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He-Ar Isotopes and Trace Gas Compositions of Fluid
Inclusions in Massive Sulphides from the Yushui
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Abstract: The Yushui ore deposit, located in the middle section of the Yong’an-Meixian Hercynian
depression, is a medium-sized Cu-polymetallic massive sulphide deposit in Eastern Guangdong
Province, South China. This deposit is characterized by unusually high copper grade (up to
50-60 wt. % Cu). Other metallic elements, such as lead, zinc and silver, are also economically
important in the Yushui ore bodies. The aim of this study was to apply N,—Ar-He systematics,
together with organic gases (light-hydrocarbon tracers), to constrain the origin and evolution of
ore-forming fluids. The helium-argon isotopes and trace gas compositions of fluid inclusions
trapped within metal sulphide minerals were measured for a number of bonanza ores from the
Yushui deposit. The noble gas concentrations in the studied samples vary over one to two orders
of magnitude (*He: 2.27-160.00 x 10~ cm® STP g~!; 3He: 0.53-34.88 x 107'2 cm® STP g~!; ¥ Ar:
6.28-37.82 X 1077 cm?® STP g1; 36 Ar: 1.25-10.40 x 1072 cm? STP g~!). Our data show a narrow range
of 3He/*He ratios from 0.006 to 0.056 R, (~0.026 R, on average, n = 8), which are considerably lower
than the modern atmospheric end-member value; whereas the 4 At/ Ar ratios (ranging from 333.76
to 501.68, with an average of 397.53) are significantly greater than that of air-saturated water. Most of
the bornite samples have somewhat higher 3He/*He ratios of trapped fluids when compared to
chalcopyrite. Overall, these He-Ar results are well within the range of crustal reservoir, thus implying
a predominantly crustal source (originated from Caledonian basement) for ore-forming solutions,
with little contribution from mantle-derived fluids. Analysis of the N,—Ar-He composition in Cu-rich
sulphides indicates that the Yushui ore-forming fluids were probably derived from formation water
(or basinal hot brines). Moreover, organic gas species identified in sulphide-hosted fluid inclusions
are mainly composed of C1—Cy4 alkanes, while the concentrations of unsaturated olefins and aromatic
hydrocarbons are very low. In particular, most chalcopyrite samples with relatively low 3He/*He
ratios (0.006-0.016 R,) and *’Ar*/*He values (0.0002-0.0012) are generally characterized by very
high CO,/CHy4 ratios (~60-102). All these suggest that main-stage Cu-Ag metallogenic processes
might have not been affected by high-temperature magmatic activities or superimposed by strong
metamorphic overprinting, although some chalcopyrite-rich ores appear to be influenced by later
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stage hydrothermal processes. In summary, neither magmatic input nor convecting seawater has
played an important role in the formation of Yushui copper-polymetallic deposit. The massive
sulphide ore bodies were products of water—rock interaction between metal-bearing basinal brines
and the host sedimentary strata.

Keywords: He-Ar isotopes; Np—Ar-He compositions; light hydrocarbon gases; ore-forming fluids;
Yushui copper-polymetallic deposit

1. Introduction

The most important base-metal ore fields in South China are represented by a number of
sediment-hosted, stratabound massive sulphide deposits, which mostly occur within a series of Late
Palaeozoic (Hercynian-Indosinian) intracontinental rift basins [1]. Among these deposits, the Yushui
ore deposit is one of the most Cu-rich massive sulphide deposits yet found in Southern China [1-3].
It is located in the eastern Nanling metallogenic belt, about 13 km away from Meixian County of
Guangdong Province. Being a medium-sized Cu-polymetallic deposit, this deposit is also high in Pb,
Zn and Ag, as well as rare earth elements (REEs) [2-5]. First discovered in the late 1980s, the Yushui
deposit has attracted considerable attention and research interest from Chinese economic geologists,
owing to extremely high copper grades of its ore bodies (approximately 3.25% Cu on average) formed
in a small area (~0.2 km?) [2-12]. In some of the richest bonanza ore bodies, their typical grades can
even reach as high as 50-60 wt. % Cu, with recoverable Ag (up to 10,000 ppm) [11,13]. By contrast,
average ore grades of most copper deposits in China are generally low (~0.87 wt. % Cu) [14]. In other
words, the Yushui ore deposit represents one of only a few unique examples of polymetallic massive
sulphide deposits that contain some of the highest levels of Cu and Ag ever reported in southern
China [1]. Therefore, comprehensive studies of this deposit can guide further exploration for a similar
style of Cu-Pb-Zn-(Ag) mineralization in the Nanling Region.

However, the genesis and ore-forming mechanism of the Yushui Cu-polymetallic deposit has
been somewhat controversial over the past thirty years [1-3,5,8-12]. Although once regarded as
a sedimentary exhalative (SEDEX) or Mississippi Valley-type (MVT-like) deposit [2,10,12], it was
thought to be of magmatic-hydrothermal origin at first, because of the observed phenomenon that its
host strata were commonly intruded by Mesozoic diabase dykes and granitoids [3,8]. Some authors
have also proposed that this deposit was originally formed by ancient (Late Palaeozoic) submarine
exhalation-sedimentation and was then transformed/superimposed by Yanshanian diabase or granitoid
intrusions as well as related hydrothermal fluids [5]. Although this view has been widely accepted
by many researchers [1,11,15], the major source of ore-forming fluids still remains to be a matter
of continuing debate [8,12]. This research focuses on whether the metal-bearing solutions were
mainly derived from the Yanshanian magmatic-hydrothermal fluids or originated from the mixture of
deep-/shallow-circulating meteoric water (or seawater) and old Caledonian basement components
during a Carboniferous syn-sedimentary exhalative hydrothermal event. Furthermore, the composition
of trace gases in fluid inclusions trapped in the Yushui sulphide minerals and the evolution of
ore-forming fluids through multiple stages of polymetallic mineralisation are also poorly understood.

To address the above-mentioned questions, the application of noble gas (especially helium
and argon) isotope geochemistry is key to defining the origin of ore-forming fluids. In particular,
as a monatomic chemically inert gas (*He behaves extremely conservatively during mixing of
mantle-/crustal-derived fluids with meteoric water), helium is considered to be one of the most
sensitive geochemical tracers for such studies and has distinct isotopic signatures in different types of
geological reservoirs [16-34]. For ancient polymetallic ore deposits, the He-Ar isotopic compositions
of hydrothermal fluids are faithfully preserved when trapped as fluid inclusions by mineral phases
such as pyrite, chalcopyrite, sphalerite, or galena, and thus can be widely used to reveal the degree of
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fluid-rock interaction, mantle degassing or magmatic activity [35-47]. Additionally, quantitative bulk
sample analysis of the ratios among conservative trace gas species Ny, Ar, and He can help to estimate
the amounts of magmatic, crustal and meteoric gaseous constituents in geothermal fluids [48-55].
Moreover, the concentrations and distribution features of light organic compounds (LOC, including
methane) in fluid inclusions from a variety of hydrothermal systems or massive sulphide deposits can
also serve as an important and powerful tool to interpret the various sources of organic species, as
well as to illustrate fluid boiling/mixing processes, and provide useful information about the intensity
of wall-rock alterations [56-66]. Therefore, an integrated study of the He-Ar isotopic systematics,
combined with the N,—Ar—-He or CH4/CO; ratios of fluid inclusion volatiles, allows us to further develop
our understanding of fluid evolution and metallogenic processes in the Yushui copper-polymetallic
ore deposit, South China.

2. Geological Setting

2.1. Regional Background of the Yushui Deposit

The Yushui copper-polymetallic deposit is located in the middle section of the Yong’an-Meixian
Late Paleozoic Hercynian depression. The Zhenghe-Dapu and Shaowu-Heyuan regional faults
(formed in an extensional tectonic setting induced by lithospheric thinning and asthenospheric
upwelling) [67] comprise the east and west boundaries of the depression zone, respectively. As shown
in Figure 1A, this NNE-trending depression is approximately 500 km long and 150 km wide. It extends
from Jiangle and Yong’'an (Fujian Province) at its north end to Huizhou (Guangdong Province) in the
south. The regional geological evolution is considered to have occurred in three stages: (1) passive
continental margin, (2) part of the Cathaysia Block (or defined as South China Caledonian-aged
fold belt), and (3) active continental margin [68-70]. During the Sinian-Early Paleozoic period
(ca. 750-500 Ma), this region was part of the Proto-Tethys Ocean. Before the Middle Cambrian,
a geosynclinal depression filled with thick (>2000 m) flyschoid units had been formed in the study area.
The southern part of the Proto-Tethys Ocean was gradually closed in the early Paleozoic, which might
be linked to the Wuyi-Yunkai orogeny in South China (460-415 Ma) [71]. As a result, the sedimentary
sequence was folded and then uplifted, leading to the formation of a basement with the absence of
younger rocks (the Ordovician to Lower Devonian) in this region. During the Devonian-Middle
Triassic, a paraplatform environment developed with an entire cycle of transgression and regression.
The transgression peaked in the Late Carboniferous, and then a shallow-marine carbonate platform
formed. Afterwards, regional extension resulted in a series of steep faults along the pre-existing
basement structure with a NE-ENE trend. In the Middle-Late Triassic, this region became an active
continental margin during the period of Indosinian tectonic movement (ca. 250-200 Ma) [11,72].

The regional stratigraphy is subdivided from bottom to top into five units (Figure 1B).

(1) Middle Devonian-Lower Carboniferous (D;-C;): primarily medium- to fine-grained quartz
sandstone, pebbly quartz sandstone, conglomerate with thin-bedded mudstone and siltstone,
representing clastic rock formation characterized by neritic-littoral facies. This set of strata tilt to
the northeast, with a dip angle of 25 to 30 degrees and a thickness greater than 300 m [73].

(2) Upper Carboniferous Hutian Group (C;ht): dominated by dolomite with dolomitic limestone
and limestone, or accompanied by thin layers of irregular light-colored chert, quartz sandstone,
and mudstone, suggesting a neritic to littoral facies of carbonate rocks, overlying the Middle
Devonian-Lower Carboniferous clastic rocks with a low-angle unconformity and a thickness of
200 to 350 m [73].

(3) Upper Jurassic Gaojiping Group (J3gj): continental volcanic rocks, mainly consisted of mafic,
intermediate to felsic lavas and clastic rocks overlying the Upper Carboniferous Hutian Group
(with a nearly parallel, eruptive unconformity); approximately 30-80 m in thickness.
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(4) Lower Cretaceous Guancaohu Group (K;gn): represented by lacustrine volcano-sedimentary
clastic rocks (with purple-red color), overlying the Upper Jurassic Gaojiping Group with an
angular unconformity. The strata tilt to the north with a thickness of 150-200 m.

(5) Quaternary (Q): eluvium, alluvium, and diluvium.
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Figure 1. Schematic geological maps of the Yushui copper-polymetallic massive sulphide deposit in
Meixian County, Guangdong Province. (A) Location map of the Yushui ore deposit in the middle
section of the Yong’an-Meixian depression zone (modified after [2]). Inset shows regional setting of
the study area in the Nanling Region, South China; (B) Regional stratigraphy of the Yushui mining
district (modified after [2], data sources from No. 723 Geological Prospecting Team and the local mining
company). Note that the deeply concealed ore bodies are hosted in the sedimentary strata of Upper
Carboniferous Hutian Group and Lower Carboniferous Zhongxin Formation (not marked on this map).
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Although there is no distinct folding observed in the mining district, fault structures were well
developed owing to the influence of regional tectonics. These deep faults are E-W, NE-SW, and NW-SE
trending. Fault Fy3 (with a dip angle of 75° to 85°) was the main ore-controlling structure for the Yushui
copper-polymetallic deposit. This large normal fault formed during the Devonian—Carboniferous
period, with NW side downthrown and SE side upthrown. The subvertical F3 fault plane was distorted
along its strike or dip direction, which is spatially close to the main ore bodies. Additionally, igneous
rocks present in this district (including diabase, granite porphyry and minor quartz porphyry) mostly
intruded along the three fault sets. The diabases, with a K-Ar age of ~150 Ma [2,3], occur as irregular
dykes and commonly cut through the ore bodies (Figure 2a). They are often found in underground
workings, but rarely in outcrops. The diabase dykes have an ophitic texture, and are mainly composed
of pyroxene and plagioclase. These dykes are prone to alteration, such as carbonatization, chloritization,
silicification, and sericitization. Weakly altered reddish, porphyritic granite occurs in the mining
area or underground workings. Phenocrysts within the granite porphyry are dominantly potassium
feldspar, quartz, and minor biotite and plagioclase. The groundmass is made up of felsic minerals,
such as plagioclase, potassium feldspar, and quartz.
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Figure 2. Geological profiles of the Yushui copper-polymetallic deposit (a) Cross section of ore-bearing
sector along No. 0 exploratory line; (b) columnar section of No. ZK2-4 drillhole (modified after [1,10]).
Note that the locations of No. 0 exploratory line and No. ZK2-4 drillhole are both marked in the map
of regional stratigraphy shown above (Figure 1B).

2.2. Occurrences and Distribution of Ore Bodies

The ore bodies of the Yushui Cu-polymetallic deposit appear in bedded/stratiform, lenticular and
vein-like shapes, containing about 99,000 tons of copper, 182,600 tons of lead, and 333 tons of silver [11].
With a thickness of 0.1-19 m, the ore horizon is situated at the unconformity interface between the
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limestone of the Upper Carboniferous Hutian Group and the quartz sandstone of the Lower Carboniferous
Zhongxin Formation (Figure 2a). The Yushui ores are mainly characterized by massive, disseminated,
stockwork and lamellar structures, exhibiting paragenetic, exsolution, metasomatic and/or crushed texture.
The ore-mineral assemblages are dominantly composed of bornite, chalcopyrite, chalcocite, galena,
sphalerite, and pyrite, with trace amounts of argentite/acanthite, siegenite, and Ag-bearing sulphosalts.
Gangue minerals are dominated by quartz, calcite, sericite and chlorite. The main ore bodies consist of
three layers, which are described from bottom to top as follows (Figure 2b):

(1)  Ore-bearing tuffaceous sedimentary layer, with a thickness of 5-30 cm. The tuffaceous sedimentary
rocks occur interbedded with thin layers of Cu-rich sulphide ores, showing microlaminations.
Feldspar and quartz occur as phenoclasts in the tuffaceous layers. This layer unconformably
overlies the Carboniferous clastic rocks.

(2) Bedded/stratiform massive sulphides, with a thickness of 0.1-9.4 m. This layer has the highest
Cu grade locally reaching more than 50 wt. %. Silver occurs predominantly in the copper-rich
ores and exhibits a positive correlation with Cu grades (but not with Pb or Zn contents) [13].
The grain sizes of sulphide minerals are very fine (mostly less than 0.1 mm), displaying laminated
structures. Moreover, flow structures and plastic deformation can also be observed in such
laminated layers [2,3,73].

(3) Hematite—chert layer, closely associated with the massive sulphide ores, 0.1-3.7 m in thickness.
It is a mixed sedimentary layer with very fine intercalations of exhalative materials and sediments.
The hematite-bearing chert/siliceous mudstone locally occurs with siderite, siltstone, (sandy)
dolomite, and more rarely thin-bedded sulphide ore layer. All these geological characteristics
mentioned above indicate that the Yushui copper-polymetallic deposit has the typical features of
a seafloor sedimentary-exhalative deposit [1,15,74,75].

Overall, hydrothermal alteration within the hanging-wall strata is rather weak, with slight
silicification as well as Pb-Zn mineralization and pyritization. Comparatively, the footwall alteration is
more pervasive, with carbonatization, chloritization, sericitization and Cu-Pb-Zn-(Ag) mineralization.
Furthermore, the intensity/degree of alteration gradually decreases from top downwards.

3. Sampling and Analytical Methods

A number of massive sulphide samples were collected from the —100 m level of No. 2 stope in the
Yushui deposit (Figure 2a). These typical massive sulphides were formed during the main mineralization
stage, and are principally composed of massive bornite ores (including the richest Cu-Ag bonanza),
massive chalcopyrite or galena-dominated ores, as well as mixed ores of bornite and chalcopyrite
(as shown in Figure 3a—f). Some of the samples contain interpenetrating veins of galena, sphalerite,
and calcite. Reflected-light photomicrographs of polished thin sections show that in the Pb-Zn-rich
ore samples, colloform or irregular-shaped sphalerite aggregates occur as coarse-grained inclusions
enclosed within massive porous galena (Figure 4a); whereas in Cu-rich bonanza ores, anhedral bornite
and/or chalcopyrite aggregates commonly occur as intimate intergrowths with sphalerite, pyrite or
chalcocite (Figure 4b—e), but most of these Cu-Fe sulphide crystals rarely coexist with disseminated
phyllosilicates or other clay minerals. In some cases, minor amounts of sphalerite and bornite are
present as fine-grained inclusions disseminated throughout the chalcopyrite matrix (Figure 4f).

By using agate mortar and pestle, selected ore fragments of representative hand specimens
(n = 8) were roughly crushed into millimeter-sized granules. To obtain homogeneous microcrystalline
groundmass separates, various types of metal sulphides with small diameters (20-60 mesh size fractions),
such as bornite, chalcopyrite and galena, were sieved and carefully hand-picked under a binocular
microscope at Guangdong Provincial Key Laboratory of Marine Resources and Coastal Engineering,
Sun Yat-sen University. Helium and argon isotopic compositions of trapped hydrothermal fluids from
the Yushui massive sulphide ores (including YS-035, YS-038, YS-040, YS-041, YS-042, and YS-044)
were determined with an all-metal extraction line and a GV-5400 noble gas mass spectrometer
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(GV Instruments, Manchester, UK) at the State Key Laboratory of Ore Deposit Geochemistry, Institute
of Geochemistry, Chinese Academy of Sciences (Guiyang). For higher precision, another two samples
(YS-008 and YS-020) were further analysed using a Thermo Fisher Helix Split-Flight-Tube (SFT)
multi-collector mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) at the Analytical
Laboratory of Beijing Research Institute of Uranium Geology.

2
"-’Cl

T

Figure 3. Photographs of selected hand specimens from the Yushui copper-polymetallic deposit.
(a) Typical Pb-Zn-rich massive sulphide ore samples; (b—f) typical Cu-(Ag)-rich massive sulphide
ore samples.
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Figure 4. Representative reflected-light photomicrographs of selected polished thin sections from the

Yushui copper-polymetallic deposit. (a) Colloform or irregular-shaped sphalerite aggregates occur as
coarse-grained inclusions enclosed in massive porous galena (YS-008); (b) anhedral chalcopyrite
aggregates coexisting with bornite, sphalerite and fine-grained pyrite (YS-020); (c,d) anhedral
chalcopyrite crystals and trace amounts of galena or sulphosalts mostly occur as micro-inclusions
disseminated in bornite matrix (YS-038 and YS-040); (e) anhedral to subhedral Ag-bearing chalcocite
inclusions hosted in massive bornite aggregates (YS-041); (f) tiny bornite and sphalerite grains
distributed in massive porous chalcopyrite matrix (YS-044). Mineral abbreviations: Bn = bornite,
Cc = chalcocite, Ccp = chalcopyrite, Gn = galena, Py = pyrite, Sp = sphalerite.

Approximately 1 g of coarse-grained (generally 0.25-1.0 mm) hand-picked mineral separates were
first cleaned ultrasonically several times in ethyl alcohol, then dried in vacuum and loaded in on-line
crusher buckets. In order to facilitate complete removal of volatiles adsorbed on mineral surfaces or



Minerals 2019, 9, 258 9 of 25

trapped in subsurface voids, these samples were baked at ~150 °C in an ultra-high vacuum system for
>24 h prior to measurement. Fluid inclusion-hosted volatiles were released from mineral grains into
the all-metal extraction system by sequential crushing in modified Nupro-type valves. The extracted
gases were exposed to a titanium sponge furnace at 800 °C for 20 min to remove the bulk of active
gases (such as CO, and H,O), and then exposed to two SAES Zr-Al getters (one at room temperature,
the other at 450 °C) for 10 min to further purify. He was separated from Ar using an activated charcoal
cold finger at liquid N; temperature (~196 °C) for 40-60 min to trap Ar, then He and Ar isotopes
were analyzed using the GV-5400 or Helix SFT with relative errors of <10%. Noble gas abundances
were measured by peak-height comparison with known amounts of standard air from an air bottle.
Detailed sample preparation procedures and experimental methods used here were similar to those
described in references [76-78]. The atmospheric 3He/*He and % Ar/?®Ar ratio is ~1.4 x 107® and 295.5,
respectively [79].

Analyses of (organic) trace gases trapped within fluid inclusions in this study were performed
at the New Mexico Institute of Mining and Technology (NMT), USA. The cleaned and dried bornite
or chalcopyrite samples (~100 mg each) were put into a swift crushing tube while being heated at
about 100 °C and pumped at least 8 h (to eliminate secondary fluid inclusions), until a pressure
lower than 2 x 1077 Pa was attained in the gas extraction line. The ore mineral samples were
crushed in a vacuum chamber housing the mass spectrometer (Balzers QMS-420, Balzers Instruments,
Marin-Epagnier, Switzerland), and the released volatiles were quickly removed by the vacuum
pumping system to a Balzers QMS-420 quadrupole mass spectrometer. The analytical precision is
usually better than 5%. Most of the tubes for removing trace gases were made of glass, and the time
for the removal was very short (less than 1 s), so that the released gases could keep their original
compositions. The liquid-Ny—condensable gases (including CO,, SO,, H,S, C,Hy, C;Hg, C3Hg, C3Hsg,
C4Hs, C4Hj9, CgHg, and CyHg), non-condensable gases (e.g., Hy, He, Ar, CHy, N, and O;), and water
are measured independently. The gas species are determined from an analog display of the mass
spectra. Data processing was completed using the QUADSTAR-420 software (Version 3.0, Balzers
Instruments, Marin-Epagnier, Switzerland). The experimental procedure was described in more details
by previous researchers [48,62,63].

4. Results

4.1. He-Ar Concentrations and Isotopic Ratios

The measured abundances of fluid inclusion-hosted helium and argon in these massive
sulphide samples vary over one to two orders of magnitude (as presented in Table 1, *He:
2.27-160.00 x 10~° cm® STP g~!; 3He: 0.53-34.88 x 107!2 cm3 STP g~!; “°Ar: 6.28-37.82 x 10~/ cm?
STP g~1; 30Ar: 1.25-10.40 x 10~ ecm? STP g~!). By comparison, only one chalcopyrite-rich massive
sulphide sample (YS-020) collected from the —190 m lower-level ore body contains the highest He
and *He concentrations among the remaining tested specimens, and significantly higher than those
bornite-dominated samples from the =100 m level ore body. On the contrary, most of the 3°Ar
and “°Ar contents in bornite aggregates from the richest Cu-bonanza ore body (except YS-041) are
generally higher than in chalcopyrite or galena samples. Such variations in noble gas contents may
also be attributed to differences in the actual size and population densities of fluid inclusions among
various sulphide minerals, or even due to the variation in crushing/degassing efficiency (to a certain
extent) [22,32]. Overall, these polymetallic sulphide ores exhibit a narrow range of *He/*He ratios
from 0.006 to 0.056 R, (~0.026 R, on average, n = 8); while the 40 Ar/36 Ar ratios range from 333.76 to
501.68, with an average of 397.53 which is greater than that of air-saturated water (ASW: 295.5) [79].
Moreover, a majority of the Yushui bornite samples have somewhat higher 3He/*He ratios of trapped
fluids (~0.036 R, on average) when compared to the chalcopyrite samples (~0.011 R, on average). Their
calculated 3He/*He ratios are considerably lower than the modern atmospheric end-member value,
lying within the range of crustal reservoir [80].
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Table 1. He-Ar concentrations (cm® STP g~!) and isotopic compositions of fluid inclusions hosted in massive sulphides from the Yushui ore deposit.

Sample No. YS-035 YS-038 YS-040 YS-041 YS-042 YS-044 YS-008 YS-020
Minerals Chalcopyrite Bornite Bornite Bornite Bornite Chalcopyrite Galena Chalcopyrite
3He (10712) 1.99 + 0.26 2.66 + 0.08 1.66 + 0.05 0.53 + 0.04 4.06 +0.16 2.98 +0.18 2.01 34.88
“He (107°) 22.41 +0.34 3.43 +0.05 427 +0.07 2.27 +0.03 7.07 £0.11 20.80 + 0.32 4.80 160.00
H0Ar (1077) 6.28 + 0.04 27.63 +0.16 37.34 +0.22 8.57 + 0.05 37.82 +0.22 20.23 +0.12 13.96 12.96

36 Ar (107%) 1.25 +0.03 8.25 + 0.06 10.40 + 0.06 1.97 £ 0.03 8.82 +0.12 6.06 + 0.07 3.62 3.22

3He/*He (R,) 0.006 + 0.001 0.056 + 0.002 0.028 + 0.001 0.017 + 0.001 0.041 + 0.002 0.010 + 0.001 0.030 0.016
40 Ar/30Ar 501.68 + 12.32 334.87 +3.02 359.06 + 3.06 434.28 +7.88 428.62 + 6.23 333.76 £ 4.12 385.70 402.30
40 Ar*/AHe 0.0012 0.0095 0.0155 0.0121 0.0166 0.0011 0.0068 0.0002

F*He 1,081,365 25,149 24,793 69,407 48,398 207,394 80,149 3,000,697

Notes: 1. All errors are quoted at the 1o confidence level; 2. The unit for 3He, *He, 3 Ar, and “°Ar is cm?® STP g‘1 ;3. 0Ar = 40Arsample X [1- (40Ar/36Ar)afmosphere/(‘*oAr/36Ar)sample] ;4.

F*He values reflect enrichment of *He in the fluids relative to air, F*He = (4He/36Ar)sample/(“He/36Ar)atmOSp}1ere where 4H(J_/%Al‘amm,Sp}1ere = 0.1655 [37]; 5. Except for two samples (No.
YS-008 and YS-020) which were analyzed in the Analytical Laboratory of Beijing Research Institute of Uranium Geology, the other samples were measured in the State Key Laboratory of
Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences (Guiyang).
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4.2. Trace Gas Analysis of Fluid Inclusions

Inclusion volatiles were measured in bornite and chalcopyrite from the —100 m level of No. 2 stope
(main ore bodjies) in the Yushui deposit. The abundances of trace gases (such as He, Ar, and Nj) in fluid
inclusions are presented in Table 2. It appears that the analytical variation in the same crushed sample is
quite small. In addition to the determination of conservative gas species N, Ar, and He in ore-forming
fluids, the concentrations and ratios of organic gases were also measured for comparison. Bulk analytical
results of fluid inclusions in the Yushui massive sulphide ores are shown in Table 3. These volatile
organic compounds are mainly composed of CH4 and CO,, together with C,—Cy (i.e., CoHy, CoHg, C3H,
CsHg, C4Hg, C4H1g, CsHg, and CyHg). Other than methane, the most abundant hydrocarbons are ethane
(CoHg), propane (C3Hg), n-butane (C4Hjy), propylene (C3Hg) and butane (C4Hjp). Minor amounts of
ethylene (C,Hy), butene (C;Hg), benzene (CgHg), and toluene (C;Hg) were also detected (except for
one chalcopyrite sample). By contrast, the concentrations of hydrocarbons larger than C4 were very
low, thus can be regarded as negligible. Furthermore, the final freezing temperature and initial melting
temperature of CO, inclusions were somewhat lower than the standard values, suggesting the existence
of other trace gases. However, not all of the organic species recorded in mass spectra have been identified
and calibrated due to the limitations of testing methods. Hence, the amount of condensable organic
compounds has been calculated to date by assuming all are CH4 and C,-C7 light hydrocarbons [48].

Table 2. N, Ar and He contents (mol. %) in sulphide-hosted fluid inclusions from the Yushui deposit.

Mineral Description Crush No. N, Ar He Ny/Ar  Ar/He

0.3782 0.0014  0.0461 270.1 0.030
0.0405  <0.0001  0.0054 - -
0.0302  <0.0001 0.0098 - -
0.4806 0.0048 0.0519 100.1 0.092
0.0280 <0.0001  0.0087 - -
0.0395 0.0001 0.0065 395.0 0.015

14548  0.0003 0.0164  4849.3 0.018
0.9537  0.0003  0.0088  3179.0 0.034
0.8076 ~ 0.0003  0.0073  2692.0 0.041
1.9852  0.0007  0.0237  2836.0 0.030
0.4037  0.0004 0.0127  1009.3 0.031
0.1917  0.0004  0.0084 479.3 0.048
0.2421 0.0003  0.0096 807.0 0.031
0.1415  0.0003  0.0084 471.7 0.036
0.0797  0.0003  0.0078 265.7 0.038

—_

Hand-picked
separates of
bornite fine-grained
aggregates from the
Cu bonanza ores

Hand-picked
separates of
fine-grained
aggregates from
massive sulphide
ores

chalcopyrite

O 0T Ul WN = | ONU =W

Table 3. Light hydrocarbons and CO, contents (mol. %) in sulphide-hosted fluid inclusions from the
Yushui Cu-rich ore samples.

Samplin Selected from Some of the Richest Bonanza Selected from Typical Stratiform Massive
Locftiong Ore Bodies at the —100 m Level of No. 2 Stope Sulphide Ore Bodies at the =100 m Level of
in the Yushui Copper-Polymetallic Deposit No. 2 Stope in the Yushui Deposit

. Hand-Picked Separates of Fine-Grained Hand-Picked Separates of Fine-Grained

Mineral . .
Bornite Aggregates Chalcopyrite Aggregates

Crush No. 1 2 3 4 5 6 1 2 3 4 5 6

CHy 5531 38.85 4753 6343 4742 3891 1204 1.638 1.073 1259 1.266 0.968

CyHy 0292 0211 0218 0288 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
CyHg 1.049 0497 0786 1275 0870 1114 0.093 0.101 0.090 0.093 0.092 0.082
C3Hg 0.104 0.064 0.104 0066 0.057 0.041 0.064 0.063 0.062 0.062 0.065 0.052
C3Hg 0750 0451 0619 0787 0330 0441 0.142 0.150 0.132 0.138 0.150 0.128
C4Hg 0.209 0.062 0128 0275 0.026 0.08 0.003 0.005 0.005 0.004 0.003 0.004
C4Hjp 0341 0.094 0218 0467 0033 0.109 0.002 0.002 0.003 0.003 0.002 0.003
CeHg 0.142 0065 0.105 0.164 0.014 0.010 0.001 0.001 0.001 0.001 0.001 0.001
Cy7Hg 0.032 0.009 0.020 0.049 0.001 0.002 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
CO, 4177 5970 5027 3320 5125 5929 9849 98.04 98.64 9844 9842 98.76
CO,/CHy 0.76 1.54 1.06 0.52 1.08 152 8178 59.86 9192 7821 77.73 102.00
CH4/CoHg 5272 7823 6046 49.75 5448 3492 1299 1623 1198 1352 1376 11.81
CyHy/C3Hg  1.40 1.10 1.27 1.62 2.64 2.52 0.65 0.67 0.68 0.67 0.61 0.64
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5. Discussion

5.1. Helium and Argon Sources

According to previously published results of noble gas isotopes, helium and argon trapped in fluid
inclusions generally originate from three main sources: (1) air-saturated water (ASW, including meteoric
fluids and groundwater), which is characterized by atmospheric He and Ar isotopic compositions
(*He/*He = 1R,, “°Arf°Ar = 295.5) [79]; (2) mantle magmatic volatiles, which are produced from
most mantle-derived rocks including the oceanic lithosphere characterized by a well-defined *He/*He
ratio of 1-1.3 x 107 (7-9 R,), while mantle-derived Ar is dominated by radiogenic 40Ar with
40 Ar/3 Ar > 40,000 [81-83]; (3) fluids of crustal origin, including formation water or sedimentary basin
brines. It has been suggested that high concentrations of large-ion lithophile elements (LILEs, such as
U, Th and K) in the continental crust can produce abundant radiogenic/nucleogenic Ar and He,
with 40Ar/20 Ar ratios > 45,000 and *He/*He ratios < 0.1 R,, respectively [80]. In this study, our data
indicate that He-Ar isotopic compositions of the Yushui sulphide samples are relatively close to each
other (*He/*He: 0.006-0.056 Ra; **Ar/*®Ar: 333.76-501.68). All these *He/*He and *°Ar/** Ar ratios are
well consistent with the range of crust-originated fluids (0.01-0.05 R,), suggestive of crustal components
as the predominant source of noble gases, with little or no contribution from mantle-derived fluids
(Figure 5). The proportional contribution of atmospheric He to the ore-forming fluids can also be
estimated by calculation of the F*He value (i.e., the ratio of “He/*® Ar in the sample to the atmospheric
“He/?0 Ar ~0.1655). Overall, the calculated F*He values of the Yushui ore deposit are greater than
24,000 (Table 1). In other words, the *He content in each sulphide sample was more than 24,000 times
that of the atmosphere, implying that seawater and/or meteoric water might play a negligible role in
copper-polymetallic mineralization.

100
B Bornite
® Chalcopyrite Mantle-derived Fluids
€ Galena \

109 A MVTDeposits |

Cu-Porphyry
X SSTPb-Zn

14 *

o X
o
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i xON x %
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Figure 5. 0Ar/%0 Ar versus R/Ra diagram of fluid inclusions hosted within massive sulphide samples
from the Yushui Cu-polymetallic ore deposit. Plots of data points from representative Porphyry-Cu ore
systems, Mississippi Valley-type (MVT) and sandstone-type (SST) Pb-Zn deposits are also shown for
comparison, given by [37-40].
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In addition, the “° Ar*/*He values of our studied samples vary from 0.0011 to 0.0166, while the
40 Ar*/*He value of crustal source (present-day average crustal production ratio) is approximately
0.2 [80]. In contrast, the mantle beneath the crust has a higher 40 Ar*/*He value of ~0.5 (where *Ar* is
the non-atmospheric 4’ Ar contribution) [28,29,80,84]. Notably, a majority of these data plotted in the
40Ar*/4He-R/R, diagram (Figure 6) are lower than the 40 Ar*/4He value of crustal fluids. According to
previous researchers, the ° Ar*/*He value of modern groundwater may decrease when groundwater
flows through regional rocks, as “He is preferentially leached and mobilized in comparison with 4° Ar [85].
Actually, the concentrations of radiogenic *°Ar and *He in groundwater (derived from crustal rocks) are
related to the closure temperatures of Ar and He. For most minerals, the closure temperature of He is less
than 200 °C, while the closure temperature of 4’ Ar is usually higher than 200 °C. According to previous
microthermometric results obtained from the Yushui ore deposit, the homogenization temperatures
of fluid inclusions mainly ranged from 110 °C to 220 °C [12], indicating that “He was preferentially
partitioned into the metal-bearing solutions. Therefore, the relatively low values of “’ Ar*/*He for
the Yushui ore-forming fluids may be resulted from the remobilization and redistribution of highly
radioactive *He from the strata during continuous leaching/hydrothermal reworking processes.

10 —
B Bornite Mantlg“Ar'/“He
@® Chalcopyrite LTI
// \
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I/ /////’
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> ///// \\\\\\\\\\
m /// \*\\\
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' ° Production
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Figure 6. “*Ar*/*He versus R/R, diagram of fluid inclusions hosted within massive sulphide samples
from the Yushui Cu-polymetallic ore deposit (modified after [84]). Data sources from the previously
published literature [37-39] and this study.

As shown in Figure 6, the “’ Ar*/*He ratios of chalcopyrite samples (No. YS-020, YS-035, and YS-044)
were much lower than those of bornite and galena samples. Likewise, the *He/*He ratios of these
three samples were also slightly lower than the other five samples. In fact, bulk chemical analyses of
trace-element compositions (unpublished data) reveal that the concentrations of large-ion lithophile
elements (especially U and REEs) in selected chalcopyrite-rich samples were significantly higher than
those in the other bornite-rich ores, and the radiogenic *He produced from radioactive decay of uranium
may have increased the contents of “He in these U-rich samples and thus led to a decrease of the * Ar*/*He
ratios. On the other hand, extremely high contents of total REEs in such chalcopyrite samples (ZREE up to
>20,000 ppm) are positively correlated with the enrichment of U (Figure 7), indicating that these elements
were probably accumulated in the same period and controlled by similar geological factors. Based on
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the preliminary results of geochemical analyses and optical microscopic observations, we suggest that
some of the Yushui ore bodies might be locally affected by late-stage hydrothermal reworking and
alteration. As a result, those sulphide samples with elevated U and REE concentrations have yielded
somewhat anomalous He-Ar isotopic ratios in their fluid inclusions. Nevertheless, the other Cu-rich
bonanza samples from the Yushui main ore bodies were not superimposed by strong metamorphic
overprinting (only weakly affected). Therefore, these results may represent the initial He-Ar isotope
compositions of ore-forming fluids. The mixture of crustal reservoir can impart distinct He-Ar isotopic
signatures to the hydrothermal products during Cu-mineralization processes in the Yushui deposit,
as demonstrated by the lowest F*He values measured in those bornite-rich samples with relatively
higher 40 Ar*/4He ratios close to that of the crustal production (~0.2) [84].
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Figure 7. Scatter plots of total rare earth elements (REEs) versus U concentrations (ppm) in different types
of the Yushui sulphide samples. Note that there is a strong positive correlation between these two elements,
along with the variation trend of decreasing “° Ar*/*He ratios during copper-polymetallic mineralisation.

5.2. The N,—Ar—He Systematics

Some authors have proposed that the compositions of trace gases (such as Np, Ar, and He)
in geothermal systems can be used to determine the ratios among magmatic water, crustal fluids
and meteoric water in hydrothermal solutions [56-58]. As shown in the N»/100-Ar-He x 10 (NAH)
ternary diagram (Figure 8), the trace gas ratios associated with distinct sources/reservoirs are markedly
different. The basic principle is as follows: the Ny/Ar ratio in the modern atmosphere is around 83.6,
but the Nj/Ar ratio of ASW (including seawater) is somewhat lower (~38) since the solubility of Ar
in water is higher than that of N,. The meteoric water is plotted near label Ar in Figure 8 because it
is enriched in Ar. During plate subduction, a large amount of marine sediments were carried to the
deep crust. Decomposition of organic matters in subducted sediments might have released a large
amount of N, which makes the mantle-derived magmatic water plotted near label N»/100 in Figure 8
(Zone A), with Np/Ar ratios higher than 200 because of its richness in N,. As mentioned above, helium
(especially *He) is mostly derived from the decay of radioactive elements. Due to high contents of U
and Th in the continental crust, crustal water (enriched in helium) is plotted near label Hex10 (Zone B).
It has also been suggested that the magmatic water from rift basalts or rhyolites partly overlaps the
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field of crustal water in this NAH diagram (Zone C), but their corresponding different >He/*He ratios
could be used to distinguish them [51,52,54,56-58].

N./100

Magmatic
Water

AIR
Meteoric
Q Water
ASW

(Crustal)
Formation
Water

Hex10 Ar

Figure 8. N/100-Ar-He x 10 ternary diagram of ore-forming fluids in the Yushui deposit (modified after [49]).
Zone A: magmatic water; Zone B: formation water (sedimentary brines); Zone C: fluid from rift basalt/rhyolite;
Zone D: deep-circulating meteoric water; Zone E: shallow-circulating meteoric water, including seawater/air
saturated water (ASW). “x”: chalcopyrite samples; “O”: bornite samples from the bonanza ore body.

The compositions of trace gases in sulphide inclusions of the Yushui copper-polymetallic deposit
are listed in Table 2. The results of Nj, Ar, and He in replicate samples were in good agreement, with a
small range of variability. This may suggest that the analytical method is reliable, and the (trapped)
gas/fluid ratios are quite stable in fluid inclusions. Hence, boiling is not the major mechanism for metal
deposition, which may cause great variation of gas/fluid ratios [49,51]. In the NAH diagram, we find
that most of the analytical data are plotted in Zone B and Zone C, representing the source ranges of
formation water (sedimentary hot brines) and/or fluids from rift-related basalt/rhyolite, respectively.
Combined with the He-Ar isotopic tracers, we can rule out the possibility that the ore-forming fluids
were derived from ASW/meteoric water and/or deep magmatic water associated with continental rift
basalt/rhyolite. Obviously, the N-Ar-He systematics are generally consistent with previous integrated
studies of He-Ar isotopes, thus can provide more geochemical evidence to support the crustal origin of
Yushui ore-forming fluids (mainly derived from formation water/basinal brines). However, it should be
noted that several chalcopyrite samples show a systematic increase in He/N, ratios towards magmatic
end-member value, possibly suggestive of an insignificant mixing trend between crustal and mantle
components during fluid evolution and hydrothermal alteration processes.

5.3. Compositions of Light Hydrocarbon Gases

Ore-forming fluids of sediment-hosted, stratabound massive sulphide deposits, especially
formation water or sedimentary basinal brines, usually contain a large amount of organic matters.
The organic matters are principally composed of light hydrocarbon gases because most of liquid
hydrocarbons are unstable at (medium to high) ore-forming temperatures [60]. It has been
proposed that light hydrocarbons in crustal fluids were mainly generated by thermal cracking
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of kerogens caused by interactions between crustal fluids and organic matters in sedimentary
rocks [57-59]. Here, two end-member components have been recognized in these light hydrocarbon
gases. One component (called the “natural gas type” for short) was generated in the interaction of
crustal fluids with sedimentary rocks at medium-low temperatures. Its composition is predominantly
made up of a sequence of saturated hydrocarbon species decreasing steadily from CHy to higher
saturated alkanes. The ratios of CH4/CyHg and C;Hg/C3Hg are about 50-350 and 2.5, respectively;
while the contents of unsaturated olefins and aromatic hydrocarbons are very low. Such features
are very similar to those of natural gases. The other component (called the “magmatic volatile type”
for short) was produced by fluid-rock interactions at high temperatures (>400 °C) during magmatic
intrusion, consisting essentially of CH, with rapidly decreasing contents of higher species of saturated
alkanes. The ratios of CHs/CyHg and C,Hg/C3Hg are higher than 1000 and about 10, respectively,
along with (easily measurable) high concentrations of unsaturated alkenes and aromatic hydrocarbons.
The reason for this is that high-temperature conditions favor the formation of short-chain alkanes and
unsaturated alkenes [57,59,62,63].

As presented in Table 3, the CH4/C,Hg ratios for the Yushui ore-forming fluids are about 10-80,
while the C,Hg/C3Hg ratios are mostly less than 3. In addition, the concentrations of unsaturated
alkenes/olefins and aromatic hydrocarbons are very low. Thus, the light hydrocarbon organic gases
in our tested specimens obviously belong to the so-called “natural gas type”. The results in Figure 9
also demonstrate that almost all of these analytical data are plotted in the field of “natural gas type”,
implying that the light hydrocarbon gases in ore-forming fluids of the Yushui deposit (especially for
Ag-rich bornite samples) were probably generated by thermal cracking of kerogens caused by fluid-rock
interactions at medium-low temperatures. On the other hand, an increase in CO,/CHy ratios is generally
correlated with decreasing 4 Ar*/*He values in fluid inclusions (following the paragenetic sequence from
bornite to chalcopyrite, accompanied by progressive low-grade regional metamorphism). Nevertheless,
the main-stage Cu-Ag mineralization processes (which had occurred before the Yanshanian magmatism)
seem not to have been strongly affected by later-stage, high-temperature magmatic activities. In fact,
the intrusion of Mesozoic diabase dykes or granitoids in the mining area might not have a direct relationship
with the Yushui main ore bodies. This geological phenomenon is also consistent with our conclusions.

CO;
0.0,1.0

Y 7 7 >0.0
CH.o00 0.2 0.4 0.6 0.8 1.0 C,H, X100

Figure 9. CH;4-CO,-CyHg X 100 ternary diagram of fluid inclusions in massive sulphides from
the Yushui copper polymetallic ore deposit (modified after the published literature [55,57,62]). A:
“magmatic/metamorphic volatile type” field; B: “natural gas type” field; “X”: chalcopyrite samples;
“O”: bornite samples from the Cu-rich bonanza ore body.
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However, it must be emphasized that this classification diagram for the CO,—CH,—C,Hg ternary
system could only be established/used semi-quantitatively. Thermodynamic modelling indicates that
fluid inclusions containing CO, and significant amounts of CH, will re-equilibrate and precipitate
graphite during cooling, thus resulting in post-entrapment compositional changes [86]. Noteworthily,
the dashed lines in Figure 9 only roughly mark the ambiguous boundaries of “evolved magmatic” or
“composite fluid” fields. Generally speaking, the typical volatiles associated with magmatic activity are
characterized by CO; and only minor CHy [53,66]. Although the characteristic carbon-bearing volcanic
vapor is considered to be CO,, reports on the presence of hydrocarbons in igneous rocks (formed by
abiogenic processes) have actually increased in recent years. Most of the occurrences are due to the
incorporation of organic materials into the magmatic systems [87]. For example, fluid inclusions
in minerals from alkaline igneous complexes contain distinctly different carbon-bearing volatiles,
which are dominated by hydrocarbon-rich gases (essentially CHy) with only insignificant amounts
of CO, [88]. Therefore, these hydrocarbons may not be as rare as previously thought. Moreover,
the domain “A” also covers almost all the field of metamorphic fluids, and thus may not always
represent magmatic volatiles or volcanic vapors in its totality. In some cases, evolved meteoric
waters, metamorphic or deep-sea hydrothermal vent fluids with elevated CO,/CHj4 ratios may also
be plotted in the upper part of this ternary diagram (close to label CO;) [89-91]. So it is necessary to
combine the composition of organic gases in fluid inclusions with the N,-Ar-He tracing systematics.
Here, we introduce a CO,/CHy vs. Ny/Ar diagram to unambiguously identify fluid sources [92].
Overall, the CO,/CHy ratios of crustal fluids are usually below 4 [53,66]. Note that the variation
range of bornite samples in Figure 10 generally falls within the domain of organic-rich formation
waters. As for chalcopyrite samples, data presented in Table 2 give Ny/Ar ratios in the general range of
~266 to 4849, whereas corresponding CO,/CHy ratios vary from ~60 to 102. Most of these analytical
results plotted outside the crustal box (near or within the domain of composite fluid, see Figure 10) are
obviously distinct from those of bornite-rich samples (N»/Ar: ~100-395; CO,/CHy: 0.52-1.54), and thus
can be explained in terms of mixing between magmatic fluids and a crustal component (i.e., formation
waters/basinal brines), but only to a limited degree.

1000+
Magmatic Fluids
1005 Shallow
Meteoric {__Chalcopyrite Sample |
T 109
Q ] < Composite
S ¢
Q Excess Bornite I
14
© ] Ar Sample
Evolved
Evolved _
(Crustal) &, Organic (Magmatic)
0.1 21 (Formation
- S| Waters)
0.01 —— I W—— — e
" 100 1000 10,000
N2/Ar

Figure 10. Compilation of CO,/CH, versus Ny/Ar data for Cu-rich sulphides from the Yushui ore
deposit (modified after the published literature [55,66,92]).
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5.4. Possible Mechanisms for the Oxidation of Hydrocarbons to CO,

Besides chalcopyrite, a recent study [12] also reveals the presence of abundant CO,-rich
fluid inclusions, together with aqueous inclusions in both opaque and transparent minerals
(including sphalerite, quartz, and calcite) from the Yushui ore deposit. In contrast to the hydrocarbon-rich
fluid inclusions within bornite samples, it should be noted that such CO,-rich fluids are uncharacteristic
of basinal brines, but somewhat comparable to those of orogenic or magmatic mineralization
systems [90,91]. Typically, hydrocarbon fluids are important parts of basinal hydrothermal settings.
Sulphur speciation and concentrations in deep basinal brines play a crucial role in the formation of
many sediment-hosted polymetallic sulphide deposits [93]. In particular, one of the most important
reactions controlling the sulphur behavior in deep sedimentary environments is the abiogenic reduction
of sulphate to sulphide (occurring at temperature above 100-140 °C) coupled with the oxidation of
hydrocarbons, which is termed thermochemical sulphatet reduction (TSR) [94-96]. Thus, the TSR
process involving hydrocarbons may contribute significantly to the genesis of both MVT and SEDEX
ore deposits [97-99]. Moreover, it has been suggested that siliceous limestones commonly experience
insignificant decarbonation/decomposition of carbonates under contact metamorphic conditions;
whereas for most sedimentary rocks enriched in organic matter, CHy rather than CO, will be
released [100]. Therefore, infiltration of external, hot fluids into the host strata might increase the CHy
generation from devolatilization reactions (or partially by removal of organic carbon from the host
rocks). However, this is clearly not the case with the Yushui fluids trapped in chalcopyrite.

To explain this, we propose that late-stage hydrothermal alteration caused by oxidized ore-bearing
solutions that penetrated into the Caledonian basement might result in an oxidation effect of soluble
organic gases and materials (i.e., methane or other light hydrocarbons), which is manifested by elevated
CO,/CHy ratios and secondary enrichment of U-REE in most chalcopyrite-rich samples (Figure 7),
as well as a decrease in the content of saturated hydrocarbons (see Table 3). Theoretically, methane can
be oxidized to carbon dioxide (CHy + 20, = CO, + 2H,0) via two distinct geological processes: (1)
AOM reaction (anaerobic oxidation of methane) mediated by sulphate-reducing bacteria in an anoxic
environment, and (2) TOM (thermochemical oxidation of methane) at relatively high temperatures by
sulphate or high-valence metal oxides. Both processes typically result in the formation of authigenic
carbonate. Although it is difficult to distinguish between thermochemical and bacterial sulphate
reduction (BSR) in sediment-hosted base metal deposits, S-isotope ratios of sulphide products and fluid
inclusion data can be used as distinguishing criteria, and provide geochemical evidence for identification
of a bacterial versus a thermochemical origin [95,96]. Previously, we have already investigated the
sulphur isotopic signatures of various ore minerals to infer the sources of paleo-hydrothermal fluids.
Unpublished isotopic data produced by bulk analyses of hand-picked mineral separates show a narrow
range of 534S values varying from —4.9 to 1.5 per mil (63*Sponite: —4.9——0.5%ov.cpT, With an average of
—3.40/00} 6345Chalcopyrite: _4-3__1-2O/°0V-CDT/ with an average of —3.10/00; 6348Galena: _2-7__1-70/00V-CDT1
with an average of —2.2%o; 634Spyrite: —3.1-1.5%ovy.cpT, with an average of —0.6%o). All these results
are comparable to the majority of typical SEDEX and MVT deposits, where the reduced sulphur was
interpreted to be mainly derived from TSR [95,96].

Moreover, organic gas reservoirs in sedimentary basins are generally buried to depths of
several kilometers experiencing temperatures from 60 to 150 °C [101], while the metabolism of
archaea/sulphate-reducing bacteria responsible for AOM are mainly active at temperatures below
80 °C (i.e., dominating the conversion of CHy to CO; only under limited conditions). During prograde
metamorphism, methane directly formed by cracking of higher hydrocarbons under elevated
temperature will become increasingly enriched in '*C as a result [102]. Although there are no
carbon-isotope data available for the CHy or carbonate (e.g., calcite/dolomite cements) associated
with the Yushui ore bodies, anaerobic oxidation of methane by bacteria or archaea can also be ruled
out on the basis of our microthermometric measurements, because the estimated homogenization
temperatures (about 120-190 °C) of fluid inclusions in sphalerite and transparent minerals from the
main metallogenic stage would have been too high for sulphate-reducing bacteria to survive [96].
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Furthermore, mixing and contamination by oxidised methane during the extraction is also considered
unlikely because of the rapidity of sample handling and experimental procedures. Hence, TSR is
potentially the predominant mechanism for hydrocarbon oxidation in the strata with high formation
temperature (especially > 80 °C). Recently, geological evidence has been reported for the oxidation of
CHj, induced by high-valence metal oxides or by Fe3* in detrital biotite (chloritization) at temperatures
above 270 °C during metamorphism [101,103,104], but this needs to be further confirmed. In sum,
methane in early-formed Cu-rich sulphide assemblages was mainly derived from cracking of the
precursor hydrocarbons. At increasing metamorphic conditions under more oxidizing conditions, an
unusual depletion of methane in main-stage high-temperature chalcopyrite samples can be explained
by the oxidation of hydrocarbons to CO, and H,O. This is supported by the contemporaneous increase
of CO, contents in the trapped volatiles (locally produced by TSR during the later hydrothermal
reworking and alteration).

5.5. Constraints on the Genesis of Yushui Ore Deposit

It can be concluded that the compositions of fluid inclusions in most Cu-rich sulphide samples
may represent fluid features of the principal ore-forming stage. Analyses of their He-Ar isotopic ratios
and trace gas characteristics indicate that main sources of the Yushui ore-forming fluids were derived
from basinal hot brines (crustal formation water) in the host strata rather than magmatic input or
shallow-/deep-circulating seawater, even though fluids for the Nanling metallogenic belt are generally
considered to have been sourced (substantially) from seawater by convection [1]. Previous studies
have suggested that cations dissolved in the liquid phase of fluid inclusions hosted by the main-stage
ore-mineral assemblages (such as bornite and chalcopyrite) are predominantly composed of Ca®*
and Na*, followed by K* and Mg2+ ; while the identified anion species were mainly 50,42~ and ClI-,
followed by F~. The Na*/K™ ratios ranged from 1.29 to 30.78, and the F~/Cl™ ratios varied from 0.016
to 1 [8]. It is generally thought that the Na*/K™ ratio in magmatic hydrothermal fluids is less than 1,
and greater than 1 in metamorphic or pegmatite deposits; whereas higher values will be observed in
ore-forming fluids associated with sedimentary rocks or underground hot brines [105]. Some authors
also found that magmatic hydrothermal fluids are commonly rich in F~, while hydrothermal fluids
(such as underground hot brines from primary sedimentary basins) have low F~/CI™ ratios (usually less
than 1) [106]. Therefore, the Na*/K* and F~/Cl1~ ratios in the liquid phase of sulphide inclusions [8]
also indicate that ore-forming fluids of the Yushui copper-polymetallic deposit should be derived
from sedimentary hot brines (formation water), but have little genetic relationship with the later stage
magmatism and/or relevant hydrothermal event (except for a number of chalcopyrite samples).

Disputable direct dating of the bornite-dominated assemblage has been recently discussed in
the literature. Our isotopic data yielded a Re-Os isochron age of 308 + 15 Ma, which is interpreted
to represent the age of ore deposition for these Cu-rich massive sulphides [11]. Thus, the formation
of the Yushui ore bodies, especially the main stage of Cu-Ag mineralization, is coeval with the host
rocks. Previously published results reported an initial '87Os/!88Os ratio of 1.81 + 0.34 for the Yushui
polymetallic sulphide deposit, with the yOs(t) value up to +1349, suggesting a major contribution of
crustal materials to ore-forming processes [11]. According to ore-bearing properties in this district [107],
high concentrations of copper, lead, zinc and silver were detected in the surrounding strata formed in the
Predevonian era (the Caledonian basement), which might provide an important source of ore-forming
materials. Combined with the geological features of the Yushui deposit, it is proposed that the mining
area was affected by the Hercynian tectonic activities, resulting in regional extension. This event
led to an increase in the geothermal gradient within this area, which might have produced basinal
hot brines/formation water in the Caledonian tectonic layer. Abundant ore-forming elements were
also leached and transported by the fluids over the same period. Subsequently, paleo-hydrothermal
fluids migrated along the deep dilational faults, carried the metals upwards, and formed the massive
sulphide ore bodies. The penetration-circulation of basinal brines (deep downward) into the basement
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rocks may be a main driving mechanism for extraction of base metals and silver [108]. In summary,
the Yushui copper-polymetallic deposit may be of sedimentary exhalative origin.

6. Conclusions

(1) The 3He/*He ratios (0.006-0.056 R,) and “CAr/3® Ar values (333.76-501.68) of fluid inclusions in
massive sulphides from the Yushui copper-polymetallic deposit are well within the range of crustal
reservoir, thus indicating that the main-stage Cu-rich solutions may be predominantly derived from
crustal fluids without the mixing of mantle fluids or seawater. To a lesser extent, the ore-forming fluids
may have inherited the radiogenic He isotopic signatures from the surrounding strata. As a result,
the 4 Ar*/*He values of most chalcopyrite samples were generally lower than those of bornite-rich
samples, suggesting that the main ore bodies might be locally influenced by later stage hydrothermal
reworking and alteration.

(2) Combined with He-Ar isotopic tracers, the compositions of trace gases (N,—Ar—He systematics)
in Ag-rich bornite crystals also indicate that such metal-bearing solutions probably originated from
formation water (basinal hot brines), rather than magmatic water or circulating meteoric water.
In addition, a variety of light hydrocarbon species identified in the Yushui fluid inclusions provide
additional constraints on the origin of ore-forming fluids.

(3) The organic gases in the ore-forming fluids of the Yushui deposit are mainly composed of C1-Cy4
alkanes, while the contents of unsaturated olefins and aromatic hydrocarbons were very low, indicating
that the processes of copper-polymetallic mineralization were not directly affected by high-temperature
magmatism. As hydrothermal alteration proceeded, CO, and H,O trapped within fluid inclusions
may have formed by the breakdown and oxidation of organic matter.
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