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aBstRact

A redox reaction in which Sn2+ oxidizes to Sn4+ is thought to occur during the precipitation of 
cassiterite (SnO2) and stannite (Cu2FeSnS4) from high-temperature hydrothermal solutions. In four 
stanniferous regions with differing mineralization environments (South Dakota, U.S.A.; Cornwall, 
England; Erzgebirge, Germany/Czech Republic; Andean tin belt, Bolivia), the tin isotope composi-
tion in stannite (mean value d124Sn = –1.47 ± 0.54‰, n = 21) is consistently more fractionated toward 
negative values than that of paragenetically earlier cassiterite (mean value d124Sn = 0.48 ± 0.62‰, 
n = 50). Given the oxidation-dependent mechanism for cassiterite precipitation, this isotopic shift is 
most likely attributable to the oxidation of Sn in solution; precipitation of heavy-Sn-enriched cassiterite 
results in residual dissolved Sn with lighter isotopic composition, which is expressed in the negative 
d124Sn values of later-formed stannite. Equally important is that the mean values for the cassiterite 
from the various deposits are slightly different and may indicate that the initial Sn isotope composition 
in early-formed cassiterite relates to variations in the source or magmatic processes. Therefore, the 
Sn isotopes may provide information on both redox reactions and petrologic sources and processes.
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intRoduction

Tin has been an economically significant metal since it was 
first alloyed with copper to produce bronze nearly 7000 yr ago 
(Radivojevic et al. 2013). Tin exhibits complex behavior, act-
ing as a volatile, siderophile, and chalcophile element, and may 
exist in the Sn0, Sn2+, or Sn4+ valence state. Although it is rare, 
with an average crustal abundance of 1.7 ppm (Rudnick and Gao 
2003), it has the largest number of naturally formed isotopes 
(10) and exhibits the greatest mass range (112–124 amu) of any 
element on the periodic table. Given that the degree of isotopic 
fractionation is related, in part, to the relative mass difference 
of the isotopes, the large mass range of Sn may allow for the 
monitoring of fractionation of a heavy metal that is typically as-
sociated with hydrothermal systems related to felsic magmatism 
(Lehmann 1990).

Measurable isotopic fractionation of tin has been reported for 
ores (Haustein et al. 2010), igneous rocks (Creech et al. 2017; 
Badullovich et al. 2017), and archaeological bronze artifacts 
(Balliana et al. 2013; Yamazaki et al. 2014; Mason et al. 2016). 
The isotopic variation measured in these materials indicates that 
high-temperature geological processes fractionate tin isotopes. 
Only Badullovich et al. (2017) has presented evidence for an as-
sociated mechanism that induces an isotopic variation of tin, i.e., 

partitioning of Sn4+ between magma and ilmenite during fractional 
crystallization of basalt. However, no studies have focused on the 
processes and materials associated with tin mineralization: highly 
evolved felsic magmas, involvement of a saline hydrothermal 
fluid, rapidly evolving redox conditions, and distinct mineral 
assemblages in which cassiterite (SnO2) is predominant. Without 
an understanding of causative mechanisms of fractionation in 
typical hydrothermal tin ore systems, interpretation of Sn isotopic 
data by geologists and archaeologists is limited.

Tin experiences electron transfer in high-temperature geo-
chemical reactions, including those associated with the pre-
cipitation of cassiterite in tin mineralizing systems (Eugster and 
Wilson 1985). The precipitation of cassiterite is likely dominated 
by the reactions associated with the oxidation of Sn-chloride 
complexes, such as:

Sn2+Clx
2-x +2H2O = Sn4+O2 + 2H+ + xCl- + H2 (Heinrich 1990)

and
SnCl3

- + H+ + 2H2O = SnO2 + 3HCl + H2 (Korges et al. 2018).

Based on fluid inclusion analysis and mineral stability studies, 
cassiterite precipitation from hydrothermal solutions can occur 
across a wide temperature range (320–550 °C), although the 
main phase of cassiterite precipitation in most ores typically oc-
curs within the temperature range of approximately 400–350 °C 
(Campbell and Panter 1990; Markl and Schumacher 1996; 
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