
1. Partial melting model and partition coefficients

The partial melting model is based on the batch melting equation (Shaw, 1970):

𝐶𝐶𝐿𝐿 = 𝐶𝐶0 ×
1

𝐷𝐷 + 𝐹𝐹(1 − 𝐷𝐷) 

where CL is the concentration of an element in the melt, C0 is the concentration of the element in 
the source rock (protolith), D is the average bulk partition coefficient for the residual minerals, 
and F is the weight fraction of melt produced during partial melting (degree of partial melting). 
The average bulk partition coefficient (D) is determined using the following equation: 

𝐷𝐷 = �𝐷𝐷𝑖𝑖 × 𝑋𝑋𝑖𝑖

𝑛𝑛

𝑖𝑖=1

 

where Di is the partition coefficient of an element between the melt and an individual residual 
mineral (i), Xi is the weight percentage of this residual mineral (i) in the total resitite, and n is the 
total number of minerals involved in partial melting. The partial melting modeling results are shown 
in Table S3. 

The mineral-melt partition coefficients (except for that for garnet) used in this study were 
adopted from Simons et al. (2017) who derived the partition coefficients for W and Sn between 
granitic melt and a series of minerals by phenocryst/matrix measurements of Sn-W-related granites 
of the Cornbian Batholith in southwestern England. In general, mineral-melt partition coefficients 
are influenced mainly by composition  of the melt, and to a lesser degree by temperature, pressure, 
and oxygen fugacity (Candela and Bouton, 1990; Icenhower and London, 1995, 1996; Adam and 
Green, 2007; Simons et al., 2017). We note that the melt composition derived from a low-degree 
partial melting is similar to that after a high-degree fractional crystallization (Icenhower and 
London, 1995, 1996; Patiño Douce and Harris, 1998; King et al., 2011; Taylor et al., 2014; Xia et 
al., 2019). Other conditions for the crystallization of granitic melt are also broadly similar to those 
for partial melting of metasedimentary rocks (Icenhower and London, 1995, 1996; Patiño Douce 
and Harris, 1998; Romer and Kroner, 2016). Therefore, the partition coefficients for granites of 
Simons et al. (2017) are applicable to partial melting (Icenhower and London, 1995; Simons et al., 
2017).  

The bulk partition coefficients (except for that for garnet) from Simons et al. (2017) may 
have been affected by the proportions of biotite and muscovite in the granites, because previous 
studies have suggested that W and Sn are hosted mainly in micas (Romer and Kroner, 2016; Simons 
et al., 2017; Wolf et al., 2018; Yuan et al., 2019). To assess the uncertainties introduced by the 
partition coefficients (D), we recalculated the partition coefficients by intentionally adding or 
removing 5 wt% biotite and/or muscovite. The amount, 5 wt%, was used because Simons et al. 
(2017) suggested that the modal percentages of muscovite and biotite are less than 10%. The results 
are listed in the table below which shows that the D values for biotite vary between -2% and +13% 
relative to the original data, and the D values for muscovite vary between -35% and +115% relative 
to the original data. The variation in the D values for biotite is relatively small and has limited 
influence on the results of the modeling (Fig. 3). The variation in D values for muscovite is larger. 
However, this does not influence the overall conclusion, because all the muscovite is consumed 
before the melt is extracted (Fig. 3). In other words, this study focused on the W and Sn 
concentrations in melt after muscovite was exhausted during partial melting. Thus, the errors in the 
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partition coefficients of W and Sn introduced by the biotite and muscovite proportions in the 
granites considered in Simons et al. (2017) have a minimal effect on the results of this study. The 
propagated errors for the W and Sn concentrations in the melt during partial melting are shown as 
error envelopes in Figure 3. 

Mineral-melt 
Partition 

coefficients 

Original data from 
Simons et al. (2017) 

Data recalculated by 
removing 5 wt% of the  

mineral  

Data recalculated by 
adding 5 wt% of the 

mineral  
Biotite Muscovite Biotite Muscovite Biotite Muscovite 

Sn 2.32 4.14 2.6 
(+13%)* 

5.2 
 (+26%) 

2.1  
(-10%) 

3.4 
 (-17%) 

W 0.4 10.71 0.41 
(+2%) 

23.1 
(+115%) 

0.39 
 (-2%) 

7.0 
 (-35%) 

*The numbers in parentheses show the variation of D values relative to the original data. These 
numbers were calculated using the equation: (B-A)/A×100, where A is the original D value and B 
is the new D value. 

To our knowledge, coefficients have not been reported for the partitioning of W, Sn and 
Ta between garnet and granitic melt during partial melting. In this study, we employed garnet-melt 
partition coefficients for W, Sn and Ta that we extracted from the results of analyses of garnet-
bearing migmatites reported in Xia et a. (2019). The migmatites are from the Linzhi complex in the 
southeastern Lhasa terrane, Himalayan orogen (Xia et al., 2019). Partial melting occurred in the 
migmatites, producing a K-feldspar-bearing leucocratic vein, representing the melt formed by 
mica-dehydration melting, and leaving behind garnet of peritectic origin in the biotite gneiss (restite) 
(Xia et al., 2019). Phase equilibrium calculations, mineral assemblages, and garnet isopleths 
indicate that the peak anatectic conditions were 760-800 ℃ and 9-10.5 kbar (Xia et al., 2019). The 
melting conditions and the nature of melting (biotite dehydration) of these samples are similar to 
those of the partial melting model presented in this study. Therefore, we conclude that the garnet-
melt partition coefficients obtained from these samples are applicable to this partial melting model. 
We calculated the garnet-melt partition coefficients for W, Sn, and Ta by combining the 
composition of the peritectic garnet (sample number: 12LS104) from Xia et al. (2019) with the 
composition of the leucocratic vein (sample number: 12LS104, which was kindly provided by 
Qiongxia Xia and is the sample referred to in Xia et al. 2019) from this study. 

The analytical method used to determine the trace element content of the leucocratic vein 
and the analytical results are reported below. The trace element analyses were performed by 
Guizhou Tongwei Analytical Technology Co., Ltd. on a Thermal Fisher iCAP RQ ICP-MS 
equipped with a Cetac ASX-560 AutoSampler. Approximately 50 mg of rock powder was 
dissolved in a Teflon bomb with a doubly distilled concentrated HNO3-HF (1 : 4) mixture. The 
dissolution occurred in an oven at 185°C for 3 days. The solutions were then dried to evaporate the 
HF. The sample residues were re-dissolved with doubly distilled concentrated HNO3 followed by 
a 1:1 HNO3 treament and dried again. The samples were then dissolved in a 3ml 2N HNO3 stock 
solution. Finally, the solutions were diluted 4000 times with 2 percent HNO3 and 9ppb 61Ni, and 
6ppb Rh, In and Re were added as internal spikes. The USGS standard, W-2a, was used as the 
reference standard and crossed checked with BHVO-2 and other reference materials. The 
instrument drift mass bios was corrected with internal spikes and external monitors. The ICP-MS 
procedure for trace element analysis followed the protocol of Eggins et al. (1997) with 
modifications described in Kamber et al. (2003), Li et al. (2005), and Li et al. (2019).  



 

 Sn (ppm) W (ppm) Ta (ppm) 
The composition of the leucocratic vein from this study 1.07 0.329 0.423 
The composition of the peritectic garnet from Xia et al. 
(2019) 

0.183 0.012 0.003 

Partition coefficient 0.171 0.036 0.007 
 

 2. Fractional crystallization model 

The fractional crystallization model was based on the Raleigh fractionation equation (Shaw, 
1970): 

𝐶𝐶𝐿𝐿 = 𝐶𝐶0 × 𝐹𝐹𝐷𝐷−1 

where CL is the concentration of an element in the melt, C0 is its concentration in the initial melt, 
D is the bulk partition coefficient for the fractionating minerals, and F is the weight fraction of melt 
remaining in the system. The bulk partition coefficient was calculated in the same way as in the 
section above. 

The minerals crystallized were assumed to be quartz, K-feldspar, plagioclase, biotite, and 
muscovite, which are common minerals in W- or Sn-related granites (Lehmann, 1990; Ballouard 
et al., 2016; Simons et al., 2017; and references in Table S1). Since the mineral-melt partition 
coefficients for quartz and K-feldspar are small (KD < 0.05, Table S2), the partitioning of W and 
Sn during fractional crystallization is mainly controlled by the proportions of plagioclase, biotite, 
and muscovite. The W- and Sn-related granites compiled in this study (references in Table S1) 
contain 10-25 wt% plagioclase, 5-10 wt% biotite and 3-5 wt% muscovite. These mineral propotions 
were used to estimate the whole-rock partition coefficients for W and Sn and were then used in the 
Rayleigh fractional crystallization model. For the purpose of sensitivity testing, the proportions of 
crystallized minerals were assumed to be in a range rather than to have a specific value. The results 
(Fig. 4) show that the variations in the proportions of minerals crystallized in the aforementioned 
ranges have limited influence on the modeling results, i.e., the melt generated at low-temperature 
muscovite-dehydration melting facilitates the enrichment of W in the melt and subsequent W 
mineralization, whereas the melt generated at high-temperature biotite-dehydration melting favors 
enrichment of Sn in the melt and subsequent Sn mineralization. 

Redistribution of the elements between melt and restite after the melt had been extracted 
from the source was not considered in the fractionation model. This is because restite is rare in Sn-
related granites, (Lehmann, 1990; Yuan et al., 2019; and references in Table S1). The rare 
occurrence of resitite in Sn-related granite might reflect the relatively high melting temperature 
(>750 ℃), as the restite models typically apply to  to melt generated at < 750 ℃ (Chappell et al., 
2000; Stevens et al., 2007). In addition, the restite model does not explain the variation of 
geochemical composition in Sn granite suites (Lehmann, 1990) and the differences in whole-rock 
Sr-Nd and zircon Hf-O isotopic compositions between “mafic inclusions” and the host granites 
(Yuan et al., 2019 and references therein). To our knowledge, there is no documentation of restites 
in the W-related granites compiled in this study. Thus, restites, if they exist, are likely to be present 
in small volumes and therefore are unlikely to affect the behavior of W during magma fractionation. 
Furthermore, according to Chappell et al. (1987), the term restite in S-type granite refers 
predominantly to xenoliths of refractory fragments from the source (cordierite and, less commonly, 



almandine garnet) and xenocrysts like calcic plagioclase relict cores, sillimanite, and inherent  
zircon. Since W is highly incompatible in these minerals (Table S2), the impact of restite should 
have a negligible influence on the behavior of W during fractional crystallization. 

 

3. Explanation of supplementary Figures. 

Supplementary Figures 1, 2 and 3 illustrate the zircon-saturation temperatures (TZr; Fig. 
S1), whole-rock W and Sn concentrations (Fig. S2), and the whole-rock Fe2O3/FeO ratios (Fig. S3)  
as functions of fractionation indices for W- or Sn-related granites in the W-Sn metallogenic belts 
compiled in Figure 1. 

We used TiO2, Nb/Ta, Zr/Hf, and Rb/Sr as the fractionation indices. Titanium is very 
insoluble in aqueous fluids and thus is extremely immobile during hydrothermal alteration of 
granite (Lehmann, 2020). During fractional crystallization of granitic magmas, Ti is moderately 
compatible in biotite and other early crystallizing Ti-bearing minerals, leading to its progressive 
depletion in the melt as fractionation proceeds (Lehamnn, 1990, 2020). Therefore, a trend of 
decreasing Ti concentration in a granite is an indication of fractional crystallization (Lehmann, 
1990, 2020). The solubility of Nb, Ta, Zr and Hf in aqueous are also very low (Chevychelov et al., 
2005; Borodulin et al., 2009; Migdisov et al., 2011; Timofeev et al., 2015, 2017) and they are 
almost invariably not affected by hydrothermal alteration. Furthermore, Nb and Ta, as well as Zr 
and Hf are considered to be “geochemical twins” because of their similar charges and ionic radii 
(Goldschmidt, 1937; Ballouard et al., 2016). However, the Nb/Ta and Zr/Hf ratios in granite will 
decrease in response to the fractionation of micas and zircon, respectively (Raimbault et al., 1995; 
Linnen and Keppler, 1997, 2002; Claiborne et al., 2006; Stepanov et al., 2014). Therefore, the 
Nb/Ta and Zr/Hf ratios in granite can also be used as indices of the degree of fractional 
crystallization (Ballouard et al., 2016; Yuan et al., 2019). The whole-rock Rb/Sr ratio is used as 
fractionation index, because of the preferential incorporation of Rb in late-crystalized K-feldspar 
and Sr in early plagioclase (Lehmann, 1990). For each ore-related granitic intrusion, we used 
several fractionation indices in parellel. The figures for each metallogenic belt were assembled in 
a single page. 

In all the figures, the blue circles refer to W-related granites and orange diamonds refer to 
Sn-related granites. If different granite phases could be identified (e.g., granites related to the 
Shizhuyuan Sn-W deposit and Xihuashan W deposit in the Nanling region), different colors were 
used to distinguish early and late phases. 

In Figure S1, the compiled data shows trends of decreasing zircon-saturation temperature 
(TZr) with increasing degree of fractional crystallization (gray arrows). Therefore, we used the least-
evolved endmembers in individual intrusions to determine the melting temperatures of the 
metasedimentary rocks that produced the granitic magmas. The rarity of inherited zircon grains in 
high-temperature Sn-related magmas (Yuan et al., 2019 and references in Table S1) is evidence 
that zircon was initially undersaturated, which means that TZr provides a minimimum  estimate of 
the temperature of melting (Miller et al., 2003). In contrast, the abundance of inherited zircon in 
low-temperature W-related granite artificially increases the Zr content of the bulk melt leading to 
overestimated temperatures. Thus, the difference in the initial magma temperatures estimated for 
W- and Sn-related granites might be even greater than presented in Figure 2.  



In Figure S2, for most granites, both the whole-rock W and Sn concentrations increase with 
the degree of fractional crystallization, indicating that magma evolution did not lead to the depletion 
of W or Sn or the decoupling of W and Sn mineralization. In Figure S3, The Fe2O3/FeO ratios are 
largely independent of the degree of fractional crystallization, indicating that the redox states of 
these granites were not influenced by magma evolution but were likely inherited from the source 
regions. 
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Table S1. Bulk compositions of W- and Sn-related granites in the Nanling W-Sn region (1A), the 

Jiangnan W belt (1B), the Southeast Asian Sn belt (1C), the Youjiang Sn belt (1D), the QQK W-

Sn belt (1E), the Cornwall Sn region (1F), and the Bolivian Sn belt (1G). 

 

Table S2. Mineral-melt partition coefficients used to model partial melting. 

 

Table S3. Results of the modeling of mineral proportions and W and Sn concentration in melts and 

minerals during partial melting at T = 650-1000 ℃ and P = 0.5, 0.7 and 0.9 GPa. 

 

Figure S1. Zircon-saturation temperature (TZr) as a function of the fractionation indices (Nb/Ta, 

Zr/Hf, Rb/Sr, and TiO2) for W- or Sn-related granites in the major W-Sn metallogenic belts shown 

in Figure 1. Orange diamonds refer to Sn-related granites and blue circles refer to W-related 

granites. For individual intrusions, the grey arrows show the trend of decreasing magma 

temperature with increasing degree of fractional crystallization. Therefore, the least-evolved 

samples for individual intrusions were considered to best represent the melting temperature for the 

granite. The data are from Table S1. 

 

 

Figure S2. Whole-rock W or Sn concentrations as a function of the fractionation index (whole-rock 

TiO2 concentration) for W- or Sn-related granites in the W-Sn metallogenic belts shown in Figure 

1. For most granites, both the W and Sn concentration increase with the degree of fractional 

crystallization, indicating that magma evolution did not lead to the depletion of the ore metal (e.g. 

W or Sn) and, thus, the decoupled behavior of W and Sn mineralization. The data are from Table 

S1. 



 

Figure S3. Whole-rock Fe2O3/FeO ratios as a function of fractionation index (whole-rock TiO2 

concentration) for W- and Sn-related granites in the W-Sn metallogenic belts shown in Figure 1. 

The Fe2O3/FeO ratios are largely independent of the degree of fractional crystallization, indicating 

that the redox state of the granite was inherited from the source region. The data are from Table 

S1. 

 

Figure S4. Results of the modeling of partial melting for pressures of 0.7 and 0.9 GPa. Figures A1 

and B1 show the modal proportions of the phases as a function of temperature during partial melting 

of an average metapelite (White et al., 2007) and Figures A4 and B4 show the proportions after 

extraction of 10 wt% of the melt (dashed black line), i.e., after exhaustion of the available muscovite 

in A1 and B1. Figures A2, B2, A5 and B5 show the evolution of the W and Sn proportions (wt%) 

in minerals and melt during partial melting. Figures A3, B3, A6 and B6 show the evolution of W 

and Sn concentrations (ppm) in the magma during partial melting. The green and grey domains 

correspond to muscovite- and biotite-dehydration melting, respectively. Bi: biotite; Cd: cordierite; 

Grt: garnet; ilm: ilmenite; Ksp: K-feldspar; Sill: sillimanite; Mt: magnetite; Mus: muscovite; Opx: 

orthopyroxene; Pl: plagioclase; Qtz: quartz. 
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