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ARTICLE INFO ABSTRACT

Editor: Claudia Romano Stable Sn isotopes have been widely used to trace the planetary differentiation processes, the provenance and
trade paths of ancient bronze artifacts, the mineralization history of tin ore deposits, and the terrestrial magmatic
processes. However, systematic Sn isotope studies of felsic igneous rocks especially the Sn mineralization-related
highly evolved granites are still lacking. In this study, we present the first high-precision Sn isotope data of two
Sn-rich highly evolved S-type granites (Laochang and Kafang) from the world-class Gejiu Sn ore district. These
granite samples show remarkably variable 51221180 values (relative to the Sn standard solution NIST 3161a)
ranging from 0.11 + 0.02%o to 0.93 + 0.02%o (20), which is the largest variation range reported in granites so
far. The absence of correlations between Sn isotopes and LOI (loss-on-ignition) and enq(t) values, along with the
low magmatic oxygen fugacity (AFMQ < 0) for these granites, rule out hydrothermal alteration, wall-rock
assimilation, source composition heterogeneity, and anatexis processes as causes of the Sn isotope fraction-
ation. The Laochang granites show negative correlations between 5!22/1185n values and magmatic differentiation
indicators (e.g., CaO, FeyOs, Ti, Eu/Eu*, F/Cl), suggesting fractional crystallization increased the §122/118gy
isotopes in the residual melts. The fractional crystallized minerals are mainly composed of biotite, plagioclase,
and minor ilmenite. Compared with the Laochang granites, the Kafang granites show higher SiO, contents, F/Cl
ratios, and §'22/118sn values, suggesting the magma at this stage was fluid-saturated and fluid exsolution coupled
with fractional crystallization would further enrich the heavy Sn isotopes in the residual melts. We further
quantified the contributions of crystal fractionation and fluid exsolution on Sn isotopic variability using a
Rayleigh fractionation model. The modeling indicates that AP llssncrystal,melt = —0.6 to —0.5%0 and A%
1185nﬂuid,me]t = —1.9 to —0.7%o with an initial H>O content of 2 wt.% can explain the observed 51221185 values
of Gejiu granites. This study implies that both crystal fractionation and fluid exsolution processes cause increase
of Sn isotopic values in the highly evolved granites and Sn isotopes are useful for tracing the evolution of highly
differentiated igneous rocks.
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1. Introduction

Tin is an element of complex and interesting properties, acting as
volatile, chalcophile, siderophile, and moderately incompatible element
during geological and cosmochemical processes. Tin has ten stable iso-
topes with atomic mass ranging from 112 to 124, and Sn isotopic vari-
ations have been identified in igneous rocks, tin ores, bronze artifacts,
and experiments (Badullovich et al., 2017; Briigmann et al., 2017;
Creech et al., 2017; Liu et al., 2021; She et al., 2020; Wang et al., 2019;
Wang et al., 2018; Wang et al., 2017; Yamazaki et al., 2013; Yao et al.,
2018; Zhang et al., 2023; Zhou et al., 2022). Sn isotopes of cassiterite
(SnOy) can be used to trace the magmatic-hydrothermal mineralization
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processes of tin ore deposits (Liu et al., 2021; Yao et al., 2018; Zhou
et al., 2022; Wu et al., 2023), the provenance and trade paths of ancient
bronze artifacts (Haustein et al., 2010; Yamazaki et al., 2013; Yamazaki
etal., 2014). Experiments confirm both redox reactions and evaporation
of Sn-bearing solutions are valid mechanisms induce Sn isotope frac-
tionation (She et al., 2020; Wang et al., 2019). Significant Sn isotope
fractionation during mantle partial melting and differentiation has also
been reported (Badullovich et al., 2017; Wang et al., 2018). During
partial melting of peridotite, Sn** with an isotopically heavier compo-
sition exhibits greater incompatibility than Sn*" and is enriched in the
silicate melt relative to the residue, resulting in isotopically lighter
peridotite and isotopically heavier basaltic melts (Wang et al., 2018).
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Crystal fractionation of ilmenite would result in residual magma being
enriched in light Sn isotopes during basaltic magma differentiation
(Badullovich et al., 2017). To date, except for reported data for several
geological reference materials, systematic Sn isotope studies of inter-
mediate and felsic igneous rocks are still limited (Creech et al., 2017;
Wang et al., 2017; Wang et al., 2022; She et al., 2023b).

Primary Sn mineralization is generally associated with highly
differentiated and relatively reduced granitic magmas (Ishihara, 1977;
Lehmann, 1982, 2021; Lehmann and Mahawat, 1989). Sn-rich granites
commonly experience complex evolution processes including extended
fractional crystallization and late-stage fluid exsolution (Harlaux et al.,
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2021; Lehmann, 2021). Sn is incompatible during the crystallization of
granitic magma and is fluid-mobile that can migrate with magmatic
hydrothermal fluids. Therefore, Sn-rich highly evolved granites should
be an ideal object for investigating Sn isotopes behavior during
magmatic-hydrothermal evolution process. However, there have been
no systematic studies on the Sn isotope compositions of highly differ-
entiated granites. This hampers the application of Sn isotopes to trace
the granite genesis and subsequent magmatic-hydrothermal processes.
The Gejiu Sn polymetallic ore deposit, located at the western margin
of the Cathaysia block, South China, is one of the largest Sn deposits in
the world (Cheng et al., 2013b; Sun et al., 2023). Tin mineralization in
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Fig. 1. Geological map of the Gejiu district, showing the distribution of Late Cretaceous intrusions and tin-polymetallic deposits. Zircon U—Pb ages are from Cheng
and Mao (2010).
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the Gejiu district is related to highly evolved S-type granites (Xu et al.,
2021; Sun et al., 2023). The source composition and evolutionary his-
tory of the Gejiu Sn-rich granites have been well established, offering an
excellent opportunity to explore the behavior of Sn isotopes during
magmatic evolution of granitic magmas. In this study, we present whole-
rock Sn isotopic and halogen (F, Cl) content data from a suite of well-
characterized Sn-rich high-SiO, granites from the Gejiu district, in
order to constrain the Sn isotope behavior in magmatic-hydrothermal
systems. Our results reveal ~1 per mil (%0) Sn isotope variation in the
Gejiu granite samples, revealing key Sn-mineralization controlling
processes of biotite and plagioclase fractionation, and subsequent
magmatic-hydrothermal fluid exsolution.

2. Geological setting and samples

The South China block consists of the Yangtze block in the northwest,
the Cathaysia block in the southeast, and the Jiangnan orogenic belt in
between (Fig. 1). South China is one of the most important metallogenic
provinces in the world and is well known for its Mesozoic granitic
magmatism and W-Sn mineralization events (Mao et al., 2013). A series
of world-class Sn polymetallic deposits including Gejiu, Dachang, and
Dulong deposits are distributed along the western margin of the South
China block (Fig. 1). The Gejiu Sn polymetallic ore district, located
about 300 km southeast of Kunming, Yunnan Province, is the largest
primary tin deposit in the world. The dominant strata in the Gejiu dis-
trict are the Middle Triassic Gejiu and Falang Formations and Upper
Triassic Huoba Formation. Minor Proterozoic Ailaoshan metamorphic
rocks and Triassic basalts are also exposed in the district (Fig. 1). The
Gejiu Formation is the main ore-host strata that consists of 400-1400 m
thick limestone and minor intercalated dolomitic limestone, dolostone,
and mafic lavas. The Falang Formation consists of approximately 3000
m thick sequence of sandstone and limestone with minor mafic lavas,
which overlie the Gejiu Formation. The Huoba Formation is mainly
composed of 500-1200 m thick shale, sandstone, and siltstone. The
Ailaoshan metamorphic zone, located on the southwestern margin of the
Gejiu district, is mainly composed of sillmanite-bearing gneisses. The
dominant structures in the Gejiu district are three sets of faults striking
NS, NNE, and NW, respectively (Fig. 1). The N-S trending Gejiu fault is
the dominant structure in the study area, separating the Gejiu area into
eastern and western sectors. The Sn deposits are mainly distributed in
the eastern sector. A suite of E-W trending secondary faults control the
locations of the granites and ore deposits, separating the Gejiu district
into Malage, Songshujiao, Gaosong, Tangziwa, Laochang, and Kafang
ore deposits from North to South (Cheng et al., 2013a; Xu et al., 2021;
Sun et al., 2023). Late Cretaceous intrusions are well developed in the
Gejiu district and mainly consist of gabbro, mafic microgranular
enclave-bearing monzogranite, porphyritic biotite granite, equigranular
granite, syenite and minor mafic dikes. Mafic-intermediate and alkaline
rocks are mainly distributed in the western sector and granites occur
throughout the region (Fig. 1). These igneous rocks intruded into the
Gejiu and Falang Formations and crystallized at 79-86 Ma, which are
well exposed in the western sector but mainly concealed at a depth of
200 to 1000 m below the surface in the eastern sector (Cheng and Mao,
2010). Tin mineralization is associated with the porphyritic and equi-
granular granites in the eastern sector of the Gejiu district.

Eight equigranular granite samples collected from the Zhuyeshan
tunnel (at elevation 1560 m above sea level) in the Laochang ore deposit
and seven samples from the Qianjin tunnel (at elevation 1800 m above
sea level) in the Kafang ore deposit were used for Sn isotopic analysis in
this study (Fig. 2; Xu et al., 2022b; Sun et al., 2023). Both the Laochang
and the Kafang granites show fine-grained granular textures with a
mineral assemblage of quartz, plagioclase, K-feldspar, biotite, musco-
vite, and accessory minerals including zircon, ilmenite, apatite, and
fluorite (Fig. 3). The Laochang granite is composed of 30% quartz, 30%
plagioclase, 25% K-feldspar, 10-15% biotite, and 2% accessory min-
erals. Hydrothermal alteration consists of minor replacement of
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Fig. 2. Geological map of the Laochang and Kafang deposits, showing the main
rock types, structures, and samples location. (a) Geological cross section map of
the Zhuyeshan tunnel (at elevation 1560 m above sea level) from Laochang
deposit (Yunnan Tin Group, pers. Commun., 2023); (b) geological cross section
map of the Qianjin tunnel (at elevation 1800 m above sea level) from Kafang
deposit (modified from Sun et al., 2023).

plagioclase and biotite by sericite and muscovite, altogether represent
~5% of the rock volume (Fig. 3). The Kafang granite comprises 30%
quartz, 40-45% K-feldspar, 10-15% plagioclase, 5-10% biotite, and
5-10% muscovite. Minor K-feldspar and biotite were altered to kaolinite
and chlorite, representing ~8% of the rock volume (Fig. 3). The Lao-
chang granite has a higher proportion of biotite than the Kafang granite.
The Laochang granites are metaluminous to peraluminous and have
high contents of SiOy (71.2-75.1 wt%), alkalines (KoO + NaO =
7.21-8.48 wt%), and low contents of FeyOs (1.46-2.80 wt%), MgO
(0.30-0.59 wt%), TiOy (0.14-0.30 wt%), and CaO (0.79-1.65 wt%)
(Fig. 4). In the chondrite-normalized REE patterns, these samples have
light rare earth element-enriched patterns with negative Eu anomalies
((La/Yb)y = 10.6-19.0; Eu/Eu* = 0.16-0.26; Fig. 5a). In upper conti-
nental crust-normalized diagrams, they are enriched in Li, Rb, Y, Nb, Sn,
Cs, Ta, Pb, Th, and U and depleted in Sc, V, Cr, Co, Ni, Sr, and Ba
(Fig. 5b). They have low whole-rock exq values (—9.0 to —8.3), zircon ey
values (—8.2 to —5.9), and high zircon 5180 values (7.3-8.9%0) (Xu
et al., 2022b). The Kafang granite samples are also metaluminous to
peraluminous and have higher contents of SiO; (74.03-78.24 wt%),
alkaline (K5O + NayO = 6.93-8.93 wt%), and lower contents of Fe;03
(0.08-1.40 wt%), MgO (0.04-0.16 wt%), Ti (127-476 ppm), and CaO
(0.53-0.92 wt%) than the Laochang granites (Fig. 4). The Kafang
granites show nearly flat patterns with significant negative Eu anomalies
((La/Yb)y = 0.68-6.50; Eu/Eu* = 0.01-0.06; Fig. 5a) in the chondrite-
normalized REE patterns. The Kafang granitic samples have similar trace
element patterns to the Laochang granites with higher degree of
enrichment in Li, Rb, Y, Ta, U and depletion in Sr, Ba (Fig. 5b). They
exhibit similar Nd-Hf-O isotopic compositions to the Laochang granites
(—9.0 to —7.7, —8.8 to —6.1, 7.45-9.74%o, respectively) (Sun et al.,
2023). Both the Laochang and Kafang granites are highly fractionated
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Fig. 3. Representative specimen and photomicrographs of the Laochang and Kafang granite. (a) Laochang fine-grained two-mica equigranular granite; (b-c)
Microphotography of Laochang granite with phenocrysts of biotite, plagioclase, K-feldspar, apatite, and late-stage quartz; (d) Equigranular texture of the Kafang
granite with minor mafic minerals; (e-f) Microphotography of Kafang granite composed of biotite, K-feldspar, plagioclase, and quartz.

Abbreviations: Ap = apatite, Bt = biotite, Kfs = K-feldspar, P1 = plagioclase, Qz = quartz, Pl = plagioclase.
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Fig. 4. Harker diagrams for the Laochang and Kafang granites in Gejiu district. Ore-related granite samples from Cheng et al. (2013b) are also shown.

granite given by their lower K/Rb, Nb/Ta, and Zr/Hf ratios than those of
less fractionated granitic rocks (Fig. 5c and d).

3. Analytical methods
3.1. Whole-rock fluorine and chlorine contents analysis

F and ClI concentrations of the bulk rock samples were analyzed at
ALS Laboratory Group (Guangzhou, China). Approximately 500 mg
powdered samples were first mixed with KOH and MgO at a mass ratio of
1:3:1, and subsequently fused in an electric furnace at 900 °C for 40 min.
The fused samples were dissolved and fluorine concentration was
determined using a F-ELE8la Ion Selective Electrode (ISE, XL500,

Accumet) and chlorine content was analyzed using Ion Chromatography
(IC, IC930, Metrohm). Detection limits for F and Cl are 20 and 50 ppm,
respectively. Analytical uncertainty is <10%. The standards JR-1 pro-
cessed as unknown samples during this study, yielding F and Cl contents
of 980 ppm and 930 ppm, respectively, consistent with the recommend
values (1011 + 28 ppm of Fe and 898 + 26 ppm of Cl; Shimizu et al.,
2006).

3.2. Whole-rock Sn isotope analysis

The Sn isotope analysis of whole-rock samples was conducted at the
State Key Laboratory for Mineral Deposits Research, Nanjing University,
China. The sample dissolution, chemical purification and analytical



K.-K. Sun et al.

1000
100 5
]
=
=
=
£ 104
Qo
=2
3
=]
=
1_
0.1 1 1 1 1 1 1 1 1 1 1 L 1 1 1 1
LaCe PrNd SmEuGdTbDyHo Er TmYb Lu
18 ——————r—rr ———
.C J
16 .. common range -
- e o of granitic rocks 1
14 $ _
L ® ]
@
12 - // -
L .. ° q
e °r *e of ‘_
= 00-©
z 8 ) -
ol * opP i
r o OOO 060 ]
4+ @O il
L ©0 ]
2 - -
ol — ]
10 100 1000

K/Rb

Chemical Geology 644 (2024) 121843

100 5

Rock/UCC

0.14

0.01 4

0.001 1 1 1 1 1 ] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Li Sc V CrCoNiZnGaRb Sr Y ZrNbSn Cs BaHf Ta Pb Th U

[=2)
(=}

o
o

common range
of granitic rocks

Zr/Hf
s
I o et F ] e i Fn

[ ]
&0
6]
3
| S B S S ) I S S,

(=]

=]
[=3
(=}

1000
K/Rb

Fig. 5. Trace elemental compositions of the Laochang and Kafang granite. (a) Chondirite-normalized REE patterns; (b) Upper continental crust-normalized trace
element diagrams; (c) Plot of K/Rb vs. Nb/Ta; (d) Plot of K/Rb vs. Zr/Hf. The normalization values of chondirite and UCC are from Sun and McDonough (1989) and
Rudnick and Gao (2003), respectively. The ranges of common granitic rocks are from Jahn et al. (2001). Data of other ore-related granites are from Cheng et al.

(2013a). See Fig. 4 for symbols used.

procedures followed those described by She et al. (2023b). Approxi-
mately 100 mg of sample powder and a corresponding amount of
17gn—1226n double spike solution with an optimal spike-to-sample
ratio of 39:61 were weighed in Teflon beakers. The sample-spike
mixture was digested with 8 mL 1:1 mixture of HNO3-HF on a hot-
plate at 130 °C for two days. After repeated evaporation using aqua regia
and HCI to obtain complete dissolution, these final solutions were dis-
solved in 0.5 M HCl for chemical separation of Sn. About 100 pL HF was
added to the beaker before each evaporation step to prevent Sn loss by
volatilization or hydrolysis. Tin was purified using 1.5 mL Eichrom TRU
resin conditioned with 0.5 M HCl and matrix elements were eluted with
0.5 M and 0.25 M HCI sequentially. 100 pL. HF was added to the
collection beaker to prevent Sn hydrolysis before the collection of Sn cut.
Then Sn was recovered using an eluent of 12 mL 0.5 M HNOs. The pu-
rified Sn fractions were dried down at 80 °C and were brought up in a
mixture acid of 0.3 M HNO3 —-0.006 M HF.

Tin isotope ratios were analyzed using a Nu 1700 Sapphire MC-ICP-
MS at State Key Laboratory for Mineral Deposits Research and Frontiers
Science Center for Critical Earth Material Cycling, Nanjing University.
Tin solutions were diluted to 100 ppb for analysis and bracketed with a
spiked NIST 3161a standard solution at the same concentration. Isotope
measurements were performed in static mode using standard Ni cones
with the 12%Sn sensitivity of >15 V/ppm. Tin isotope ratios are expressed

as 8'22/118sn notation relative to Sn isotopic standard solution NIST
3161a: 8'**11%n = [(**2Sn/""%n) sample / (***Sn/''%Sn) 3161011 X
1000. The standards GSP-2, JG-2, and GSP-1 processed as unknown
samples during this study, yielded §2%/1'8sn values of 0.24 + 0.03
(2SD, n = 3), 0.50 + 0.03 (2SD, n = 3), 0.22 + 0.02 (2SD, n = 3),
respectively, consistent with those reported by recently studies (She
et al., 2023a; Wang et al., 2022; She et al., 2023b).

4. Results

Whole-rock F and Cl contents, Sn isotopic values, and other related
geochemical data are listed in Table 1. The F, Cl, and F/Cl rations of the
Laochang granites vary from 1160 to 2380 ppm, 250 to 360 ppm, and
4.64 to 6.61, respectively. The Kafang granites have higher contents of F
(790-3640 ppm), lower Cl concentrations (140-190 ppm), and a wider
range of F/Cl ratios (4.16-26) compared to the Laochang granites. Both
the Laochang and the Kafang granites show heterogeneous Sn contents,
with ranges of 3.63-14.2 ppm and 5.44-22.9 ppm, respectively. The
samples from the Laochang granite have 5!2%/118sn values ranging from
0.13 =+ 0.04%o to 0.43 + 0.03%o, and those from the Kafang granite have
5122/118gp values varying from 0.11 = 0.02%o to 0.93 + 0.02%o (Fig. 6).
One Kafang granite sample (QJ-23) yielded the highest Sn content (22.9
ppm) and lowest Sn isotope composition (0.11 + 0.02%.,, 2SD)
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Table 1
Whole-rock Sn isotope compositions for the Laochang and Kafang granites in the Gejiu district.
Sample No  Locality 512211860 (%) 20 [STe} Ca0  Fe,0O5 LOI Sn Nb Ta Ti Cs Th F cl Eu/Eu*  eng(t)
Major element compositions (wt%) Trace element compositions (ppm)
ZYS-16 Laochang 0.35 0.04 75.08 0.79 1.46 0.76 6.36 28.8 1.87 921 20.0 39.8 1160 250 0.19 -8.8
ZYS-26 Laochang 0.43 0.03 74.05 0.97 1.58 1.04 10.5 31.6 2.37 1312 45.3 39.5 1220 260 0.16 -9.0
ZYS-27 Laochang 0.41 0.03 72.91 1.05 1.86 0.74 11.6 29.3 2.00 1557 39.5 47.2 1500 300 0.20 -8.8
ZYS-28 Laochang 0.13 0.04 71.19 1.65 2.80 1.01 3.63 51.7 3.70 2044 25.0 44.1 2380 360 0.26 -8.3
ZYS-29 Laochang 0.36 0.05 74.44 1.06 2.05 0.69 10.3 28.3 1.88 1789 34.5 47.1 1570 310 0.23 -8.8
ZYS-30 Laochang 0.31 0.04 72.05 1.13 2.22 0.79 14.2 33.9 2.51 1863 41.1 49.1 1810 330 0.21 -8.9
ZYS-31 Laochang 0.39 0.04 71.89 1.26 2.16 1.16 7.15 32.2 2.50 1866 43.0 52.4 1800 300 0.20 -9.0
ZYS-32 Laochang 0.38 0.03 71.96 1.25 2.26 0.92 11.5 33.0 2.05 1994 40.6 57.8 1910 320 0.19 -89
QJ-23 Kafang 0.48 0.04 74.92 0.67 0.54 0.61 5.44 28.4 2.01 190 18.1 21.2 790 190 0.06 -8.3
QJ-25 Kafang 0.64 0.01 76.77 0.53 0.60 0.69 11.2 44.4 3.96 127 22.6 20.3 1200 170 0.01 -7.7
QJ-26 Kafang 0.57 0.04 76.97 0.56 0.58 0.61 9.34 43.6 6.43 156 23.0 23.7 1480 170 0.03 -8.3
QJ-28 Kafang 0.93 0.02 74.03 0.70 1.40 0.66 14.4 35.7 2.36 476 48.5 62.8 2900 180 0.04 -8.3
QJ-29 Kafang 0.60 0.03 74.85 0.56 0.53 0.65 13.6 41.8 4.25 189 27.1 23.9 1520 160 0.02 -89
QJ-30 Kafang 0.43 0.04 78.24 0.92 0.08 0.94 5.51 46.8 5.05 176 12.3 25.0 3640 140 0.02 -9.0
QJ-31 Kafang 0.11 0.02 76.41 0.86 0.12 0.96 22.9 57.3 5.29 200 14.9 29.3 2820 140 0.02 -8.3
GSP-2 Standard 0.24 0.03
JG-2 Standard 0.50 0.03
GSP-1 Standard 0.22 0.02
Notes: The major, trace elements and Nd isotopic data of the Laochang and Kafang granites are from Xu et al. (2022b) and Sun et al. (2023), respectively.
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compared with other Kafang granite samples (Fig. 6b). The Sn isotopic yielded the highest Sn content among all the samples; (2) the low §'%%

values of the Kafang granites are higher than the Laochang granites
except for that outlier. The §'2*118sn values of the Laochang granitic
rocks show negative correlation with CaO, Fezog, Ti, and Eu/Eu*, while
the Kafang samples display a broad scatter (Fig. 7).

5. Discussion

5.1. The role of hydrothermal alteration, wall-rock assimilation, and
source heterogeneity in Sn isotope fractionation

All granite samples studied are fresh without obvious signs of alter-
ation in both hand specimen and thin section, and have low LOI values
(£1.2 wt%; Table 1). The LOI values of granites are not correlated with
either Sn contents or 5'2%/118sn values, indicating the influence of hy-
drothermal alteration on Sn isotopes is insignificant (Fig. 8a, b). How-
ever, one Kafang granite sample (QJ-23) shows obvious low §'2/118sp
value of 0.11 £+ 0.02%o than the other samples (Fig. 6). This low value
may be attributed to the formation of minor hydrothermal cassiterite,
which is in line with the following observations: (1) this sample (QJ-23)

1185 value is close to the reported cassiterite §'22/1185n value of 0.13%o
(recalculated relative to NIST SRM 3161a) from the Gejiu ore district
(Liu et al., 2021; Yamazaki et al., 2013).

Wall-rock assimilation and source heterogeneity are also possible
processes that can modify the Sn isotope compositions of granitic melts.
However, they are unlikely to account for the observed Sn isotope
variability in the Gejiu granites based on the following lines of evidence:
(1) these granite samples are homogeneous and free of country rock
(carbonate) xenocrysts or residue minerals; (2) they exhibit homoge-
neous and similar Nd-Hf-O isotopic compositions, with no correlations
between eng (t) values and SiO, or Nd contents (Xu et al., 2022b; Sun
et al., 2023); (3) there is no correlations between eyg (t) values and Sn
contents or '221185n values (Fig. 8c, d). The Laochang granites show an
apparent negative relationship between Nd and Sn isotopes (Fig. 8d),
but the trend was controlled by only one sample that had low §!22/118sn
value and high eyng values, and the rest of samples are essentially iden-
tical considering the external uncertainties in the analyses of Sn (0.03%o
in 8'2%/118gn) and Nd isotopes (+0.5 in exq).

Crustal anatexis processes can fractionate metal isotopes between the
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melt and the residue, as been reported for several elements such as Li
(Sun et al., 2016; Chen et al., 2020) and Fe (Telus et al., 2012; He et al.,
2017). Tin isotopes can fractionate during mantle partial melting, with
basalts enriched in heavy Sn isotopes relative to peridotite (Wang et al.,
2018). This can be attributed to different partitioning behavior of Sn**
and Sn%* during partial melting given that Sn** is more incompatible
and enriched in heavy isotopes relative to Sn?* (Wang et al., 2018).
However, the Sn isotopic behavior during partial melting of crustal rocks
remains unknown. Based on the study of mantle partial melting, Sn
isotopic fractionation during crustal anatexis could be mainly controlled
by Sn speciation difference between melt and residue. Redox conditions
and melt compositions are the two most important factors that affect Sn
speciation in the melt (Farges et al., 2006; Linnen et al., 1996; Roskosz
et al., 2020). Tin exists predominantly as Sn>* in reduced peraluminous
granitic magmas and it occurs as Sn*t in oxidized peralkaline melts
(Ishihara, 1977; Lehmann and Mahawat, 1989; Linnen et al., 1996).
Experimental studies have shown that >90% of tin is present as Sn?* in
granitic magmas at oxygen fugacity lower than the Ni-NiO buffer
(Durasova et al., 1986). Both the Laochang and Kafang granites have
similar logfO, of AFMQ - 2.5 to AAFMQ + 1.2 (AFMQ = —0.81 + 0.84,

n = 46; where FMQ is fayalite-magnetite-quartz) calcaulated using the
method of Loucks et al. (2020) based on zircon trace element data (Xu
et al., 2022b; Sun et al., 2023), with most values being less than FMQ,
indicating Sn existed as Sn?" in these melts. Considering the negligible
amounts of Sn*" within the above granitic magmas, crustal anatexis
contributed little to Sn isotopic fractionation for these Sn-enriched
reduced Gejiu granites. Thus, hydrothermal alteration, wall-rock
assimilation, source heterogeneity and anatexis process cannot ac-
count for the Sn isotope fractionation within the Laochang and Kafang
granites. The wide range of 5'2%118sn values in the Gejiu granites
should reflect isotope fractionation during magmatic evolution pro-
cesses including fractional crystallization and late-stage magmatic-hy-
drothermal fluids exsolution, which will be further discussed in detail
below.

5.2. Sn isotope fractionation during fractional crystallization and fluid
exsolution processes

The obvious negative correlations between SiO, and major elements
(e.g., CaO, Fe;03, TiOy), along with the significant negative Eu
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anomalies and depletion in Sr and Ba, indicate these granites have un-
dergone strong crystal fractionation during magma ascent (Figs. 4 and
5). The separated minerals were dominantly by feldspars (10-35%
plagioclase and 40-65% K-feldspar) and minor biotite (~10%) based on
Rayleigh fractionation crystallization modeling of Rb, Sr, and Ba con-
tents (Sun et al., 2023). As shown in Fig. 7, the Laochang granite samples
show negative correlations between 5122/118gn values and CaO, Fe;0s3,
Ti contents and Eu/Eu* ratios, indicating that low-5'2%118sn compo-
nents were removed during the evolution of these magmas. Previous
studies proposed that removal of ilmenite in basaltic magma would
decrease the 5'2%/1183n values in the residual melt (Badullovich et al.,
2017). However, this mechanism may not work for the Laochang
granites due to their low Ti contents (TiO» < 0.30 wt%) and elevated Sn
isotope trend with magma evolution (Fig. 7). As mentioned above, the
crystallized minerals consist of plagioclase, K-feldspar, biotite, quartz,
and minor accessory minerals such as zircon, apatite, and ilmenite
(Fig. 4). Because of the low mineral-melt partition coefficients of Sn for
K-feldspar and quartz (Kd < 0.05, Table 2), the behavior of Sn during
fractional crystallization is mainly dictated by the proportions of
plagioclase, biotite, and ilmenite (Simons et al., 2017; Zhao et al.,
2022a). It is noteworthy that the Kafang granites are more evolved than
the Laochang granites in terms of element concentrations, but the cor-
relations between the magmatic differentiation indicators (e.g., Fe3Os,
Ti, Eu/Eu*) and Sn isotopic values are not continuous (Fig. 7), which
suggest other processes may also affect Sn isotope compositions of the
Kafang granites in addition to crystal fractionation.

Tin is a fluid-mobile element and will preferentially partition into the
fluid phase during fluid exsolution process at the end stage of highly
evolved granitic magmas (Zhao et al., 2022a), which would decrease the
Sn concentrations and lead to possible Sn isotope fractionation in the
residual melt. Tin mineralization in Gejiu deposit is genetically related
to magmatic-hydrothermal fluids derived from highly evolved granitic
magmas (Cheng et al., 2013a; Xu et al., 2022a; Sun et al., 2023). Here,
we evaluate the effect of fluid exsolution on Sn isotope compositions of
the Gejiu granites. We use the whole-rock F/Cl ratios to trace the fluid
exsolution process. Variations of F/Cl ratios in magmas are sensitive to
the timing and/or degree of fluid exsolution and fractionated minerals.
As a general rule, Cl is strongly partitioned into fluid over a melt during
exsolution of a hydrous magmatic volatile phase, whereas F will pref-
erentially partition into melt (Zhu and Sverjensky, 1991; Rasmussen and
Mortensen, 2013). The partition coefficients of F and Cl between
magmatic hydrothermal fluids and highly evolved granitic magmas are
<0.4 and ~ 37, respectively (Webster and Holloway, 1990). This means
that fluid exsolution will elevate the F/Cl ratios in the residual melts. In
a magma that has not experienced fluid exsolution, removal of hydrous
minerals (e.g., biotite and apatite) will decrease the F/Cl ratios of re-
sidual melts because F is more compatible than Cl in these minerals. The
Dg/c) (where D is the mineral-melt partition coefficient) is ~1.9 for
biotite (Icenhower and London, 1997), and ~8.5 for apatite (Webster
et al., 2009). Thus, fluid exsolution will significantly increase the F/Cl
ratios of the residual melts, whereas fractional crystallization will lead
to an opposite trend. As shown in Fig. 9a, the Laochang granites exhibit
negative correlation between SiO; contents and F/Cl ratios, suggesting

Table 2

Partition coefficients used for fractionation crystallization modeling.
Minerals Qtz Kfs Pl Bt Ilm Fluid
Dgp 0 0.05 0.6 2.32 5 7
Dnp 0 0 0 3.6 73 0
Dra 0 0 0 1.2 86 0

Notes: Abbreviations: Bt = biotite, Ilm = ilmenite, Kfs = K-feldspar, Pl =
plagioclase, Qtz = quartz.

The partition coefficients Dg, are from Simons et al. (2017); Dyp, and Dy, are
from Nash and Crecraft (1985). The partition coefficients Dg, for ilmenite and
fluid are from Badullovich et al. (2017) and Zhao et al. (2022b), respectively.
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the magma at this stage was not fluid-saturated and it was dominantly
controlled by fractional crystallization. Analogous to the correlations
between magmatic differentiation indices and Sn isotopes for the Lao-
chang granites (Fig. 7), the F/Cl ratios are also negatively related with
the Sn isotopic values, indicating fractional crystallization would in-
crease the Sn isotopic values in the residual magmas (Fig. 9b). Compared
with the Laochang granites, the Kafang granites show higher SiO, con-
tents, F/Cl ratios, and overall higher §'22/1185n values, suggesting the
magma at this stage was fluid-saturated and fluid exsolution coupled
with fractional crystallization would further enrich the heavy Sn iso-
topic values in the residual melt (Fig. 9). Therefore, both the fractional
crystallization and fluid exsolution are important mechanisms that
controlled the Sn isotope fractionation in Gejiu granites.

5.3. Quantitative assessment of Sn isotope fractionation in a crystal-melt-
fluid system

5.3.1. Fractionation model in crystal-melt system for the Laochang granites

As discussed before, the Laochang granitic samples are fluid-
unsaturated and fractional crystallization is the dominant mechanism
during magma evolution, providing a chance to quantitatively evaluate
the effect of crystal fractionation alone on Sn isotope fractionation. We
performed Rayleigh fractionation modeling for the Laochang granites,
and the Sn contents and isotope values of residual melts are calculated as
follows:

Cm = Ci m x F&em! (€))
8'2/11%n,, = (8'*/"¥Sn; +1000) x £V — 1000 2
where.

Ci m = content of Sn in the initial melt,

Fn = mass fraction of melt,

Kem = bulk crystal-melt partition coefficient,

5122/ 118Sni = Sn isotope of the initial melt,

§122/118gn  —Sn isotope of the melt,

al = the Sn isotope fractionation factor between crystal and melt,

f = the fraction of Sn remaining in the melt.

The least evolved granite sample ZYS-28, which has highest Ca, Fe,
Ti, Eu/Eu*, and F/Cl values and lowest Si and Sn contents and Sn isotope
ratio (5'%%>/118gn — 0.13), was used as the initial melt composition
(Figs. 6, 7, 9; Table 1). From the equations listed above, Sn isotope of
residual melt is affected by two parameters including Kem and ol. Bulk
crystal-melt partition coefficient (Kem) of Sn between separated min-
erals and melt is mainly controlled by the fractions of plagioclase, bio-
tite, and ilmenite. As suggested by Sun et al. (2023), the magma
contained 10-35% plagioclase during crystal fractionation, contributing
to 0.06-0.21 for the Kem (Table 2). In order to constrain the proportions
of biotite and ilmenite during crystal fractionation, we carried out
Rayleigh fractionation modeling using Nb and Ta given that these two
elements are mainly hosted in biotite and ilmenite in reduced highly
differentiated S-type granitic magmas (Stepanov et al., 2014; Sun et al.,
2019). Rayleigh fractional crystallization modeling suggests that the
Laochang granites can be formed by 40-60% crystallization with 5-15%
biotite and 2% ilmenite assuming the least evolved sample as the initial
melt composition (Fig. 9c and d). In contrast, the Kafang granites are
consistent with 50-80% crystallization with 15-25% biotite (Fig. 9c and
d). To date, no partition coefficient has been reported for Sn>* between
ilmenite and felsic magmas. We assume Dilmenite Sn of 5 based on
calculated partition coefficient of 4.5-6.8 for Sn** using lattice strain
theory (Badullovich et al., 2017). Considering the lower compatibility of
Sn** and the minor amounts of ilmenite, ilmenite crystallization
contributed to <0.1 for the bulk crystal-melt partition coefficient. Based
on the above discussions, the calculated bulk crystal-melt partition co-
efficient is in the range of 0.18 to 0.66 for the Laochang granites
(Table 2). Experimental data of Sn isotope fractionation factor AIZZ/
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Hssncrystal_meh in a S-type granitic melt are presently not available.
Taking into account the increased trend between Sn isotopes and magma
differentiation indices, we calculated the Sn isotopes of residual melts
based on eq. (2) assuming A2/ HSSncrystal_meh values in the range of —1
to —0.1%o. Combined with the bulk crystal-melt partition coefficient
discussed above, our calculation indicates that A1%% ussncrystal_meh =
—0.6 to —0.5%0 would yield the observed A?%!18sn values of the
Laochang granites (Fig. 10). Thus, we recommend that the Sn isotope
fractionation factor A%/ HSSncrystal_melt could be ~ —0.5%0 for the
reduced S-type granitic system.

5.3.2. Fractionation model in crystal-melt-fluid system for the Kafang
granites

Compared with the fluid-unsaturated Laochang granitic magmas, the
magmas for the Kafang granites underwent further fluid saturation and
exsolution. Thus, both crystal fractionation and magmatic-hydrothermal
exsolution could have affected the Sn isotope variations of the Kafang
granites. Here, we model Sn contents and Sn isotopic compositions in a
crystal-melt-fluid system for the Kafang granites. The Sn content within
a residual melt after water saturation can be calculated using the
equation proposed by Spera et al. (2007), and the Sn isotopic ratio was

calculated following Fan et al. (2022) for Mo isotope as follows:

Eo\ Ken <1 —%) ®H20+Kem~1
Cm = Cs m(—?’) 3)
512/118g (6122/1185n5m+ 1000) x £ ) — 1000 @
o C,
f =Fmx (E) )
where.

Cs m = content of Sn in the melt at water saturation,

Fy, = mass fraction of melt,

Fs m = mass fraction of melt at water saturation,

Kem = bulk crystal-melt partition coefficient,

Kfm = bulk fluid-melt partition coefficient,

®H,0 = negative value of the solubility of water in the melt,

5122/118gns m = Sn isotope of melt at water saturation,

a2 = the Sn isotope fractionation factor between (crystal + fluid) and
melt,

f* = the fraction of Sn remaining in the melt.
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The least evolved granite sample ZYS-28 with the lowest Sn content
and 5'%%/118sn value (Sn = 3.63 ppm; §122/118gn — 0.13%o) was used as
the initial melt composition. The complicated modeling should first
constrain the following parameters: the bulk crystal-melt partition co-
efficient (K ), the bulk fluid-melt partition coefficient (Ky,), solubility
of water in the melt (-®H>0), mass fraction of melt at water saturation
(Fs m), and the Sn isotope fractionation factor between separated phases
(crystal + fluid) and melt («2). As suggested above, the K., ranges from
0.18 to 0.66 (Fig. 10). Experimental results and fluid inclusion studies
yielded a large range in the Sn fluid-melt partition coefficient
(Kgn=0.3-42) (Audétat, 2019; Zajacz et al., 2008). The K¢, of Sn is
mainly correlated with the melt composition (especially the aluminium
saturation index ASI) and the Cl concentration in the fluid (Zhao et al.,
2022b). Combined with the whole-rock results and primary fluid in-
clusion salinity data from Kafang deposit (Cheng et al., 2012; Sun et al.,
2023), we calculated an average K, value of 7 for the magmatic-
hydrothermal fluid based on the equation of Zhao et al. (2022b). The
next step is to constrain the solubility of water in the melt, which is
related to the crystallization pressure of the melt. The Kafang granitic
magma was estimated crystallized at 5 kbar (using the biotite thermo-
barometer; Li and Zhang (2022)), corresponding to a water solubility
(-®H50) of 10% based on the empirical equation of Holtz et al. (2001).
We assume a wide range of initial HoO contents (1-4 wt%) for the
modeling of Kafang granitic magmas. HyO is assumed as completely
incompatible with respect to the crystallized minerals as the amount of
H,0 hosted in hydrous minerals is negligible (<0.6 wt% for felsic
igneous magmas; Caricchi and Blundy (2015)). In this way, we can
constrain the mass fraction of melt at water saturation (Fs m) with
different initial HoO contents (Fig. 11a). A A2 ussncrystal_meh value of
—0.6%0 was used prior to fluid saturation, which is based on the
modeling results for the Laochang granites (Fig. 10). The Sn isotope
fractionation factor between melts and fluids is unclear. In this study, we
assume a wide range of —1 to —0.2%o for the A\122/118g (crystal+fluid)-melt
value for the modeling after fluid saturation (Figs. 11b-11d). The
modeling results suggest A\122/118g (crystal+fluid)-melt = —1-—0.5%0 with
an initial H,O content of 2 wt% can explain the observed §'2%/118sn
values of the Kafang granites (Figs. 11c-11d). A higher A!?¥118gn
(crystal+fluid)-melt Value (—0.2%o) will need extreme degree of fractionation
(>90%), which is not common for magmas with high SiO, contents.
Besides, modeling results with lower (1 wt%) or higher initial water
contents (>3 wt%) are not consistent with the variation trends of the Sn
isotopes of these granites (Fig. S1). In order to further constrain the Sn
isotope fractionation factor between fluid and melt (A2 804 d-
melt), we calculated this value based on mass balance as follows:

122/118 _ 122/118
AP S0 crystal- fruid)—melt = Xerystal X 2\ / SNerystal—mett + Xiiuid

x AP0 e ©
where Xcrystal and Xqyiq are the mass fractions of Sn in crystals and fluid,
respectively, with Xcrystal + Xfiuid = 1. The Sn content of the fractionated
crystals and exsolved fluid can be calculated by Cerystal = Kem X Cm and
Cfluid = Kim X Cp, respectively. The mass ratio of separated crystals to
the exsolved fluid is 90/10 as the crystallization of each 1 wt% of melt
requires the release of 0.10 wt% fluid to maintain a water solubility of
10 wt% in the residual melt. Based on the K., = 0.18-0.45, K¢y = 7,
AIZZ/llssncrystal-melt = —0.6—0.5%o, and AlZZ/Hssn (crystal+fluid)-melt =
—0.5—1%o discussed above (Fig. 11), the calculated Sn isotope frac-
tionation factor between fluid and melt (A'**''8Sngyiq.merd) is in the
range of —1.9 to —0.7%o. The estimated fractionation between fluid and
granitic melt is consistent, in direction, with theoretical predictions
based on experimental synchrotron nuclear resonant inelastic X-ray
scattering (NRIXS) data and first principles calculations (Roskosz et al.,
2020; Wang et al., 2021), which show that the 10001n'2%/1168 values of
Sn(I)-Cl hydrothermal fluid are lower than those of reduced rhyolite
glass at 500-700 °C. The magnitude of Sn isotope fractionation modeled
in this study (—1.9 to —0.7%o in AI2M8gh 0 amel) 1S greater than the
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theoretically predicted values (—0.3 to —0.2%o in A28 0 idomeld),
which may be caused by the compositional difference between the Gejiu
granite and experimental rhyolite glass of Roskosz et al. (2020). Accu-
rate fractionation factors between Sn-bearing hydrothermal fluid and
granitic magmas needs to be experimentally constrained in the future.

5.4. Origin of the mineralization-related hydrothermal fluids

The hydrothermal fluids associated with Sn mineralization may be
generated by internal fluids exsolved from the highly evolved granitic
magmas or exotic fluids contributed from the deep magma reservoirs
(Deng et al., 2022). Based on the lower 5138/134B4 and higher Pb content
values in the latter-two stage highly differentiated granites from
Qitianling batholith, Deng et al. (2022) proposed that the magmatic
hydrothermal fluids responsible for Sn-polymetallic mineralization
originated from the deep crystal mush rather than exsolved from highly
evolved magma itself. However, this deep magmatic fluids model is not
applicable to the Gejiu granites. Considering cassiterite is the major Sn-
host minerals precipitated from hydrothermal fluids in Sn ore deposit
and its Sn isotopes can roughly represent the isotopic composition of the
hydrothermal fluids under scenario of quantitative Sn precipitation. We
can't immediately evaluate the effect of the hydrothermal fluids on Gejiu
granites due to the absence of high quality cassiterite Sn isotopic data.
Wu et al. (2023) compiled cassiterite Sn isotopic data worldwide and
found that their 5122/118sn values range from —0.82%o to 0.91%o with
mean and median values at 0.24%o and 0.21%o, respectively. Previous
studies have identified large Sn isotopic variations in cassiterite during
fluid evolution (Yao et al., 2018; Liu et al., 2021; Zhou et al., 2022).
Thus, the statistical mean values of cassiterite is more likely to
approximate the Sn isotopic composition of the hydrothermal fluids
than the extreme values. The mean/median §'%%/118sn value of cassit-
erite is lower than the Gejiu granites and reported intermediate-felsic
igneous rocks (Wu et al., 2023), indicating hydrothermal fluids might
be enriched in light Sn isotopes relative to granitic magmas. As discussed
above, both the theoretical calculation and cassiterite data suggest
addition of low-5'22/118sn magmatic-hydrothermal fluids decrease the
5122/118gp values of the Kafang granites, which is opposite with the
Kafang granites showing higher §22/118sn values than those of less
differentiated Laochang granites (Fig. 6). Therefore, the mineralization-
related hydrothermal fluids at Gejiu deposit are exsolved from highly
differentiated magmas rather than exsolved from deep magma reservoir.
Both the crystal fractionation and fluid exsolution processes cause in-
crease of 5'22/118gn values in the residual melt, with an inferred isotope
fractionation factor A2%M8Sng iq.meit is ~ —1.9-—0.7%o for the Gejiu
granites.

6. Conclusions

This study presents high-precision Sn isotope compositions of two Sn
mineralization-related highly evolved S-type granites from world-class
Gejiu Sn-polymetallic ore district, South China. These granites show a
broad range of Sn isotope values from 0.11%o to 0.93%o. The §'2%/118gp
values of the Laochang granites show obviously negative correlations
with indices of magmatic differentiation (e.g., contents of CaO, FeyOs,
Ti, and ratios of Eu/Eu* and F/Cl), which could be ascribe to the frac-
tional crystallization of biotite, plagioclase, and minor ilmenite. The
Kafang granites show higher SiO, contents, F/Cl ratios, and Sn isotopic
compositions than those of the Laochang granites, suggesting the
magma at this stage was fluid-saturated and fluid exsolution coupled
with fractional crystallization would further enrich the heavy Sn iso-
topic values in the residual melt. Rayleigh fractionation modeling in-
dicates that A2 1188ncrystal-me]t = —0.6 to —0.5%0 and A2%18sng 4.
melt = —1.9 to —0.7%o with an initial HoO content of 2 wt% can explain
the observed §!22/118gn values of Gejiu granites. Our study implies that
both the crystal fractionation and fluid exsolution processes control Sn
isotope fractionation in the highly evolved granites and Sn isotopes are
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useful for tracing the evolution details of highly differentiated igneous
rocks.
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