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The Himalayan-Tibetan orogenic belt hosts numerous world class porphyry copper
deposits (PCDs), whose metal sources are controversial. Mercury isotopes display
mass independent fractionation during photoreactions, producing positive A’Hg
in marine sediments and negative A199Hg in terrestrial sediments. Here, we observe
non-zero A¥Hg (—0.29 to +0.21 %o) in PCDs from the Himalayan-Tibetan orogenic
4 belt. These values do not support the sole contribution of Hg from juvenile lower
crustal rocks, which contain terrestrially derived Hg and display negative A?Hg
(=0.20 to 4-0.01 %o). The subcontinental lithospheric mantle (SCLM) with highly var-
iable A'Hg (—0.54 to +0.25 %o) can be another Hg source for PCDs. The positive

and negative A’Hg values observed in PCDs and the SCLM suggest the contribution of Hg from both marine and terrestrial
sediments. As the Himalayan-Tibetan orogenic belt underwent Neo-Tethys oceanic subduction followed by Indian-Eurasia
continental collision, dual stage fertilisation of the SCLM via oceanic subduction and continental collision likely played an essen-
tial role in the generation of metal- and volatile-rich magmas and the associated large number of PCDs. This study offers key
insights into the metal source of PCDs in the Himalayan-Tibetan orogenic belt.
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¥ Introduction

Porphyry copper (Cu) deposits (PCDs) provide ~75 % of the
global Cu resources. Oceanic subduction and continental colli-
sion trigger the large metallogeny of PCDs at convergent plate
boundaries. PCDs related to Pacific plate subduction typically
occur in the Circum-Pacific belt, particularly in the Andes,
Papua New Guinea, and the Philippines (Sillitoe, 2010;
Wilkinson, 2013). PCDs related to collision of the African,
Arabian and Indian Plates with the Eurasian Plate occur in the
Alpine-Himalayan belt (Richards, 2009). PCDs in these two belts
provide a window to probe plate subduction and associated
effects on large Cu endowments. A variety of geochemical tools
(e.g., Sr, Nd, Pb and Cu isotopes) have been employed to con-
strain the sources of metals in PCDs of the Alpine-Himalayan
belt, but it remains debated whether the ore-forming metals
are sourced from the partial melting of sulfide-rich juvenile lower
crustal rocks (Li et al., 2011; Hou et al., 2020) or the fertile sub-
continental lithospheric mantle (SCLM) (Xu ef al., 2016; Zheng
et al., 2019).

Mercury (Hg) is a chalcophile metal and an important
component in PCDs (Xu et al., 2024). The seven natural stable
isotopes of Hg (*Hg, %Hg, Hg, 2°Hg, 'Hg, *?Hg, 2*Hg)
display mass-dependent fractionation (Hg-MDF, reported as
8?2Hg) and mass-independent fractionation (Hg-MIF, reported
as A¥Hg). Hg-MDF occurs during various geochemical proc-
esses (e.g., microbial Hg(Il) reduction, Hg(II) methylation, Hg(0)

volatilisation), whereas Hg-MIF occurs mainly during photo-
chemical reactions (Blum et al., 2014). The primitive mantle dis-
plays near-zero A’Hg values (0.00 +0.10 %o; 2 s.d.; Moynier
et al, 2021). In contrast to magmatic Hg isotope signatures,
Hg () photoreduction results in negative A'*’Hg signals in ter-
restrial systems (—0.6 to 0 %o; soil and vegetation) and positive
AYHg values in marine systems (0 to +0.3 %o; sediments and
seawater) (Blum et al., 2014). The distinctive A'*’Hg signatures of
terrestrial, marine and mantle reservoirs allow for tracing the
source of metals in magmatic and hydrothermal systems (Yin
et al., 2024). Positive A’ Hg values have been observed in arc
basalts and hydrothermal systems (0 to +0.3 %eo; epithermal
Au deposits and porphyry Mo deposits) in the Circum-Pacific
belt, reflecting large scale recycling of metals from marine reser-
voirs via oceanic subduction (Deng et al., 2021; Yin et al., 2022;
Gao et al., 2024a).

A recent study observed highly variable A’Hg in fertile
porphyry-related magmas (—0.30 to +0.22 %o) and coeval ultra-
potassic mafic rocks (—0.54 to +0.25 %o) in the Himalayan-
Tibetan orogenic belt, highlighting that PCDs receive metals
or volatiles from the SCLM modified by subducted materials
(Xu et al., 2024). However, there are yet undefined Hg isotopic
reservoirs related to PCDs, including lower crustal rocks and
the ore-forming sulfides. In this work, we investigate the Hg iso-
topic composition of these reservoirs in the Himalayan-Tibetan
orogenic belt to gain an understanding of the metal sources
of PCDs.
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! Geological Background

The eastern part of the Alpine-Himalayan orogenic belt com-
prises a series of blocks and micro-continents (Fig. 1a).
Subduction of the Palaeo-Tethys Ocean in the Palaeozoic caused
collision of these blocks and micro-continents (Metcalfe, 2021).
The Neo-Tethys Ocean was closed in the Late Cretaceous, fol-
lowed by the collision of the Indian and Eurasian continents
(Metcalfe, 2021). The Songpan-Ganzi, Qiangtang, Lhasa and
Himalaya Terranes, divided by the Jinsha, Bangong-Nujiang
and Yarlung-Zangbo suture zones, mark the sequential closure
of the Palaeo-, Meso- and Neo-Tethys oceans, respectively
(Zheng et al., 2021). The Tibetan Plateau hosts the Yulong and
the Gangdese porphyry Cu belts, which contain numerous

world-class PCDs formed during the Indian-Eurasian collisional
orogeny.

The Yulong porphyry Cu belt (Fig. 1b) follows the
northwestward trend of the Red River-Ailao Shan Fault, i.e. a
sinistral fault system that emerged due to the Indian-Eurasian
continental collision. It comprises Proterozoic to early
Palaeozoic crystalline folded basement and middle to late
Palaeozoic carbonate and clastic sedimentary rocks, and distrib-
utes >20 PCDs (e.g., Yulong) with mineralisation ages (~40 Ma)
synchronous with nearby Eocene alkaline magmatism (Yang and
Cooke, 2019). Ore-bearing porphyries at Yulong are mainly
monzonite granite porphyries containing assemblages of pyrite,
chalcopyrite and molybdenite (Fig. S-1). The Yulong PCD is
associated with potassic, sericitic, and epidote alterations,
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Figure 1 Geological map showing (a) the Himalayan-Tibetan orogen, (b) the Yulong porphyry Cu belt (after Liang et al., 2006) and (c) the

Gangdese porphyry Cu belt (after Sun et al., 2024).
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manifested as the widespread distribution of quartz-biotite
veins, secondary K-feldspar, and epidote-altered zones,
accompanied by localised development of sulfide mineralisation
(Fig. S-2).

The Gangdese porphyry Cu belt is located in the Lhasa
terrane (Fig. 1c), which is a microcontinental fragment compris-
ing Precambrian basement rocks, Palaeozoic to Mesozoic sedi-
mentary formations, and Mesozoic to Cenozoic igneous rocks
(Sun et al., 2024). This belt was formed during post-collision
between the Indian and Eurasian continents and hosts abundant
Miocene ultrapotassic magmatic rocks and numerous PCDs
(e.g., Jiama, Qulong, and Zhibula) with mineralisation ages of
16 to 14 Ma (Hou et al., 2011). Mineralised intrusions in the
Gangdese PCDs are mainly monzonite granite and quartz mon-
zonite porphyries, containing assemblages of pyrite, chalcopy-
rite, molybdenite, magnetite and bornite (Fig. S-3). The
deposits are characterised by pyrite-sericitisation alteration in
Qulong; sericitic and skarn-related alteration in Jiama, and epi-
dote-garnet alteration in Zhibula (Fig. S-4).

| Methods

A total of 43 sulfide-bearing bulk ore samples (i.e. mineralised
porphyries) were collected from the Yulong, Qulong, Jiama, and
Zhibula deposits. Sulfides (pyrite, n=26; chalcopyrite, n=16;
bornite, n=4) were separated from the bulk ore samples.
Sulfides were pre-concentrated using flotation with xanthate
as the collector, followed by hand picking under a binocular
microscope to ensure high purity. Magmatic rocks (1 = 19) rep-
resenting the juvenile lower crust and ultrapotassic mafic rocks
(n=5) representing the SCLM from the Gangdese area were
also collected. Detailed information for the samples can be found
in Supplementary Tables S-1 and S-2. All the samples were pre-
washed with 18.2 MQ c¢m water, air dried, ground to a particle
size of 200 mesh, and homogenised in an agate mortar for petro-
chemical analysis.

The major elements of rock powders were analysed using
X-ray fluorescence (XRF) spectrometry at ALS Guangzhou with
a PANalytical PW5400 instrument, which yielded an analytical
uncertainty of <5 % for sample duplicates. The loss on ignition
(LOI) was measured according to the percentage weight loss
before and after heating the samples at 1000 °C in a muffle fur-
nace. LOI values of all samples are <3 wt. % (Table S-3), indicat-
ing limited alteration effects. The major element concentrations
of the lower crustal rocks (n=19) have been recently reported
(Sun et al., 2024).

Total Hg (THg) concentrations and Hg isotopic composi-
tions were determined at the Institute of Geochemistry, Chinese
Academy of Sciences. Concentrations of THg were directly mea-
sured using a Lumex R915+ Hg analyser (detection limit 50 pg
Hg), which yielded Hg recoveries of 90-110 % (n = 8) for GSS-4
standard reference material and uncertainties of <10 % (2 s.d.)
for sample duplicates. Based on the measured THg concentra-
tions, variable amounts of sample powders containing 10 ng
Hg were weighed and prepared using a two stage combustion
furnace for preconcentrating Hg into 5 mL of 40 % acid mixture
(HNO3/HCl=2/1, vlv), following previous methods (Zerkle
et al., 2020; Gao et al., 2024b). The Hg blank of the acid mixture
is below 0.05 ng/mL. Preparation of zero sample powders
yielded a method blank of less than 50 pg Hg in the sample sol-
ution. Pretreatment of standard reference material (GSS-4, soil)
yielded Hg recoveries of 90-110 % (n =8). The Hg preconcen-
trated solutions were diluted to 1 ng/mL with 10-20 % of acid
mixture (HNO3/HCl=2/1, v/v) before Hg isotopic analysis at
the Institute of Geochemistry, Chinese Academy of Sciences,

using a Thermo Scientific Neptune Plus multi-collector induc-
tively coupled plasma mass spectrometry (Supplementary Text
S-1; Yin et al., 2016). Hg-MDF is expressed as §°*?Hg in %o in
reference to the NIST-3133 Hg standard:

8202Hg(%0) = [(ZOZHg/l%Hgsample)/(ZOZHg/l%Hgstandard) - 1}
x 1000 Eq. 1

MIF is reported in A notation as the difference between the mea-
sured §“Hg values and theoretically predicted values:

A™Hg = §*Hg-§2Hg x j8 Eq. 2

where xxx represents 199, 200, or 201, and f is 0.252 for "Hg,
0.5024 for 2°Hg, and 0.752 for 2'Hg (Blum and Bergquist, 2007).
NIST-3177 secondary standard solutions were measured every
10 samples. The overall average and uncertainty of NIST-3177
(8™ Hg=-053+0.06 %o, AYHg=-0.02+0.04 %o
A™Hg = +0.01 + 0.03 %o; A?'Hg = —0.02 + 0.06 %o; 2 5.d., 1=
10) and GSS-4 (§°?Hg = —1.69 + 0.13 %o; AHg = —0.41 + 0.06
%o; A2Hg = —0.02 + 0.06 %o; A>Hg = —0.37 +0.06 %o; 2 s.d.,
n=28) agree well with previous results (Table S-4; Blum and
Berquist, 2007; Deng et al., 2021; Gao et al., 2024b). The larger
values of standard deviation (2 s.d.) for either NIST-3177 or
GSS-4 are used to reflect analytical uncertainties.

I Results

As shown in Tables S-1 and S-2 and Figure 2a, the studied sul-
fide samples show large variations in Hg concentration (0.77 to
2253 nglg), §*Hg (-2.59 to +0.85 %o), and A"Hg values
(=0.29 to +0.21 %o). Sulfides (pyrite, chalcopyrite and bornite)
from the three Gangdese PCDs (Qulong, Jiama, and Zhibula)
display &°%?Hg values ranging from —2.14 to +0.69 %o and
AYHg from —0.15 to +0.10 %eo. Sulfides (pyrite) from Yulong
PCD display a similar range in §?*?Hg (-2.59 to +0.85 %o),
but a larger range for AYHg values (—0.29 to +0.21 %o). The
juvenile lower crustal rocks from the Milin area display low
Hg concentrations (0.12 to 2.67 ng/g), mainly positive §*°?Hg
(—0.33 to +1.59 %o) and negative A" Hg values (=0.20 to
+0.01 %o). Ultrapotassic mafic rocks display low Hg levels
(0.29 to 6.03 nglg), negative §*?Hg (—1.48 to —0.48 %o) and
mainly negative A'’Hg (—0.42 to +0.06 %o). All samples show
a positive correlation between A?'Hg and A'”Hg with the
AYHg/A™Hg ~ 1 (R>=0.68) (Fig. 2b), consistent with that
observed in the atmosphere-land-ocean system (Blum et al.,
2014). The LOI values of the juvenile lower crustal rocks and
ultrapotassic mafic rocks are less than 3 wt. %, indicating that
these samples are fresh and have not undergone significant
weathering or alteration.

! Discussion

The existence of terrestrial Hg in the lithospheric mantle and juve-
nile lower crust. Ultrapotassic mafic rocks and juvenile lower
crustal rocks display low LOI values (<3 wt. %; Table S-3). Alack
of correlation between the LOI and Hg concentrations, and
822Hg or A Hg values of these rocks (Fig. S-5) suggests that
the variations of Hg abundance and isotopic composition do
not correlate with alteration. Since magmatic processes trigger
minor Hg-MDF but not Hg-MIF (Moynier et al., 2021), we use
A"™Hg instead of §°*?Hg to constrain the sources of Hg in the
rock samples.

The primitive mantle displays low Hg concentrations (0.4—
0.6 ng/g) and near-zero AHg (0.00 + 0.10 %o; 2 s.d.) (Moynier
et al., 2021). The elevated Hg concentrations (1.79 +4.28 ng/g;
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Figure2 (a) A'°Hg versus 6°?Hg and (b) A'*°Hg versus A?°'Hg for the Gangdese and Yulong PCDs, juvenile lower crust rocks and potassic-
ultrapotassic rocks in the Tibetan Plateau. Data sources: marine and terrestrial systems (Blum et al., 2014); Circum-Pacific belt (Deng et al.,
2021; Gao et al., 2024a); ultrapotassic mafic rocks in south Tibet (Xu et al., 2024). s.d., standard deviation.

2 s.d.,, n=>5) and negative A'”Hg (=0.12 + 0.33 %o; 2 s.d., 1 =5)
values in ultrapotassic mafic rocks suggest the existence of
recycled terrestrially derived Hg in their magma source, since
Hg in terrestrial reservoirs displays negative A'*Hg values
(Blum et al., 2014). Measurements of Sr-Nd-Pb isotopes con-
firmed that these ultrapotassic mafic rocks were derived from
the SCLM fertilised by terrestrial components via Indian Plate
continental subduction (Wang et al, 2020). Furthermore,
Sr-Nd-Pb isotope data suggest that crustal material was incor-
porated early into the juvenile lower crust during the melting-
assimilation-storage-homogenisation process (Miller et al,
1999), which could explain the negative A"’Hgvalues in juvenile
lower crustal rocks.

Genesis of PCDs in the Himalayan-Tibetan belt. Due to the
chalcophile behaviour of Hg and the lack of Hg-MIF during met-
allogenic processes (Deng et al., 2021), A'’Hg can be used to
trace the source of Hg and other metals in PCDs. The A"Hg

L]

signals of sulfides in Yulong and Gangdese PCDs show negative
to positive A”Hg values of —0.29 to +0.21 %o. These values are
different from the overall positive A¥Hg values for epithermal
Au deposits (—0.03 to 4+0.27 %o) and porphyry Mo deposits
(=0.05 to +0.24 %o) in the Circum-Pacific belt (Fig. 2), which
receive Hg from subducted marine sediments (Deng et al,
2021; Gao et al., 2024a).

Potential metal sources for PCDs of the Himalayan-
Tibetan orogenic belt include the juvenile lower crust and
SCLM (Wang et al., 2018; Xu et al., 2023). In Figure 2, 17 sulfides
from the Gangdese PCDs and 9 sulfides from the Yulong PCD
display AHg values within the range of juvenile lower crustal
rocks, suggesting that they received large fractions of Hg from
the juvenile lower crust. However, the non-zero A Hg values
in other sulfides in these PCDs, either below —0.1 %o or above
+0.1 %o, suggest that the juvenile lower crust was not the sole
source of Hg. Photoreduction of Hg(Il) results in negative and
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Figure 3 Genetic model of PCDs in the Alpine-Himalayan belt. (a) The Neo-Tethys oceanic subduction introduced large amounts of ocean-
derived Hg released from subducted marine sediments into the SCLM. (b) Indian-Eurasia continental collision introduced terrestrially derived
Hg into the SCLM, and tearing of the subducting Indian lithosphere triggered asthenospheric upwelling, leading to melting of the SCLM to
generate large volumes of metal- and volatile-rich magma and magmatic-hydrothermal fluids.

positive A1’Hg values in terrestrial and marine systems, respec-
tively (Blum et al., 2014). Three sulfides (chalcopyrite, pyrite) dis-
play positive A¥Hg values above +0.1 %o, and 8 sulfides
(chalcopyrite, pyrite) display negative A”Hg values below
—0.1 %o (Fig. 2), suggesting the existence of recycled Hg from
both marine and terrestrial systems. Since the Himalayan-
Tibetan orogenic belt was influenced by the Neo-Tethys oceanic
subduction followed by the Indian-Eurasian continental colli-
sion, the coexistence of positive and negative A'”Hg values in
the Gangdese and Yulong PCDs may be a consequence of dual
stage fertilisation of the SCLM.

The Neo-Tethys oceanic subduction may have fertilised
the SCLM by marine-derived Hg released from subducted
marine sediments (Fig. 3a), as supported by positive A1*’Hg val-
ues of ultrapotassic mafic rocks (Xu et al., 2024). The positive
AYHg values above +0.1 %o in the studied Gangdese and
Yulong PCDs confirm the contribution of recycled marine Hg
released from the fertilised SCLM. Crustal assimilation, which
produces S-type granites, may impart negative A*”Hg values
to Gangdese and Yulong PCDs. However, the lack of coeval
S-type melts in the eastern Gangdese area suggests limited

Q)EAc

crustal assimilation (Li et al., 2022). The negative A'*’Hg values
of Gangdese and Yulong PCDs are more reasonably explained
by the Indian-Eurasian continental collision, which fertilised
the SCLM by introducing abundant terrestrially derived Hg
(Fig. 3b), as supported by the negative A’Hg values of ultrapo-
tassic mafic rocks (Xu et al., 2024). Following the dual stage
fertilisation processes, the subducted Indian continental litho-
sphere underwent tearing, triggering upwelling of the astheno-
sphere, leading to melting of the metasomatised SCLM and
juvenile lower crust, favouring the formation of large volumes
of metal- and volatile-rich magma and an associated large num-
ber of PCDs (Hou et al., 2015; Zheng et al., 2019; Xu et al., 2024).

¥ Conclusions

The formation of massive PCDs in the Tibetan Plateau is to be
expected. Based on Hg isotopes, this study demonstrates that
the Neo-Tethys oceanic subduction and Indian-Eurasia
continental collision have extensively fertilised the SCLM
beneath the Tibetan Plateau. These two processes transported
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large amounts of metals and volatiles from recycled terrestrial
and marine sediments to the SCLM, providing a material base
for the metallogeny of PCDs. This study highlights the powerful
use of Hg isotopes in tracing recycled metals and volatiles in the
mantle, and highlights the crucial role of multistage plate sub-
duction and mantle fertilisation in the generation of PCDs in
the Himalayan-Tibetan orogenic belt.
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