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ABSTRACT

Tin and tungsten are strategic critical metals, and understanding the mechanisms respon-
sible for their extraordinary enrichment is a frontier research topic in economic geology.
The formation of granite-hosted Sn—W deposits involves three successive stages: source
enrichment, magmatic transport, and metal precipitation. Partial melting of metasedimen-
tary rocks in the middle—lower crust represents the starting point for the initial enrichment
of ore-forming metals, yet the role of this stage in mineralization has long been insufficiently
recognized. This review focuses on the controls exerted by magma-source processes on
the initial enrichment of Sn and W during granite petrogenesis. It systematically summa-
rizes research progress concerning source-rock composition, the degree of pre-enrichment
of ore-forming elements, anatectic conditions, including temperature and oxygen fugacity,
the types of minerals involved in melting reactions, and the stability of accessory minerals.
Key scientific controversies remain, including the respective contributions of metapelites
versus metagreywackes to mineralization, the mechanisms controlling Sn—W coupling and
decoupling, and the fractionation behavior of elements and isotopes during disequilibrium
melting. Future research should integrate in situ microanalysis, phase-equilibrium model-
ing, and isotopic tracing, using recently exhumed orogens such as the Himalaya as natural
laboratories, to elucidate the mechanisms of Sn—W mobilization and initial enrichment dur-
ing partial melting and thereby advance theories of granite-related Sn—W metallogeny.
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Research Highlights

» Systematically reviews controls on initial Sn—W enrichment during partial melting.

+ |dentifies key controversies in source composition, pre-enrichment, and melting conditions.

» Proposes the integration of in situ analysis and modeling to study disequilibrium melting.

1. Introduction

Tin has historically been a major mineral resource
in China; however, owing to resource depletion, its im-
port dependence is increasing. Both tin and tungsten are
strategic critical metals in China and are key targets of the
National New Round of Strategic Action for Prospecting

license (https://creativecommons.org/licenses/by/4.0/).

Breakthroughs. Granite-related Sn—W mineralization is an
important product of continental crustal cycling and evolu-
tion [1]. Fundamentally, the formation of tin—tungsten de-
posits and their associated granites is closely linked to the
chemical composition of the magma source and to partial
melting processes [2, 3]. Investigating fundamental scien-
tific questions related to Sn—W mineralization, particularly

Copyright: © 2026 by the authors. This is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY)

Publisher’s Note: Scilight stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://www.sciltp.com/journals/hp
https://crossmark.crossref.org/dialog/?doi=10.63335/j.hp.2026.0043&domain=pdf&date_stamp=2026-06-10
mailto:caohuawen1988@cdut.edu.cn
https://doi.org/10.63335/j.hp.2026.0043
https://doi.org/10.63335/j.hp.2026.0043
https://creativecommons.org/licenses/by/4.0/

Cao

the influence of partial melting in the deep source region
on the initial enrichment of Sn and W, an aspect that has
received relatively little attention, will help refine and en-
hance our understanding of Sn—W metallogenic mecha-
nisms and granite petrogenesis, and will guide assess-
ments of Sn—W mineralization potential.

As rare metal elements, tin and tungsten must be en-
riched by approximately 1000 times relative to their crustal
abundances to form economically viable ore bodies, high-
lighting the urgent need to elucidate their mechanisms of
extraordinary enrichment [4, 5]. Tin—tungsten deposits are
typically genetically associated with highly fractionated, re-
duced felsic rocks formed by remelting of metasedimen-
tary rocks [6]. Sn—W enrichment and mineralization mainly
involve three successive stages from deep to shallow: (1)
partial melting of middle—lower crustal metasedimentary
rocks (the “source” stage), (2) high degrees of fractional
crystallization of granite in the middle—upper crust (the
“transport” stage), and (3) fluid exsolution and metal pre-
cipitation in the upper crust (the “deposition” stage) (Fig-
ure 1) [7-9].

Previous research has extensively investigated the
latter two stages of Sn—W mineralization, namely mag-
matic differentiation and hydrothermal fluid processes in
the middle—upper crust, yielding numerous innovative re-
sults [10—14]. However, a systematic understanding of the
activation and migration of Sn and W, as well as their initial
enrichment mechanisms during the transition from partial
melting of metasedimentary rocks in the magma source
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region, the middle—lower crust, to the formation of ore-
forming granites, remains lacking [15]. This gap is primarily
due to the scarcity of key granulite-facies samples from the
deep source region in the middle—lower crust, as well as
limitations in the precision and resolution of in situ micro-
analytical techniques.

Constrained by earlier analytical limitations, early re-
search primarily focused on variations in major elements
during metamorphism. With the breakthrough develop-
ment of modern in situ microanalysis techniques, it is
now possible to determine trace-element concentrations
at micrometer- to nanometer-scale spatial resolutions and
with ppm- to ppb-level detection limits, enabling quanti-
tative characterization of rare-element migration mecha-
nisms during complex anatectic processes [16—19]. Ele-
mental distribution in rocks is often highly heterogeneous,
with certain minerals hosting the majority of trace and/or
ore-forming elements and serving as key carrier and/or
concentration phases [3, 20]. Sn and W are commonly
hosted in fine-grained accessory minerals. With improve-
ments in spatial resolution and analytical precision in el-
emental analyses, the modes of occurrence of these ele-
ments in such fine-grained minerals can be investigated,
thereby contributing to a deeper understanding of the be-
havior of Sn and W during metamorphism. Microstructural
observations, together with high-precision in situ elemen-
tal and isotopic analyses of key minerals, are particularly
effective for finely characterizing and reconstructing partial
melting processes.
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Figure 1. Sn and W enrichment and mineralization mainly involve three successive stages from deep to shallow (modi-

fied from [21]).
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The geochemical characteristics of ore-forming gran-
ites are inherited from the composition of the source rock
and the characteristics of the anatectic melt. However, tra-
ditional research has mainly focused on the transport of
Sn and W in magmas and their exsolution into hydrother-
mal fluids to form deposits, with less attention paid to the
question of how Sn and W are transferred from deep-
seated metasedimentary source rocks into anatectic melts
and initially enriched therein, ultimately forming granites
with ore-forming potential [22]. This review focuses on re-
search progress regarding the influence of magma-source
processes on the initial enrichment of Sn and W dur-
ing granite petrogenesis. It discusses key source pro-
cesses and controlling factors, including rock composi-
tion (metapelite versus metagreywacke), the degree of el-
emental pre-enrichment, anatectic conditions (fluid-fluxed
versus dehydration melting, low- versus high-temperature
conditions, oxidized versus reduced conditions, and equi-
librium versus disequilibrium melting), minerals involved
in melting reactions (muscovite melting at lower temper-
atures versus biotite melting at higher temperatures), and
accessory-mineral stability (e.g., dissolution or recrystal-
lization of apatite, monazite, rutile, titanite, iimenite, and
related phases). Furthermore, this review suggests that fu-
ture research should focus on the mechanisms of W—Sn
and associated-element mobilization, migration, and en-
richment during partial melting of metapelites to form gran-
ites, as well as on differences in magma-source character-
istics between mineralized and barren granites. By empha-
sizing source-stage control of Sn—W enrichment, this study
highlights partial melting of metasedimentary lower-crustal
rocks as a critical but previously underappreciated link be-
tween crustal anatexis and ore-forming granite fertility, pro-
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vides a source-oriented framework for understanding Sn—
W metallogeny and offers new perspectives for evaluating
rare-metal mineralization potential in granite systems.

2. Research Progress and Key Scientific Issues
2.1. Source-Rock Control on Sn—W Granite Fertility

In the last century, research on the origin of tin—
tungsten ore-forming granites was dominated by two
opposing hypotheses: mantle-derived hotspot processes
and crust-derived enrichment mechanisms [23]. It is now
widely accepted that, regardless of potential mantle contri-
butions, partial melting of metasedimentary rocks, includ-
ing metapelites and metagreywackes, in ancient crust is a
key process in the formation of tin—tungsten granites [24—
27]. During the melting of metasedimentary rocks, the in-
volvement of abundant mica minerals in melting reactions
yields melts enriched in rare metals, whereas the participa-
tion of organic matter results in reduced magmas with low
oxygen fugacity [28—30]. Therefore, metapelites are gener-
ally considered the primary source rock type for the forma-
tion of reduced S-type tin—tungsten granites [9] (Figure 2).
However, experimental studies indicate that the melt pro-
ductivity of metapelites is limited, suggesting that meta-
greywackes may represent a favorable source composi-
tion for ore-productive granites [31]. Furthermore, the geo-
chemical characteristics of the ore-related pluton at the gi-
ant Zhuxi tungsten deposit in China also support its deriva-
tion from partial melting of metagreywackes [32]. Thus,
whether tin—tungsten ore-forming granites originate from
partial melting of metapelites or metagreywackes warrants
further in-depth investigation and analysis.
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Figure 2. Relationship between granitic magma oxygen fugacity, degree of differentiation, and metal assemblage ((A)

modified from [33]; (B) modified from [34]).
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2.2. Role of Source Pre-Enrichment in Sn—W Metallogenic Po-
tential

Tin—tungsten deposits are primarily associated with
granites derived from partial melting of the middle—lower
crust (Figure 3). Tin—tungsten metallogenic belts are often
strictly controlled by tectonic units, indicating that the dis-
tribution of source rocks exerts deep-seated control on the
spatial localization of Sn—W deposits [24, 35, 36]. Some
geologists argue that Sn- and W-pre-enriched crustal
zones delimit the distribution of subsequent ore-forming
granites, thereby influencing the spatial distribution pat-
terns of tin—tungsten deposits [3, 37, 38]. However, melting
experiments by Michaud et al. suggest that although pro-
tolith pre-enrichment influences the concentrations of rare
elements in the melt, it is not the sole controlling factor;
the type of melting reaction, the proportions of reactants,
and the partition coefficients of rare elements between
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the residue and the melt are more important [39]. Fur-
thermore, Lehmann argued that high Sn and W contents
in ore-forming granites can be achieved solely through
high degrees of magmatic differentiation, without requir-
ing pre-enrichment of the source [22]. However, existing
theories struggle to explain the non-linear relationship be-
tween the degree of granite differentiation and Sn—W min-
eralization: on the one hand, highly differentiated granite
plutons are not always associated with significant Sn—
W mineralization, as exemplified by the Yashan granite
in Yichun, Jiangxi [40]; on the other hand, some moder-
ately to weakly differentiated granites host industrial-grade
Sn-W deposits [41]. Therefore, the contribution of Sn—W
pre-enrichment in source metasedimentary rocks to the
ore-forming potential of granites requires quantitative eval-
uation. Studies of melt inclusions in granites, which can
constrain the initial state of the magma, may help address
this issue.
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2.3. Anatectic Controls on Sn—W Coupling and Decoupling

Understanding the mechanisms of Sn—W coexistence
and separation has long been challenging, but is crucial
for understanding the differential enrichment of different el-
ements. Based on comparisons of the geochemical char-
acteristics of ore-forming granites and on modeling calcu-
lations, previous studies have proposed that differences
in melting temperature in the magma source and varia-
tions in the minerals involved in melting reactions control
the decoupling of Sn and W mineralization [20]. However,
this interpretation struggles to explain the formation of de-
posits significantly enriched in both Sn and W, such as the
Shizhuyuan W-Sn deposit (0.75 Mt WO3; 0.49 Mt Sn) [43].

Traditionally, because tin is a multivalent element (+2
and +4), its partitioning and mobility during melting are
considered to be controlled by oxygen fugacity. (1) In ox-
idized melts, Sn** (ionic radius = 0.69 A) readily substi-
tutes for Ti** (0.605 A) and Fe®t (0.645 A) through iso-
morphous substitution, preferentially entering the crystal
lattices of mafic minerals such as biotite, titanite, amphi-
bole, and magnetite [44—46]. Under these conditions, the
mineral/melt partition coefficients for Sn in mafic miner-
als are significantly greater than 1, leading to Sn reten-
tion in the solid residue and the formation of Sn-poor melts
[22, 47]. Therefore, partial melting of oxidized source rocks
is unfavorable for Sn enrichment in the melt. (2) Under
reduced conditions, divalent tin (Sn?*) predominates; its
ionic radius increases to 1.18 A in six-fold coordination,
and it exhibits strong incompatibility, with partition coeffi-
cients much less than 1, between mafic minerals and the
melt. Sn therefore tends to partition into the melt, favoring
the formation of Sn-rich granites [47, 48]. However, some
scholars suggest that the importance of oxygen fugacity in
Sn transport has been overestimated [49]. In contrast, W
is predominantly present in melts as WO,42~ complexes,
and its partitioning behavior is significantly less sensitive
to changes in oxygen fugacity than that of Sn [50].

Previous research has extensively investigated the in-
fluence of oxygen fugacity on Sn and W mineralization
during magmatic and hydrothermal processes [51]. How-
ever, relatively little attention has been paid to the con-
trol of oxygen fugacity on Sn and W mobilization during
partial melting. In this context, existing interpretations are
largely limited to preliminary inferences that organic matter
or carbonaceous material in metasedimentary rocks may
lead to lower oxygen fugacity in anatectic melts. Although
Sn and W share similar geochemical properties and often
co-occur, they can also be significantly decoupled in spe-
cific metallogenic belts or deposits [52, 53]. The specific
components and conditions that control melt oxygen fu-
gacity during melting remain unclear, further complicating
the role of oxygen fugacity in controlling Sn—W coexistence
and separation.
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2.4. Temperature- and Mineral-Reaction Controls on Staged Sn—
W Mobilization

The role of regional metamorphism in Sn and W mo-
bilization has attracted increasing attention [2, 54, 55].
The melting sequence of metasedimentary rocks in the
middle—lower crust (8—12 kbar) exhibits distinct stages.
With increasing temperature, successive stages occur:
fluid-fluxed melting (650-700 °C), muscovite dehydra-
tion melting (700-750 °C), and biotite dehydration melt-
ing (750900 °C), each generating granitic melts (Fig-
ure 4). Micas, as layered aluminosilicate minerals, possess
unique crystal structures capable of accommodating vari-
ous trace elements and are important carriers of rare el-
ements such as Sn and W, as well as volatiles (H>O, F,
Cl, B, and P), in metasedimentary rocks [56]. Recent stud-
ies suggest that in metasedimentary rocks, W is primarily
hosted in muscovite, whereas Sn is mainly hosted in bi-
otite; melts generated by low-temperature muscovite melt-
ing are enriched in W, whereas melts become enriched
in Sn following biotite melting. This process may control
Sn—-W decoupling [3, 37]. This implies that, with increasing
melting temperature, tungsten mineralization should gen-
erally occur slightly earlier than tin mineralization within
a single regional mineralizing event. However, case stud-
ies of the timing and magmatic temperatures of Sn-W
mineralization in the Iberian orogen do not support this
view. Most W-rich deposits in Iberia (290-300 Ma) are
slightly younger than Sn-rich deposits (310-320 Ma); fur-
thermore, the estimated temperatures of W-mineralizing
granites are not lower than those of Sn-mineralizing gran-
ites [53]. Therefore, the hypothesis of stepwise activation
of Sn and W during mineralization requires further investi-
gation and validation.

2.5. Accessory-Mineral Behavior and Isotope Fractionation Dur-
ing Disequilibrium Melting

Previous research has extensively investigated the
formation reactions of major rock-forming minerals, such
as quartz, feldspar, mica, and amphibole, during melting.
However, ore-forming elements are not controlled solely
by rock-forming minerals; the selective breakdown or re-
tention of accessory minerals during non-modal melting
may play a decisive role in the mobilization of certain
key elements [19, 57]. For instance, during the melting of
metasedimentary rocks, in addition to micas, which can
significantly concentrate Sn and W, accessory minerals
such as titanite, ilmenite, magnetite, and rutile can also
host high concentrations of Sn and/or W and may even
form metamorphic cassiterite and scheelite [2, 25, 54, 58,
59]. The growth or breakdown of these accessory miner-
als can strongly influence the amounts of Sn and W en-
tering the anatectic melt. Tin—tungsten granites are gener-
ally volatile-rich, but the sources of these volatiles remain
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poorly constrained. In metasedimentary rocks, H2O, P, Cl,
and F are primarily hosted in apatite, monazite, mica, and
amphibole; B is enriched in tourmaline and mica; and S
and C are controlled by sulfides and organic matter, re-
spectively. Therefore, the stability of accessory minerals,
particularly apatite, critically influences the concentrations
of P, Cl, and F entering the anatectic melt [60]. These el-
ements play important roles in the subsequent partitioning
behavior of Sn and W in magmatic—hydrothermal systems.

Given that melting typically involves non-modal dis-
equilibrium processes, quantifying how these accessory-
mineral behaviors control melt composition is a significant
challenge. A fundamental assumption when using stable
isotopes to trace the source region during partial melting
is that no significant isotopic fractionation occurs between
the magma source and the anatectic melt. However, re-
cent studies indicate that during partial melting, radiogenic
daughter isotopes and some metal stable isotopes may
undergo fractionation, leading to decoupling between the
isotopic compositions of the melt and the source [61]. For
example, in metasedimentary rocks, Rb and Sr are con-
centrated in mica and feldspar, respectively. During partial
melting, depending on melting conditions, the proportions
of mica and feldspar entering the melt, as well as their se-
quence of breakdown, may differ, inevitably causing signif-
icant fractionation of Sr isotopic compositions between the
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source and the melt. Similarly, the behavior of apatite and
monazite can control the Sm—Nd isotopic composition of
the melt, whereas zircon controls its Lu—Hf isotopic com-
position [61, 62]. Boron in metasedimentary rocks is en-
riched in tourmaline and mica; however, mica is enriched
in 1°B, whereas tourmaline is enriched in ''B. During meta-
morphism, tourmaline is significantly more stable than
mica, and the preferential breakdown of mica can lead to
melts enriched in 1°B relative to the source rock; thus, sta-
ble isotopes can also undergo fractionation [63]. Accord-
ingly, integrated microanalysis of trace elements and Sr—
Nd—Hf-B isotopes in minerals such as mica, feldspar, ap-
atite, monazite, zircon, and tourmaline can reveal whether
disequilibrium partial melting occurred in metasedimentary
rocks. Quantifying the degree of disequilibrium can help
assess the impact of mineral behavior on the differential
enrichment of rare elements in the melt.

Significant progress has been made in research on
accessory minerals in magmatic and hydrothermal ore-
forming systems [64]. However, studies of how the break-
down, retention, and recrystallization of accessory miner-
als regulate the entry of Sn, W, and ore-related elements
into anatectic melts during disequilibrium melting remain
relatively scarce, leading to an inadequate understanding
of the role of accessory minerals in controlling the initial
enrichment of elements during granite petrogenesis.
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3. Future Research Outlook

In summary, although geologists recognize that, in ad-
dition to high degrees of magmatic differentiation and post-
magmatic hydrothermal processes, anatectic melting in
the middle—lower crustal source region also plays a critical
role in mineralization, the key controlling factors for the ini-
tial enrichment of Sn and W during partial melting remain
unclear, and detailed analyses and quantitative descrip-
tions of specific examples are particularly lacking [5, 66].
This is largely due to the difficulty of accessing rocks from
the magma source region, namely the middle—lower crust,
associated with ore-forming granites. Therefore, it is nec-
essary to select representative areas where metasedimen-
tary source rocks (the “source” stage), ore-forming gran-
ites (the “transport” stage), and Sn—W deposits (the “de-
position” stage) are all exposed for more in-depth empiri-
cal research. The Himalayan orogen, characterized by its
young age, rapid exhumation, well-exposed middle—lower
crustal rocks without significant overprinting by later tec-
tonic events, and relatively well-preserved mineralization
processes and rock types, presents an exceptional oppor-
tunity to address this issue, particularly following the dis-
covery of Miocene Sn—W rare metal deposits in the region
[67-69].

Previous research on W—=Sn deposits has largely fo-
cused on magmatic differentiation and fluid mineraliza-
tion [70], with less attention paid to the partial melting
of metapelites, resulting in limited clarity regarding the
controls exerted by magma-source processes on W-Sn
mineralization. Future research should target key miner-
als such as muscovite, biotite, and other important acces-
sory phases, including apatite, rutile, titanite, and ilmenite,
in metamorphic source rocks as primary research ob-
jects. By integrating metamorphic phase-equilibrium mod-
eling, whole-rock mass-balance calculations, and isotopic-
fractionation modeling [71], future studies should investi-
gate the mechanisms by which partial melting of metased-
imentary rocks controls the mobilization of Sn and W into
anatectic melts and their initial enrichment [72]. Key as-
pects should include source-region composition, the de-
gree of Sn—W pre-enrichment, anatectic temperature and
oxygen fugacity, minerals involved in melting reactions,
and accessory-mineral stability.

Such research is expected to reveal the controls ex-
erted by deep magma-source melting on the initial en-
richment of Sn and W, thereby refining theories of Sn—
W metallogeny and granite petrogenesis. By integrat-
ing metamorphism, magmatic evolution, and ore-forming
processes, and by building on metamorphic P-T—t—
composition path modeling, in situ microanalyses of major
and trace elements can be used to determine the modes
of occurrence and characteristics of carrier minerals for
W, Sn, and related elements during metapelite metamor-
phism. Combined with mass-balance calculations, this ap-
proach can quantitatively constrain the activation, migra-
tion, and enrichment mechanisms of ore-related elements
during metamorphism. It can also bridge the gap repre-
sented by the partial melting process between metapelites
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and ore-forming granites, constrain the magma sources
and petrogenesis of ore-forming granites, and clarify the
genetic differences between mineralized and barren gran-
ites, thereby laying a foundation for assessing W—Sn rare-
metal mineralization potential.

4. Conclusions

The extraordinary enrichment of tin and tungsten re-
sults from the combined effects of partial melting in the
deep source region, high degrees of magmatic differentia-
tion, and hydrothermal processes. Among these, the par-
tial melting of middle—lower crustal metasedimentary rocks
serves as the starting point for the initial enrichment of
ore-forming metals and fundamentally controls the forma-
tion of ore-related granites. Several major controversies
remain regarding source-rock composition, the effects of
elemental pre-enrichment, the control of anatectic con-
ditions on Sn—-W coexistence and separation, and dise-
quilibrium melting processes. Future research should tar-
get well-exposed “source—transport—deposition” systems
in representative orogenic belts, combining high-precision
in situ analyses with integrated multi-method modeling to
precisely characterize the activation, migration, and initial
enrichment mechanisms of Sn and W during partial melt-
ing. This will advance theories of granite-related Sn—-W
metallogeny and provide a scientific basis for rare-metal
exploration.
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