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Abstract

We have conducted Mo isotope analyses of granites and related hydrothermal molybdenite from six Sn-W deposits in the
western belt of the Southeast Asian Tin Province (Myanmar and Yunnan, China). Our data show that tin granites have notably
heavier Mo isotope compositions (avg. 8*Mo = 0.44 %) than arc lavas (avg. 8*Mo = —0.12 %o). The lack of systematic vari-
ation of Mo isotope composition with SiO,, Differentiation Index, Rb/Sr, and Zr/Hf values of the studied tin granites suggests
there was no Mo isotope fractionation caused by fractional crystallization of the reduced magma. We infer that the elevated Mo
isotope compositions in tin granites are mainly inherited from reduced sedimentary sources with black shales (avg. §°*Mo =
0.44 %o). We also observed remarkable Mo isotope fractionation during the magmatic-hydrothermal transition. The preferential
incorporation of Mo** and isotopically light Mo into magmatic sulfides and partitioning of Mo®" and heavy Mo isotopes into
hydrothermal fluids account for significant fluid-melt fractionation of Mo isotopes during fluid exsolution from the reduced
melt. The elevated Mo isotope composition in hydrothermal molybdenite from granite-related Sn-W deposits compared to that
of porphyry Cu—Mo deposits derives from both the notably heavy Mo isotope signature of the reduced sedimentary sources
and fluid-melt fractionation of Mo isotopes during the magmatic-hydrothermal transition. The sequestration of Mo during
crystallization of reduced melt and the low Mo precipitation efficiency in the hydrothermal evolution prevents the formation of
economic Mo mineralization in reduced magmatic-hydrothermal systems. Combined with published data from different Mo
sinks, we propose a Mo cycling and isotope fractionation model for arc and back-arc systems of Andean-type subduction settings.
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Introduction

Molybdenum released during continental weathering is
transported to the oceans and redistributed into oxic and
reduced sinks with complementary isotopic composition
(Anbar 2004; Arnold et al. 2004). Oxic pelagic sediments
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Molybdenum is mobile and redistributed during slab sub-
duction and dehydration, depending on the redox conditions
(Bali et al. 2012; Skora et al., 2017). The isotopically light
Mo is preferentially incorporated into secondary miner-
als like rutile (Bali et al. 2012; Freymuth et al. 2015; Skora
et al. 2017; Chen et al. 2019; Ahmad et al. 2021; Li HY et al.
2021a). The heavy Mo isotopes are enriched in aqueous flu-
ids released by slab dehydration, leading to metasomatism
of the mantle wedge and accounting for the relatively higher
87%Moysr3134 (herein §7*Mo) in arc lavas compared to the
depleted mantle (Freymuth et al. 2015; Konig et al. 2016; Vil-
lalobos-Orchard et al. 2020). Cycling of black shales depos-
ited on oceanic crust in the subduction setting would produce
arc lavas with notably heavier Mo isotope compositions than
normal arc lavas (Freymuth et al. 2016; Skora et al. 2017).
If oxic arc magma emplaced in the upper continental crust
achieves water saturation, aqueous fluids extract metals from
the magma to form porphyry Cu-Mo deposits (Lowell and
Guilbert 1970; Sillitoe 1973, 2010). Significant Mo isotope
fractionation has been identified during molybdenite precipi-
tation from hydrothermal fluids in porphyry deposits (Hannah
et al. 2007; Greber et al. 2011, 2014; Shafiei et al. 2014).

Black shales deposited on continental margins are less
likely to be subducted (Tourtelot 1979), but they can be
cycled if the sedimentary crust is formed in extensional
settings and then melted by underplating (Jiménez and
Loépez-Velasquez 2008; Sato 2012). Partial melting of meta-
sedimentary sequences with black shales in Andean-type
subduction was likely responsible for the large-scale reduced
magmatism and hydrothermal events that produced the
world-class tin provinces in Southeast Asia, South China,
and the Central Andes (Lehmann 1982, 1990; Lehmann et al.
1990; Mitchell 2018; Zhao et al. 2022). Many Mo isotope
data have been obtained on reduced sediments, especially
black shales (e.g., Ye et al. 2021), however, magma derived
from reduced sediments and its hydrothermal products rarely
attracted attention (Yao et al. 2016; Segato 2018). The very
limited molybdenite Mo isotope data on granite-related
Sn—W deposits (avg. 8**Mo = 0.93 %o, n = 25; Malinovsky
et al. 2007; Breillat et al. 2016; Yao et al. 2016; Segato 2018)
are notably heavier than those on porphyry deposits, but the
mechanism for the elevated 8°*Mo is unclear.

As isotopic fractionation is governed by bond energy,
coordination, and valence state of atoms (Schauble 2004),
more significant Mo isotope fractionation is expected in
reduced magmatic-hydrothermal systems where Mo®" and
Mo** species coexist (O'Neill and Eggins 2002; Kaufmann
et al. 2021). Although Mo is subeconomic in typical granite-
related Sn—W deposits, it is potentially an important indica-
tor of mass flow in reduced environments. In this study, we
analyze Mo isotopes of tin granites and related hydrothermal
molybdenite from six Sn—W deposits from the western belt
of the Southeast Asian Tin Province, compile Mo isotope
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data of variable sinks, and discuss Mo cycling and isotope
fractionation in arc and back-arc systems of Andean-type
subduction settings and related mineralization.

Geological background

The Southeast Asian Tin Province accounts for 40~45 %
of the global historic tin production (Mitchell 1977, 1979;
Schwartz et al. 1995; Lehmann 2021). Based on the spa-
tial distribution, tectonic setting, and mineralization ages,
tin mineralization in the Southeast Asian Tin province was
divided into the Eastern, Central, and Western belts (Fig. 1;
Mitchell, 1977, 1979, 2018; Mitchell and Garson, 1981;
Cobbing et al., 1986; Schwartz et al., 1995; Sone and Met-
calfe, 2008). The Western tin belt, extending from western
Yunnan through Myanmar to Phuket Island of Thailand,
hosts numerous Sn—W deposits related to granites with
characteristically low oxidation state (ilmenite-series gran-
ites; Fig. 1; Ishihara 1977; Lehmann 1990; Mitchell 2018).
Most of these tin granites are peraluminous biotite, biotite-
muscovite, or muscovite-tourmaline granites (Ishihara et al.
1980; Lehmann and Mahawat 1989; Chen et al. 2015; Gar-
diner et al. 2016a, b; Mitchell 2018). The reduced granite
magmatism and related Sn-W deposits were mainly formed
during the subduction of the Neo-Tethys oceanic slab from
the Late Cretaceous to the Eocene (Mitchell 1977, 1979;
Mao et al. 2020, 2022; Zhang et al. 2021). The Wuntho-Popa
Arc and related porphyry-style Cu mineralization in western
Myanmar were subparallel to the Western tin belt before
the Late Cenozoic displacement along the Sagaing fault
(Mitchell 1993). Therefore, the tectonic setting of these two
belts with contrasting magmatic and mineralization styles
was recognized as Andean-type subduction (Mitchell 1986;
Gardiner et al. 2015).

Sn-W deposits in the Western tin belt are mainly dis-
tributed in the Slate Belt in Myanmar and its equivalent
in western Yunnan, China (Fig. 1). The Slate Belt is a
thick succession of argillite, slate, and quartzite overlain
by diamictite formed on the margin of Gondwana in the
Carboniferous (Mitchell 2018). Our study mainly focuses
on six Sn-W deposits from Myanmar and western Yun-
nan (Fig. 1). The Kuntabin deposit in southern Myan-
mar recorded the earliest Sn-W mineralization (~88 Ma)
related to the subduction of the Neo-Tethys (Mao et al.
2020). The Xiaolonghe and Dasongpo deposits (~72 Ma)
in western Yunnan were formed during the continuous
subduction of the Neo-Tethys (Chen et al. 2014, 2015).
The Hermyingyi (~61 Ma) and Bwabin (~63 Ma) deposits,
hosted in one of the most productive regions in Myan-
mar (the Dawei area), were related to the roll-back of the
Neo-Tethys oceanic slab (Li et al. 2018). The India and
Eurasia collision initiated in Tibet at ~65-63 Ma, then the
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Neo-Tethys Ocean was closed diachronously both to the
west and east (Searle et al. 2007; Royden et al. 2008; Ding
et al. 2014). The Lailishan deposit (~52 Ma) formed in a
post-collisional setting after the collision reached western
Yunnan (Chen et al. 2014, 2015).

The tin granites from the Lailishan, Xiaolonghe, and
Dasongpo deposits in Yunnan are medium- to coarse-grained

biotite granites, consisting of ~20 to 30 % quartz, ~60 to 65
% feldspar, ~10 % biotite, and minor muscovite (Figs. 2A,
B, C). The Kuntabin granite in Myanmar is a medium- to
coarse-grained two-mica granite, consisting of ~30 %
quartz, ~50 % feldspar, ~10 % biotite, and ~10 % muscovite
(Fig. 2D). The Hermyingyi and Bwabin granites in Myanmar
are medium- to fine-grained muscovite granites, containing

Fig.2 A-D Least-altered granite samples. E, F Cross-polarized
images of granites. G-I Hydrothermal veins with cassiterite-wolf-
ramite-sulfide mineralization. J-L Reflected-light images of cassiter-
ite, wolframite, and sulfides. Images A, B, and C are from the Lailis-
han, Xiaolonghe, and Dasongpo deposits, respectively. Images D, G,
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and J are from the Kuntabin deposit. Images E, H, and K are from the
Hermyingyi deposit. Images F, I, and L are from the Bwabin deposit.
Abbreviations: Bt = biotite, Cp = chalcopyrite, Cst = cassiterite, Kf
= K-feldspar, Mb = molybdenite, Ms = muscovite, Pl = plagioclase,
Qz = quartz, Wf = wolframite
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~30 % quartz, ~50 % feldspar, ~15 to 18 % muscovite, and
minor biotite (Figs. 2E, F). Opaque minerals in these granites
include ilmenite and hydrothermal pyrite, chalcopyrite, pyr-
rhotite, sphalerite, galena, and arsenopyrite (Figs. 2J, K, L).
Tin and tungsten ores in these deposits generally occur near
the granite boundary. Intensive greisenization occurred in gran-
ite on both sides of quartz veins with alteration to muscovite
and quartz. The width of cassiterite and wolframite-bearing
veins varies from centimeters to over 2 m. Cassiterite and
wolframite are the dominant ore minerals. There is only a trace
amount of molybdenite in Kuntabin and Hermyingyi, but large
aggregates of molybdenite have been sampled in the Bwabin
deposit, while no molybdenite could be collected from the Lail-
ishan, Xiaolonghe, and Dasongpo deposits (Figs. 2G, H, I).

Methods

Thirty-five least altered granite samples from the six Sn-W
deposits in Myanmar and western Yunnan have been ground
to <200 mesh for analysis. A total of 21 molybdenite samples
from the Kuntabin, Hermyingyi, and Bwabin deposits have
been hand-picked and purified under the microscope after
crushing of hydrothermal vein samples. The molybdenite
samples were then ground to <200 mesh for further analysis.

Whole-rock major and trace element analyses

Major and trace element analyses of bulk-granite samples
were conducted at the State Key Laboratory of Ore Deposit
Geochemistry, Institute of Geochemistry, Chinese Acad-
emy of Sciences (SKLODG, IGCAS), Guiyang. The major
elements were determined with a Thermo Fisher ARL
Perform’X 4200 X-ray fluorescence spectrometer. The mix-
tures of granite powders (0.4 g) with Li,B,O, (8.0 g) were
fused at 1100°C and cast into glass discs for analysis. The
analytical precision is generally better than +5 %. The trace
elements were determined with a Plasma Quant-MS Elite
ICP-MS. Granite powders (50 mg) were digested in high-
pressure Teflon bombs with a HF-HNO; mixture for 48 h at
190°C, and then evaporated and dissolved in 2 % HNO;. An
internal Rh standard was used to monitor signal drift dur-
ing analysis. The international standard AGV-2 was used
to monitor the analytical precision and accuracy. The ana-
lytical precisions are generally better than +£10 %. Detailed
analytical procedures are described by Qi et al. (2000). The
Differentiation Index was calculated following the method
of Thornton and Tuttle (1960).

Zircon and mica LA-ICP-MS trace element analysis

Zircon and mica LA-ICP-MS trace element analyses were
conducted at SKLODG, IGCAS. The analytical system

is composed of a GeoLas Pro 193 nm ArF excimer laser
ablation system and an Agilent 7500x ICP-MS instrument.
Helium was used as carrier gas which was mixed with argon
via a T-connector before entering the ICP-MS. The zircon
analysis was carried out with a laser energy density of 5 J/
cm?, a repetition rate of 5 Hz, and a spot size of 32 pm. The
mica analysis was carried out with a laser energy density
of 4.5 J/cm?, a repetition rate of 6 Hz, and a spot size of
44 pm. The standard NIST 610 was used as the external
standard. Zirconium (489,700 ppm) was used as the internal
standard for trace element calibration in zircon. Aluminum
analyzed by Electro Probe Micro-Analysis was used as the
internal standard for trace element calibration in mica. Data
reduction was carried out by the ICPMSDataCal program
(Liu et al. 2008, 2010). Ti-in-zircon temperature and oxygen
fugacity of magma were calculated by zircon trace elements
using the method of Loucks et al. (2020).

Zircon Hf isotope analysis

Zircon Hf isotope analyses were conducted at the SKLODG,
IGCAS. The analytical system is composed of a RESOlution
S-155 193nm excimer laser ablation and a Nu Plasma III
MC-ICP-MS. A laser energy density of 6 J/cm?, a repeti-
tion of 6 Hz, and a spot size of 60 pm were used for analy-
sis. Detailed analytical procedures were reported by Wu
et al. (2006). The ey(t) values were calculated relative to
the chondritic reservoir, with the decay constant of 1.867 +
0.008107! y! (Scherer et al. 2001). The two-stage Hf model
ages (Tpy,) Were calculated assuming a mean '7°Lu/!""Hf
value of 0.015 for the average continental crust (Griffin et al.
2002). Correction for isobaric interference of '"°Lu and
176Yb on "®Hf was conducted using '"6Yb/!*Yb=0.7962
and '"°Lu/!"Lu=0.02655 with an exponential-law mass bias
correction assuming a !>Yb/!7'Yb ratio of 1.129197 (Ver-
voort et al. 2004). Zircon Penglai was used as the reference
material and returned the weighted mean '7®Hf/!"Hf results
of 0.282907 + 0.000013, identical to the recommended value
of 0.282906 + 0.000010 (Li et al. 2010).

Mo isotope analysis

The Mo isotope composition of granite and molybdenite
samples was measured at the State Key Laboratory of Iso-
tope Geochemistry, Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences in Guangzhou, using the
double-spike method described in Li et al. (2014). Around
50 mg of granite powder were precisely weighed and placed
in individual 15 mL PFA (perfluoroalkoxy alkane) beakers.
A “"Mo-"*Mo double-spike solution was added to the sam-
ples. The samples were dissolved with 8 mL of a 1:2 mix-
ture of HNO; and HF at 140°C for 3 days. After digestion,
the solution was dried at 120°C and then dissolved with 4
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mL of 1 mol/L HNO3/0.3 mol/L HF for column separation.
Molybdenum was separated and purified from the solution
following the protocol in Li et al. (2014). Sample division
was processed for the molybdenite powders, and then ~5
mg molybdenite powders of each sample were weighted and
digested in the Teflon containers with 1.5 mL HF and 1.5
mL HNO; at 180°C for 2 days. The solutions were then
evaporated to dryness to remove HF completely, and then
diluted by 0.5 mL HNO;. A *’Mo-**Mo double-spike solu-
tion was added to the sample solutions 1 day before meas-
urement for the solutions to reach equilibrium. Mo isotopic
ratios were then determined with a Thermo-Fisher Scientific
Neptune Plus multiple-collector inductively coupled plasma
mass spectrometry.

The isotopic composition of Mo is expressed as 8°*Mo
relative to the NIST 3134 standard as 8°¥%°Mo (%0) =
[(**M0/P Mo gp1)/(** Mo/ Moy g13134)-11x1000 (Li et al.
2014). The NIST SRM 3134 standard solution and reference
materials, including IAPSO (seawater), GBW07316 (off-
shore marine sediment), and AGV-2 (Andesite), were meas-
ured along with the samples. The IAPSO standard yielded
a 8”*Moy;gr value of 2.05 + 0.04 %o, the GBW07316 refer-
ence material yielded a 8**Moygy value of -0.72 + 0.05
%o, and the AGV-2 standard yielded a §”*Moy;gy value of
—0.18 + 0.05 %o; all these values agree within error with
previously published values (Li et al. 2014; Yang et al. 2015,
2017; Willbold et al. 2016). The procedural blank for Mo
analysis was ~0.61 + 0.25 ng, far less than total Mo in the
samples. Where necessary, literature Mo isotope data in this
study have been re-calculated to 8°®Mo = 0 %o for NIST
SRM 3134 for consistency, following the proposed inter-
calibration in Goldberg et al. (2013).

Results

All granite samples have notably high SiO, contents and
Differentiation Index values, with SiO, ranging from 72.0
to 77.7 wt% and DI ranging from 84.5 to 97.0 (Table 1). The
Rb/Sr and Zr/Hf ratios of the granites are distinctive among
different deposits but are generally homogeneous in each
deposit (Fig. 3). Oxygen fugacity (logfO,) calculated from
zircon trace elements ranges from AFMQ-3.5 to AFMQ-
1.4 (avg. = AFMQ-2.3) for Kuntabin, from AFMQ-1.8 to
AFMQ-0.4 (avg. = AFMQ-1.2) for Hermyingyi, and from
AFMQ-1.4 to AFMQ+1.0 (avg. = AFMQ+0.1) for Bwa-
bin (ESM, Table 1a; FMQ is the Fayalite-Magnetite-Quartz
buffer). The calculated zircon ey(t) values range from —14.5
to —10.7 (avg. = —12.8) for Hermyingyi and from —17.3
to —12.4 (avg. = —13.9) for Bwabin (ESM Table 1b). Mo
contents in mica range from 0.05 ppm to 0.61 ppm (avg. =
0.29 ppm) for the Kuntabin granite, from 0.01 ppm to 0.61
ppm (avg. = 0.24 ppm) for the Hermyingyi granite, and from
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0.04 ppm to 0.21 ppm (avg. = 0.09 ppm) for the Bwabin
granite (Table 2).

Five bulk-rock granite samples from the Kuntabin deposit
have Mo contents of 0.62 ppm to 3.47 ppm (avg. = 1.43 ppm)
and 8”Mo values of —0.10 t0 0.19 %o (avg. = 0.07 %o; Fig. 4,
Table 1). Seven molybdenite samples from Kuntabin have
5°*Mo values of 1.30 to 1.94 %o (avg. = 1.58 %o; Table 3).
Six granite samples from the Hermyingyi deposit have Mo
contents of 0.42 to 5.67 ppm (avg. = 2.83 ppm) and 5°*Mo
values of 0.90 to 1.06 %o (avg. = 1.00 %o). Five molybdenite
samples from Hermyingyi have §°*Mo values of 1.35 to 2.08
%o (avg. = 1.65 %o). Five bulk-rock granite samples from the
Bwabin deposit have Mo contents of 0.51 ppm to 6.33 ppm
(avg. = 2.54 ppm) and 8°®Mo values of —0.31 to 0.16 %o (avg.
= —0.04 %o). Nine molybdenite samples from Bwabin have
8”Mo values of —0.36 to 0.44 %o (avg. = 0.00 %o).

Three bulk-rock granite samples from the Lailishan deposit
have Mo contents of 0.35 to 3.30 ppm (avg. = 1.40 ppm) and
8”Mo values of 0.17 to 0.44 %o (avg. = 0.29 %o). Eight bulk-
rock granite samples from the Xiaolonghe deposit have Mo
contents of 0.87 to 20.5 ppm (avg. = 6.25 ppm) and 5°*Mo
values of 0.04 to 0.70 %o (avg. = 0.36 %o). Seven bulk-rock
granite samples from the Dasongpo deposit have Mo contents
of 0.47 to 9.45 ppm (avg. = 3.00 ppm) and §°*Mo values of
0.61 to 1.10 %o (avg. = 0.78 %o; Fig. 4; Table 1).

The Mo isotope compositions of the studied tin granites span
a wide range from —0.3 to 1.1 %o, with an average of 0.44
%o, notably heavier than arc lavas (avg. = —0.12 %o; Freymuth
et al. 2015; Konig et al. 2016; Villalobos-Orchard et al. 2020;
Ahmad et al. 2021; Li HY et al. 2021a; Li X et al. 2021b), and
equal to the average of black shales (0.44 %o; Ye et al. 2021 and
references therein). The Mo isotope compositions of the studied
molybdenite span a wide range from —0.36 to 2.08 %o, with an
average of 0.92 %o, consistent with the average of molybdenite
analyzed in other Sn-W deposits (avg. =0.93; Malinovsky et al.
2007; Breillat et al. 2016; Yao et al. 2016; Segato 2018).

Previous studies revealed that molybdenite Mo isotope vari-
ations may be significant in individual deposits (Kendall et al.
2009, 2017; Mathur et al. 2010; Greber et al. 2011, 2014; Shafiei
et al. 2014; Breillat et al. 2016; Segato 2018). For example, the
ranges of molybdenite §°*Mo values are ~0.76 %o (n = 14) for
the Yulong porphyry Cu—Mo deposit, ~1.27 %o (n = 20) for the
Qulong porphyry Cu—Mo deposit, and ~0.88 %o (n = 42) for the
Questa porphyry Mo deposit (Greber et al. 2014; Li et al. 2019a,
2019b; Chang et al. 2020). The ranges of molybdenite 5’*Mo
values are ~0.64 %o (n = 7) for Kuntabin, ~0.73 %o for Hermy-
ingyi (n = 5), and ~0.80 %o for Bwabin (n = 9). Although the
number of our analyses in individual deposits is small compared
to studies in the above porphyry deposits, there is no correlation
between the ranges of 8°*Mo values and a number of analyses
neither in our data nor in previous studies. Therefore, we infer
that our analytical results are generally representative of the Mo
isotope variations in individual deposits.
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Table 1 SiO,, Differentiation Index, Rb/Sr, Zr/Hf, 8”Mo and Mo contents of tin granites from Sn—W deposits in the Western belt of the South-

east Asian Tin Province

Deposit Sample Si0, (wt. %) DI Rb/Sr Zr/Hf Mo content  §*®Moygr (%0) 20
(ppm)
Kuntabin, Myanmar KTB-Gr-1 73.3 90.7 10.8 329 3.47 —-0.10 0.05
KTB-Gr-2 73.5 91.2 12.2 342 0.93 0.12 0.06
KTB-Gr-3 73.6 91.2 12.1 332 1.17 0.08 0.05
KTB-Gr-4 73.3 90.1 10.7 34.6 0.62 0.19 0.03
KTB-Gr-5 72.0 89.4 11.6 34.4 0.96 0.07 0.04
Hermyingyi, Myanmar HMY-Gr-1 76.4 94.1 283.8 12.8 5.67 1.02 0.05
HMY-Gr-2 75.1 92.5 213.6 11.2 2.36 1.03 0.06
HMY-Gr-3 76.1 93.1 179.2 12.1 422 1.06 0.05
HMY-Gr-4 74.6 90.1 217.9 17.6 0.87 0.90 0.04
HMY-Gr-5 76.1 93.7 191.7 10.5 3.45 1.03 0.05
HMY-Gr-6 73.6 84.5 671.0 12.3 0.42 0.93 0.05
Bwabin, Myanmar BB-Gr-1 76.9 95.9 254.4 10.9 6.33 —0.08 0.05
BB-Gr-2 76.6 95.9 250.0 10.8 223 0.07 0.07
BB-Gr-3 71.7 96.1 247.8 10.7 4.53 -0.15 0.05
BB-Gr-4 77.2 922 316.7 10.8 1.10 -0.31 0.05
BB-Gr-5 75.8 95.2 160.4 10.9 0.51 0.10 0.06
BB-Gr-6 77.5 94.7 266.4 10.7 0.53 0.16 0.02
Lailishan, Yunnan, China LLS-Gr-1 74.8 932 34.2 17.4 0.54 0.17 0.03
LLS-Gr-2 75.4 93.6 23.0 10.6 3.30 0.44 0.03
LLS-Gr-3 77.5 97.0 10.9 24.9 0.35 0.26 0.08
Xiaolonghe, Yunnan, China XLH-Gr-1 75.2 92.8 30.1 24.5 11.3 0.40 0.02
XLH-Gr-1r - - - - 13.4 0.39 0.02
XLH-Gr-2 75.2 93.4 32.1 273 20.5 0.24 0.02
XLH-Gr-3 76.0 93.4 30.9 25.9 0.99 0.03 0.03
XLH-Gr-4 76.2 92.7 24.7 22.6 0.87 0.70 0.03
XLH-Gr-5 76.6 94.4 322 20.9 4.45 0.52 0.02
XLH-Gr-6 76.3 94.3 32.7 20.6 3.04 0.40 0.03
XLH-Gr-7 74.8 91.6 32.9 26.1 1.01 0.45 0.03
XLH-Gr-8 75.9 93.2 30.1 24.2 0.67 0.14 0.03
Dasongpo, Yunnan, China DSP-Gr-1 75.3 94.1 345 24.7 1.39 0.70 0.02
DSP-Gr-2 75.0 94.1 355 25.7 2.58 0.83 0.03
DSP-Gr-3 74.9 92.7 47.7 26.4 0.47 1.10 0.02
DSP-Gr-4 74.9 93.4 30.5 25.8 2.38 0.73 0.03
DSP-Gr-5 76.1 93.6 38.8 26.1 9.45 0.81 0.02
DSP-Gr-6 752 93.9 39.0 26.4 2.04 0.61 0.03
DSP-Gr-7 75.6 93.5 39.9 25.3 2.72 0.67 0.02

Discussion
Source-induced Mo isotope signature in tin granites

Tin is dominantly in the Sn** species under oxidized condi-
tions and then dispersed in silicate minerals during magma
differentiation, but it is dominantly in the Sn** species under
reduced conditions and then enriched in residual magma
by fractional crystallization (Lehmann 1982, 1987; Linnen
et al. 1995, 1996). Therefore, sedimentary rocks such as

shale with organic carbon are suitable magma sources of tin
granites as they may imprint a low oxidation state (Ishihara
1977; Lehmann 1982; Sato et al. 2004). The genetic relation-
ship between reduced sedimentary rocks and tin granites
has been corroborated by various geochemical studies (e.g.,
Ishihara 1977, 1981; Mitchell and Garson 1981; Lehmann
1990; Romer and Kroner 2015, 2016; Yang et al. 2020).

A generally negative correlation between Re content
and 8”*Mo in molybdenite from porphyry, epithermal, and
iron-oxide Cu—Au deposits was recognized, suggesting
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that magma sources controlled the Mo isotope signatures
in these deposits (Mathur et al. 2010; Wang et al. 2015).
Figure 5 shows that, besides several outliers, molybdenite
from Sn—W deposits have lower Re contents and higher Mo
isotope signatures than molybdenite from porphyry Cu—Mo
deposits. Granites from the Kuntabin, Hermyingyi, and
Bwabin deposits have very low zircon ey(t) values of about
—13to —14 (ESM Table 1b; Mao et al. 2020). Granites from
the Lailishan, Xiaolonghe, and Dasongpo deposits also have
low zircon gy(t) values of about -10 (Chen et al. 2015).
The characteristically low oxygen fugacity of the studied
tin granites (ESM Table 1a; Chen et al. 2015), ey(t) val-
ues of zircon, and Re contents in molybdenite support the

Table2 Mo contents in magmatic mica from granites in the Kunta-
bin, Hermyingyi, and Bwabin deposits

Deposits Minerals Percentage Average Mo Mo content ~ NO.
content (ppm) ranges (ppm)
Kuntabin Biotite 10% 0.25 0.05~0.61 30
Muscovite  10% 0.32 0.10~0.55 30
Hermyingyi  Biotite 2% 0.31 0.01~0.61 10
Muscovite 18% 0.16 0.04~0.44 35
Bwabin Biotite <1% - - -
Muscovite 15% 0.09 0.04~0.21 15

@ Springer

assumption that the studied tin granites were sourced from
crust-derived reduced sedimentary rocks.

Mo isotope fractionation related to fractional crystalliza-
tion is insignificant (compared to hydrothermal processes)
in arc magma (Freymuth et al. 2015; Konig et al. 2016; Vil-
lalobos-Orchard et al. 2020), which can be attributed to the
incompatibility of dominantly Mo®" in oxic magma systems
(Fig. 6A). Hydrous minerals (hornblende and biotite) have
been inferred to selectively remove isotopically light Mo
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Fig.4 8°®Mo of granite and molybdenite from the studied Sn-W
deposits. The Questa data are from Greber et al. (2014)
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Table3 &%Mo of molybdenite from the Kuntabin, Bwabin, and Her-
myingyi deposits

Sample 8" Moyt (%0) 20 Re content (ppm)
KTB-Mo-1 1.66 0.04 2.279
KTB-Mo-2 1.68 0.04 2.942
KTB-Mo-3 1.61 0.04 1.935
KTB-Mo-4 1.30 0.04 2.088
KTB-Mo-5 1.45 0.03 2.357
KTB-Mo-6 1.42 0.03 3.462
KTB-Mo-7 1.94 0.03 1.595
HMY-Mo-1 1.53 0.04 0.012
HMY-Mo-2 1.67 0.03 0.022
HMY-Mo-3 1.61 0.04 0.009
HMY-Mo-4 1.35 0.04 0.009
HMY-Mo-5 2.08 0.03 0.027
BB-Mo-1 -0.11 0.03 0.756
BB-Mo-2 -0.36 0.03 0.489
BB-Mo-3 0.13 0.03 0.180
BB-Mo-4 0.44 0.03 0.700
BB-Mo-5 0.20 0.03 0.328
BB-Mo-6 —-0.17 0.04 0.647
BB-Mo-7 —-0.18 0.03 0.801
BB-Mo-8 0.05 0.04 0.355
BB-Mo-9 0.02 0.03 1.214

Table 4 Summarized data of §®Mo and Mo contents in various Mo sinks

and elevate the Mo isotope composition in the residual melt
(Voegelin et al. 2014). However, fractional crystallization is
not likely to have caused notable Mo isotopic fractionation
in the studied tin granites because of the following: (1) Mo
content in magmatic mica (avg. = 0.23 ppm) is over one
order of magnitude lower than in the bulk granites (avg. =
3.4 ppm) in the studied deposits. The requirement of water
saturation for mineralization contradicts the loss of a high
proportion of hydrous minerals, so the fractionation of mica
is not likely to remove significant amounts of Mo from the
reduced melt. (2) Mo contents of the original reduced melts
are not available, but the studied tin granites have notably
higher Mo contents compared to the average Mo content of
1.5 ppm in sedimentary rocks (Taylor and McLennan 1995).
(3) There are no systematic variations of 5°*Mo with the
increase of Si0O,, Differentiation Index, Rb/Sr, or Zt/Hf val-
ues which demonstrate the extent of fractional crystallization
of the studied tin granites (Fig. 3).

The Hermyingyi deposit is ~10 km to the northwest of the
Bwabin deposit, and their ore-forming granites have similar
zircon U-Pb ages (Fig. 1). The Dasongpo deposit is ~4 km
to the northeast of the Xiaolonghe deposit, and both may
belong to a large magmatic-hydrothermal system (Chen et al.
2014). The Hermyingyi and Bwabin granites have similar
Rb/Sr and Zr/Hf values but distinctive Mo isotope composi-
tions (Figs. 3C, D). A more notable feature is that the SiO,,
Differentiation Index, Rb/Sr, and Zt/Hf values cluster in very

Sinks &%Mo (%o)* Mo content (ppm) References

Riverwater —0.10 ~ 2.15 (avg. = 0.58) 2 ~511** (avg. = 73) Archer and Vance 2008

Seawater 2.09 +0.07 0.01 Greber et al. 2012

Arc lava —0.19 ~ 0.38 (avg. =-—0.12; n = 186) 0.11 ~ 2.82 (avg. = 0.69) Freymuth et al. 2015; Konig et al. 2016; Villalobos-

Tin granites —0.31 ~ 1.10 (avg. = 0.44; n = 36)

Porphyry Cu-Mo  —0.97 ~ 1.72 (avg. = —0.15; n = 244)

Granite Sn-W —0.36 ~ 2.08 (avg. = 0.92; n = 46)

Oxic sediments —1.87 ~0.19 (avg. = —0.69; n =109)

Reduced sediments —2.49 ~ 2.74 (avg. = 0.44; n =3348)

0.05~0.15 0.8
—0.21 £0.02 0.19
—0.24 ~ -0.06 (avg. = —=0.16; n = 28)

Continental crust
Depleted mantle
MORB

0.35 ~20.5 (avg. =3.4)
Molybdenite

Molybdenite

0.05 ~ 902 (avg. = 192)

0.01 ~ 2103 (avg. = 29)

Orchard et al. 2020; Ahmad et al. 2021; Li H.Y. et al.
2021a; Li X. et al. 2021b

This study

Hannah et al. 2007; Mathur et al. 2010; Breillat et al.
2016; Segato 2018; Kong et al. 2021; Li et al. 2019a,
2019b; Chang et al. 2020 and references therein

This study; Mao et al. 2013; Yao et al. 2016; Segato
2018 and references therein

Nigler et al. 2005; Siebert et al. 2003; Brucker et al.
2009; Freymuth et al. 2015; Kendall et al. 2017 and
references therein

Scott and Lyons, 2012; Westermann et al. 2014; Gold-
berg et al. 2016; Dong et al. 2019; Ye et al. 2021 and
references therein

Voegelin et al. 2014; Rudnick and Gao 2014

Bezard et al. 2016; Liang et al. 2017

0.09 ~ 1.88 (avg. = 0.52) Bezard et al.

*Normalized to 698M0N15T3134=0

**Riverwater Mo content in nmol/L

@ Springer



Mineralium Deposita (2023) 58:1263-1278

1272
10*
10° -
107 -
€ 10"+
o
e
& 10°+ _
Epithermal .
1014 # Porphyry Cu-Au e ©
¢ Porphyry Cu (Mo) o
102 ¥ Porphyry Mo (Cu) o %e
o Granite-related Sn-W
3 | @ this study
10 T T T T T T T T T T T T T T T T T T T
25 -20 -15 -1.0 -05 00 05 10 15 20 25

5% Mo (%o)

Fig.5 Variations of Mo with Re contents of molybdenite from
various types of deposits. See ESM Table 1c for data sources. All Mo
isotope data have been re-calculated to §**Mo = 0 %o for NIST SRM
3134 for consistency

narrow ranges for the Xiaolonghe and Dasongpo granites,
while their 8*®Mo varies significantly. Such patterns clearly
demonstrate that fractional crystallization exerted no notable
influence on the Mo isotope composition of the studied tin
granites, and the variable §°*Mo values in these deposits
are likely inherited from their heterogeneous source mate-
rial. The large variations of 8°*Mo in black shales and their
average Mo isotope composition consistent with the studied
tin granites support their genetic relationship and the lack of
Mo isotope fractionation by fractional crystallization (Fig. 7;
Table 4).

Magmatic-hydrothermal transition

The average Mo isotope composition of molybdenite from
an individual deposit can be applied as an estimation of the
Mo isotope signature of the input fluid (Hannah et al. 2007;
Greber et al. 2011, 2014; Shafiei et al. 2014). We arbitrar-
ily take the average Mo isotope values of granites in each
deposit as the initial magma composition and define the
fluid-melt fractionation of Mo isotopes as the difference of
average Mo isotope values between molybdenite and granite.
Then, the fluid-melt fractionation of Mo isotopes is mini-
mal in the Questa porphyry Mo deposit (~0.09 %o) and the
Bwabin deposit (~0.05 %o), but increases to ~0.65 %o in the
Hermyingyi deposit and ~1.55 %o in the Kuntabin deposit
(Fig. 4). Notably, the oxygen fugacity of the ore-forming
magma decreases from >AFMQ+2 in Questa to AFMQ+0.1
in Bwabin to AFMQ-1.2 in Hermyingyi and AFMQ-2.3 in
Kuntabin (ESM Table 1a).

Mo dissolves almost entirely as Mo®" in silicate melts
above the FMQ buffer, but the Mo**/(Mo**+Mo°®") ratio
increases to ~0.5 at the [ron-Wiistite buffer (around AFMQ-
3.4; O’Neill and Eggins 2002). The slight fluid-melt frac-
tionation of Mo isotopes in Questa and Bwabin can be
attributed to differences in Mo®" species between melt and
hydrothermal fluid, as suggested by Greber et al. (2014). We
infer that two additional mechanisms may have contributed
to the elevated fluid-melt fractionation of Mo isotopes in
Kuntabin and Hermyingyi where Mo** and Mo®* coexist
at the corresponding oxygen fugacity: (1) Dissolved Mo in
aqueous fluids is dominantly Mo®* at oxygen fugacity as low
as AFMQ-0.8 (Zhang et al. 2012), so that Mo®* and heavy
Mo isotopes are preferentially partitioned into the exsolved

Fig.6 Conceptual model for
Mo isotope fractionation in oxic 4
and reduced magmatic-hydro-
thermal systems

Negligible loss of
Mo**-rich minerals
inreduced melt

residual melt

5°*Mo

A B C
Exsolved fluid Mo®* converted
prefers Mo’ from to Mo during
the residual melt precipitation

8 7
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Fig.7 Box-plot for the ranges of 8°*Mo in different Mo sinks. See
Table 4 for data sources. Numbers in brackets are mean values in
each group. Data for porphyry Cu-Mo deposits and granite-related
Sn—W deposits refer to molybdenite (Mb) samples. All Mo isotope
data have been re-calculated to 8°*Mo = 0 %o for NIST SRM 3134
for consistency

hydrothermal fluids (Kudrin 1989; Greber et al. 2014; Kauf-
mann et al. 2021). (2) The low content of Mo in magmatic
mica compared to bulk granites suggests that magmatic
sulfides are the dominant Mo reservoir in the studied gran-
ites, so that Mo** and isotopically light Mo are incorporated
in magmatic sulfides during the magmatic-hydrothermal
transition. Therefore, oxygen fugacity governs the extent of
fluid-melt fractionation of Mo isotopes by controlling the
Mo**/Mo®* ratio (Fig. 6B).

Hydrothermal precipitation

Molybdenite precipitation from hydrothermal fluids may
lead to significant kinetic Mo isotope fractionation (Hannah
et al. 2007; Greber et al. 2011, 2014; Shafiei et al. 2014).
NaHMo(VI)O,S, and Na,Mo(VI)O,S, are the dominant
Mo-bearing species in sulfur-bearing fluids at oxygen fugac-
ity conditions as low as AFMQ-0.8 (Zhang et al. 2012). We
assume that Mo in the hydrothermal fluid firstly experienced
stoichiometric conversion from Mo0O,S,? to MoS, dur-
ing molybdenite precipitation in the studied Sn—W deposits
(Erickson and Helz 2000), then the latter is converted to crys-
talline MoS,. Tossell (2005) conducted ab initio calculations
of isotope fractionation between MoQ,S, % and MoS,? in the
temperature range of 0 to 200°C. We extrapolated their data
to 350°C, the typical temperature for greisen alteration (Little
1960; Heinrich 1990), and obtained the A**Mogig molybdenite
of ~1.02 %o. The average Mo isotope composition of molyb-
denite from each deposit is used to represent the input Mo iso-
tope signature (Hannah et al. 2007; Greber et al. 2011, 2014).
The quantitative calculation revealed that the molybdenite

samples in the studied deposits cover a very limited range of
fractions of molybdenum in the residual fluid from ~23 to ~29
% (Fig. 8), indicating a notably lower precipitation efficiency
than for the Yulong porphyry Cu—Mo deposit (>55 %, Chang
et al. 2020). The general absence of coexisting vapor-rich fluid
inclusions and halite-bearing fluid inclusions in the studied

{ Kuntabin L

41 Bwabin

Residual melt

T T T T T T T T T
1.0 0.8 0.6 0.4 0.2 0.0
Fraction of Mo in residual host

Fig.8 Rayleigh fractionation of Mo isotopes during fluid exsolution
from crystalizing melt and molybdenite precipitation from hydrother-
mal fluid for the Kuntabin and Hermyingyi magmatic-hydrothermal
systems. Molybdenum isotope fractionation factors in the transi-
tional stage are 1.00155 for Kuntabin, 1.00065 for Hermyingyi, and
1.00005 for Bwabin. Molybdenum isotope fractionation factor of
0.99898 was used for molybdenite precipitation from hydrothermal
fluids. See text for detailed discussion
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deposits indicates that fluid unmixing exerted no influence on
Mo isotope fractionation in these systems.

Dual Mo cycling in Andean-type subduction

Andean-type subduction settings host two subparallel zones
with contrasting magmatic and mineralization styles: the
outer zone characterized by oxic arc magma and related por-
phyry Cu—Mo—Au deposits and the inner zone dominated
by reduced magmatism and Sn—W mineralization (Sillitoe
1974; Clark et al. 1990). Figure 7 shows that the average
Mo isotope composition of molybdenite in porphyry Cu—Mo
deposits is consistent with the signature of arc lavas, but is
notably heavier than for oxic sediments. In contrast, the aver-
age Mo isotope composition of tin granites is consistent with
that of black shales but is notably lighter than molybdenite
from granite-related Sn—W deposits. Below we propose a
Mo cycling model in Andean-type subduction settings to
address the Mo isotope composition patterns in different Mo
sinks by multiple fractionation processes.

Notable Mo isotope fractionation (A) occurs by four pro-
cesses during Mo cycling in the oxic arc system (Fig. 9). A,
happens by adsorption of light Mo isotopes to Mn-oxides
during the formation of pelagic sediments (Fig. 9; Barling
et al. 2001; Siebert et al. 2003; Barling and Anbar 2004).

Ag, happens by selective incorporation of light Mo isotopes
into secondary minerals (e.g., rutile) and release of heavy
Mo isotopes into dehydration fluids during slab subduction
(Fig. 9; Bali et al. 2012; Freymuth et al. 2015; Skora et al.
2017; Chen et al. 2019; Ahmad et al. 2021; Li HY et al.
2021a). Ay is caused by the difference of Mo®* species
between melt and hydrothermal fluid during fluid exsolu-
tion in porphyry systems (Greber et al. 2014). A, happens
by preferential incorporation of light Mo isotopes during
molybdenite precipitation from hydrothermal fluids (Han-
nah et al. 2007).

Black shales may record the Mo isotope composition of
contemporaneous seawater if deposited under pervasively
euxinic (anoxic and sulfidic) conditions (Barling et al. 2001;
Arnold et al. 2004). However, Ay, occurs during non-quan-
titative removal of Mo in anoxic but non-euxinic or low
[HZS]aq—seawater (Neubert et al. 2008; Gordon et al. 2009),
leading to a very wide range of 8°*Mo in black shales (Fig. 7).
Black shales deposited on continental margins can be cycled
when the sedimentary crust is formed in extensional set-
tings and melted by underplating in the back-arc setting of
Andean-type subduction. There is no notable Mo isotope
fractionation during fractional crystallization of the reduced
magma, given the negligible loss of Mo-rich minerals. If
reduced magma emplaced in the upper crust achieved water

Seawater
(2.09 %0 8°Mo; 0.01 ppm)

Black shales
during OAEs

R3*
fluid exsolution
with heavy Mo

fluid

o
5°Mo

Mo Granite
=

related
Sn-W

(0.92 %o
&"Mo)

Porphyry
Cu-Mo
(-0.15 %05"°Mo)

sulfide

Pelagic sediments
(-0.69 %0 5"Mo; 192 ppm)

Oceanic cr )
ust (-0.16 %, 5“Mo; 0.52 ppm)

Lithosphere (-0.21 % 5°*Mo: o 19 ppm)
70.19 ppm

Asthenosphere

Continental crust
(0.10 %0 5°Mo; 0.8 ppm)

Under-
plating

AL
fluid release
with heavy Mo

Fig. 9 Conceptual model for Mo cycling and isotope fractiona-
tion in Andean-type subduction settings. Mo in seawater is
redistributed and isotopically fractionated during the formation
of oxic and reduced sediments. Aqueous fluids released during
slab dehydration extract heavy Mo isotopes (A,) from the oce-
anic slab. Hydrothermal fluids preferentially remove heavy Mo
isotopes during exsolution from reduced melt (Ag,). See Table 4
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for data sources. Note that Fe-Mn crusts have notably higher
Mo contents (avg. = 445 ppm) and lower §®Mo (avg. = —0.96
%o0) compared to normal pelagic sediments (mean Mo content of
21 ppm and mean 8°*Mo of —0.54 %o). Value for pelagic sedi-
ments in Figure 9 is the average of all available data in Table 4.
MASH: Melting-Assimilation-Storage-Homogenization. OAEs:
Oceanic Anoxic Events
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saturation, the availability of Mo** to magmatic sulfides and
Mo®* to exsolving fluids facilitates the fractionation step Ag,
between fluid and melt to produce hydrothermal fluids with
elevated 8”*Mo (Figs. 6, 9; Kaufmann et al. 2021). During
molybdenite precipitation in Sn-W deposits, Ag; happens by
Rayleigh distillation which stretches the Mo isotope compo-
sition over a very wide range (Fig. 6C). The wide variation
of 8”*Mo of molybdenite in granite-related Sn—W deposits
can be explained by the following: (1) heterogeneous 8°*Mo
of the reduced sedimentary sources with black shales; (2)
variable Ag, related to different oxygen fugacity of the mag-
matic-hydrothermal systems; (3) kinetic fractionation of Mo
isotopes during molybdenite precipitation (Ags).

Conclusions

1. Black shales deposited on continental margins may
be cycled by partial melting in the back-arc setting of
Andean-type subduction by underplating of mafic melts,
and there is no significant Mo isotope fractionation dur-
ing fractional crystallization of the reduced magma. The
heterogeneity and elevated signature of the Mo isotope
composition in tin granites are inherited from their
reduced sedimentary sources with black shales.

2. During the magmatic-hydrothermal transition, prefer-
ential incorporation of Mo** by magmatic sulfides and
favored partitioning of Mo®" into exsolved fluids both
contribute to the fluid-melt fractionation of Mo isotopes,
producing hydrothermal fluids with isotopically heavier
Mo than in the reduced melt. Oxygen fugacity controls
the ratio of Mo**/Mo®* in silicate melt, and in turn, the
transitional stage Mo isotope fractionation.

3. The sequestration of Mo during crystallization of
reduced melt and low efficiency of Mo precipitation in
the associated hydrothermal system prevents the forma-
tion of economic Mo mineralization in typical granite-
related Sn-W deposits.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00126-023-01178-8.
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