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Abstract
Volatilization is an important pathway of element transport in nature, and this process may be associated with stable isotope fractionation, which could be used to understand the elemental volatilization mechanisms. In this study, we report that
evaporation of Sn(IV) chloride solution under experimental conditions (96 °C, 1 atmospheric pressure) results in signiﬁcant
loss of aqueous Sn(IV) and Sn stable isotope fractionation. The d122/116Sn of the residue solution can increase by up to 0.50‰
(or a 0.33‰ increase in d122/118Sn) after repeated evaporation, indicating preferential partitioning of isotopically light Sn species into the vapor phase during evaporation. The observed Sn loss and associated Sn isotope fractionation during the evaporation experiments can be described using a Rayleigh fractionation function, with a best-ﬁtting isotope fractionation factor
of 0.36‰ in D122/116Snvapor-aq (or 0.24‰ in D122/118Snvapor-aq). We also performed quantum mechanical calculations to
assess the stability of diﬀerent potential Sn(IV) species in aqueous and vapor phases, and derived the equilibrium Sn isotope
fractionation factors between these Sn(IV) species. The calculation results suggest that the dominant gaseous species of Sn
(IV), SnCl4, is isotopically heavier than the aqueous Sn(IV) species by 1.24‰–0.35‰ in d122/116Sn (or 0.82‰–0.19‰ in
d122/118Sn) under equilibrium at 96 °C, which is opposite to the experimental results. Such contrast in the direction of Sn isotope fractionation implies that kinetic isotope fractionation, rather than thermodynamic equilibrium isotope fractionation,
took place for SnCl4 in the evaporation experiments at 96 °C. The observed experimental data can be explained by a kinetic
isotope fractionation model involving backward reaction of SnCl4 vaporization at the solution-vapor boundary. This study,
in combination with a recent report of positive D122/116Snvapor-aq (or D122/118Snvapor-aq) factor during evaporation of SnCl4 at
150 °C (Wang et al., 2019a), suggests that Sn(IV) volatilization mechanisms may be diﬀerent with and without ﬂuid boiling.
Combined laboratory experiments and quantum mechanical calculations on the isotopic eﬀects of Sn(IV) chloride solution
evaporation provide important constraints for understanding the rapidly accumulating Sn isotopes data from studies on
Sn ore-forming processes, bronze metallurgy and archeology, and volatile elements in planetary processes.
Ó 2019 Elsevier Ltd. All rights reserved.
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Transport of metals as volatile species is ubiquitous in
nature and it plays an important role in many processes.
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For example, huge amounts of metals (e.g., Cd, Hg) are
released into atmosphere as gaseous species in a range of
natural and anthropogenic processes, which contribute to
the global cycling of these elements and have profound ecological and environmental consequences (Navarro-Flores
et al., 2000; Tchounwou et al., 2003; Cloquet et al., 2006;
Abascal et al., 2016). Brine-vapor separation has been suggested as a mechanism to enrich certain metals (i.e., Au, Cu,
Sn) in diﬀerent types of ore deposits (Heinrich et al., 1999),
and transport of these metals in vapors leads to formation
of magmatic-hydrothermal ore deposits (Williams-Jones
and Heinrich, 2005; Pokrovski et al., 2013). Signiﬁcant
amounts of Au, Mo, and Cu are found in vapor phases
based on ﬂuid inclusions studies of porphyry deposits
(Ulrich et al., 1999; Richards, 2011; Migdisov et al.,
2014), and experiments show that the solubility of these
metals in vapor are higher than those predicted based on
conventional thermodynamic models (Williams-Jones
et al., 2002). Condensates of volcanic vapors derived from
active andesitic magmatism are commonly characterized
by high contents of Cu, Zn, Pb, As, Mo, and Hg
(Symonds et al., 1987; Chaplygin et al., 2016). Sn and Mo
are also reported to occur in high concentrations in condensates of vapors released from rhyolitic and dacitic volcanoes
(Giggenbach and Matsuo, 1991; Hedenquist et al., 1994;
Chiaradia et al., 2018).
In addition to elemental transport, volatilization may
contribute to isotopic variations of elements in nature
(Richter et al., 2002; Xiao et al., 2007; Wang et al., 2012).
Classic examples are H and O isotope fractionations during
evaporation of water (Cappa et al., 2003; Luz et al., 2009;
Gonﬁantini et al., 2018). Evaporation of brines is also associated with Cl isotope fractionation (Rodrı́guez et al.,
2018). Additionally, volatilization of some heavy metals
(e.g., Cd and Hg) are accompanied with remarkable
mass-dependent or mass-independent isotope fractionations (Wombacher et al., 2004; Cloquet et al., 2006;
Estrade et al., 2009) on Earth. Furthermore, vaporization
is an important planetary process that has been demonstrated to induce isotope fractionation of a wide range of
elements including Ti (Zhang et al., 2014), K (Yu et al.,
2003; Chen et al., 2019), Sn (Creech and Moynier, 2019;
Wang et al., 2019b), Zn (Day et al., 2017; Pringle et al.,
2017), Cr (Sossi et al., 2018), Cu (Moynier et al., 2010)
and Mg (Richter et al., 2007). The isotopic fractionation
between diﬀerent phases reﬂects the geochemical and thermodynamic history of natural materials (Wunder et al.,
2011), and fractionation of isotopes may be used to understand the volatilization processes.
In this study, we focus on the volatilization behavior of
Sn(IV) chlorides and the associated isotopic eﬀects. Tin is
an important metal that is widely used in alloys, tin plating,
solder, and optoelectronics, as well as ancient bronzes. Tin
is tetravalent in cassiterite, and probably also exists in
tetravalent forms in granitic melts (Heinrich, 1990). Tin in
magmatic ﬂuids predominantly occurs as Sn-Cl complexes,
including ﬂuorite- or topaz-saturated magmatic systems
(Heinrich, 1990). In mineralization processes, Sn occurs as
Sn(II) and Sn(IV) chloride complexes in hydrothermal ﬂuids (Brugger et al., 2016; Schmidt, 2018). Transport of Sn
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by vapor has been reported from hydrothermal and magmatic systems (Giggenbach and Matsuo, 1991; Heinrich
et al., 1999; Chiaradia et al., 2018). In planetary processes,
Sn behaves as a moderate volatile element with a 50%
condensation temperature of 704 K (Lodders, 2003) and
is depleted in the inner solar system (Anders and
Ebihara, 1982; Holland and Turekian, 2003; Righter
et al., 2018).
Tin has ten stable isotopes with atomic mass number
ranging from 112 to 124. Stable isotopes of Sn have been
employed to study planetary processes (Delaeter and
Jeﬀery, 1967; Delaeter et al., 1974; Loss et al., 1990;
Creech and Moynier, 2019), magmatic processes
(Badullovich et al., 2017; Wang et al., 2018), and hydrothermal mineralization processes (Yao et al., 2018). Only a few
studies have investigated Sn isotope fractionation by experiments. For example, Malinovskiy et al. (2009) reported
that photolysis of methyl tin results in preferential release
of light isotopes of Sn. Mathur et al. (2017) noticed that
Sn can be volatilized by HI with signiﬁcant Sn isotope fractionation. More recently, Wang et al. (2019a) experimentally showed that a variety of processes, including
evaporation of Sn chlorides, can induce remarkable Sn isotope fractionation. Here we focus on the topic of evaporation of Sn(IV) chloride solutions and its isotopic eﬀects
without the impact of Sn redox processes. Compared to
the Sn(IV) chloride evaporation experiment of Wang
et al. (2019a), our experiments were systematically conducted at a lower temperature with a wider range of solution matrix, allowing better constraints of the Sn isotope
fractionation behavior. We compare the observed experimental results with stability data and inter-species Sn isotope fractionation obtained by quantum mechanical
calculation to shed insights into the mechanistic details of
Sn volatilization and isotope fractionation behaviors, and
further discuss the implications.
2. EXPERIMENTAL
2.1. Evaporation experiments
Double distilled hydrochloric acid, nitric acid, and
deionized (18.2 MX/cm) water were used in all experiments.
Teﬂon beakers, centrifuge tubes and pipette tips were
soaked in 6 M HCl overnight and then rinsed with deionized water before usage. Earlier evaporation experiments
used a 1000 lg/mL pure Sn elemental standard solution
from SPEX CertiPrep. After exhaustion of the SPEX Sn
elemental standard solution, a 1000 lg/mL Sn stock solution was prepared by dissolving analytical grade SnCl45H2O salt in 2 M HCl. A 2 M HCl matrix was used to prevent
Sn loss by precipitation of hydrolysis products of Sn
(Delaeter et al., 1974; Yi et al., 1995). A 30-mL Sn stock
solution was mixed with 1–2 mL sodium standard solution
(10000 lg/mL, SPEX CertiPrep) and 2–4 mL cobalt standard solution (1000 lg/mL, SPEX CertiPrep) to make a
stock solution for evaporation experiments. Sodium and
cobalt were used as two independent internal elemental
standards for monitoring the degree of Sn loss during
evaporation.
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Evaporation experiments were performed on a hotplate
heating at a constant temperature of 96 °C in a laminar ﬂow
hood (Class-100) in a clean room (Class-1000) with ﬁltered
air at State Key Laboratory for Mineral Deposits Research,
Nanjing University. For each experiment, 1 mL of the stock
solution was evaporated to dryness in a 7 mL Teﬂon beaker
over 12 hours, and then 1 mL of HCl with a varying molarity was added to the beaker and heated again to dryness.
The molarity of HCl varied (0.5 M, 1 M, 2 M, 3 M, and
4 M) in diﬀerent sets of evaporation experiments. In each
set of evaporation experiment, parallel samples were treated, and the samples were dissolved in HCl and evaporated
to dryness by diﬀerent times (n = 1 to 5) prior to sampling
(see appendix Fig. S1). After evaporation experiments, each
of the sample was re-dissolved in 3 mL 2 M HCl, and
500 lL of the dissolved sample was taken for elemental
analysis and the remaining solution was used for isotopic
analysis.
2.2. Elemental analysis
Elemental concentrations were analyzed using inductively coupled plasma optical emission spectrometry (ICPOES) with a SkyrayÒ ICP-3000 instrument. A 500 lL
fraction of the dissolved sample solution collected after
evaporation experiments was diluted to 4 mL (8 times dilution) with 2 M HCl and analyzed for Sn, Na and Co concentrations. A series of gravimetrically prepared multi-element
standards were used for calibration and instrument drift
correction. An independent standard solution was bracketed between ﬁve to ten samples to monitor the stability of
the instrument. External precision of the elemental analysis
was better than 10% (2 relative standard deviation).
2.3. Tin isotope analysis

et al., 2018; Wang et al., 2019a, 2019b). During the Sn isotope analyses in this study, NIST SRM 3161a (Lot
#140917) was used as the bracketing standard, and isotope
data was reported primarily in delta notation (d122/116Sn)
relative to the reference standard NIST SRM 3161a:
d122=116 Sn ð%oÞ ¼

h
122

i



Sn= 116 Sn sample = 122 Sn= 116 Sn 3161a  1

 1000

Repeat measurements for multiple Sn solution standards
over long-term were made for the estimation of external
analytical precision (Fig. 1a). Mean Sn isotope compositions of Spex CertiPrep Sn, NIST SRM 3161a, and an inhouse solution of SnCl4 are 0.38 ± 0.07‰ (n = 66, 2SD),
0.01 ± 0.06‰ (n = 76, 2SD), and 0.18 ± 0.09‰ (n = 58,
2SD), respectively. d122/118Sn value were also presented
for comparison and further use (Table 2 and Table S3).
Typical internal precision for 122Sn/116Sn ratio analysis is
better than ±0.04‰, and the long-term external reproducibility of d122/116Sn analysis is constrained to be better
than ±0.09‰.
For the purpose of interlaboratory comparison, we also
calibrated the Sn isotope composition of Sn_IPGP, which
has a d122/116Sn value of 0.27 ± 0.09‰ (d122/118Sn = 0.17
± 0.06‰) (n = 35, 2SD) relative to NIST SRM 3161a
(Lot #140917). Therefore, all Sn isotope data are also
reported in delta notation (d122/118Sn) relative to Sn_IPGP
standard following the convention of the IPGP research
group:
d122=118 Sn ð%oÞ ¼

h
122

i



Sn= 118 Sn sample = 122 Sn= 118 Sn IPGP  1

 1000

NIST SRM 3161a (Lot #140917) has a d122/118Sn value
of 0.17‰ relative to Sn_IPGP (Fig. 1b).
2.4. Matrix eﬀect

Tin isotope analysis was performed using a Thermo
Fisher Scientiﬁc Neptune Plus multi-collector inductivelycoupled plasma mass spectrometer (MC-ICP-MS) at Nanjing University. The instrument was running at low mass
resolution and wet-plasma mode, using a 100 lL/min selfaspirating nebulizer tip and a glass spray chamber (Du
et al., 2017). A combined standard-sample-standard bracketing and external correction method (Marechal et al., 1999;
Li et al., 2009) was applied for Sn isotope measurements.
Based on the elemental concentration analytical results,
an aliquot of the dissolve samples that contained 5 mg of
Sn was diluted to 1 ± 0.1 ppm (5 mL) to match the concentration of an in-house standard, and the sample and standard solutions were both doped with 0.3 ppm Sb (SPEX
CertiPrep) for external mass bias correction using
123/121
Sb ratios and the exponential mass fractionation
law. A 40 s on-peak acid blank was measured before each
analysis and each Sn isotope ratio measurement comprised
ﬁfty 4-s integrations. Two Sn isotope standards have been
used for reporting Sn isotope data in recent literature,
including the Sn_IPGP standard (Badullovich et al., 2017;
Creech et al., 2017; Creech and Moynier, 2019) and NIST
SRM 3161a (Mathur et al., 2017; Wang et al., 2017; Yao

Natural samples could have complex matrix compositions and the matrix eﬀect needs to be assessed to assure
accurate and precise isotope results. Investigations concerning matrix eﬀects of Sn isotope measurements have been
reported in Schulze et al. (2017) and references therein. In
this study, we doped the standard Sn (NIST 3161a) solution
with variable amounts of Ba, Ca, Cu, Fe, Na, and Si and
analyzed the doped standard solutions as unknowns. The
ratios of matrix elements to Sn were 1:1, 3:1, 10:1, and
30:1. The doping experiments show that when the [M]/
[Sn] ratio (mass/mass) is as low, the measurement of
d122/116Sn is not signiﬁcantly aﬀected by matrix element
considering an external analytical uncertainty of ± 0.09‰
(or ± 0.06‰ in d122/118Sn), regardless of the mass and
chemical property of the doped matrix element (Fig. 2a,
b; Table S6). For the evaporation experiments, the analyzed
Sn solutions contained Na and Co with a [M]/[Sn] ratio of
less than 2.74 (Table 2). Therefore, the measured d122/116Sn
values for the Sn solutions after the evaporation
experiments were precise and accurate to a level of better
than ± 0.09‰ (or <±0.06‰ in d122/118Sn), the external
precision.
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Fig. 1. Long-term reproducibility of Sn isotope standards over 2 years: (a) d122/116Sn values relative to 3161a standard; (b) d122/118Sn values
relative to Sn_IPGP standard. Error bars represent two standard error (internal precision) for individual analysis. Shaded areas represent 2SD
of multiple analyses.

Fig. 2. Plots of matrix element doping experiments to verify the robustness of Sn isotope analytical method against matrix elements, shaded
area represents the external uncertainty of Sn isotope analysis, dash line ([M]/[Sn] = 2.74) denotes the maximum matrix-to-Sn ratio for Sn
solutions that were analyzed in this study. (a) d122/116Sn values relative to 3161a standard; (b) d122/118Sn values relative to Sn_IPGP standard.

3. THEORETICAL CALCULATIONS
Parallel to experiments, we performed ﬁrst principles
molecular dynamics (FPMD) simulations and static quantum mechanical calculations to constrain the stabilities of
possible species of Sn in aqueous and vapor phases. Based
on these results, we calculated the equilibrium Sn isotope
fractionation factors between the stable Sn(IV) species
using static quantum mechanical calculations.

3.1. First principles molecular dynamics
3.1.1. Model setup

SnCl2
6 , SnCl5(H2O) and SnCl4(H2O)2 have been proposed as the stable species for Sn(IV) in aqueous solution
in previous studies (Sherman et al., 2000; Schmidt, 2018).
There are two isomers of SnCl4(H2O)2. The cis- isomer of
SnCl4(H2O)2 has two H2O ligands next to each other (i.e.,
O-Sn-O has an angle of about 90°), whereas in the trans-
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isomer of SnCl4(H2O)2 the two H2O ligands are at opposite
positions of the molecule (i.e., O-Sn-O has an angle of
about 180°). The structures of these aqueous species are
shown in Fig. 5. The protonated forms such as SnCl5(HCl) can hardly exist because of the extremely low pKa
of HCl (Perrin, 1982). In vapor phase, the charged species
is not favored due to the low dielectric constant of the
vapor (Pokrovski et al., 2013), so the possible vapor species
of Sn(IV) considered in this study include SnCl4, SnCl4(H2O) and cis- / trans-SnCl4(H2O)2.
For modeling of aqueous solutions, we set the simulation cells as 3D periodic boundary cubic boxes with a side
length of 12.43 Å. The simulated systems at 330 K and
368 K are listed in Table 1. The temperature of 330 K
was set for the ambient conditions to avoid the glassy
behavior of liquid water at lower temperatures
(VandeVondele et al., 2005b). For pure water system, the
number of water molecules in the simulation box is calculated from the density of liquid water under each temperature and the corresponding saturated vapor pressure (Psat)
estimated with the equation of state of water (Wagner
et al., 2000). We replaced one H2O molecule with one Cl
ion, deriving the numbers of solvent water molecules listed
in Table 1. This approach has been proven reasonable and
used in previous FPMD studies of aqueous solutions
(Sulpizi and Sprik, 2008; Liu et al., 2012). For simulations
of vapor phases, cubic boxes with a side length of 15.00 Å
were used. The initial models of SnCl4, SnCl4(H2O) and
cis- / trans-SnCl4(H2O)2 were placed at the center of the
boxes without any water molecule. The simulations were
carried out at 300 K and 368 K, respectively.
3.1.2. Computational details
FPMD simulations were carried out using a
CP2K/QUICKSTEP package (VandeVondele et al.,
2005a). In this code, density functional theory (DFT) was
implemented based on the mixed Gaussian and plane waves
approach (GPW) (Lippert et al., 1997). DZVP (double-zeta
valence polarizable) basis sets (VandeVondele and
Hutter, 2007), PBE (Perdew-Burke-Ernzerhof) exchangecorrelation functional (Perdew et al., 1996) and GTH
(Goedecker-Teter-Hutter) pseudopotentials (Goedecker
et al., 1996) were employed. The electron density cutoﬀ
was set to be 280 Ry. Comparisons with a higher cutoﬀ
of 600 Ry prove that 280 Ry is reasonable for these systems
(see the Appendix, comparisons between cutoﬀ 280 Ry and
600 Ry). The simulations were performed in canonical
(NVT) ensemble and the temperatures were controlled with
the Nosé-Hoover chain thermostat (Hoover, 1985; Nose,
1984a, b). Each simulation was performed with a time step

of 0.5 fs. After a pre-equilibration for at least 5.0 ps, the
production run for over 25.0 ps was performed.
3.2. Static quantum mechanical calculations
3.2.1. Free energy calculations
To determine the relative stabilities of SnCl4, SnCl4(H2O) and cis- / trans-SnCl4(H2O)2 in vapor phases, the Gibbs
free energy changes (DG) of the dehydration processes
(from cis- / trans-SnCl4(H2O)2 to SnCl4, reactions in
Table 4) were investigated by using static quantum mechanical calculations:
X
X
DG ¼
Gprod 
Greact
ð1Þ
P
P
where
Gprod and
Greact are the total Gibbs free energy
values of products and reactants, respectively. The Gibbs
free energy is deﬁned as
G ¼ H  TS

ð2Þ

where H, T and S are the enthalpy, temperature and
entropy, respectively. The enthalpy and entropy can be
decomposed into several terms:
H ¼ E0 þ Eelec þ Etrans þ Erot þ Evib þ k B T

ð3Þ

S ¼ S elec þ S trans þ S rot þ S vib

ð4Þ

where E0 is total electronic energy. Eelec, Etrans, Erot and Evib
are internal energy of electronic motion, translation, rotational motion and vibrational motion, respectively. Selec,
Strans, Srot and Svib are entropy of electronic motion, translation, rotational motion and vibrational motion, respectively. kB is the Planck constant. The details for the
calculations of those terms can be found in McQuarrie
and Simon (1999). These quantities are provided in the output of Gaussian (Foresman and Frisch, 2015). The contribution of translational entropy (-TStrans) is calculated with
3

TS trans ¼ RT ðlnðð

2pmk B T 2 k B T
5
Þ 
Þþ Þ
P0
2
h2

ð5Þ

where P0 is the pressure of reference
 state (1 atm in Gaussian). For water, a term of RT ln PPsat0 is added to convert
it to the value under the saturated vapor pressure (Psat) at
T. This term is equal to 2.1 kcal/mol at 298.15 K,
0.1 kcal/mol at 368 K and 1.3 kcal/mol at 423 K,
respectively.
3.2.2. Thermodynamic equilibrium isotope fractionation
For thermodynamic equilibrium isotope fractionation,
we consider the exchange between two tin isotopomers:

Table 1
Parameters of the simulation cells for ﬁrst principle molecular dynamics calculation for aqueous phases of Sn(IV) chlorides.
Temperature
330 K

368 K

Complex

Number of water molecules

SnCl2
6

58
58
58
56
56
56

SnCl5(H2O)
cis- / trans- SnCl4(H2O)2
SnCl2
6
SnCl5(H2O)
cis- / trans- SnCl4(H2O)2
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light

SnA þ

heavy

SnB $

light

heavy

SnA þ

light

ð6Þ

SnB

3.2.3. Computational details
The harmonic vibrational frequencies of molecules can
be eﬃciently obtained through quantum chemistry calculation, allowing derivation of some thermodynamic quantities and the equilibrium fractionation factor between
diﬀerent species. Quantum chemistry calculations have been
widely used to calculate the equilibrium fractionation factors in the systems of geological interest (Schauble, 2004;
Blanchard et al., 2017). In this study, we focus on the fractionation of 122Sn and 116Sn or 118Sn isotopes among the
stable Sn4+ACl species derived from FPMD simulations.

For the aqueous species, SnCl2
6 , SnCl5(H2O) and cis- /
trans-SnCl4(H2O)2 were investigated with 18 solvent water
molecules accounting for the solvation eﬀect. We also calculated SnCl2
6 and cis-SnCl4(H2O)2 with 24 solvent water
molecules, but found no obvious diﬀerence, indicating that
18 water molecules are suﬃcient (Appendix Table S1). DFT
calculations were carried out using a Gaussian 09 package
(Frisch et al., 2013). B3LYP hybrid exchange–correlation
functional (Lee et al., 1988; Becke, 1993) was used with
def2-TZVP basis sets (Weigend and Ahlrichs, 2005).

heavy

where
Sn and
Sn represent the light and heavy isotopes of Sn, respectively. The Sn isotope fractionation factor (aSnA-SnB) between SnA and SnB can be expressed as
heavy

aSnASnB ¼ ð light

heavy
Sn
Sn
b
Þ =ð light Þ ¼ SnA
Sn SnA
Sn SnB bSnB

ð7Þ

where bSnA and bSnB are the reduced partition function
ratio (RPFR) of Sn isotopes in SnA and SnB, respectively,
and DSnA-SnB, the diﬀerence in measured Sn isotope compositions between SnA and SnB, can be deﬁned as:
DSnASnB  1000lnaSnASnB ¼ 1000lnbSnA  1000lnbSnB

ð8Þ

According to Urey (1947) and Bigeleisen and Mayer
(1947), the b factor or RPFR can be approximated using
the harmonic vibrational frequencies of isotopomer,
bSnA ¼ RPFRSnA ¼

heavy u
i

3n6
Y heavy
i¼1

ui
e 2
1  e

heavy u 
light u
light u

i
i
i 1e
e 2

light u

i

ð9Þ

with
ui ¼

hvi
kB T

ð10Þ

4. RESULTS

where 3n-6 is the number of harmonic vibrational modes of
non-linear isotopomer containing n atoms; h, vi, kB and T
are the Planck constant, vibrational frequency, Boltzmann
constant and temperature, respectively. For SnB we have
the same formula.

4.1. Elemental behaviors during evaporation
After repeated evaporation, the two reference elements
(Na and Co) maintained a constant ratio within analytical
uncertainty (Table S2) for each evaporation series (Fig. 3a,
b), suggesting that both elements were retained in the bea-
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Fig. 3. (a) The optical emission light intensity ratio of Na to Co measured by ICP-OES for the evaporation series for 2 M and 4 M HCl; (b)
The optical emission light intensity ratio of Na to Co measured by ICP-OES for the evaporation series for 1 M and 3 M HCl; (c) The fraction
of residual Sn versus evaporation times in HCl of diﬀerent molarities; (d) Control experiments showing the Sn loss versus evaporation times in
diﬀerent acid matrix or under diﬀerent reference element concentrations.
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0.27
0.18
0.33
0.50

0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12

0.09
0.18
0.2
0.33
0.28
0.07
0.17
0.12
0.21
0.33

0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09

0.17
0.28
0.41

0.13
0.10
0.10

0.12
0.19
0.3

0.07
0.06
0.06

0.13
0.25

0.12
0.12

0.09
0.17

0.09
0.09

Na/Sn
(ppm/
ppm)

Co/Sn
(ppm/
ppm)

Analysis
number

0.62
0.85
1.04
1.31
2.13
2.40
0.81
1.01
1.30
1.71
2.21
0.70
1.23
1.77
2.74
0.66
1.05
1.44

0.11
0.15
0.18
0.23
0.38
0.42
0.14
0.18
0.23
0.31
0.40
0.14
0.23
0.34
0.51
0.14
0.20
0.32

n=1
n=1
n=1
n=1
n=1
n=1
n=1
n=1
n=1
n=1
n=1
n=2
n=2
n=2
n=2
n=1
n=1
n=1
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Table 2
Tin isotope compositions of samples from evaporation experiments in this study.
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Fig. 4. (a) Plot of D122/116Sn; (b) Plot of D122/118Sn versus F in linear space, the dotted lines represent the Rayleigh fractionation trends with
diﬀerent instantaneous fractionation factors a, deﬁning a shade area that included all experimental data. The solid points are data from this
study at 96 °C while the open points are data from Wang et al. (2019a) at 150 °C. (c) Plot of Sn isotope data (d122/116Sn values relative to 3161a
standard); (d) Plot of Sn isotope data (d122/118Sn values relative to Sn_IPGP standard) versus F in logarithmic space. A least squares linear
ﬁtting was made in this plot give an estimate of instantaneous fractionation factors a.

ker and were not lost into vapor phases. We use Co as the
reference to evaluate the variation of the Sn content before
and after the evaporation experiments. The fraction of
residual Sn relative to the original Sn content in the solution (F) is expressed as

of Co or Na in solution (Fig. 3d). Existence of HNO3 in
the HCl matrix does not prevent evaporative Sn loss, either
(Fig. 3d), despite that HNO3 can induce hydrolysis and precipitation of Sn (Haustein et al., 2010).

F ¼ Snfinal =Sninitial ¼ ðICo =ISn Þinitial =ðICo =ISn Þfinal

4.2. Isotope results for evaporation experiments

where (ICo/ISn) is the ratio of intensity for characteristic
optical emission light wavelengths for Co (228.616 nm) and
Sn (189.989 nm) measured by ICP-OES. Usage of Sn/Co
ratio eliminates uncertainties in dissolution and dilution
and leads to better constraints of the degree of Sn loss in
the evaporation experiments. In the following discussion,
the F factor is used to quantify the Sn loss by evaporation.
As shown in Fig. 3c, Sn was signiﬁcantly lost from aqueous solution after evaporation (Table S2). Between 17%
and 42% of Sn was lost in each round of evaporation,
and after ﬁve times of evaporation, the mass of the residue
Sn was mostly below 30% of the initial Sn. Control experiments show that Sn loss is not aﬀected by the existence

All measured isotope ratios of Sn in diﬀerent samples
follow mass dependent relations (appendix Fig. S2,
Table S3). The d122/116Sn values for the residual samples
for the evaporation experiments with 2 M and 4 M HCl
vary from 0.95 ± 0.09‰ to 0.45 ± 0.09‰, whereas those
for evaporation experiments with 1 M and 3 M HCl vary
from 0.48 ± 0.06‰ to 0.07 ± 0.09‰ (Table 2). The diﬀerent
range in Sn isotope data for the experiments was caused by
usage of diﬀerent Sn solutions (SnCl4 vs. Spex Sn) that have
diﬀerent initial values. For the convenience of discussion,
we concentrate on the isotopic change in the residue material relative to the initial Sn solutions, or D122/116Sn (‰)
(Table 2). The Sn isotope fractionation factors for the evap-
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Fig. 5. Snapshots of SnCl2
6 , SnCl5(H2O) , cis- and trans-SnCl4(H2O)2 in aqueous solutions at 330 K. The average bond lengths in angstrom
(Å) are dimensioned therein. Sn = gray, Cl = green, O = red and H = pink. Some water molecules are removed for clarity.

Fig. 6. Trajectories of SnACl/OH2 distances in the simulation of cis-SnCl4(H2O)2 in vapor phase at 300 K (a) and SnACl distances in the
simulation of SnCl4 at 368 K (b).

oration experiment sets range from 0.50‰ to 0.10‰ in
D122/116Sn (Fig. 4a), or 0.07‰ to 0.33‰ in D122/118Sn
(Fig. 4b).
Wang et al. (2019a) performed SnCl4 evaporation experiments, in which SnCl4 in 6 mL 8 M HCl on a Teﬂon dish
was heated at 150 °C. Every time 0.1 mL solution was sampled at the time interval of 4 to 5 minutes. Wang et al.
(2019a) reported their Sn isotope data in 124/116Sn, which
are translated to 122/116Sn or 122/118Sn ratios based on mass
dependent relations of stable isotope fractionation for comparison with our study. The observed D122/116Sn for SnCl4
solution during evaporation experiments of Wang et al.
(2019a) ranged from 0.12‰ to 0.20‰, with an exception

for the ﬁrst data point, which is 0.09‰ (Fig. 4a); correspondingly, the D122/118Sn values are 2/3 of the D122/116Sn
values (Fig. 4b), following a mass-dependent relation.
4.3. Computational results
4.3.1. First principles molecular dynamics
The FPMD simulations indicate that all of the four
complexes stayed stable in aqueous solution in the period
of simulation. There is no notable diﬀerence between the
molecular structures for Sn species at 330 K and 368 K.

The average SnACl bond lengths of SnCl2
6 , SnCl5(H2O) ,
cis- and trans-SnCl4(H2O)2 in aqueous solutions are 2.48 Å,
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Table 3
Bond length (Å) and vibrational frequencies (cm1) of SnCl4.
Bond lengtha

Vibrational frequencies

2.31
2.315
2.286
2.29 / 2.30
2.31
2.28

93.73
94
96.2

123.75
124
125.7

349.22
367
370.0

388.39
409
409.3

95.2

126.1
126.8

369.1

408.2
409.4

a
b
c
d
e
f
g
h

Method
This study
CCSD(T)b
CCSD(T), MP2c
Electron diﬀractiond
Electron diﬀractione
Electron diﬀractionf
Raman spectrag
Infrared spectrah

See review in Hargittai (2000) for more calculated bond length values.
Kalugina and Thakkar (2015).
Thanthiriwatte et al. (2015). Structure is at the CCSD(T) level and frequencies are at the MP2 level.
Brockway and Wall (1934); Pauling and Brockway (1935).
Livingston and Rao (1959).
Fujii and Kimura (1970).
Clark and Rippon (1972); Clark and Mitchell (1975).
Koniger and Muller (1975).

Table 4
Gibbs free energy changes (DG) of the dehydration processes of SnCl4(H2O) and cis- / trans-SnCl4(H2O)2 in vapor phase.
Reaction

T-P condition (K, bar)

DG (kcal/mol)

SnCl4(H2O) ? SnCl4 + H2O

298.15, 0.03 (Psat)
368, 0.84 (Psat)
423, 4.76 (Psat)

6.3
6.1
6.1

cis-SnCl4(H2O)2 ? SnCl4(H2O) + H2O

298.15, 0.03
368, 0.84
423, 4.76

7.3
7.7
8.1

trans-SnCl4(H2O)2 ? SnCl4(H2O) + H2O

298.15, 0.03
368, 0.84
423, 4.76

13.7
14.2
14.7

Table 5
Calculated 1000ln122/116b and 1000ln122/118b values for the Sn4+ACl species at ambient and elevated temperatures.
System

SnCl4
SnCl4(H2O)
SnCl2
6
SnCl5(H2O)
cis-SnCl4(H2O)2
trans-SnCl4(H2O)2
SnCl2
6 + 18H2O
SnCl5(H2O) + 18H2O
cis-SnCl4(H2O)2 + 18H2O
trans-SnCl4(H2O)2 + 18H2O

1000ln122/116b

1000ln122/118b

25 °C

96 °C

150 °C

25 °C

96 °C

150 °C

6.56
6.16
4.65
5.29
5.89
5.83
4.72
5.29
6.02
6.01

4.35
4.09
3.05
3.50
3.90
3.86
3.11
3.50
4.00
3.99

3.34
3.13
2.33
2.68
2.99
2.96
2.38
2.68
3.07
3.06

4.33
4.07
3.07
3.50
3.89
3.85
3.13
3.49
4.00
4.05

2.88
2.70
2.02
2.31
2.58
2.55
2.06
2.30
2.66
2.69

2.21
2.07
1.54
1.77
1.98
1.96
1.58
1.76
2.04
2.06

2.48 Å (equatorial and axial), 2.46 Å (equatorial) / 2.44 Å
(axial), and 2.45 Å, respectively. The average SnACl bond
agrees with the EXAFS result (2.39 Å)
length of SnCl2
6
by Sherman et al. (2000) within 0.1 Å. The average SnAO
bond lengths of SnCl5(H2O), cis- and trans-SnCl4(H2O)2

are 2.22 Å, 2.18 Å, and 2.18 Å, respectively. Snapshots of
these complexes at 330 K are shown in Fig. 5.
The FPMD simulations for vapor phase show that
SnCl4, SnCl4(H2O) and trans-SnCl4(H2O)2 remained stable
for over 25.0 ps at both 300 K and 368 K, whereas cis-
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Fig. 7. Calculated 1000ln122/116b (a) and 1000ln122/118b (b) values for possible species of Sn in aqueous solution and vapor.

SnCl4(H2O)2 lost the one H2O ligand spontaneously
(Fig. 6a, b). In vapor phase at 300 K, the average SnACl
bond lengths of SnCl4, SnCl4(H2O) and transSnCl4(H2O)2 are 2.33 Å, 2.37 Å (equatorial)/2.36 Å (axial),
and 2.43 Å, respectively; the average SnAO bond lengths of
SnCl4(H2O) and trans-SnCl4(H2O)2 are 2.61 Å and 2.38 Å,
respectively.
4.3.2. Static quantum mechanical calculations
The optimized structures of gaseous Sn4+ACl species
are shown in Fig. S3. The calculated bond length and vibrational frequencies of SnCl4 are listed in Table 3 for comparison with previous calculation results and experimental
measurements. SnCl4 has a SnACl bond length of 2.31 Å,
consistent with previous ab initio and experimental studies
(Table 3). The vibrational frequencies of the isotopomers
are provided as supplementary information. Overall, these
comparisons show that the computational setup reasonably
reproduces the structures and vibrations of Sn4+ACl
complexes.
The Gibbs free energy changes (DG) of the dehydration
processes of SnCl4(H2O) and cis- / trans-SnCl4(H2O)2 at
ambient conditions, 368 K and 423 K are listed in Table 4.
All these values are negative, indicating spontaneous dehydration for these reactions. This indicates that SnCl4 is the
dominant gaseous species whereas SnCl4(H2O) and cis- /
trans-SnCl4(H2O)2 are unstable. Therefore, in the following
Discussions section, we only discuss the Sn isotope fractionation between SnCl4 and aqueous Sn(IV) chloride species.
The calculated 1000ln122/116b and 1000ln122/118b values
of Sn4+ACl species at 25, 96, and 150 °C are listed in
Table 5. There is negligible Sn isotope fractionation
between the two isomers of SnCl4(H2O)2. The enrichment
of 122Sn decreased in the order SnCl4 > SnCl4(H2O) > cisSnCl4(H2O)2  trans-SnCl4(H2O)2 > SnCl5(H2O)
>
SnCl2
6 (Fig. 7). The equilibrium isotope fractionation factor Deq122/116Sn between SnCl4(g) and the aqueous Sn(IV)
chloride species ranges from 0.35‰ to 1.24‰ at 96 °C,
and from 0.27‰ to 0.96‰ at 150 °C. The Deq122/118Sn
between SnCl4(g) and the aqueous Sn(IV) chloride species
ranges from 0.22‰ to 0.82‰ at 96 °C, and from 0.17‰
to 0.63‰ at 150 °C.

5. DISCUSSIONS
5.1. Sn isotope fractionation during evaporation
The loss of Sn during the evaporation experiments was
due to the release of some Sn-bearing species into the air.
The shift to higher d122/116Sn (or d122/118Sn) values of the
residue after evaporation, therefore, is best explained by
Sn isotope fractionation during evaporation. Evaporation
of liquids and silicate melts can be well described by the
Rayleigh fractionation function (Davis et al., 1990; Deng
et al., 2018; Richter et al., 2007). Because the solution
was open to air during evaporation, Sn fractionation during
the evaporation experiment likely also followed a Rayleigh
fractionation function (Johnson et al., 2004; Rodrı́guez
et al., 2018):
ð1000 þ df Þ=ð1000 þ di Þ ¼ F ða1Þ

ð11Þ

where di and df are the d122/116Sn (or d122/118Sn) values of
the original Sn solution and the remaining Sn (with a fraction of F) in aqueous solution after evaporation, respectively. a is the instantaneous Sn fractionation factor (in
either 122/116Sn or 122/118Sn) between vapor and liquid
phases. And the isotopic diﬀerence between the initial and
remained Sn is deﬁned as:
D ¼ df  di

ð12Þ

Fig. 4a shows that the experimental data can be ﬁtted
using a simple Rayleigh fractionation model and a
122/116
a of 0.99940–0.99975 (or 0.99962 to 0.99984 in
122/118
a). If we assume that all experiments were governed
by the same Sn isotope fractionation mechanism and the
scatter in data points represents experimental and analytical
uncertainties, the Sn isotope fractionation factor could be
obtained using a least-squares optimization approach. In
light of this, Equation (11) is transformed to:
lnðð1000 þ df Þ=ð1000 þ di ÞÞ ¼ ða  1ÞlnF

ð13Þ

Equation (13) shows that Rayleigh processes result in
linear trends in the space of ln((1000 + df)/(1000 + di)) versus lnF, with fractionation factor (a) as the slope of the linear trend. In this way, we derive a 122/116a of 0.999642 (or

Yes

Yes

No

122/118
a of 0.999763) with a least-squares linear regression
(Rodrı́guez et al., 2018) (Fig. 4a, b). This equals an apparent D122/116Sn fractionation factor of 0.358‰ (or
D122/118Sn of 0.237‰; Fig. 4c, d) between the Sn in vapor
and Sn in aqueous solution. Thus according to a Rayleigh
model, a Sn isotope fractionation of 0.36‰ occurs during
evaporation of SnCl4 in HCl matrix solutions at 96 °C.
Note that in Fig. 4 the experimental results of evaporation
of SnCl4 in 8 M HCl at 150 °C by Wang et al. (2019a) are
also plotted.

Equilibrium (96 °C) and
kinetic

Turbulance

Collisional diﬀusion

Equilibrium (150 °C)

HSnCl5
10.04
HSnCl5
0.58
HSnCl5
0.29
SnCl4(g) - transSnCl4(H2O)2(aq.)
0.38
SnCl42H2O
10.06
SnCl42H2O
0.58
SnCl42H2O
0.29
SnCl4(g) - cisSnCl4(H2O)2(aq.)
0.39
HSnCl5H2O
9.47
HSnCl5H2O
0.51
HSnCl5H2O
0.26
SnCl4(g) SnCl5(H2O)(aq.)
0.11
H2SnCl6
8.95
H2SnCl6
0.46
H2SnCl6
0.23
SnCl4(g) SnCl2
6 (aq.)
0.50
Simple kinetic (ideal gas)

5.2.2. Kinetic Sn isotope fractionation by diﬀusion: The
simple and sophisticated models
In an ideal gas, diﬀerent species have identical average
kinetic energy (E = (1/2)  mv2), thus the gaseous atoms/molecules with lower mass would have higher average
velocity, following a relation of v / m1/2 (White, 2013).
This velocity diﬀerence between gaseous molecules of diﬀerent isotopes can cause a diﬀerence in diﬀusion coeﬃcients,
leading to mass-dependent kinetic isotope fractionation

SnCl4(g) - transSnCl4(H2O)2(aq.)
0.36
SnCl4(g) - transSnCl4(H2O)2(aq.)
0.28
SnCl4(g) - cisSnCl4(H2O)2(aq.)
0.35
SnCl4(g) - cisSnCl4(H2O)2(aq.)
0.27
SnCl4(g) SnCl5(H2O)(aq.)
0.85
SnCl4(g) SnCl5(H2O)(aq.)
0.66

5.2. Mechanism of Sn isotope fractionation during
volatilization
5.2.1. Equilibrium Sn isotope fractionation between vapor
and aqueous solution
Evaporation processes may involve equilibrium isotope
fractionation for a variety of elements. For example, equilibrium isotope fractionation takes place between vapor
and melt for cadmium (Wombacher et al., 2004) and zinc
(Zhang and Liu, 2018). Although signiﬁcant equilibrium
Sn isotope fractionation is predicted between minerals of
Sn(II) and Sn(IV) valence (Polyakov et al., 2005), equilibrium isotope fractionation associated with reduction of Sn
(IV) does not apply to our experiment because Sn(IV) chloride was used as the starting material and evaporation was
performed in oxygenated open air, where Sn(II) cannot be
stable.
FPMD simulations and static quantum mechanical cal
culations show that SnCl2
6 , SnCl5(H2O) and cis- / transSnCl4(H2O)2 are the stable species of Sn(IV) in aqueous
solution and SnCl4 is the dominant Sn(IV) species in vapor
phase. Further, quantum mechanical calculation results
show that under equilibrium, SnCl4(g), the dominant Sn
(IV) species in vapor, is enriched in heavy Sn isotopes relative to the Sn(IV) species in aqueous solutions (Fig. 7). The
equilibrium isotope fractionation factors are temperatureand species- dependent, and at 96 °C, Sn isotope fractionation factors (D122/116Sn) between SnCl4(g) and aqueous Sn
(IV) species vary from 1.24‰ for aqueous SnCl2
to
6
0.35‰ for aqueous cis-SnCl4(H2O)2. If equilibrium isotope
fractionation of Sn occurs during evaporation of Sn(IV)
chloride solution, the vapor phase would enrich heavy Sn
isotopes by 0.35–1.24‰ in 122/116Sn (or 0.19–0.82‰ in
122/118
Sn), depending on the speciation of Sn in aqueous
solution. However, the direction of Sn isotope fractionation
observed from the evaporation experiments is opposite to
this prediction. Thus, equilibrium isotope fractionation
alone cannot explain our evaporation experiment results
(Table 6).

Equilibrium (96 °C)

D122/116Sn (‰)
Model

Table 6
Summary of diﬀerent Sn isotope fractionation mechanisms and the respective predicted isotope fractionation factors.
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SnCl4(g) SnCl2
6 (aq.)
1.24
SnCl4(g) SnCl2
6 (aq.)
0.96

SnCl4(g)
11.44
SnCl4(g)
0.74
SnCl4(g)
0.37

Wang et al.
(2019a)
No

Yes

No

Match observation
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(McNaughton and Rosman, 1991). It has been proposed
that kinetic isotope fractionation factors can be described
using a function aik = (ci/ck)*(mk/mi)1/2 (Richter et al.,
2007; Estrade et al., 2009; Zhang et al., 2014; Zhang and
Liu, 2018), where the evaporation coeﬃcients (c) are
assumed to be identical for isotopologues of a given element. Additionally, ion desolvation processes are accompanied by kinetic isotope fractionation that can be
mathematically described in a form similar to the diﬀusion
of ideal gas (Hofmann et al., 2012).
If the loss of Sn chloride from aqueous solution is envisioned as a process of diﬀerential diﬀusion of a certain Sn
species, we can calculate the isotope fractionation factor
based on the simple kinetic theory. For the dominant vapor
species of SnCl4, we obtain a kinetic isotope fractionation
factor (D122/116Snkinetic) of 11.44‰. If we consider other
possible charge-neutral aqueous species that might be able
to escape from the aqueous solution, the calculated
D122/116Snkinetic factors are 10.06‰, 8.95‰, 10.04‰,
and 9.47‰ for SnCl42H2O, H2SnCl6, HSnCl5, and
HSnCl5H2O, respectively (Table 6). These results deviate
from the experimental results (i.e., D122/116Sn  0.36‰)
remarkably. Although the direction of these isotope fractionation factors is consistent with experimental results,
the values based on simple diﬀusion of ideal gas are more
than one order of magnitude higher than observation.
The diﬀusion coeﬃcients of gaseous molecules derived from
molecular weights deﬁne the theoretical upper limits of
kinetic isotope eﬀects by diﬀusion (Richter et al., 2006;
Horita et al., 2008), nonetheless, such a simple theory is
insuﬃcient to provide detailed constraints for the volatilization mechanisms for Sn chlorides at atomic scales.
The isotope fractionation behaviors of oxygen during
evaporation of water have been investigated in detail, and
the discrepancy in fractionation factors between experiments and calculated values based on the simple kinetic theory have long be recognized (Merlivat, 1978; Barkan and
Luz, 2007; Luz et al., 2009). In order to address the discrepancy, a molecular collision theory was developed (White,
2013). This theory considers the fact that evaporation under
the Earth’s surface condition involves collision of vapor
molecules with other gaseous molecules at the boundary/transition layer between the aqueous and vapor phases.
The liquid molecules collide with each other and some randomly gain enough kinetic energy that facilitates the escape
from the transition layer by overcoming intermolecular
forces. Based on the kinetic theory of gas as ideal rigid elastic spherical molecules (Merlivat, 1978), the molecular diffusivity ratio can be calculated according to the following
equation (Merlivat, 1978; Cappa et al., 2003; Horita
et al., 2008; Luz et al., 2009):

1=2
DL
MH ðML þ MG Þ
CH þ CG 2
¼
ð
Þ
ð14Þ
DH
CL þ CG
ML ðMH þ MG Þ
where C is the diameter of the diﬀusing species; subscripts L
and H denote light and heavy isotopomers; G refers to the
bath gas which the species diﬀuses in and collides with
(steam in our case); M is the molecular mass. In addition,
it is reasonable to assume identical collision diameters for
isotopomeric molecules (Cappa et al., 2003). In this case,

the simpliﬁed molecular diﬀusivity ratio will be proportional to the inverse of square roots of the reduced masses,
Mi MG
(i denotes either light or heavy isotope) (Bourg and
Mi þMG
Sposito, 2007; Zhang and Liu, 2018). Our quantum
mechanical calculation results show that the evaporation
product is SnCl4. Accordingly, the Sn isotope fractionation
factor for diﬀusion across the boundary layer between
aqueous and vapor phases during evaporation is 0.74‰
in D122/116Sn (or 0.49 in D122/118Sn) for SnCl4 (Table 6).
Compared with the simple diﬀusion model for ideal gas
without collision, this value is signiﬁcantly closer to the
observed Sn isotope fractionation factor. However, the calculated fractionation factor is still large in magnitude relative to the observed fractionation factor.
5.2.3. Evaporation with backward reaction
Extensive experiments of water evaporation have shown
that O and H isotope fractionation factors are strongly controlled by humidity (Stewart, 1975; Cappa et al., 2003;
Gonﬁantini et al., 2018) and aerodynamic conditions at
the water-air interface (Cappa et al., 2003; Gonﬁantini
et al., 2018), and diﬀerent models have been proposed to
explain the observed phenomenon. The successful models
including turbulent diﬀusion (Cappa et al., 2003; Barkan
and Luz, 2007; Gonﬁantini et al., 2018) and coupled evaporation and condensation (Gat, 1996; Gonﬁantini et al.,
2018). Both models emphasize molecular-level processes
at the boundary/transition layer between water and air.
Below we apply these models to understand the observed
Sn isotope fractionation beyond the kinetic isotope eﬀects.
Stewart (1975) suggested a turbulent diﬀusivity ratio in
formulizing the kinetic isotope fractionation factor during
evaporation, that
a ¼ ½

DH n

DL

ð15Þ

where D is the diﬀusion coeﬃcient and n is the turbulent
factor (n = 0 for turbulent diﬀusion; n = 1 for molecular
diﬀusion) (Cappa et al., 2003). Gonﬁantini et al. (2018)
summarized that previous isotope studies on water evaporation could be explained with diﬀerent turbulent indexes.
Large isotope eﬀects of molecular diﬀusivities will be
obtained if turbulence is minimized (Luz et al., 2009). For
the SnCl4 evaporation experiments in our study, the
observed Sn isotope fractionation (D122/116Sn of 0.36‰,
close to the derived value 0.37‰) can be derived when
we assume turbulent factor n = 0.5 in a molecular collision
theme (Horita et al., 2008; Luz and Barkan, 2010) (Table 6).
This indicates a moderate degree of gas ﬂow turbulence
during evaporation (Barkan and Luz, 2007). The turbulence index reﬂects the aerodynamic condition at the
water–air interface that cannot be directly measured
(Gonﬁantini et al., 2018). Based on the consistency between
the calculated Sn isotope fractionation factor based on a
turbulent diﬀusion model and the experimental results, we
generalized a conceptual model for the evaporation experiment in our study (Fig. 8a). Kinetic isotope fractionation
occurs when the vapor diﬀuses away from the interface,
meanwhile the turbulence at the interface causes backward
reactions. Backward condensation may bring the gaseous
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Fig. 8. Cartoon showing the conceptual model of Sn isotope fractionation during evaporation of Sn(IV) chloride solution at 96 °C (a); 150 °C (b).

species that contain lighter isotope back to the solution, as
has been suggested in previous evaporation experiments
(Craig et al., 1963; Yu et al., 2003).
It should be noted that the concurrence of outward and
backward diﬀusion at the ﬂuid-vapor interface facilitates
exchange between the aqueous solution and vapor, which
would lead to equilibrium isotope fractionation (Craig
et al., 1963). In the models of coupled evaporation and condensation for describing ﬂuxes and rates of evaporation, the
observed isotope fractionation factor is the multiplication
of equilibrium and kinetic fractionation factors (Richter
et al., 2007; Estrade et al., 2009; Zhang et al., 2014;
Zhang and Liu, 2018). According to Estrade et al. (2009),
evaporation-condensation of mercury occur within a thin
layer at liquid-vapor interface, where mercury atoms escape
from or condense on. Balanced evaporation and condensation ﬂuxes under chemical equilibrium conditions would
lead to equilibrium isotope fractionation between liquid
and vapor. Kinetic fractionation would emerge when evaporation outpaces condensation, and for water, the net isotope fractionation factor can be described (Cappa et al.,
2003; Barkan and Luz, 2007; Luz et al., 2009) as: adiﬀ =
(aevap/aeq  h)/(1  h), where h represents the humidity in
the environment and aevap, adiﬀ, aeq denote overall fractionation factor of evaporation, diﬀusion factor out of the transition interface (kinetic factor) and liquid-vapor
equilibrium fractionation factor. For evaporation of substances other than water, h can be considered as zero, thus
we have
adiff ¼ aevap =aeq

ð16Þ

Using the equilibrium fractionation factor derived from
quantum mechanical calculations, and the kinetic isotope
fractionation factor deduced from molecular collision theory (Section 4.2.2), an overall D122/116Sn fractionation factor of 0.38‰ or 0.39‰ (for trans- or cis- SnCl4(H2O)2 in
aqueous phase) is derived based on Eq. (14). This value also
matches the experimental results well.
To summarize, either the collisional diﬀusion model
(White, 2013) or the coupled evaporation and condensation
model can be used to derive Sn isotope fractionation factors
that matches experimental data. The two models deal with
return of vapor species to aqueous solution in diﬀerent
mathematic forms, but in essence, they describe the fact

that backward reaction of evaporation occurs during evaporation, implying that kinetic isotope fractionation by collisional diﬀusion coupled with backward reaction at the
ﬂuids-vapor boundary caused the measured Sn isotope
fractionation during evaporation experiments in this study.
5.2.4. Comparison with evaporation experiments at 150 °C
Evaporation experiment of Sn(IV) chloride solution at
150 °C was conducted by Wang et al. (2019a), who reported
that isotopically heavy Sn was removed from the aqueous
solution during evaporation. This direction of Sn isotope
fractionation is consistent with our quantum mechanical
calculations that gaseous SnCl4 is isotopically heavier than
other aqueous species of Sn(IV). Moreover, using a Rayleigh model (Fig. 4a), a Sn isotope fractionation factor
(D122/116Sn) of 0.07–0.33‰ was derived from the results
of Wang et al. (2019a), that is also consistent with the equilibrium isotope fractionation factors for Sn species at 150 °
C (Table 6 and Table S4). Therefore, evaporation of SnCl4
solution at 150 °C is likely accompanied with equilibrium
Sn isotope fractionation.
The main diﬀerences in the Sn(IV) chloride evaporation
experiments between this study and the study of Wang et al.
(2019a) include the matrix of solution and temperature. The
Sn(IV) chloride solution in Wang et al. (2019a) was in a
matrix of 8 M HCl, whereas in this study, the Sn(IV) chloride was dissolved in 1 M to 4 M HCl. In this study, evaporation of Sn(IV) chloride in 1 M to 4 M HCl resulted in
similar degree of Sn loss to vapor and consistent negative
D122/116Sn fractionation factor, implying that the molarity
of HCl might not be the controlling factor of Sn isotope
fractionation behavior. Temperature is also distinctly diﬀerent between the two studies. It should be noted that in the
Sn(IV) evaporation experiments by Wang et al. (2019a), the
D122/116Sn data with the lowest F factor is positive (ﬁrst
time series data in Fig. 4a), consistent with this study. This
implies that during the heating stage of the evaporation
experiment in Wang et al. (2019a), when temperature was
likely lower than 150 °C, isotopically light Sn was indeed
lost from aqueous solution. Therefore, diﬀerence in
temperature of evaporation experiments is the most likely
reason for the diﬀerence in Sn isotope fractionation behaviors between this study and the study of Wang et al.
(2019a).
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When temperature increases from 96 °C to 150 °C, boiling of the aqueous solution will take place, and bubbles
form spontaneously within the liquid. This would produce
saturation of vapor species in the bubbles and extensive
backward reaction of evaporation at the bubble/ﬂuid interface (Fig. 8b). This would facilitate adequate exchange
between aqueous Sn and gaseous Sn, causing equilibrium
Sn isotope fractionation between the aqueous and vapor
phases. Indeed, evaporation experiments of water using
bubbling dry air have shown to induce equilibrium O and
H isotope fractionation (Gonﬁantini et al., 2018).
5.3. Implications
The experiments in this study, together with the evaporation experiments by Wang et al. (2019a), show that significant Sn isotope fractionation can occur during drying of
Sn chloride solutions, and the direction and magnitude of
Sn isotope fractionation can vary depending on the evaporation conditions. This would result in analytical artifacts in
Sn isotope analyses of natural samples. Therefore, in high
precision Sn isotope studies, the eﬀects of evaporation on
Sn isotope fractionation during sample treatment must be
taken into consideration. One should utilize double spike
techniques to rigorously correct for possible Sn isotope
fractionation (Creech et al., 2017; Wang et al., 2017) during
evaporation, and the Sn double spike should be mixed with
samples prior to digestion.
Tin mineralization can be related to transport of Sn as
gaseous forms (Burt et al., 1982; Symonds et al., 1987;
Hedenquist and Lowenstern, 1994; Williams-Jones and
Heinrich, 2005; Chiaradia et al., 2018) although Sn in vapor
phase does not always lead to economic mineralization as
Sn partitions preferentially into the liquid phase in shallow
settings (Heinrich et al., 1999). The volatile partitioning
behavior of elements in hydrothermal processes depends
on whether the process occurs in open or closed system
(Drummond and Ohmoto, 1985), and the evaporation
experiments in this study and that of Wang et al. (2019a)
imply that the Sn isotope fractionation behaviors may be
diﬀerent accordingly. Phase separation related to ﬂuids
exsolved from deep intrusions under high pressure conditions may be associated with equilibrium Sn isotope fractionation between vapor and aqueous ﬂuid, whereas
catastrophic phase separation triggered by transition from
lithostatic to hydrostatic pressure conditions (Heinrich
et al., 1992; Korges et al., 2018) is likely a nonequilibrium process that is associated with kinetic Sn isotope fractionation. The diversity of Sn mineralization pathways, as well as the diﬀerence in Sn isotope fractionation
behavior between vapor and aqueous phases of Sn chlorides under diﬀerent physico-chemical conditions, implies
that natural Sn isotope variability could be caused by Sn
isotope fractionation associated with vaporization of Sn
chlorides, in addition to Sn redox reactions (Polyakov
et al., 2005; Wang et al., 2019a). Although the magnitude
of Sn isotope fractionation related to vaporization is small
relative to redox processes, the isotope eﬀects of vaporization can be enhanced by coupling with Rayleigh distillation.

Since Sn is an abundant element in bronze, Sn isotope
ratios have the potential to trace the provenance of antiquities given the large Sn isotope variability in natural cassiterites (Budd et al., 1995; Haustein et al., 2010; Nickel
et al., 2012). Further, Sn isotopes may be used to study
the history of ancient metallurgy because during the melting
and casting process of bronze, evaporation of volatile tin
species may cause Sn isotope fractionation (Budd et al.,
1995; Yamazaki et al., 2014; Zhang et al., 2015; Berger
et al., 2018).
Furthermore, Sn is a moderately volatile element and its
isotopes may be used to identify diﬀerent mechanisms for
volatile depletion and isotopic variability in extraterrestrial
samples (Creech et al., 2017; Creech and Moynier, 2019;
Wang et al., 2019b). A recent Sn isotope study on lunar
rocks (Wang et al., 2019b) revealed that lunar basalts are
enriched in light Sn isotopes relative to the bulk silicate
Earth, opposite to K and Zn that show light isotope depletion in lunar basalts. However, the volatility of Sn lies
between K and Zn. Wang et al. (2019b) proposed that the
diﬀerent isotope fractionation behaviors between Sn and
K/Zn could stem from speciation of the metals in the liquid
and vapor phases during liquid–vapor separation. Speciﬁcally, the interpretation of Sn isotope data of lunar basalt
by Wang et al. (2019b) is based on an assumption that
the vapor species of Sn in protolunar disk was SnO. However, such assumption could be a topic of debate. We note
that Cl content the bulk silicate Moon is estimated to be 6–
40 ppm (Sharp et al., 2010; Boyce et al., 2018), up to two
orders of magnitude higher than that of Sn. On the other
hand, Sn is known to have high aﬃnity to Cl to form tin
chloride, therefore, it appears possible that Sn occurred as
SnCl2 in the vapor phase in protolunar disk. If so, vaporization of tin chloride (Chou et al., 1975; Yamazaki et al.,
2013) could be responsible for the observed Sn isotope signature in lunar samples. Therefore, we argue that a better
understanding of the Sn evaporation behavior and its isotopic eﬀects is crucial for interpretations of Sn isotope data
from extraterrestrial samples, and our SnCl4 evaporation
experiments, although at a very diﬀerent condition from
that of the protolunar disk, provide a necessary and relevant starting point for such understanding. Additional
work is needed to explore the species and determine the
fractionation factors of Sn for understanding the Moonforming processes.
6. CONCLUSIONS
Evaporation experiments showed that Sn(IV) chloride
can be transported as gaseous species. The stability of gaseous species of Sn was investigated by quantum mechanical
calculations, which indicated that SnCl4 is the dominant
gaseous species of Sn(IV).
Evaporation of Sn(IV) chloride solutions at 96 °C in
open air at 1 atmospheric pressure is associated with Sn isotope fractionation of D122/116Snvapor-solution = 0.36‰ (or
D122/118Snvapor-solution = 0.24‰). However, quantum
mechanics calculations yield Sn isotope fractionation factors in an opposite direction, that gaseous species of Sn
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(IV) chloride enrich heavy Sn isotopes relative to aqueous
species of Sn(IV) chloride by 0.35‰–1.24‰ in d122/116Sn
(or 0.82‰–0.19‰ in d122/118Sn) under equilibrium. This
indicates that the evaporation of Sn(IV) chloride in our
experimental conditions was associated with kinetic, rather
than equilibrium isotope fractionation of Sn. Further, in
order to explain the observed Sn isotope fractionation factors, the kinetic evaporation process of SnCl4 molecule
must be associated with molecular collision at the ﬂuidvapor interface zone, coupled with backward reaction.
Comparison of our work with the evaporation experiments
by Wang et al. (2019a) show that the Sn isotope fractionation behavior can be diﬀerent under diﬀerent physicochemical conditions, implying that Sn isotopes could be
used to understand metal volatilization behaviors at molecular level.
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