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M Hg isotopes constrain metallogenic effects of the Wilson Cycle of

the Paleo-Asian Ocean
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The Central Asian Orogenic Belt (CAOB) hosts a variety of hydrothermal mineralised
systems that formed during the opening, development and closure of the Paleo-Asian
Ocean. Mercury is an important ore-forming metal in hydrothermal systems. Mercury
photoreactions on the surface of Earth produce negative and positive A””Hg signals in
terrestrial and marine sediments, respectively. Here, we observe positive A'*’Hg values
in 345 to 320 Ma porphyry Cu deposits (4-0.15 + 0.15 %o, s.d.), and a 355 Ma volcano-
genic massive sulfide Cu—Zn deposit (+0.16 = 0.13 %o, s.d.) in the CAOB, which reflect
the recycling of marine sediments during oceanic subduction and circulation of seawater
in an extensional tectonic regime, respectively. In contrast, we observe negative A'*’Hg
values in 232 to 227 Ma porphyry Mo deposits (—0.01 + 0.07 %o, s.d.) and a 245 Ma
skarn W deposit (—0.02 = 0.08 %o, s.d.), which reflect the mixing of recycled Hg from

marine and terrestrial sediments during continental collision. This study is useful in understanding the metallogenic effects of
the Wilson Cycle and highlights that plate tectonics can cause intensive mobilisation, migration and mineralisation of Hg from sub-

ducted oceanic and continental crust to form Hg-bearing hydrothermal systems in long lived accretionary orogens.
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¥ Introduction

The Central Asian Orogenic Belt (CAOB), known as the world’s
largest Phanerozoic continental accretionary orogen (Sengor
etal., 1993), hosts a variety of hydrothermal mineralised systems,
including porphyry Cu deposits, volcanogenic massive sulfide
Cu—Zn deposits, porphyry Mo deposits, and skarn W deposits
(Pirajno et al., 2011). These hydrothermal systems formed in
response to the Wilson Cycle (i.e. opening, development and
closure) of the Paleo-Asian Ocean. In the early to middle stages
of the Wilson Cycle, Paleo-Asian Ocean subduction and associ-
ated accretionary orogeny led to the occurrence of porphyry Cu
deposits and volcanogenic massive sulfide Cu-Zn deposits
between 355 to 320 Ma in the Eastern Tianshan segment of
the CAOB (Mao et al., 2020; Wang et al., 2021). In the late stage
of the Wilson Cycle, continental collision following closure of the
Paleo-Asian Ocean led to the formation of porphyry Mo deposits
and skarn W deposits between 245 and 227 Ma in the Eastern
Tianshan segment of the CAOB (Deng et al., 2017; Wu et al.,
2017). The diverse hydrothermal systems in the CAOB reflect
the metallogenic effects of the Wilson Cycle.

Mercury (Hg) is an important ore-forming metal in hydro-
thermal systems. Hg isotopes display unique mass-dependent
fractionation (MDF, §2?Hg) and mass-independent fractionation
(MIF, A"¥Hg) (Blum and Berquist, 2007). MDF of Hg isotopes can
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occur during a large number of geochemical processes (e.g., Blum
etal., 2014). However, MIF of Hg isotopes is predominantly asso-
ciated with photoreactions in the land—ocean—atmosphere sys-
tems (Blum and Berquist, 2007). Hg(l) photoreduction has
resulted in positive A”’Hg values in marine sediments and neg-
ative A'Hgvalues in terrestrial sediments (Blum et al., 2014). The
primitive mantle displays near zero A"’Hg values (Moynier et al.,
2021). Considering that mineralogical and petrological processes
cannot generate MIF of Hg isotopes, the unique AHg signals
across marine, terrestrial and mantle reservoirs allow for identifi-
cation of the source of Hg and, by extension, other metals in
hydrothermal systems (Yin et al., 2022, 2024). Non-zero A'*Hg
values have been detected in hydrothermal systems across diverse
environments, demonstrating the recycling of terrestrial- or
marine-derived Hg through oceanic subduction and continental
collision (e.g., Yin ef al., 2024).

This study presents the Hg isotope compositions of five por-
phyry Cu deposits, two porphyry Mo deposits, one volcanogenic
massive sulfide Cu-Zn deposit, and one skarn W deposit in the
Eastern Tianshan segment of the CAOB to clarify the metallogenic
impacts of the Wilson Cycle. We demonstrate a large variation of
AYHg in these deposits (—=0.11 to +0.51 %o), which reflects the
recycling of marine- and terrestrial-derived Hg related to oceanic
subduction and continental collision, respectively. During the
Wilson Cycle, plate subduction contributed to mobilisation of
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Hg from subducted oceanic and continental crusts to form various
Hg-bearing hydrothermal systems in the accretionary orogen.

! Geological Background

The CAORB is situated between the Siberian Craton to the north,
Tarim and North China cratons to the south, and the East
European Craton to the west (Fig. 1a; Jahn, 2004). The Eastern
Tianshan metallogenic belt along the southern CAOB comprises
the Harlik Belt, the Jueluotage Belt and the Central Tianshan
Block, which are bound by the Kalamaili and Agikekuduke faults
(Fig. 1b; Qin et al., 2002; Chen et al., 2012). From north to south,
the Jueluotage Belt is divided into the Dananhu-Tousuquan Arc,
the Kangguer-Huangshan Shear Zone and the Agishan-
Yamansu Arc, by the Kangguer and Yamansu faults (Fig. 1c).

In the Carboniferous, double-sided subduction of the
North Tianshan Ocean (NTO) formed the Dananhu-
Tousuquan Arc and Agishan-Yamansu Arc (Wang et al., 2015).
As shown in Figure 1c, the Dananhu-Tousuquan Arc contains
numerous 355 to 320 Ma porphyry Cu deposits (e.g., Tuwu,
Yandong, Sanchakou, Fuxing and Chihu; Wang et al., 2021;

He et al., 2023) and ~355 Ma volcanogenic massive sulfide
Cu—Zn deposits (e.g., Xiaorequanzi; He et al., 2020; Mao et al.,
2020). The Agishan-Yamansu Arc includes numerous 330-300
Ma volcanic-hosted Fe deposits (e.g., Yamansu; Huang et al.,
2018). The NTO closed during the Triassic, resulting in the colli-
sion of the Dananhu-Tousuquan Arc and Agishan-Yamansu Arc
(Xiao et al.,, 2004; Mao et al., 2022). This collision formed the
Kangguer-Huangshan Shear Zone and numerous 232 to 227
Ma porphyry Mo deposits (e.g., Baishan and Donggebi; Wu et al.,
2017). The main deposit in the Central Tianshan Block is the 245
Ma Xiaobaishitou skarn-type W deposit (Deng et al., 2017).

! Methods

In this work, 14 granite rocks and 23 sulfide ores were collected
from 5 porphyry Cu deposits (Tuwu, Yandong, Sanchakou,
Fuxing and Chihuy), 1 volcanogenic massive sulfide Cu—Zn deposit
(Xiaorequanzi), 2 porphyry Mo deposits (Baishan and Donggebi),
and 1 skarn-type W deposit (Xiaobaishitou) in the Eastern
Tianshan. The geological characteristics of these ore deposits
are summarised in Table 1. The comprehensive details of the
samples are provided in Supplementary Information Table S-1.
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Figure 1 (a) Schematic map illustrating the precise location of the CAOB and the adjacent cratons (after Sengoér et al., 1993). (b) Geological

map showing the emplacement of tectonic sections in the southern area of the CAOB (after Chen et al., 2012). (c) Geological map exhibiting
the arrangement of ore deposits in the Eastern Tianshan (after Wang et al., 2006; Deng et al., 2016).
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Analyses of Hg concentration and isotopic composition of the
samples were done at the Institute of Geochemistry, Chinese
Academy of Sciences. Comprehensive analytical methodologies
are provided in Supplementary Information Text S-1. Hg-MDF
is denoted in §“Hg in parts per thousand (%o), referring to
the NIST-3133 Hg standard, which is examined prior and sub-
sequent to each sample:

6202Hg (%0) = [(zozHg/l%Hgsample)/(ZozHg/l%Hgstandard) - 1}
x 1000 Eq. 1

Hg-MIF is expressed as A, expressing the discrepancies between
the observed and anticipated **Hg values, where xx = 199, 200
or 201, measured in per mil (%o):

Axxng — 6><><><I_Ig _ 6202Hg X B Eq. 2

B is 0.252 for ’Hg, 0.5024 for 2°Hg and 0.752 for 2"'Hg (Blum
and Bergquist, 2007).

! Results

The results of all samples are presented in Supplementary
Information Table S-2. The Hg concentration varies largely
among porphyry Cu deposits (granite porphyry: 4.90 to 27.9
ng/g; sulfides: 0.85 to 7860 ng/g), porphyry Mo deposits (por-
phyritic granite: 1.20 to 27.6 ng/g; sulfides: 38.3 to 143 ng/g), vol-
canogenic massive sulfide Cu—Zn deposit (sulfides: 315 to 8990
ng/g), and skarn-type W deposit (biotite granite: 4.30 to 33.9
ng/g; sulfides: 199 to 359 ng/g). The §*?Hg values vary signifi-
cantly among all samples (—3.14 to +1.29 %o), although there is
no systematic difference among the different deposit types (por-
phyry Cu deposits: —0.56 +0.96 %o; porphyry Mo deposits:
—0.78 +0.87 %o; volcanogenic massive sulfide Cu-Zn deposit:
—1.25 + 1.18 %o; skarn-type W deposit: —0.70 + 1.03 %o; average
+10). A positive association variation trend exists between
A™Hg and AHg values (Fig. 2a), aligning with the patterns
observed in the land—ocean—atmosphere systems (Blum et al.,
2014). Based on A’Hg values (—0.11 to +0.51 %o), the samples
can be categorised into two groups (Fig. 2b). The first group com-
prises porphyry Cu deposits and the volcanogenic massive sul-
fide Cu-Zn deposit, which exhibit positive A"’Hg values
(+0.15+0.15 %o and +0.16 £0.13 %o, respectively) that are
within the range of marine sediments. The second group

comprises porphyry Mo deposits and the skarn-type W deposit,
which exhibit near zero AHg values (=0.01+0.07 %o and
—0.02£0.08 %o, respectively) that are intermediate to that of
marine and terrestrial sediments.

! Discussion

Recycling of marine sediments and seawater contributed subduc-
tion-related hydrothermal systems. Because MIF of Hg isotopes is
mainly related to photochemical processes and does not occur
during hydrothermal processes (Yin et al, 2024), we utilise
AYHg to analyse the origin of Hg and, by extension, other
ore-forming metals in the investigated deposits. Sulfide samples
from the studied porphyry Cu deposits and volcanogenic mas-
sive sulfide Cu-Zn deposit exhibit positive A"’Hg values
(Fig. 2a, b; A™Hg: +0.16 %o + 0.14 %o) that are similar to those
of marine reservoirs (Fig. 2a; Blum et al., 2014). The positive
A"™Hg values of porphyry Cu deposits suggest that Hg origi-
nated from recycled marine materials. This is consistent with
double-sided subduction of the NTO slab below the
Dananhu-Tousuquan Arc and Agishan-Yamansu Arc between
355 and 320 Ma (Fig. 3a; Jahn, 2004, Wang et al., 2015).
Analogous to this interpretation, volcanic arc-associated epi-
thermal Au deposits formed in the circum-Pacific zone display
mainly positive A”Hg values (—0.02 to +0.27 %o) due to the
recycling of marine Hg from the subducted oceanic slab (Deng
et al., 2021). The exsolution of fluids from descending oceanic
plates has been shown to play a key role in generating porphyry
Cu and epithermal Au deposits in volcanic arcs (Richards, 2003).
The positive A?Hg values of marine sediments are likely to be
inherited by these fluids released via slab dehydration (Deng
et al., 2021). The positive A”’Hg values of volcanogenic massive
sulfide deposits can be explained by seawater circulation in an
extensional tectonic regime induced by asthenospheric heat,
since seawater contains Hg with positive A"’Hg values (Zhu
et al., 2020).

Recycling of terrestrial sediments contributed to collision-
related hydrothermal systems. The near zero A'”’Hg values in
porphyry Mo deposits (—0.01 +0.07 %o) and skarn-type W
deposits (—=0.02 +0.08 %o) are intermediate to those of marine
and terrestrial sediments (Fig. 2a). Terrestrial sediments are
mainly characterised by negative A'”Hg values, whereas marine
sediments mainly display positive A'””Hg values. The overall
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Tianshan. The area of marine sediments is delineated by Yin et al. (2015) and Meng et al. (2019), terrestrial sediments are characterised by
Blum et al. (2014) and references therein, and subduction-related deposits are detailed by Deng et al. (2021).
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Figure 3 Schematic diagram illustrating the tectonic evolution of the Eastern Tianshan. (a) In the Carboniferous, the double-sided subduc-
tion of the NTO plate resulted in the formation of the Dananhu-Tousuquan Arc and Agishan-Yamansu Arc, during which porphyry Cu depos-
its and volcanogenic massive sulfide Cu-Zn deposits were generated. (b) During the Triassic, the collision between the Tarim Craton and the
Siberian Craton led to the formation of porphyry Mo deposits and skarn-type W deposits.

near zero A Hg values of the porphyry Mo deposits and skarn-
type W deposit, with a few positive outliers, suggest contribu-
tions of Hg from both recycled marine sediments and terrestrial
sediments during their formation. This interpretation is consis-
tent with the relatively high 87Sr/%Sr; values (0.7060 to 0.7088) of
ore-bearing rocks coeval with porphyry Mo deposits and skarn-
type W deposits in the Eastern Tianshan, which imply that oce-
anic subduction fertilised the mantle lithosphere (Deng et al.,
2017; Wu et al., 2017). Continental subduction during the colli-
sional stage would not only have released hydrothermal fluids
with negative A””Hg values, but also have caused partial melt-
ing and devolatilisation of metasomatised lithospheric mantle,
releasing hydrothermal fluids with positive A"Hg values
(Deng et al., 2022). Mercury in these two types of fluids tends
to mix during upwards transport, and precipitate in tectonic
weak zones. The negative A"’ Hg values observed in the biotite
granite of porphyry Mo deposits and skarn-type W deposits can
be attributed to the closure of the NTO around ca. 245 Ma, and
support the presence of continental arc magmatism in a colli-
sional setting (Fig. 3b; Wu et al., 2017).

Implications for the metallogenic effects of Wilson Cycles.
The CAOB originated from long lived subduction, development
and closure of the Paleo-Asian Ocean, during which the accre-
tion of juvenile crust played a significant role in Phanerozoic
continental growth (e.g., Jahn, 2004; Xiao et al., 2004, 2018).
The observation of positive A"”Hg values in oceanic subduc-
tion-related hydrothermal systems (porphyry Cu deposits, vol-
canogenic massive sulfide Cu-Zn deposits), and near zero
A"Hg values in continental collision-related hydrothermal sys-
tems (porphyry Mo deposits, skarn-type W deposits) suggest
that Hg from both continental and oceanic crusts can be remo-
bilised by magmatic-hydrothermal fluids and concentrated to
form Hg-bearing hydrothermal deposits at convergent plate
margins. As shown in Figure 3, mobilisation of Hg via dehydra-
tion of subducted oceanic and continental slabs not only releases
Hg-bearing hydrothermal fluids, but also transfers substantial
quantities of Hg into the overlying mantle wedge, resulting in

L]
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non-zero A¥Hg in the metasomatised lithospheric mantle.
Partial melting and devolatilisation of the metasomatised litho-
spheric mantle, triggered by plate subduction, can also contrib-
ute metals for the generation of hydrothermal deposits in
accretionary orogens.

! Conclusions

Based on the newly generated Hg isotope dataset for magmatic-
hydrothermal deposits in the Eastern Tianshan, this work dem-
onstrates that oceanic subduction and continental collision can
drive large scale recycling of Hg from oceanic and continental
reservoirs into various hydrothermal systems within long lived
accretionary orogens. In oceanic subduction-related porphyry
Cu and volcanogenic massive sulfide Cu—Zn hydrothermal sys-
tems, the consistently positive A1’Hg values in sulfides indicate
the dominant contribution of Hg from subducted marine sedi-
ments and circulated seawater, respectively. In continental col-
lision-related hydrothermal systems (porphyry Mo deposits and
skarn-type W deposits), the near zero A¥Hg values in sulfides
suggest the contribution of Hg from subducted terrestrial sedi-
ments and the oceanic subduction fertilised mantle lithosphere.
Overall, this work provides key knowledge into crust-mantle
cycling of Hg and the metallogenic effects of oceanic subduction
and continental collision during Wilson Cycles.
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! Additional Information

Supplementary Information accompanies this letter at https://
www.geochemicalperspectivesletters.org/article2516.
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