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ARTICLE INFO ABSTRACT

The source of metal and sulphur in porphyry and related epithermal deposits is a long debated issue. The role of
mantle-derived magmas in providing the metals has proved particularly problematic. Here we report new He and
Ar isotope determinations from ore fluids from the Zijinshan high sulfidation-epithermal Cu-Au deposit and
Wuzigilong transitional Cu deposit from the giant Zijinshan porphyry-epithermal Cu-Au-Mo-Ag ore system (from
105 to 91 Ma), to decipher the contribution of mantle-derived volatiles and heat. Hydrothermal fluids in pyrite
and digenite have *He/*He up to 5.7 R,, among the highest measured in ancient ore-forming fluids. A linear
correlation between He and Ar isotopes indicate that the ore fluids were, to a first order, a mixture between a
shallow crustal fluid, with low *He/*He, and a dominantly mantle-derived fluid with high *He/*He. The mantle
3He/*He is close to values typical of the upper mantle indicating the initial magmas that provided the heat for
hydrothermal systems did not assimilate large volumes of continental crust. The ore-forming fluids have *He/
heat ratios that are 10 to 80 times higher than that of mid-oceanic ridge hydrothermal fluids, indicating that the
metal-bearing fluids acquired heat and volatiles in a convective, rather than conductive, hydrothermal regime. It
appears that mantle-derived volatiles, heat and probably metals have made a major contribution to the Cu-Au-
Mo-Ag mineralization in the Zijinshan orefield.
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1. Introduction

The source of metals and sulphur in porphyry mineralization and
related epithermal deposits has been debated for several decades. The
magmatic 8%*S of sulfide minerals from many porphyry deposits
(Eastoe, 1983; Field and Gustafson, 1976) and meteoric water isotope
signatures (Sheppard and Taylor, 1974) led many to consider that the
felsic magmas (Burnham, 1979) and/or the surrounding country rocks
(Ohmoto and Goldhaber, 1997; Sheppard and Taylor, 1974) are the
main source of metals However, the low solubility of sulphur in felsic
magmas (Hattori and Keith, 2001;Wallace and Carmichael, 1992) rules
them out as suppliers of the metal in the ore-forming systems (Imai
et al., 1993; Sillitoe, 1997; Sun et al., 2004). It is likely that mafic
magmas play an important role in triggering felsic magmatism, and in
generating the conditions necessary to form porphyry deposits
(Chiaradia et al., 2012; Hattori, 1993; Hattori and Keith, 2001), espe-
cially giant deposits (Porter, 2005). Mafic magmas have great capacity
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to transfer sulphur and metal from the mantle to the shallow crust due
to the high sulphur solubility (Hattori and Keith, 2001; Sun et al.,
2004), which could supply enough metal and S for the porphyry and
related epithermal deposits. Understanding the relationship between
the mantle melting, felsic magmas and porphyry-epithermal deposits is
essential to establishing genetic models of ore deposition.

Noble gas isotopes are unique tracers of the involvement of mantle
magmas in the generation of ore deposits (Burnard et al., 1999; Burnard
and Polya, 2004; Davidheiser-Kroll et al., 2014; Hu et al., 2012;
Kendrick et al., 2001; Stuart et al., 1995; Wu et al., 2011) by virtue of
the difference between >He/*He of upper mantle (7-9 R,; Graham,
2002, where R, is the atmospheric *He/*He ratio, 1.39 x 10~ %) and
crustal rocks (0.01-0.05 R,; O'Nions and Oxburgh, 1983).

The Zijinshan orefield is a unique and giant Cu-Au-Mo-Ag ore
system that includes several major porphyry, high sulfidation (HS)- and
low sulfidation (LS)-epithermal, and transitional deposits (Jiang et al.,
2013). The mineral deposits are spatially, temporally and genetically
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Fig. 1. Geological map of the Zijinshan orefield, South China modified from Hu and Zhou (2012) and Zhong et al. (2014).

related to Cretaceous granodiorite and volcanic rocks which are be-
lieved to have formed by mixing of mantle-derived magmas with crustal
magmas (Jiang et al., 2013; Li and Jiang, 2014). How, and to what
extent, mantle melting initiated the felsic magmatism, and drove the
ore-forming hydrothermal fluid system are still not clear. Here we
present study of the He and Ar isotopic composition of the ore fluids
trapped in pyrite and digenite from the Zijinshan high sulfidation
Cu—Au deposit and Wuziqilong Cu deposit, in order to reveal the
genesis of the deposits and the contribution of mantle-derived volatiles
and heat.

Geological background

The Zijinshan ore field is located in the Cathaysian block (Fig. 1) in
Fujian Province. The ore field is host to several types of hydrothermal
Cu-Au-Mo-Ag deposits (Jiang et al., 2013; Zhang et al., 2003): high-
sulfidation epithermal deposit (Zijinshan), porphyry deposit (Luo-
boling), low-sulfidation epithermal deposit (Yueyang), and a transi-
tional type (Wuzigilong) which share some features with both epi-
thermal and porphyry deposits in the region. The major deposits tend to
be located at the intersection of the Xuanhe anticlinorium and Shang-
hang-Yunxiao fault zone. Mineralization is likely driven by Mesozoic
felsic magmatism (Hu and Zhou, 2012; Mao et al., 2013). Hydrothermal
Cu = Au ore deposits of the Zijinshan are spatially and temporally
associated with the Sifang, Luoboling, Zhongliao plutons and dacite
porphyry. They are believed to have formed by mixing between mantle-
derived magma with crustal magmas (Jiang et al., 2013; Li and Jiang,
2014). The magmatic intrusion and contemporaneous mineralization
lasted at least 10 Ma, from 105 Ma to 91 Ma (Jiang et al., 2015 and
references therein). By the end of 2008 the region had proven reserves
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of 323 t Au (~0.5 g/t), 2.36 Mt. Cu (~ 0.5 wt%), 1554 t Ag (20-156 g/
t), and 4647 t Mo (0.03 wt%) (Zhong et al., 2014).

The Zijinshan high-sulfidation Cu-Au deposit and Wuziqilong Cu
deposit mineralization is fault controlled, filling a system of NW-
trending fractures (Fig. 1). The hydrothermal alteration and miner-
alization are typically zoned, including silicic, alunite, dickite and
phyllic alteration (So et al., 1998). Intense silification and limonitiza-
tion are dominant in the leached zone at levels shallower than 350 m in
Zijinshan Cu-Au deposit, where it is associated with Au-Ag miner-
alization (So et al., 1998; Liu et al., 2016). Copper ore bodies occur in
the alunite alteration zone, at levels < 650 m, and mineralization is
dominated by massive digenite-covellite ore. The mineral assemblage is
characterized by the presence of digenite, covellite, enargite, pyrite,
alunite, along with trace bornite and chalcopyrite. The mineralization
of Wuziqilong Cu deposit is dominated by pyrite and covellite, with
minor digenite, bornite, chalcopyrite and luzonite (enargite).

Primary fluid inclusions in gangue quartz deposited during miner-
alization have homogenization temperatures that range from 160 °C to
380 °C (Zijinshan) and from 230 °C to 570 °C (Wuzigilong), with sali-
nities between 1and 22 wt% NaCl eqv (Zijinshan, So et al., 1998; Zhang
et al,, 1992) and 0.2-14.7 wt% NaCl eqv (Wuziqgilong, Chen et al.,
2011). The relationship between homogenization temperatures and
salinity indicate that a simple cooling and dilution of the hydrothermal
fluids occurred due to the addition of meteoric waters to the hydro-
thermal fluids (So et al., 1998). The 8D and 880 (Zhang et al., 1992) of
the ore-forming fluids is consistent with derivation as mixtures of me-
teoric fluid with magmatic hydrothermal fluid.
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Fig. 2. “°Ar*/*He vs. ®He/*He (R,) of sulfides from the Zijinshan high sulfidation Cu-Au
deposit and Wuziqilong Cu deposit. Symbols: red filled squares: Wuzigilong transitional
Cu deposit; yellow filled circles: Zijinshan HS Cu-Au deposit. The linear correlation is
obtained by least squares regression: *He/*He (Ra) = 21.0 x “°Ar*/*He + 0.07,
r? = 0.69. Error bars not displayed are concealed in the sample symbols, as follows. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

radiogenic He diffuses or recoils into or out of fluid inclusions in ore
minerals (Stuart et al., 1995; Burnard and Polya, 2004).

The *°Ar produced by the decay of K in fluid inclusions and the host
mineral such as pyrite are also negligible, because the diffusion of Ar in
pyrite and the concentrations of K are extremely low (Smith et al.,
2001; York et al., 1982). The measured *“°Ar/3°Ar of the volatiles re-
leased from fluid inclusions are likely lower than the true fluid value
due to the release of atmospheric Ar (Burnard et al., 1999).

3.2. Sources of He, Ar and S

The most important sources of He and Ar in ore fluid inclusions
trapped in hydrothermal minerals are air-saturated water, mantle-de-
rived volatiles and radiogenic decay of U, Th and K in crustal rocks
(Turner et al., 1993; Stuart et al., 1995). Helium in the atmosphere is
too low to exert a significant influence on the abundance and isotopic
compositions of He in most crustal fluids thus it is predominantly
mantle-derived and crustal-radiogenic in origin (Stuart et al., 1994a).
This is supported by the high “He/*Ar of the fluids (151 to 22,131, the
atmospheric *He/3°Ar = 0.167). The *He/*He ratios of the sulfide
fluids from the two deposits (0.16-5.67 R,; Table 1 Figs. 2, 3) are
consistent with an origin as a mixture of crustal radiogenic (0.01-0.05
Ra; O'Nions and Oxburgh, 1983) and mantle component, which could
be upper mantle (7-9 R,; Graham, 2002) and/or subcontinental litho-
spheric mantle (SCLM, 6-7 R,; Gautheron and Moreira, 2002) sources.

All “°Ar/6Ar are in excess of the air ratio indicating the presence of
radiogenic *°Ar in the fluids. Radiogenic Ar in ore-forming fluids ori-
ginates from both crust and mantle (e.g. Stuart et al. 1995). The linear
correlations between 3He/*He and “°Ar*/*He (where “°Ar* is non-at-
mospheric Ar, i.e. WOArs = 4OAr — [3%Ar x 298.6]) (Fig. 2), and be-
tween 3He/3CAr and “°Ar/%°Ar (Fig. 3) indicate that the sulfide-hosted
volatiles from both deposits are mixtures of two fluids; a high
3He/*He-*°Ar/3¢Ar component and a low ®He/*He-*Ar/*®Ar compo-
nent. These reflect mantle-derived magmatic gases and crust-derived
gases, respectively (e.g. Stuart et al. 1995). This may be reflected in the
occurrence of two types of fluid inclusions in the quartz associated with
sulfides in the deposits, namely high temperature-salinity magmatic-
hydrothermal fluids and low temperature-salinity fluids (Chen et al.,
2011; So et al., 1998; Zhang et al., 1992).

The crustal volatiles are likely present in meteoric waters that
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0.018

originated at the surface, which has been modified by the addition of
radiogenic *He and “°Ar. This is termed modified air saturated water
(MASW). In Fig. 3, extrapolating the data trend to the *He/*®Ar value of
air-saturated water (2.4 x 10~ 7) suggests that the MASW component
had a “°Ar/35Ar ~ 325, slightly higher than atmosphere value (298.6;
Lee et al., 2006). Extrapolating the mixing line in Fig. 2 to a >*He/*He of
crustal radiogenic He (~0.02 R,; O'Nions and Oxburgh, 1983) implies
that the fluid had *°Ar*/*He < 0.0001 (Fig.2). This is significantly
lower than the *°Ar*/*He produced in the crust (~0.2, Torgersen et al.,
1988), and is consistent with observations that the shallow fluids con-
tain little radiogenic “°Ar. Extrapolating this trend to *He/*He = 5.67
R,, the highest value of the ore-forming fluid, implies that the magma
had a *°Ar*/*He ratio of 0.27. This is within the range of mantle pro-
duction ratios (0.24-0.63, Graham, 2002). The *He/*°Ar* ratio of the
samples range from 2.3-6.7 X 107 %, close to that of MORB mantle
value (=104, Kennedy et al., 1991) and 200-600 times of that of the
crust value (~107 8, Kennedy et al., 1991), indicating a dominantly
mantle origin of He and Ar. The absence of significant contribution of
crust-derived radiogenic He and Ar, therefore implies that the volume
of crustal magma in the deep ore system was low in comparison to the
mantle magma.

The 8*S values of sulfides from the Zijinshan and Wuzigilong de-
posits have a large range (— 5.8 to + 3.6%o; Table 1 and Fig. 5). While
this range overlaps the magmatic value (0 *+ 2%o; Kyser, 1990), it is
not particularly diagnostic, and certainly requires other S sources, or
significant fractionation during deposition. The sulfides with high
He/*He ratio have 8*S range from 0.16%o to 3.61%o, which is con-
sistent with the §%*S values of the 21°N East Pacific Rise and Mid-
Atlantic Ridge sulfides (+ 1%o to + 3.5%o, Stuart et al., 1994a), in-
dicating mantle origin. The decrease of &S with low *He/*He,
“OAr/%6Ar, 3He/*°Ar and high “He/*CAr ratios (Fig. 5) indicate a
common origin for the radiogenic He and isotopically light S. However
the absence of a linear relationship between 8*S and the He-Ar isotopes
(Fig. 5) indicates that the S isotope systematics have not been con-
trolled by the type of fluid mixing that is traced by the noble gases. This
most likely reflects the low S concentration in the shallow, low tem-
perature aqueous fluid in comparison to that of the magmatic-hydro-
thermal fluid.

3.3. Helium and heat

The high concentration of mantle-derived *He in the ore-forming
fluids implies that the bulk of the heat (Q) for the main phase of hy-
drothermal activity derived from the mantle. The *He/Q ratio of the
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fluids can provide constraints on the hydrothermal regime. Following
the method of Turner and Stuart (1992) we have:
*He/Q = *He/*Ar X [*%Ar]nasw/(Cy6) 6
where [2°Ar] hasw is the concentration of 3Ar in modified air saturated
water (MASW, 7.65 x 10~ 7 ecm®STP g~ 1), Cp is the specific heat of
MASW (4.4JK~'g~ 1) and 6 is the temperature increase of the cold
fluid (°C) (Burnard et al., 1999, Burnard and Polya, 2004). 3He/Q ratios
are minima as the presence of atmosphere-derived Ar tends to decrease
the He/°Ar, because the He abundance in air is low, so air con-
tamination does not significantly affect He analyses, but air-derived
contaminants may comprise a significant fraction of measured Ar, and
it is impossible to distinguish fluid-derived Ar from absorbed atmo-
spheric Ar (Burnard et al., 1999). Although rigorous analytical proce-
dures can minimise atmospheric contamination, it is unlikely to com-
pletely eliminate air-derived noble gas. Fluid inclusion homogenization
temperatures in coexisting gangue minerals of the same mineralizing
stage (Chen et al., 2011; So et al., 1998; Zhang et al., 1992) are used to
calculate 0 in Eq. (1).

The estimated *He/Q ratio of the fluids from the Zijinshan and
Wuzigilong deposits range from 0.07 to 8.35 x 10~ '2 cm? STP
J~1! (Fig. 4). These values are 10 to 80 times higher than those recorded
by hydrothermal fluids from mid-oceanic ridges
(0.1-0.2 x 10~ 2 em®STPJ~ ) (Baker and Lupton, 1990; Lupton
et al., 1989), though notably they are similar to the values recorded for
trapped ore fluids from the Mesozoic granite-related Panasqueria Sn-W
mineralisation (Burnard and Polya, 2004). The large variations in SHe/
heat between samples cannot be accounted for by variable atmospheric
36Ar addition and the uncertainties of 8. These variations reflect real
changes in the *He contents and enthalpies of the fluids at the time of
trapping (Burnard et al., 1999). The high *He/Q suggests that the deep
hydrothermal fluids derived both heat and volatiles by convection
across magma/hydrothermal interface in the deep crust, rather than in
a conductive regime (Burnard and Polya, 2004). Meanwhile the near
MORB mantle *He/*°Ar* ratio indicate that convective transport of
gases from the mantle.

Ore formation at the Zijinshan ore field likely occurred over
~10 Ma between 105 and 91 Ma (Liang et al.,, 2012, Liu and Hua,
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the references to colour in this figure legend, the reader is referred to the web version of
this article.)

62

Chemical Geology 480 (2018) 58-65

“He/“Ar

@)

SHef®Ar

0.006 |~

0.002 —

-0.002 I | I I 1 !

650

550 —

“AT/%Ar
HSH

450 —

-

350 —

250

‘He/‘He, R,
w
T

0 | 1 | | |
-8 -6 -2 0 2 4 6
&8s
Fig. 5. *He/*He vs. 8*S, “°Ar/*°Ar vs. 8°1S, *He/>°Ar vs. §°*S, and *He/*°Ar vs. §>*S for
sulfides from the Zijinshan high sulfidation Cu-Au deposit and Wuziqilong Cu deposit.
There is a poor relationship between S and He-Ar isotopes, though the decrease of 8>S
with low 3He/*He, *°Ar/?°Ar, He/*°Ar and high *He/*°Ar ratios. Symbols as for Fig. 2.

2005). This is considerably longer than the length of time a single in-
trusion can sustain hydrothermal circulation (~5 X 10° yr; Hayba and
Ingebritsen, 1997). This requires several pulses of mantle-derived heat
in order to ensure a productive hydrothermal system, consistent with
the intrusion of multiple plutons (Jiang et al., 2013; Li and Jiang, 2014;
Wu et al., 2013).
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3.4. Genesis of the ore deposits

Most hydrothermal ore fluids have *He/*He ratios that reflect
mixing of shallow and deep magmatic fluids (Hu et al., 2004, 2009,
2012; Stuart et al., 1995; Wu et al., 2011). In most cases *He/*He are
lower than 3 R, (Fig. 6) demonstrating the importance of crust-derived
fluids in the genesis of ore deposits. The *He/*He of the Zijinshan and
Wouziqilong deposits contrasts with, in particular, other porphyry de-
posits (Fig. 6) are significantly high. Besides there are several other
deposits, such as Dongping orogenic Au deposit and Panasqueira W-Sn
deposit, have high *He/*He ratios (Mao et al., 2003; Burnard and Polya,
2004). Mao et al. (2003) suggested that the high *He/*He (0.3-5.2 R,)
in the ore forming fluid of Dongping Au deposit indicate that ore-
forming fluid is dominantly sourced within the mantle, however, there
is another hydrothermal fluid that is magmatic origin but unrelated to
the main mineralization. Burnard and Polya (2004) proposed that the
high *He/*He in ore fluids from the Panasqueira W-Sn deposit reflected
the direct addition of mantle-derived He to the ore-fluids, and sug-
gested that they were unrelated to the granite that was spatially and
temporally associated with the deposits.

The Zijinshan Cu-Au deposit and Wuzigilong Cu deposits are spa-
tially and temporally associated with early Cretaceous granodiorite and
volcanic rocks (Jiang et al., 2013; Li and Jiang, 2014; Zhang et al.,
2003), which were generated above subducting Pacific plate (Jiang
et al., 2013; Li and Jiang, 2014). The Sr-Nd-Hf-Pb isotopic compositions
of Luoboling and Zhongliao granodiorites show a subduction-modified
mantle origin, which is associated with slab-derived fluids or melts
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(Chen et al., 2008; Meng et al., 2012), with assimilation of ancient
crustal materials (Li and Jiang, 2014). So the felsic magmas are unlikely
be the source of the high *He/*He, because the assimilation of ancient
crustal materials produces low *He/*He ratios. Thus the high *He/*He
may be the result of direct intrusion of mantle-derived volatiles. This is
consistent with the presence of contemporaneous mafic dykes in the
Zijinshan orefield. The mafic reservoir can keep a prolonged thermal
condition, resulting in a long-lived, continuous fertilization of the
shallow magmatic-hydrothermal systems (Chiaradia et al., 2009),
which may be the key point of generating large porphyry-epithermal
ore system in Zijinshan orefield. Underplating by mafic magmas, pro-
viding the high heat flux, volatiles, as well as metal to the ore-forming
fluids without transport in felsic magma, may be a common phenom-
enon in giant porphyry and related epithermal deposits (Hattori, 1993,
1996; Hattori and Keith, 2001).

Porphyry Cu systems are generated mainly in compressional tec-
tonic settings (Sillitoe, 2010), strongly extensional settings appear to
lack significant porphyry Cu systems (Sillitoe, 1999; Tosdal and
Richards, 2001). However, the Zijinshan orefield was formed under
strongly extensional tectonic regime, evidenced by the coexistence of A-
type granites, highly fractionated I-type granites and bimodal volcanic
rocks during the Mid-Late Cretaceous (107-86 Ma) in Southeast China
(Li et al., 2014; Zhou et al., 2006). The main factor controlling for-
mation of porphyry Cu deposits may not be the tectonic settings but the
conditions necessary to generate mafic reservoirs in the depth.
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4. Conclusions

The ore-forming fluids of the Zijinshan Cu-Au deposit and
Wuziqilong Cu deposit were a mixture of shallow crustal fluid con-
taining crustal “He and near atmospheric Ar and magmatic fluid that
contains a significant proportion of gases from the mantle. The crustal
fluid was low temperature meteoric fluid that interacted with crustal
rocks. The high *He/*He ratio of magmatic fluid indicates at least 80%
of the He in the magmatic fluid was derived from the mantle. The high
He/Q of the mineralizing fluids (0.07 x 10~ to
8.35 x 10~ 2 em® STP J~ ') and near MORB ®He/*°Ar* ratios suggest
that the hydrothermal fluids derived heat and volatiles from the magma
through advection rather than conduction which will lead to low *He/Q
and ®He/*CAr* ratios. The absence of clear relationship between
“Ar/®Ar and 3He/*°Ar vs 83*S suggests that S is primarily derived
from magma and crustal fluid doesn't supply significant S to the ore-
forming system. Volatile, heat and metals (if not all at least part) may
derive directly from underplating mafic magma.
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