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ABSTRACT 12 

Most W and Sn deposits are associated with highly-evolved granites derived from the 13 

anatexis of metasedimentary rocks.  They are commonly separated in both space and time and in 14 

the rare cases where the W and Sn mineralization is part of a single deposit, the two metals are 15 

temporally separate. The factors controlling this behavior, however, are not well understood. A 16 

compilation of whole-rock geochemical data for W- and Sn-related granites in major W-Sn 17 

metallogenic belts presented in this study shows that the Sn-related granites are generally the 18 

products of higher temperature partial-melting (~800 oC) than the W-related granites (~750 oC). 19 

Thermodynamic modeling of partial melting and metal partitioning shows that W is incorporated 20 

into the magma formed during low-temperature muscovite-dehydration melting, whereas most of 21 

the Sn is released into the magma at a higher temperature during biotite-dehydration melting; the 22 

Sn of the magma may be increased significantly if melt is extracted prior to biotite melting. At the 23 

same degree of partial melting, the concentrations of the two metals in the partial melt are controlled 24 
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by their concentration in the protolith. Thus, the nature of the protolith, the melting temperature 25 

and the subsequent evolution of the magma all influence the metallogenic potential of a magma 26 

and, in combination, helped control the spatial and temporal segregation of W and Sn deposits in 27 

all major W-Sn metallogenic belts.   28 

INTRODUCTION 29 

The bulk of the World’s W and Sn resources are hosted by magmatic-hydrothermal ore 30 

deposits associated with granitic intrusions of S-type affinity (Lehmann, 1990; Brown and Pitfield, 31 

2014). Owing to their highly incompatible behavior, W and Sn are enriched in the continental crust 32 

and in highly evolved granitic magmas derived from the partial melting of metapelitic rocks 33 

(Ishihara, 1977; Romer and Kroner, 2016; Gardiner et al., 2017). These magmas are widely 34 

considered to be the sources of the mineralizing fluids that lead to W and Sn deposits (Audétat, 35 

2019). Despite the similar geochemical behavior of W and Sn during fractional crystallization, a 36 

spatial or temporal coexistence of deposits containing the two metals is rare (Fig. 1). Among major 37 

deposits, only 3 of 77 W- or Sn-bearing skarn deposits in China (Chang et al., 2019) and 6 of 69 in 38 

the Bolivian Sn belt contain significant concentrations of both W and Sn (Clark et al., 1990; 39 

Mlynarczyk and Williams-Jones, 2005; Arce-Burgoa and Goldfarb, 2009). Previous studies have 40 

generally attributed the decoupling of W and Sn mineralization to the compositions of the granites, 41 

the degree of fractionation and the redox state (Blevin and Chappell, 1992, 1995; Lehmann, 2020). 42 

Most W and Sn deposits, however, are associated with highly evolved, reduced or ilmenite-series 43 

granites (Ishihara, 1977; Lehmann, 1990; Lecumberri-Sanchez et al., 2017; Yuan et al., 2019) and 44 

the reasons for their separation is still not well- understood.  45 

Although partial melting and fractional crystallization have similar effects on the formation 46 

of W-Sn deposits (Simons et al., 2017; Yuan et al., 2019), most previous studies have emphasized 47 

the latter to explain the segregation of W and Sn mineralization in W-Sn metallogeny (Lehmann, 48 

1990, 2020; Blevin and Chappell, 1992, 1995). Recently, Yuan et al. (2019) concluded that the 49 
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spatial separation of W and Sn mineralization in the Nanling W-Sn metallogenic belt, South China 50 

might be related to differences in the melting temperature of the related granites i.e., that W-related 51 

granites were the products of low melting temperature <750 oC, whereas the Sn-related granites 52 

crystallised from magmas produced at T >800 oC. A similar conclusion was reached by Simons et 53 

al. (2017) from a study of the deposits associated with the Cornubian Batholith in SW England. 54 

However, although there is circumstantial evidence to support this hypothesis, acceptance of the 55 

notion of melting-induced W-Sn fractionation will require quantitative evaluation.  56 

In this study, we use a quantitative partial melting model in concert with a compilation of 57 

published whole-rock geochemical data for W- and Sn-related granites in the major W and Sn 58 

metallogenic belts of the World to discuss how partial melting contributes to the enrichment of W 59 

and Sn in S-type granitic magmas (Fig. 1). The results show that the enrichment of W and Sn in 60 

the protolith and the dehydration partial melting of muscovite and biotite exert an important 61 

influence on subsequent W and Sn mineralization. 62 

MAGMA TEMPERATURE AND THE DECOUPLING OF W AND Sn 63 

MINERALIZATION 64 

The geochemical data for granites compiled here show clear genetic relationships between 65 

the granites and W or Sn deposits. Granites related to Cu-W and Mo-W deposits, which are usually 66 

oxidized (Mao et al., 2019), are not included in the compilation. The fractional crystallization 67 

indices, including bulk rock TiO2, Nb/Ta, Zr/Hf, and Rb/Sr ratios, show that both W- and Sn-related 68 

granites are highly evolved (Fig. 2A and S1, Lehmann, 1990; Ballouard et al., 2016). The increase 69 

of the concentrations of both W and Sn with the degree of fractional crystallization (Fig. S3) is 70 

consistent with the coexistence of the W/Sn deposits and late-phase intrusions in large composite 71 

plutons (Lehmann, 1990). These mineralizing intrusions are classified as ilmenite series (reduced) 72 

granites and have overlapping Fe2O3/FeO ranges that indicate similar, low oxygen fugacity (Fig. 73 

2A; Ishihara et al., 2000). Their Fe2O3/FeO ratios are largely independent of the fractionation 74 
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indices (Fig. S4), suggesting reduced conditions inherited from the source regions (carbonaceous 75 

metasedimentary protolith; Burnham and Ohmoto, 1980; Lehmann, 1990). Therefore, magma 76 

evolution and redox state are insufficient to explain the separation of W and Sn mineralization in 77 

metallogenic belts.  78 

As the initial temperatures of the magmas crystallizing W- and Sn-related granites are 79 

known to differ significantly (Yuan et al., 2019; ), we used zircon-saturation thermometry (TZr; 80 

Watson and Harrison, 1983) to estimate the temperatures for the magmas related to the W- and Sn-81 

granites considered in our compilation. However, because fractional crystallization is accompanied 82 

by cooling of the magma (Fig. S1), we used the highest temperature for a given granite to represent 83 

the initial temperature of the corresponding magma on the grounds that this would be the 84 

temperature for which the degree of fractional crystallization was lowest. The global compilation 85 

of TZr from the least evolved sample of each granite suite shows that Sn-related granites have 86 

systematically higher melting temperatures (~800 oC) than W-related granites (~750 oC; Fig. 2B). 87 

Furthermore, because inherited zircon cores are rare in Sn-related granites but common in W-88 

related granites (Yuan et al., 2019; References in Table S1), the difference in the initial magma 89 

temperatures for W- and Sn-related granites might be even greater than estimated (Miller et al., 90 

2003).  91 

SEPARATION OF W AND SN DURING PARTIAL MELTING 92 

In order to gain insight into how melting of a sedimentary protolith might affect the W and 93 

Sn contents of a granitic magma, we evaluated the partitioning of these elements between minerals 94 

and partial melt using a batch melting model. Using the mineral-melt partition coefficients for W 95 

and Sn (Table S2), we determined the concentrations of W and Sn in the melt from the W and Sn 96 

concentrations of the source rock, and the relative proportions of minerals and melt.  97 
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The mineral-melt partition coefficients of W and Sn are mainly from Simons et al. (2017) 98 

and this study (Table S2), and show that whereas W prefers muscovite strongly over the melt, the 99 

reverse is true for biotite, i.e., W prefers the melt more strongly than it does biotite. In contrast, Sn 100 

prefers both minerals over the melt, although the muscovite-melt partition coefficient for Sn is 101 

somewhat higher than the biotite-melt partition coefficient. The error introduced to the results of 102 

the modeling by errors in the partition coefficients is negligible (Fig. 3 and Supplementary Material 103 

1). 104 

The initial W and Sn concentrations are from unaltered Shuangqiaoshan Group 105 

metasedimentary rocks (CW = 11.8 ppm, CSn = 21.4 ppm; Liu et al., 1982), which are considered to 106 

be the protolith of the W- and Sn-related granites in the South China W-Sn province (Su and Jiang, 107 

2017). This choice of initial concentrations is consistent with the observation that W and Sn are 108 

enriched in the source metapelitic rocks in W-Sn metallogenic belts (Romer and Kroner, 2016). 109 

Similar fractionation trends of W and Sn were obtained using the W and Sn concentrations of bulk 110 

continental crust (1.0 ppm W, 1.7 ppm Sn; Rudnick and Gao, 2014). 111 

 The relative proportions of mineral and melt were obtained by modeling phase equilibria 112 

for average pelite (White et al., 2007) using THERMOCALC, along P-T paths from 650 to 1000 oC at 113 

pressures of 0.5, 0.7, and 0.9 GPa. The equilibrium phase assemblages along these P-T paths are 114 

shown in Figure 3 and Figure S2. Tungsten and Sn partition passively among the phases, and their 115 

concentrations do not affect the stabilities of the minerals. 116 

Details of the methods employed in the modeling of batch melting are provided in 117 

Supplementary Material 1. The 0.5 GPa model is used as a representative to discuss the results of 118 

this modeling (Fig. 3, S2 and Table S3). The dehydration of muscovite within the supersolidus 119 

assemblage transfers water to the melt, generating a pulse of partial melting that is followed by a 120 

second pulse resulting from the melting of biotite at higher temperature (White et al., 2001). The 121 

enrichment of W and Sn in the melt correlates with a decrease in the fractions of W and Sn in 122 
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muscovite and biotite, respectively (Fig. 3A2). The proportion of melt reached ~10 wt% after 123 

exhaustion of the muscovite at 680 oC, and the concentration of W reached a maximum of 49 ppm 124 

(Fig. 3A3). This represents a four-fold enrichment of W relative to its concentration in the protolith, 125 

and the release to the melt of approximately 41 wt% of the W in the protolith (Fig. 3A2). The W 126 

concentration in the melt then decreased (Fig. 3A3) in response to dilution by the next batch of 127 

melt, which is depleted in W. The decomposition of muscovite contributed minor Sn to the melt 128 

with only ~11 wt% of the protolith Sn being released. After the exhaustion of muscovite, the 129 

concentration of Sn in the melt increased and reached a maximum of 39 ppm at 854 oC. This 130 

maximum occurred after 51% partial melting when biotite was exhausted in the restite and 93 wt% 131 

of the bulk Sn had been released to the melt. If the melt had been removed from the source region 132 

shortly after the exhaustion of muscovite, subsequent biotite-dominated melting of the restite would 133 

have yielded a higher concentration of Sn (57 ppm; Fig 3B3). Thus, the main control on the 134 

concentration of W and Sn in a S-type granitic magma is the degree of partial melting, which 135 

depends largely on the temperature and much less on the pressure.  136 

CONCENTRATION OF W AND SN DURING COMBINED PARTIAL MELTING AND 137 

FRACTIONAL CRYSTALLIZATION 138 

Fractional crystallization amplifies the difference between W and Sn concentrations in 139 

magmas. These concentrations are important for the W-Sn mineralization potential, because 140 

elevated W and Sn concentrations in the exsolved magmatic-hydrothermal fluids are indicators of 141 

the type and extent of mineralization (Audétat, 2019). Here, we use a Rayleigh fractionation model 142 

to simulate the evolution of W and Sn concentrations during fractional crystallization (Fig. 4; 143 

methods described in Supplementary Material 1). The influence of restite is not considered as restite 144 

minerals are rare in W-Sn-related granites (Supplementary Material 1). We then compare the W 145 

and Sn concentrations to those of melt inclusions from W-Sn related granites (Audétat et al., 2000; 146 

Zajacz et al., 2008; Borisova et al., 2012; Fig. 4) to estimate the mineralizing potential of the magma. 147 
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If the melt is generated by muscovite decomposition, CW
melt reaches the W content in melt 148 

inclusions from W-Sn-related granites prior to extreme crystallization (10 wt% melt remaining, 149 

Ballouard et al., 2016; Fig. 4A). Nonetheless, fractional crystallization of this magma fails to 150 

concentrate CSn
melt sufficiently (Fig. 4A,). In contrast, if the melt is generated by biotite breakdown 151 

at high temperature (Fig. 4B), especially if there was prior extraction of melt after muscovite 152 

melting (Fig. 4C), the CSn
melt reaches the Sn content of melt inclusions from W-Sn-related granites. 153 

This, however, is not the case for CW
melt. Therefore, the evolution of granitic magmas produced at 154 

low-temperature by muscovite-dehydration melting of a W-Sn-rich protolith is predicted to lead to 155 

granites generating W mineralization, and magmas produced at a higher temperature by biotite-156 

dehydration melting are predicted to produce granites generating Sn mineralization. Magmas 157 

produced at intermediate temperature (e.g. ~790 oC), may be enriched in both W and Sn and might 158 

be responsible for the formation of deposits containing significant concentrations of both W and 159 

Sn. In the extreme, i.e., > 90 wt% of fractional crystallization, the low-temperature magma could 160 

potentially form W-dominated W-Sn deposits, and the high-temperature magma Sn-dominated Sn-161 

W deposits.  162 

In addition, we note that an enriched sedimentary protolith is also a prerequisite for the 163 

generation of W- and/or Sn- fertile melt. Otherwise, with an average continental crust protolith 164 

composition (1.0 ppm W and 1.7 ppm Sn; Rudnick and Gao, 2014), the residual melt would contain 165 

insufficient W and Sn after even 99% crystallization (Fig. 4). 166 

IMPLICATIONS FOR MINERALIZATION ASSOCIATED WITH EXTREMELY 167 

FRACTIONED GRANITES 168 

The model developed here shows that the temperature and degree of partial melting of an 169 

appropriate protolith determines whether the resulting granites will be fertile sources for economic 170 

W-Sn mineralization, something that has been largely overlooked in previous studies of W-Sn ore 171 

genesis (Romer and Kroner, 2016; Wolf et al., 2018). It is also possible that analogous temperature-172 
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sensitive incongruent partial melting might play an important role in the formation of deposits of 173 

other metals, e.g. Ta-, Li-, and Be-deposits, which like those of W and Sn, are genetically related 174 

to highly evolved S-type granites (Romer and Kroner, 2016). Indeed, it is noteworthy that among 175 

the protolith minerals that might act as potential sources for these metals, the mineral-melt partition 176 

coefficients of Ta and Li are highest for biotite and that of Be is highest for muscovite and cordierite 177 

(Simons, et al., 2017; Table S2). Thus, the behaviour of these metals during partial melting is a 178 

topic that merits further investigation and could provide new insights into the genesis of other types 179 

of metallic mineral deposits associated with reduced S-type granites.  180 
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 283 

Figure and table captions 284 

 285 

Figure 1. The global distribution of major W and Sn metallogenic belts (Sinclair et al., 2011). The 286 

relative sizes of the deposits are indicated by the sizes of the symbols. QQK denotes Qinling-287 

Qilian-Kunlun W belt (Mao et al., 2019). 288 

 289 

Figure 2. A: A binary plot of the bulk Fe2O3/FeO ratios of W and Sn granites versus their SiO2 290 

contents. Also shown are the fields of magnetite and ilmenite series granites taken from Ishihara et 291 

al. (2000). B: Histograms of the initial temperature of the magmas crystallizing W- and Sn-related 292 

granites in major W and Sn belts (Fig. 1), estimated using zircon saturation temperatures (see Fig. 293 

S1 and Supplementary Material 1 for further information). 294 
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 295 

Figure 3. Results of the modeling of the partial melting of an average metapelite at P=0.5 GPa. The 296 

modeling results for 0.7 and 0.9 GPa are similar to those for 0.5 GPa and are shown in Figure S2. 297 

Figure A1 shows the proportions of the phases as a function of temperature during partial melting 298 

of an average metapelite (White et al., 2007) and Figure B1 shows the proportions after extraction 299 

of 10 wt % of the melt (dashed black line), i.e., after exhaustion of muscovite in A1. Figures A2 300 

and B2 show the evolution of the W and Sn metal fraction (wt%) in minerals and magma during 301 

partial melting. Figures A3 and B3 show the evolution of W and Sn concentrations (ppm) in the 302 

magma during partial melting. The green and grey domains denote the continuous reactions of 303 

muscovite- and biotite-dehydration melting, respectively. The stars indicate the starting melt 304 

composition for the fractionation model in Figure 4. The uncertainties propagated from the partition 305 

coefficients are presented as shadows. Details of the modeling method are provided in 306 

Supplementary Material 1. Mineral abbreviations: Bi: biotite; Cd: cordierite; Grt: garnet; ilm: 307 

ilmenite; Ksp: K-feldspar; Sill: sillimanite; Mt: magnetite; Mus: muscovite; Opx: orthopyroxene; 308 

Pl: plagioclase; Qtz: quartz. 309 

 310 

Figure 4. The evolution of W and Sn concentrations in residual melt during fractional crystallization 311 

based on a Rayleigh fractionation model. The starting compositions of the melts were taken from 312 

the results of the partial melting model illustrated in Figure 3 (W1, Sn1, W2, Sn2, W3, and Sn3, as 313 

starting compositions, are indicated by the same terms in Figure 3). The solid and dashed lines 314 

correspond to the W and Sn concentrations in the initial melts derived by melting metasedimentary 315 

rocks of the Shuangqiaoshan Group in the W-Sn metallogenic belts of South China (Liu et al., 1982) 316 

and bulk continental crust (Rudnick and Gao, 2014), respectively. The W and Sn concentrations in 317 

melt inclusions (blue and pink bars) from W-Sn-related granites (Audétat et al., 2000; Zajacz et al., 318 

2008; Borisova et al., 2012) are shown for comparison. The uncertainties propagated from the 319 
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abundance of crystallized minerals are presented as shadows. Details of the modeling method are 320 

provided in Supplementary Material 1. 321 

 322 

Table S1. Bulk compositions of W- and Sn-related granites in the Nanling W-Sn region (1A), the 323 

Jiangnan W belt (1B), the Southeast Asian Sn belt (1C), the Youjiang Sn belt (1D), the QQK W-324 

Sn belt (1E), the Cornwall Sn region (1F), and the Bolivian Sn belt (1G). 325 

 326 

Table S2. Mineral-melt partition coefficients used to model partial melting. 327 

 328 

Table S3. Results of the modeling of mineral proportions and W and Sn concentration in melts and 329 

minerals during partial melting at T = 650-1000 ℃ and P = 0.5, 0.7 and 0.9 GPa. 330 

 331 

Figure S1. Zircon-saturation temperature (TZr) as a function of the fractionation indices (Nb/Ta, 332 

Zr/Hf, Rb/Sr, and TiO2) for W- or Sn-related granites in the major W-Sn metallogenic belts shown 333 

in Figure 1. Orange diamonds refer to Sn-related granites and blue circles refer to W-related 334 

granites. For individual intrusions, the grey arrows show the trend of decreasing magma 335 

temperature with increasing degree of fractional crystallization. Therefore, the least-evolved 336 

samples for individual intrusions were considered to best represent the melting temperature for the 337 

granite. The data are from Table S1. 338 

 339 

Figure S2. Results of the modeling of partial melting for pressures of 0.7 and 0.9 GPa. Figures A1 340 

and B1 show the modal proportions of the phases as a function of temperature during partial melting 341 

of an average metapelite (White et al., 2007) and Figures A4 and B4 show the proportions after 342 
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extraction of 10 wt% of the melt (dashed black line), i.e., after exhaustion of the available muscovite 343 

in A1 and B1. Figures A2, B2, A5 and B5 show the evolution of the W and Sn proportions (wt%) 344 

in minerals and melt during partial melting. Figures A3, B3, A6 and B6 show the evolution of W 345 

and Sn concentrations (ppm) in the magma during partial melting. The green and grey domains 346 

correspond to muscovite- and biotite-dehydration melting, respectively. Bi: biotite; Cd: cordierite; 347 

Grt: garnet; ilm: ilmenite; Ksp: K-feldspar; Sill: sillimanite; Mt: magnetite; Mus: muscovite; Opx: 348 

orthopyroxene; Pl: plagioclase; Qtz: quartz. 349 

 350 

Figure S3. Whole-rock W or Sn concentrations as a function of the fractionation index (whole-rock 351 

TiO2 concentration) for W- or Sn-related granites in the W-Sn metallogenic belts shown in Figure 352 

1. For most granites, both the W and Sn concentration increase with the degree of fractional 353 

crystallization, indicating that magma evolution did not lead to the depletion of the ore metal (e.g. 354 

W or Sn) and, thus, the decoupled behavior of W and Sn mineralization. The data are from Table 355 

S1. 356 

 357 

Figure S4. Whole-rock Fe2O3/FeO ratios as a function of fractionation index (whole-rock TiO2 358 

concentration) for W- and Sn-related granites in the W-Sn metallogenic belts shown in Figure 1. 359 

The Fe2O3/FeO ratios are largely independent of the degree of fractional crystallization, indicating 360 

that the redox state of the granite was inherited from the source region. The data are from Table S1. 361 

 362 
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