temperature is shown in Figure 2a.
204  The P factors of cassiterite and malayaite are much larger than that of stannite. The
205 1000In(P) values of cassiterite (12¥11°Sn) decreased from 11.128 %o at 25 °C to 2.666 %o

206  at 350 °C, and the 1000In(p) values of malayaite (‘*¥''®Sn) decreased from 11.434 %o at
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207 25 °C to 2.766 %o at 350 °C, and the 1000Inp values of stannite ('2¥!'°Sn) decreased from
208 3.225 %o at 25 °C to 0.750 %o at 350 °C (Table S2). Malayaite has the shortest Sn-O bond
209 length and the largest 1000Inf value. Though the tin valence states of the three minerals
210  are the same (4+), and the coordination number of Sn in stannite (4) is smaller than those
211 of cassiterite (6) and malayaite (6), the 1000Inf value of stannite is much lower than that
212 of the other two minerals (Table S2). This is related to the fact that the bonds formed by
213 Sn and S are much weaker than those formed by Sn and O. Light Sn isotopes are

214  therefore enriched in Sn-S bonds.
215

216  3.2. Structures and f factors of Sn-bearing species in aqueous solutions

217 In order to evaluate the structural properties of all Sn-bearing aqueous species, we
218  performed calculations on the partial radial distribution functions (RDFs) of the Sn-O
219  pair of atoms. The coordination numbers (CNs) for O around Sn and the RDFs of various
220  Sn aqueous species are shown in Fig.3. Short-range order and long-range disorder are
221  reflected by the initial peaks and the decrease in magnitude of subsequent fluctuations in
222 liquids (e.g., Karki, 2010). For Sn?>*(OH)2(gq), Sn**Cl3~ (ag), Sn*"CO3 (ag) and Sn**Claaq) at
223 300 K, the Sn-O RDF peaks occur at ~ 2.15 A, ~ 225 A, ~2.15 A and ~ 1.95 A,
224  respective (Fig. 3). The calculated coordination numbers (CNs) are ~ 3.13, ~ 1.55, ~ 3.89
225 and ~ 1.07, respectively (Fig. 3 inset). For SnF3", at 300 K, there is no sharp peak in the
226 Sn-O RDF, indicating that F- dominates the first shell of SnFs", while water molecules
227  inhabit the second shell.

228 Ten configurations are extracted from the equilibrated trajectories at equal intervals
229  of each Sn-bearing species (Fig.2). The B factors are calculated by averaging the 3 values

230  of 10 configurations (Table S2; Table S1). The B factors of aqueous Sn species are in
10
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231 order of Sn*"Cly(H20)2> Sn**'F3~ > Sn?* (OH)2> Sn**CO3 > Sn?*Cls™ (Fig. 4b and Table
232 S2). Sn*"Cls(H20): has the largest B factors (1>#11%Sn: 7.627+0.04 %o at 25 °C), and the B
233 factors of Sn?*Cls™ is the smallest (">*''°Sn: 2.639+0.14 %o at 25 °C) (Table S2). In Table

234 3, we list the polynomial fit parameters for Sn-bearing aqueous species 3 factors.

235
236 4. DISCUSSION

237 4.1. Comparison with previous work

238 Previous studies have shown that the nuclear volume effects (NVE), which results
239  from the isotopic change in the nuclear size and shape, is larger for heavy elements and it
240 is recognized as the major origin of the mass-independent isotope fractionation
241 (Bigeleisen, 1996; Schauble, 2007; Abe et al., 2008, 2010; Fujii et al., 2009, 2011, 2013).
242 For example, the NVE effect is ~1%o/amu (atomic mass unit) for Hg (Schauble, 2007), Pb
243 (Fujii et al., 2011; Yang and Liu, 2015), TI (Schauble, 2007; Yang and Liu, 2015) and U
244  (Bigeleisen, 1996; Abe et al., 2008, 2010). Here, the method of applying the
245  first-principles calculations obtains the mass-dependent fractionation in Sn-bearing
246  substances resulting from differences in vibrational frequencies, without considering the
247  effect of NVE on Sn isotope fractionation originating from differences in volume and
248  shapes of the atomic nuclear. However, according to previous studies, the influence of
249 NVE on Sn isotope fractionation is usually quite small (0.5%o in '*¥!16Sn for cassiterite
250 and romarchite at 25°C, 0.14%o0 at 727°C) (Schauble, 2013), and therefore the
251  mass-dependent fractionation at low and moderate temperatures is the main factor leading
252 to the fractionation of Sn isotopes.

253 Our calculated lattice coefficients of Sn-bearing minerals are well consistent with
254  the previous experimental values (Table 1) (Brockway,1934; Takenouchi, 1971; Bolzan et

11
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255  al,, 1997). The calculated Sn-O and Sn-S bond length of cassiterite and stannite are 2.059
256 A and 2.566 A, respectively, which are in good agreement with the experimental
257  measured value, 2.058 A and 2.539 A. The calculated of bond length of Si-O, Sn-O and
258  Ca-O of malayaite (1.647 A, 2.064 A and 2.448 A) are also well consistent with the
259  experimental measured values (1.641 A, 2.042 A and 2.483 A) (Table 2) (Scott, 1970;

260  Higgins and Ribbe,1977; Zhang et al., 1999; Olekseyuk et al., 2002; Fontané et al, 2012;

261  He et al., 2021). For aqueous Sn species, among different configurations, the variation of
262 1000In(P) values are exceeded 0.1 %o (Fig.2), indicating that it is essential to sample
263  different configurations when computing B factors in solution, which is similar to the
264  previous calculation of Br and Mg species in solution (Wang et al., 2019; Gao and Liu,
265  2021). In this study, ten configurations are sampled for each aqueous Sn (2+, 4+) species
266  to calculate the cumulative average values of B, and the values converge to constants
267 (Fig.2 and Table S2). The 1000In'**''®8 values of Sn**Cls-50H20 using the same
268 theoretical level with the minerals and Sn**Cl3~18H20 (one configuration) (Wang et al.,
269  2021) calculated at B3LYP/def2-TZVP level were 2.07 %o and 2.18 %o, respectively (Fig.
270  4b and Table S2). For Sn-bearing minerals, the results show that the1000In'?!'B values
271 of cassiterite we calculated (PBE) are well consistent with the X-ray scattering (NRIXS)
272 in synchrotron radiation experiments values (Polyakov et al., 2005) (Fig.4a). The
273 consistency of these data indicates that our calculation results are accurate and reliable.

274

275 4.2, Controlling factors on equilibrium Sn isotope fractionation in solution

276 Based on the calculation, the B values of Sn*"Cls(H20): are larger than those of Sn**

277  species, indicating that heavy Sn isotopes are preferentially enriched in higher Sn

12
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278  oxidation states, and the enrichment trend is similar to that of Br, Se, and V species in
279  solution (Li and Liu, 2011; Wu et al., 2015; Gao and Liu, 2021). For the Sn*" aqueous
280  species, the bond lengths of Sn**-F(aq), Sn**-O(qg) and Sn**-Clg) are 2.13 A, 2.14 A and
281  2.77 A, respectively, and the B factors decrease with the increase of bond length (Fig.2b
282  and Table S2), indicating that bond length is the major controlling factor for the Sn
283 isotope fractionation of aqueous Sn** species. It conforms to the rule that shorter bonds
284  have a higher vibrational frequency, which favors enriching heavier isotopes over longer
285  and weaker bonds (Urey, 1947; Schauble et al., 2004; Young et al., 2009; Huang et al.,
286 2013, 2014). When the valence states and bond lengths of Sn-bearing species are
287  different, the valence state has a stronger effect on Sn isotopic fractionation than that of
288  the bond length among these Sn complexes. For instance, at constant temperature, the
289  bond length of Sn*"Cls(H20)2 (2.44 A) is longer than those of Sn*'F3~ (2.13 A) and
290  Sn*'(OH)2(2.14 A), but the B factors of Sn*"Cls(H20): is larger than those of Sn*'F3~ and
291  Sn*'(OH): (Fig.2b and Table S2).

292

293  4.3. Sn isotope fractionations among minerals

294 In previous theoretical studies, a strong correlation has been demonstrated between 3
295  values and cell parameters of minerals in equilibrium isotope fractionation of other
296 elements, such as the valence state of an element (e.g., Schauble et al., 2001), the
297  coordination number (e.g., Huang et al.,2013; Liu et al., 2018), and the average bond
298  length (e.g., Huang et al.,2019; Liu et al., 2018; Méheut and Schauble, 2014). For
299  cassiterite (malayaite) and stannite with different coordination numbers and coordination
300 elements, heavy tin isotopes are preferentially enriched in cassiterites with high CNs (6),

301 and light tin isotopes are enriched in stannite with low CNs (4), deviating from the
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302  general rule that minerals with low CNs are preferentially enriched in heavy isotopes.
303  This is because the coordination element of Sn is S in stannite (Sn-S), while the
304  coordination element of Sn is O in cassiterite and malayaite (Sn-O). The bond strength of
305  Sn-O is stronger than that of Sn-S, which makes the Sn-O bond length of cassiterite (or
306  malayaite) shorter than the Sn-S bond length of stannite, suggesting that the properties of
307 the coordination element have a stronger effect on isotopic fractionation than the
308  coordination number in these three minerals. The general principle of coordination in
309  qualitative fractionation factors is also unsuitable for Cu- and Fe-bearing minerals. For
310 instance, the CNs of Cu in cuprite is two and that of Cu in carbonates and sulfates is four,
311  but cuprite tends to enrich lighter Cu isotopes than that of carbonates and sulfates (Liu et
312 al,, 2021); the CNs of Fe in chalcopyrite is four, but it is more enriched in lighter Fe
313  isotope than Fe in hematite and pyrite which CNs is eight (Blanchard et al., 2017).
314  Although stiff bonds tend to enrich heavy isotopes in various isotopic systems, it is
315 unclear which of these crystal chemical parameters is the most important factor in
316  determining the interatomic bonds (Schauble, 2004). This demonstrates the complexity of
317  factors affecting equilibrium stable isotope fractionation (Liu et al., 2021).

318 In addition, temperature is an important factor influencing the formation of ore
319  deposits. As a function of temperature, equilibrium stable isotope fractionation among
320 minerals is a robust tool to reconstruct the thermal evolution process of hydrothermal
321  deposits. The first-principles calculation provides a reliable method to predict equilibrium
322  isotope fractionation factors (1000lna). Recently, a few mineral pairs isotope
323  geothermometer have been obtained by first-principles calculation, such as Ag

324  (argentite-stephanite), Mg (garnet-pyroxene, garnet-olive) and Ti (ilmenite-clinopyroxene)

14
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325 (Huang et al., 2013, Wang et al., 2020; Wang et al., 2022). Here, we calculated the
326  equilibrium Sn isotope fractionation factors among the three minerals (Fig.5) and found
327  that the Sn isotope fractionation of cassiterite-malayaite varies little (1000Inocassiterite —
328  malayaite = 0) with temperature (Fig.5), which indicates that it is not suitable for an isotopic
329  geothermometer. Cassiterite—stannite and malayaite—stannite, whose 1000Ilna values
330 show a strong dependence on  temperature and vary  widely
331 (1000Ina'**'"®malayaite-stannite = 8.209 %o and 1000Ina!?¥!'®cassiterite-stannite =
332 7.903 %o at 25 °C) (Fig. 5). Therefore, cassiterite—stannite and malayaite—stannite have
333  potential as Sn isotope geothermometers. The tin isotope fractionation of cassiterite—
334  stannite and malayaite—stannite as functions of temperature is as follows:

335  malayaite-stannite:

336 !2Y11%Spn 1000Ino. = (0.57756

I+

0.00706) x10%T? + (0.67364 + 0.03543) x10°/T —

337 (0.55507 £ 0.04181)

338 1221165 1000Ina = (0.43843 + 0.00546) x10%T? + (0.52238 + 0.02741) x10%T —
339 (0.43413 £0.03234)

340  cassiterite-stannite:

341 12¥1168p 1000Ina = (0.58368 + 0.00595) x10%/T? + (0.52472 + 0.02985) x10%/T —
342 (0.43037 +0.03522)

343 1221165 1000Ina = (0.44036 + 0.00461) x10%T?+ (0.42179 + 0.02314) x10%/T — (0.353
344  £0.0273)

345

346 4.4. Sn isotope fractionation during precipitation processes

347 The precipitation of various Sn-bearing complexes from hydrothermal solution into

348  tin-bearing minerals is important for better understanding tin mineralization. According to
15

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8804. http://www.minsocam.org/

349  the calculated results of this study (Fig. 6), the oxidation of Sn** complexes in solution
350 into Sn*'-bearing minerals produces significant tin isotopic fractionation (0 ~ 400 °C)

351  (Tables 4 and 5), which indicates that the oxidation state of Sn (Sn*" aqueous species —

352  Sn*" minerals) (except stannite) is the major controlling factor on Sn isotopic
353  fractionations during precipitation. Therefore, the precipitation of cassiterite or malayaite
354  from aqueous Sn** complexes (Figs. 6a and 6b) can lead to the enrichment of the lighter
355  Sn isotope in residual hydrothermal fluid and the later-precipitated Sn-bearing minerals.
356  This is well consistent with the Sn isotope fractionation in typical tin deposits
357 investigated by Yao et al. (2018), which show the precipitation of heavy-Sn-enriched
358  isotope cassiterite results in residual dissolved Sn with lighter isotopic composition in
359  different types of tin ores.

360 There are two cases of Sn isotope fractionation in the process of precipitation of
361 these Sn?" complexes into stannite (Fig. 6¢). When tin transports dominantly as
362 [Sn**(OH):]°, [Sn?'F3] and [Sn**CO3]°, the precipitation of stannite will lead to the
363  enrichment of heavy tin isotopes in the residual hydrothermal and later-deposited
364 minerals. On the contrary, the precipitation of stannite from hydrothermal solution
365 dominated by [Sn’>"Cls] leads to the enrichment of light tin isotopes in the residual
366  hydrothermal solution.

367 In addition, recent studies indicate that Sn can also be transported by Sn*" aqueous
368  species (Wang et al., 2021; Schmidt, 2018). For the precipitation process of Sn*" species,
369  our results show that when Sn*' precipitates as cassiterite (or malayaite), the values of
370 1000In(a)[Sn(IV)Clsy(H20)2]°-Sn0O2 (*?#!Sn) ranging from -3.479 to -0.834%o (from 25

371 to 350 °C) (Tables 4 and 5), which indicate that direct precipitation of Sn*" (Sn*" aqueous
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372 species — Sn*" mineral) from solution can also cause significant Sn isotope

373 fractionation. When Sn*' precipitates into stannite, it will lead to the enrichment of heavy
374  tin isotopes in residual hydrothermal and late minerals. The direct precipitation of Sn**
375  species may also be a fractionation mechanism that cannot be ignored in the process of
376  tin mineralization. 1000In(a) values between Sn-bearing aqueous species and minerals at
377  different temperatures (Fig.5 and Table S3) provide a guideline to understand Sn isotope

378  fractionations in different geological processes.

379

380

381

382 5. Conclusion and Implication

383 The tin isotope fractionation among Sn aqueous species and minerals are

384  investigated, and according to the calculated B factors, the enrichment trend of heavy tin
385  isotopes is malayaite (Sn*") > cassiterites) (Sn*) > Sn*"Clyag > Sn?>'F3 (aq> Sn**
386 (OH)2(aq) > Sn*"CO3aq) > stannite(s) (Sn*") > Sn?*Cl3"(aq). The predominant factors causing
387  tin isotope fractionation are as follows: (1) for Sn*" aqueous species, shorter bonds are
388  enriched in heavier Sn isotopes relative to longer and weaker bonds, and for Sn(2+, 4+)
389  aqueous species, the influence of valence state on tin isotope fractionation is stronger
390 than bond length; (2) for minerals, the properties of coordination elements are the
391  important factors controlling tin isotope fractionation in the process of tin mineralization,
392 and malayaite-stannite and cassiterite-stannite, as functions of temperature, have the
393  potential to be used as geothermometers; (3) and the precipitation of cassiterite or
394 malayaite leads to the enrichment of light tin isotopes in residual solution and late

395  minerals, and when stannite precipitates in hydrothermal solution, the fractionation of tin
17
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396  isotopes is controlled by the type of tin complex and valence state, and direct

397  precipitation of Sn*" from hydrothermal solution to Sn*" minerals ( Sn** species — Sn*"

398  minerals) also leads to considerable Sn isotope fractionation (0 ~ 400 °C). This study
399  provides reliable equilibrium Sn isotope fractionation factors among Sn-bearing aqueous
400  species and minerals, which are key to the potential applications of Sn isotopes in various

401  geological processes.
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Table 1. Calculation parameters of minerals and aqueous complexes

Model Lattice parameters
k-point
Minerals Supercell a(A) b(A) c(A) a®) B(°) )
grid
2x2%3 3x3x3 4.736 (4.737)" 4.736 (4.737)"  3.187 (3.186)" 90 90 90
cassiterite
2x2x2 3x3x4 4.737 4.737 3.186 90 90 90
1x1x1 1x1x1 7.152(7.150)°  8.888(8.890)°  6.667 (6.660)°
malayaite 90 113.37 90
2x1x1 Ix1x1 7.152 8.888 6.667
1x1x1 3x3x3 5.14 (5.46)° 5.414 (5.46)° 5.414(5.46)° 90 90 90
stannite
2x2%2 Ix1x1 5.14 5.414 5.414 90 90 90

Complexes in

aqueous solution

Sn**Cly+50H,0 Ix1x1 12.3188 12.3188 12.3188 90 90 90
Sn**CO5-50H,0 1x1x1 12.1474 12.1474 12.1474 90 90 90
Sn**(OH),50H,0 Ix1x1 12.0491 12.0491 12.0491 90 90 90
Sn*'F3” -50H,0 Ix1x1 12.1361 12.1361 12.1361 90 90 90
Sn*'Cl, -50H,0 1x1x1 12.0491 12.0491 12.0491 90 90 90

Notes: The experimental values which are listed in brackets are compare with the optimized cell parameters.
#Bolzan et al.(1997).
® Takenouchi, (1971).

° Brockway. (1934).
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Table 2. Coordination number and calculated bond length of minerals

Model Bond length(A) Coordination number  Frequencies(cm-1)
Cassiterite
Sn-0 2.059(2.058)" 6 776(773)°
(Sn*'0y)
Malayaite Si-0 1.647(1.641)°
(CaSn*'Si0;) Sn-O 2.064(2.042)° 6 951(941)°
Ca-0 2.448(2.483)°
Stannite .
Sn-S 2.566(2.539)° 4 346(350)
(CuFeSn*'Sy)

Notes: Comparison between calculated value and the experimental value which show in brackets.
*Bolzan et al.(1997)

® Higgins and Ribbe,(1977)

¢ Olekseyuk et al (2002)

4 Scott (1970)

¢ Zhang et al (1999)

" Fontané et al (2012)
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Table 3. Polynomial fit parameters for the calculation of tin isotope fractionation factors as 1000In(B) = ax + bx” +

ex®, where x = 10%T? and T is the temperature in Kelvin (273.15 K to 673.15 K).

Model a b ¢
1247116 1.0506 -0.00634 7.59E-05
Cassiterite
122/116g, 0.80108 —0.00487 5.68E-06
1247116 1.09313 —-0.00789 9.40E-05
Malayaite
122/116g 0.83357 —0.00614 7.84E-05
1247116 0.29093 -2.10E-04 -1.58E-05
Stannite
122/116g, 0.22286 —4.52E-04 4.40E-06
o 124/116g 0.25039 —9.80E-04 1.43E-05
Sn""Cl;-50H,0 a6
Sn 0.19085 —7.48E-04 1.10E-05
24/116g 0.34162 -0.00219 2.78E-05
Sn*'C05-50H,0
122/116g 0.2607 -0.00182 3.30E-05
. 124/116g 0.40894 —0.00281 4.06E-05
Sn” (OH),-50H,0 122/116
Sn 0.31107 -0.00195 1.91E-05
. 124/116g ) 0.42503 —0.00217 2.25E-05
Sn F_?,- 50H20
122/116g 0.32389 —0.00166 1.79E-05
124/116g ) 0.72425 ~0.00458 5.59E-05
Sn*Cl, -50H,0
122/116g 0.5518 -0.00346 4.15E-05
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