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ABSTRACT

Mercury isotopes display both mass-dependent and mass-independent fractionation and allow the tracing
of pathways and storage of surface-derived Hg in the lithosphere. While the subduction-related orogenic
recycling of Hg from marine reservoirs into hydrothermal systems in continental arc settings has been
documented recently, the source of Hg in intracontinental hydrothermal systems remains unclear. We
measured Hg isotopes in two intracontinental anorogenic/postorogenic Late Mesozoic hydrothermal gold
deposits in the South China craton and the Central Asian orogenic belt of northern China, respectively.
The ore and sulfide samples from the studied systems have positive §2°2Hg (0.70 =+ 0.39%o, 1SD, n = 49)
and negative A'%Hg values (—0.12 + 0.05%o, 1SD, n = 49). These values are different from their country
rocks and regional geological environment (volcanic arc granites, marine sedimentary rocks) which have
positive A199Hg values, but similar to that of their Precambrian supracrustal basement rocks of largely
non-marine continental materials. We conclude that Hg in the intracontinental hydrothermal systems
was leached from basement rocks by upper crustal basinal fluid circulation driven by regional heat
flow, likely due to lithospheric thinning and upwelling of the asthenosphere in the Late Mesozoic. The
intracontinental hydrothermal systems and their continental sources with positive §292Hg and negative
A'99Hg values are complementary to volcanic-arc and marine sedimentary rocks with opposite §202Hg
- A"9Hg compositions. The distinct Hg isotopic features of hydrothermal systems in different tectonic
settings, in particular the indelible A1%9Hg signature, allow the tracing of large-scale material cycling in
the Earth.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

ecosystems, paleo-environmental change, early planetary evolution,
and the origin of metals in ore deposits (Sherman et al., 2009;

Mercury is highly volatile and can be a potential tracer for
temperature-sensitive processes during planet formation and evo-
lution (Meier et al., 2016). Mercury has seven natural stable iso-
topes (196, 198-202, 204) which can undergo mass-dependent
fractionation (MDF), usually defined as §292Hg, and mass-indepen-
dent fractionation (MIF), usually defined as A'99Hg (Bergquist and
Blum, 2007). The two-dimensional §292Hg-A199Hg tracing scheme
is particularly useful in understanding Hg sources in modern
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Blum et al., 2014; Meier et al., 2016; Grasby et al., 2020; Moynier
et al,, 2020; Shen et al., 2022). The framework of Hg isotope geo-
chemistry (e.g., source signatures and isotope fractionation pro-
cesses) in Earth’s surface environment has been well established
(Blum et al., 2014), given that Hg is a heavy metal pollutant of
global concern. However, the isotopic geochemistry of Hg in Earth’s
interior reservoirs remains poorly constrained.

Mercury abundance varies greatly among geological reservoirs
(Lauretta et al., 1999; Meier et al,, 2016; Deng et al., 2021b). It
is very low in igneous rocks (usually several ppb) (Meier et al.,
2016), but can reach elevated levels (several ppm to several per-
cent) in low-temperature (epithermal) hydrothermal systems (Zhu
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Fig. 1. (a) Simplified map of China showing major tectonic domains in China (after Zheng et al., 2013; Goldfarb et al., 2019). (b) Simplified geological map of the Youjiang Basin
in South China showing the distribution of hydrothermal gold deposits (revised from Chen et al., 2011). (c) Geological sketch map showing the distribution of hydrothermal
gold deposits in the Upper Heilongjiang Basin in North China (after Wu et al., 2006). (For interpretation of the colors in the figure(s), the reader is referred to the web version

of this article.)

et al.,, 1986; Sherman et al,, 2009; Deng et al., 2021a). Therefore,
hydrothermal systems can record key information about Hg isotope
heterogeneity, partitioning and transport in Earth’s interior, and
help to understand the global Hg cycle. Notably, a pioneer study on
hydrothermal systems in Nevada, USA, reported an up to 5% vari-
ation of §202Hg, suggesting that hydrothermal processes can trigger
significant Hg-MDF (Smith et al., 2005). Several subsequent stud-
ies then used §292Hg signals to illustrate fluid boiling and mineral
precipitation (Sherman et al., 2009; Deng et al., 2021b).

Hg-MIF of the odd-mass isotopes (1%°Hg, 20'Hg), commonly
expressed as A'9Hg, is nearly exclusively produced by photo-
chemical reactions in the atmosphere and at the surface of Earth
(Bergquist and Blum, 2007), and therefore can be used as an in-
delible tracer of Hg recycling from surface reservoirs to the deep
Earth (Deng et al., 2021a, 2021b; Moynier et al,, 2021; Yin et al,,
2022). This tracing is due to the distinctly negative Hg-MIF of
terrestrial sub-aerially formed reservoirs, while oceanic reservoirs
(marine sediments and seawater) have positive Hg-MIF (Blum et
al., 2014; Shen et al.,, 2019, 2022). There is no Hg-MIF during hy-
drothermal processes (Yin et al., 2019; Fu et al., 2020), and A'%9Hg
values can also be used as a tracer of Hg recycling from surface
reservoirs to hydrothermal systems (e.g., Cabral et al., 2022; Deng
et al.,, 2022a).

To date, a comprehensive Hg dataset for hydrothermal systems
in intracontinental settings is lacking, which limits our understand-
ing of Hg cycling within the continental interior. Here, we present
systematic research on two intracontinental hydrothermal systems
in the Youjiang Basin of the South China craton and the Upper Hei-
longjiang Basin of the eastern Central Asian Orogenic Belt (CAOB),
respectively, to characterize their Hg isotopic compositions. Poten-
tial source rocks for these systems (e.g., Precambrian basement,
sedimentary rocks and volcanic arc granites) were also studied to

understand the Hg source and migration processes. We observe
uniform positive §2°2Hg and negative A1®?Hg in both hydrother-
mal systems studied. Combined with the geotectonic background
of these systems, we propose a deep fluid leaching model to ex-
plain the recycling of basement Hg into the intracontinental hy-
drothermal systems.

2. Geological background
2.1. Youjiang Basin

The Youjiang Basin is situated in the southwestern part of the
Yangtze Block (Fig. 1A and 1B) and contains the greatest abun-
dance of hydrothermal gold deposits (>800 tonnes Au) in the
South China Craton (Hu et al., 2017). Hydrothermal systems in the
Youjiang Basin are hosted in Paleozoic to Early Mesozoic platform
carbonate and siliciclastic rocks and locally in Late Permian mafic
intrusions or volcanic clastic rocks and show strong enrichment of
As, Hg, Tl and Sb, besides Au (Goldfarb et al., 2019). Geochrono-
logical studies have shown that these systems were mainly formed
during the Triassic (such as the giant Lannigou and the large Jinya
Au deposits) and Late Jurassic-Early Cretaceous (such as the giant
Shuiyindong, Nibao and Zimudang Au deposits, Hu et al., 2017).
The ore mineralogy of these systems is dominated by pyrite, ar-
senopyrite, marcasite, stibnite, orpiment and realgar (Goldfarb et
al,, 2019).

The Hg isotopic data of the carbonate-hosted Shuiyindong de-
posit in the Youjiang Basin were previously reported by Yin et al.
(2019). In order to identify if this Hg isotope pattern is of broader
significance, we chose the Nibao deposit in southwestern Guizhou
which is pyroclastic breccia-hosted. The 141 Ma Nibao Au deposit
is situated along the northwestern margin of the Youjiang Basin
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(Chen et al.,, 2019; Fig. 1B). The disseminated and vein-style min-
eralization is hosted in brecciated and silicified limestone, tuff and
argillic rocks. Gold mainly occurs in zoned pyrite and arsenopyrite.
Xie et al. (2016) indicated that the system formed under epither-
mal conditions of low salinity (8.2 wt% NaCl eq.) and low temper-
ature (125 to 278 °C). Our microscope studies found that mercury
exists mainly as solid solution in sulfides (e.g., pyrite, arsenopyrite,
sphalerite, and realgar).

2.2. Upper Heilongjiang Basin

The E-W trending Upper Heilongjiang Basin is located in the
northeastern part of the Central Asian Orogenic Belt (Fig. 1A and
1C). It is one of the most important Au provinces in China with
dozens of newly discovered sandstone-hosted Au deposits. The Pre-
cambrian basement of the Upper Heilongjiang Basin is composed
of the Xinghuadukou Group with rock associations of schist, gneiss,
amphibolite, migmatite and marble (HBGMR, 1993; Hou et al,,
2020), mainly exposed in the southern margin of the Upper Hei-
longjiang Basin (Fig. 1C). Scattered early Paleozoic strata consisting
of schist, phyllite, slate and marbles were also identified in the
western margin of the Upper Heilongjiang Basin (Liu et al,, 2015).
Outcrops within the Upper Heilongjiang Basin mainly consist of
Middle Jurassic sandstones with scattered Late Jurassic granitoids.
Large volumes of the Early Jurassic granites and Late Jurassic-Early
Cretaceous volcanic cover are distributed in the southern mar-
gin of the Upper Heilongjiang Basin. Hydrothermal gold deposits
in the Upper Heilongjiang Basin are mainly represented by Early
Cretaceous moderate to low temperature hydrothermal systems
with significant enrichment of Au, Hg, and Sb, such as the large
Shabaosi and Baoxinggou Au deposits, which are hosted mainly in
N-trending faults and brittle-ductile shear zones in Middle Jurassic
clastic rocks (Fig. 1C; Wu et al., 2006; Li, 2015).

The large sandstone-hosted Shabaosi Au deposit is situated in
the western part of the Upper Heilongjiang Basin (Fig. 1C). The ore
bodies of the 130 Ma Shabaosi deposit are hosted in N-S trending
altered fault zones in the Middle Jurassic sandstone and siltstone
(Liu et al., 2015). The mineralization at Shabaosi occurs as quartz
stockworks and disseminated sulfides in the sandstones. Sulfide
minerals including pyrite, stibnite, galena, and sphalerite account
for less than 1% of the bulk ore volume. Mercury is in solid solu-
tion in these sulfides. Fluid inclusion studies indicate that the ore-
forming fluids belong to the H,0-NaCl-CO,-CH4 system, with low
salinity (0.8-8.3 wt% NaCl eq.) and low to moderate temperatures
(180 to 320°C) (Liu et al., 2015). Although the Shabaosi hydrother-
mal system is in the Central Asian Orogenic Belt, previous studies
have shown that it formed in a post-subduction intracontinental
setting, due to the closure of the adjacent Mongol-Okhotsk Ocean
which ended during the Late Jurassic-Early Cretaceous (Wu et al.,
2006; Deng et al., 2019).

3. Samples and analytical methods

Twenty-four mineralized quartz vein samples (five of them
were prepared for pyrite concentrates) from the Nibao deposit and
twenty quartz vein samples from the Shabaosi deposit were col-
lected. In addition, eleven regionally distributed non-altered sand-
stones within the Upper Heilongjiang Basin, and two volcanic arc
granites adjacent to the Upper Heilongjiang Basin were collected
(for sample locations see Fig. 1C). The previously documented Hg
isotopic data from the Precambrian basement and sedimentary
rocks within or adjacent to the Upper Heilongjiang and Youjiang
basins (Yin et al., 2017, 2019; Deng et al., 2022a, 2022b) are com-
piled here for comparison.

Total Hg (THg) concentrations of the samples were measured
using a DMA-80 Hg analyzer with a Hg detection limit of 0.01
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ng/g. Measurements of standard reference material (GSS-4, soil and
GSR-2, andesite) showed recoveries of 95-100%. The coefficients of
variation for triplicate analyses were <10%.

The samples were prepared for Hg isotope analysis following
the double-stage thermal combustion and pre-concentration pro-
tocol (Zerkle et al., 2020). Standard reference material (GSS-4 and
GSR-2) and method blanks were prepared in the same way as the
samples to monitor the Hg recovery and lab contamination, respec-
tively. The former yielded Hg recoveries of 95-100% and the latter
show Hg concentrations lower than the detection limit, preclud-
ing laboratory contamination. The preconcentrated solutions were
diluted to 1 ng/mL Hg and measured by a Neptune Plus multi-
collector inductively-coupled plasma mass spectrometer (MC-ICP-
MS), following the method by Yin et al. (2016). Hg-MDF is ex-
pressed in §292Hg notation in units of %o referenced to the NIST-
3133 Hg standard (analyzed before and after each sample):

82%2Hg(%0) = [(***Hg/'*®Hgsample) / C**Hg/ ' *®® Hgstandara) — 11
x 1000

MIF is reported in A notation, which describes the difference be-
tween the measured §***Hg and the theoretically predicted §***Hg
value, in units of %o:

AXXXHg — (SXXXHg _ 8202Hg X ﬂ

B is 0.2520 for ®°Hg, 0.5024 for 2%°Hg, and 0.7520 for 2°THg
(Blum and Bergquist, 2007). Analytical uncertainty was estimated
based on the replication of the NIST-3177 standard solution. The
overall average and uncertainty of NIST-3177 (820Hg: —0.54 =+
0.10%0; A'%9Hg: —0.02 + 0.06%0; A2°THg: —0.02 + 0.08%, 2SD,
n = 18) and GSR-2 (§%%2Hg: —1.62 + 0.14%0; A'9Hg: 0.05 +
0.10%0; A%01Hg: 0.02 =+ 0.08%0, 2SD, n = 4) agree well with previ-
ous studies (Blum and Bergquist, 2007; Geng et al., 2018). The 2SD
of NIST-3177 with §292Hg, A19Hg, and A2°'Hg of 0.10%, 0.06%o
and 0.08%, respectively, represent the analytical uncertainties of
our samples.

4. Results

Sample information, new data of Hg concentration and Hg iso-
topic composition of the investigated samples are presented in
Supplementary Table 1. Specifically, pyrite samples from the Nibao
deposit show the highest Hg concentrations (12.6 to 30.5 ppm).
Quartz vein and pyritized wall rock samples from the Shabaosi and
Nibao deposits show relatively lower Hg concentrations of 0.110 to
5.21 ppm and 0.208 to 7.64 ppm, respectively. The Jurassic sand-
stone and Mesozoic igneous rocks in the Upper Heilongjiang Basin
show Hg contents of 1.00 to 35.0 ppb and 1.00 to 26.0 ppb, respec-
tively.

As shown in Fig. 2, samples from the Shabaosi and Nibao de-
posits show §202Hg values of —0.25 to 1.35%0 and 0.48 to 1.41%,
respectively, and similar A1%?Hg values of —0.22 to —0.02%o and
—0.24 to —0.05%, respectively. The Mesozoic granites have §20?Hg
values of —3.76 to —3.11%0 and A%9Hg values of 0.07 to 0.18%.
The Jurassic sandstone samples have §292Hg values of —2.19 to
0.08%o and A'99Hg values of —0.08 to 0.11%.

5. Discussion

5.1. Continental origin for Hg in intracontinental hydrothermal systems
Previous studies have shown a distinct difference in A'®?Hg in

Earth’s surface reservoirs, with globally positive A1°?Hg values in

the marine system and negative A'99Hg values in the continen-
tal system (Blum et al., 2014 and references therein, Grasby et al.,
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for the samples studied. UHB-Upper Heilongjiang Basin. Data for the subduction-
related hydrothermal systems in NE China are from Deng et al. (2021a, 2021b), for
primitive mantle are from Moynier et al. (2021), for seawater are from Strok et al.
(2015) and for continental sediments are from Blum et al. (2014) and Sun et al.
(2019).

2020; Shen et al., 2020, 2022). In comparison, primitive mantle
rocks have A'99Hg values close to ~0%o (Sherman et al., 2009;
Moynier et al., 2021). The negative A'%?Hg values in the ore sam-
ples from the Nibao and Shabaosi Au deposits are different from
those in the primitive mantle. They are also different from previ-
ous results on subduction-related epithermal gold deposits in NE
China and elsewhere, which have positive A1%?Hg values due to
the recycling of Hg from marine systems into these hydrothermal
systems (Fig. 3; Deng et al., 2021a). Therefore, the source of Hg in
the two intracontinental hydrothermal systems studied is likely not
related to a subducting slab or (slab-fluid metasomatized) mantle.
Marine sedimentary rocks in South China, such as Cambrian black
shales and Triassic limestones, can be excluded as the Hg source
for the Nibao deposit, due to their positive A1®?Hg values (Fig. 3;
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Yin et al., 2017, 2019). The ore samples from the Shabaosi Au de-
posit with similar A1%9Hg values are also distinctly with respect
to their A1?Hg values to the nearby volcanic arc granites and the
regionally distributed non-altered Jurassic sandstones (Fig. 3), pre-
cluding juvenile lower crustal melt and wall rocks, respectively, as
Hg sources.

The negative A'99Hg values in the two deposits studied are
similar to previous results on terrestrial reservoirs (e.g., soil and
vegetation), characterized by negative A199Hg signals (Blum et al.,
2014 and reference therein), implying a terrestrial source of Hg.
Considering that the ore samples from the Au deposits studied
all have negative A'99Hg similar to the upper crustal Precambrian
basement rocks adjacent and below the basins (Fig. 3), we infer
that Hg in the hydrothermal systems studied from both the You-
jiang and Upper Heilongjiang Basins is derived from these base-
ment rocks. A similar situation applies to the Xikuangshan Sb de-
posit in the Xiangzhong Basin on the Yangtze block which also has
negative A'99Hg values and for which a supracrustal basement Hg
source was proposed (Fu et al., 2020) (Fig. 3). The very similar neg-
ative A1%9Hg values for the Nibao and Shuiyindong Au deposits, as
well as for the Xikuangshan Sb deposit (Yin et al., 2019; Fu et
al,, 2020), correspond to those observed for upper crustal base-
ment rocks and strongly suggest a common basement Hg source
for these deposits, and possibly the low-temperature deposits in
South China in general.

Hg-MIF can be explained by either the magnetic isotope ef-
fect (MIE) or the nuclear volume effect (NVE). The MIE is in-
duced by the photoreduction of Hg(Il) or aqueous methylmercury
(MeHg) photodegradation (Bergquist and Blum, 2007), whereas the
NVE is caused during Hg(Il)-thiol complexation, Hg(0) evapora-
tion and Hg(Il) reduction in the absence of light (Wiederhold et
al., 2010; Zheng and Hintelmann, 2010; Ghosh et al., 2013). Both
processes imprint specific A'9?Hg/A201Hg ratios. The MIE shows
A'9Hg/A%01Hg ratios of 1.0 to 1.3, whereas the NVE produces
A199Hg/A201Hg ratios of 1.60 to 1.65 (Bergquist and Blum, 2007;
Zheng and Hintelmann, 2010; Blum et al.,, 2014). All samples in
this study have a A1?Hg/A201Hg ratio of 1.16 + 0.06 (Fig. 2b),
consistent with that observed during aqueous Hg(Il) photoreduc-
tion (Bergquist and Blum, 2007) and typical of Earth’s surface
samples in general (e.g., soil, sediment, vegetation, seawater; Blum
et al, 2014). Therefore, the observed Hg-MIF in our samples is
a strong indication of the recycling of Hg from subaerial sur-
face reservoirs into the hydrothermal systems. The upper crustal
basement strata in the Youjiang (Lengjiaxi and Banxi Groups) and
Upper Heilongjiang basins (Xinghuadukou Group) were formed in
coastal settings (HBGMR, 1993; Zhao and Cawood, 2012), which
receive large amounts of Hg through continental erosion which re-
sults in negative A'®?Hg values in coastal sedimentary rocks (Yin
et al, 2015). As metamorphism does not affect the primary Hg-
MIF signature, it is believed that the metamorphic basement rocks
reflect the A199Hg values of their sedimentary protoliths (Deng et
al., 2022b).

5.2. Significant geological reservoirs with isotopically heavy Hg

Previous studies documented mainly negative §292Hg values in
geological reservoirs such as ordinary chondrites (—3.3 £ 0.9%o,
1SD; Meier et al.,, 2016; Moynier et al., 2020) and global basalts
(=19 £ 0.6%0, 1SD; Geng et al., 2018; Moynier et al., 2021;
Yin et al., 2022), crustal soil and sediments (—0.7 & 0.5%o, 1SD;
Blum et al., 2014 and references therein), and subduction-related
epithermal deposits in NE China and the Pacific Rim (—0.75 +
0.93%0, n = 182, 1SD; Deng et al., 2021a, 2021b and references
therein). These results are quite different from the positive §292Hg
values observed in samples from the intracontinental hydrother-
mal systems in the Youjiang, Upper Heilongjiang and Xiangzhong
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basins (Fig. 3), which show an average §202Hg value of 0.49 +
0.46%0 (1SD, n = 129) and demonstrate a significant enrichment
of isotopically heavy Hg in the intracontinental hydrothermal sys-
tems.

In the §292Hg vs. A'9Hg diagram (Fig. 2a), the hydrothermal
deposits of the Youjiang and Upper Heilongjiang basins are sep-
arated from the subduction-related deposits in NE China, which
implies a different geochemical behavior of Hg between the two
systems. Mercury in the subduction-related epithermal systems is
interpreted to be released from subducted marine sediments (Deng
et al., 2021a, 2021b), and then transported by hydrothermal flu-
ids. As shown in Fig. 4a, subduction-related epithermal systems
have §2%2Hg values similar to marine sediments, suggesting small
or no Hg-MDF in the formation of subduction-related magmatic-
hydrothermal systems. It is likely that under high-temperature
conditions, due to the high volatility of Hg, most of the Hg from
the oceanic slab would be released and enter the hydrothermal
fluids, triggering limited Hg-MDF. In contrast, the intracontinen-

tal hydrothermal systems generally show Hg-MDF signals distinctly
different from their basement source (Fig. 4b), indicating that sig-
nificant Hg-MDF can occur during the formation of these systems.
The positive §292Hg values in the hydrothermal deposits in both
Youjiang and Upper Heilongjiang basins were possibly caused by
the preferential leaching of isotopically heavier Hg from the base-
ment rocks by basinal fluids, as experimental studies on the leach-
ing of Hg from sedimentary materials demonstrate the enrichment
of heavier Hg isotopes in the leachates (Stetson et al., 2009). Over-
all, we suggest that Hg in arc-related and intracontinental hy-
drothermal systems may have experienced different patterns of
Hg-MDF. Given that the formation of hydrothermal systems in-
volves various processes (Hu et al.,, 2017; Goldfarb et al., 2019),
the reason for the §202Hg difference between these two distinct
hydrothermal settings likely not only depends on temperature. Fu-
ture experimental work may improve our understanding of the
enrichment of isotopically heavy Hg in intracontinental hydrother-
mal systems.
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Fig. 5. Genetic model showing the formation of the late Mesozoic intracontinental hydrothermal systems in the Upper Heilongjiang and Youjiang basins, China. Intraconti-
nental Hg cycling at extensional settings leads to specific Hg isotopic reservoirs with §202Hg values of 0.49 + 0.46%o, and A'99Hg values of —0.10 + 0.04%,, which are
distinctly different to the primitive mantle (§2°2Hg: —1.7 + 0.6%0, A'9Hg: 0.00 £ 0.10%o0; Moynier et al., 2021) and subduction-related hydrothermal systems (§202Hg:

—0.97 & 0.42%o, A'°Hg: 0.10 + 0.06%o; Deng et al., 2021a, 2021b).

5.3. Recycling of Hg in the intracontinental setting

Hydrothermal systems in continental arc settings commonly
show positive A199Hg values (Blum et al, 2014; Deng et al.,
2021b), due to the contribution of recycled Hg from the subduct-
ing oceanic slab (Fig. 5; Deng et al., 2021a). Based on the negative
A'99Hg values in our samples and the geotectonic backgrounds of
the Youjiang and Upper Heilongjiang basins, below we propose an
upper crustal fluid recycling of continental Hg into the intraconti-
nental hydrothermal systems.

Both South China and NE China experienced a period of flat
subduction of the Paleo-Pacific oceanic slab during the Jurassic and
slab foundering and rollback during the Late Jurassic-Early Creta-
ceous (Li and Li, 2007; Kiminami and Imaoka, 2013). Geochrono-
logical studies by Liu et al. (2015) and Chen et al. (2019) show
that the formation of the Late Mesozoic gold deposits in both
Youjiang and Upper Heilongjiang basins is coincident with the
foundering and rollback of the flat slab. The studied hydrother-
mal systems formed in an extensional intracontinental setting,
which is different from the epithermal hydrothermal systems in
subduction-controlled volcanic arcs (Hu et al., 2017; Goldfarb et
al., 2019). In intracontinental settings such as back-arc basins,
long-term sub-aerial sedimentation of continental materials (e.g.,
soil and plants), can accumulate massive amounts of atmospheric
Hg(0) with negative §202Hg and A'9?Hg. These terrestrial materi-
als underwent subsequent diagenesis and metamorphism to form
the basement with negative A'%°Hg values. During large-scale ex-
tensional events, the thermal flow caused by lithospheric thinning
and asthenospheric upwelling can drive the circulation of upper
crustal basinal brines which leach metals, including Hg. Likely, the
intracontinental hydrothermal systems in the Youjiang and Upper
Heilongjiang basins were driven by elevated heat flow from the
rise of the asthenosphere as compensation for the foundering slab
(Li and Li, 2007) (Fig. 5). More importantly, the negative A'9°Hg
values in our samples identify intracontinental hydrothermal de-
posits and their supracrustal basement rocks as an unrecognized
isotopically light Hg pool, distinguished from the primitive man-

tle with near-zero A'%9Hg values and complementary to the arc-
related hydrothermal systems with positive A1?Hg values.

6. Conclusions and implications

This study demonstrates that hydrothermal systems formed
in different tectonic settings can have distinct Hg isotopic com-
positions due to their distinct Hg sources and Hg mobilization
pathways. Arc-related hydrothermal systems formed in convergent
continental margins are mainly characterized by negative §292Hg
(—0.97 + 0.42%., 1SD, n = 73) and positive AT°?Hg (010 +
0.06%0, 1SD, n = 73) values (Deng et al.,, 2021a, 2021b), due to
the recycling of Hg from subducted marine sediments into these
deposits. Intracontinental hydrothermal systems formed far from
subduction zones can have positive §292Hg values (0.49 + 0.46%o,
1SD, n = 129) and negative A1%°Hg (—0.10 £ 0.04%o, 1SD, n =
129) values, due to remobilization and of metals (including Hg)
from basement rocks. Notably, the large variability of A19?Hg in
these two distinct settings of hydrothermal systems, different from
the near-zero A'99Hg values in the primitive mantle (Moynier et
al.,, 2021), indicates that a significant fraction of Hg has undergone
Hg(Il) photoreduction on Earth’s surface, prior to lithospheric re-
cycling. Our study provides new insights into the global cycling of
Hg in the crustal environment. In particular, the opposing A'%Hg
values in arc-related and intracontinental hydrothermal systems
illustrate that Hg was recycled from marine reservoirs through
plate subduction and from continental reservoirs by intracontinen-
tal fluid circulation, respectively.
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