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Abstract

The Yangla deposit is an intrusion-related Cu deposit in the Jinshajiang tectonic belt (eastern Sanjiang region, SW
China). Despite extensive studies that have been conducted on this deposit, the relationship between the granitic
magma and Cu mineralization is still unclear, and hence, the genesis is debated. To answer this question, we con-
ducted an integrated study of mineralogy, fluid inclusions (FIs), and hydrogen and oxygen (H-O) isotopes. Three
mineralization stages were identified based on the ore textures, alteration zonation, and crosscutting relationships:
(i) pre-ore prograde skarn (stage I), with the garnet and pyroxene dominated by andradite and diopside, respec-
tively; (ii) syn-ore retrograde alteration (stage II), which is subdivided into the early syn-ore stage (stage Ila) marked
by retrograde hydrated mineral assemblages and significant Fe-Cu-Mo-Pb-Zn sulfide mineralization, and the late
syn-ore stage (stage Ilb) featured by quartz-calcite veins; and (jii) late supergene mineralization (stage IIT), which is
characterized by secondary azurite and malachite. These results of mineralogy, FIs, and H-O isotopes indicate that:
(i) Cu mineralization has a close temporal, spatial, and genetic relationship with skarn alteration; (ii) the ore fluids
were magmatic dominated with late-stage meteoric water incursion; and (iii) Type-S (halite-bearing) and Type-V
(vapor-rich) Fls coexisted in garnet and clinopyroxene of stage I, indicating that fluid boiling might have occurred
during this stage. From stage I to stage Ila, the FI type transformed from Type-S + Type-V + Type-L (liquid-rich) to
Type-V + Type-L. with the conduct of mineralization and was accompanied by the disappearance of Type-S, and
homogenization temperature and salinity also tended to decrease dramatically, which may be caused by the deposi-
tion of skarn minerals. At stage Ila, boiling of the ore fluids still continued due to the change from lithostatic to
hydrostatic pressure, which triggered the precipitation of abundant quartz-Cu-Mo-Fe sulfides. Furthermore, fluid
mixing between a high-temperature magmatic fluid and a low-temperature meteoric water might cause a consider-
able drop in temperature and the deposition of Cu-bearing quartz/calcite veins during stage IIb. Hence, we consider
the Yangla deposit to be of a skarn type, genetically related to the Mesozoic magmatism in the Sanjiang region.
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Yangla Cu deposit, geology and metallogenesis

1. Introduction

The Sanjiang (Chinese: “three rivers,” referring to the
Jinshajiang, Lancangjiang, and Nujiang rivers) region
in SW China is a key component of the eastern
Tethyan-Himalayan metallogenic belt. It is one of the
prime polymetallic terranes in China and contains
numerous important precious/base metal deposits
(Fig. 1a) (Mo et al., 1993; Hou et al., 2007; Zaw et al.,
2007; Deng et al., 2014a; Deng et al., 2014b; Hou &
Zhang, 2015). The Jinshajiang-Ailaoshan suture zone
and its surrounding area is the most important Cu-
Au metallogenic belt in the Sanjiang region. The
Ailaoshan belt in the south is dominated by Au min-
eralization (e.g.Hu et al., 2004; Hou et al., 2007; Deng
et al., 2010; Deng et al., 2011), whereas the Jinshajiang
belt in the north is characterized by Cu and Pb-Zn
polymetallic mineralization. The Yangla deposit is the
largest Cu deposit in the Jinshajiang tectonic belt and
contains approximately 150 million tons (Mt) of Cu

ore resources at 1.03% Cu (Fig. 1) (Pan et al., 2001;
Zhu et al., 2015).

However, due to the rugged environment, produc-
tion at the Yangla deposit did not start until 2007.
Despite many studies over the past two decades argu-
ing that the Yangla deposit belongs to a intrusion-
related Cu skarn system (e.g. Zhu et al., 2015; Meng
et al., 2016; Du et al., 2017), the relationship between
the granitic magma and the Cu mineralization and
ore genesis remain controversial. Some authors
argued that the deposit is of a sedimentary exhalative
(SEDEX)-type based on fluid inclusion, geochemistry,
and C-O isotope studies (Lu et al., 1999, 2004; Pan
et al., 2000). Some authors suggested a syngenetic
exhalative or volcanogenic genesis as the orebodies
show stratigraphic-controlled features (e.g.Lu et al.,
1999; Yang et al, 2012), whereas some others
suggested the Yangla skarn orebodies formed by
SEDEX processes unrelated to intrusive igneous rocks
(e.g. Zhan et al.,, 1998; Zhu et al. 2011). Chen et al.
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Fig. 1 (a) Geologic map of the Sanjiang region (modified from Zhu, 2012); (b) Geologic map of the Yangla Cu deposit show-
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(1999) proposed that the Yangla deposit is of a por-
phyry type, whilst some other authors argued a typi-
cal skarn origin associated with granitic intrusions in
the area (e.g.Qu et al., 2004; Chen et al., 2013; Zhu
et al., 2015; Meng et al., 2016). The long but inconclu-
sive debate is led largely by the lack of systematic
and detailed mineralogy and ore-forming mecha-
nisms, as well as the nature and evolution of ore fluid
at Yangla.

Fluid inclusions (FIs) trapped in hydrothermal min-
erals can store important information about the physi-
cochemical conditions of the ore fluids in ancient
mineralization systems (Bodnar et al., 2014; Philippot,
2015). Therefore, the nature and evolution of ore
fluids are best and most directly demonstrated by FI
analyses (e.g. Bodnar et al., 2014; Cao et al., 2015; Lu
et al. 2004; Mai & Wang, 1992; Qiu et al., 2015; Robb,
2005; Roedder, 1971; Stefanova et al., 2014; Wilkinson,
2010). Isotope geochemistry is a powerful tool for
studying hydrothermal deposits and has been widely
applied to constrain the sources of ore fluids and
materials. In particular, hydrogen-oxygen (H-O) iso-
topes have been effectively used to trace the ore fluid
origin of hydrothermal deposits (e.g.Hedenquist &
Lowenstern, 1994; Zhang et al., 2011; da Costa Silva
et al., 2015; Xu et al., 2015; Zhang et al., 2016). Skarn is
the most important ore host at Yangla, and quartz is a
major gangue mineral, which provides an ideal basis
for FI and H-O isotope studies. In this paper, we aim
to identify the nature and evolution of fluids in differ-
ent ore stages and their succession through the analy-
sis of mineralogy, FI, and H-O isotope of altered
minerals (e.g. garnet, diopside, and quartz). Published
data (Yang, 2012; Zhao, 2012) for Yangla deposits are
also compiled with the new data to identify the rela-
tionship between the granitic magma and the Cu min-
eralization of the Yangla deposit.

2. Ore deposit geology

The Sanjiang region in southwestern China, located in
the tectonic junction between Gondwanaland and Eur-
asia, is the eastern part of the Tethyan-Himalayan tec-
tonic belt (Hou et al., 2003). Several of the Paleozoic
sutures in the region record the opening and closure
history of the Paleo-Tethys Ocean. Based on the
ophiolitic sutures, four main branches for the Paleo-
Tethys Ocean have been recognized in this region:
the Garzé-Litang Ocean, the Jinshajiang-Ailaoshan
Ocean, the Longmu Tso-Shuanghu Ocean, and the
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Changning-Menglian Ocean (Fig. 1; e.g. Mo et al., 1993;
Xiao et al., 2008; Deng et al., 2014b). Numerous igneous
rocks and related ore deposits associated with the evo-
lution of each stage of the Paleo-Tethys Ocean were
generated (e.g. the Garzé-Litang belt, which includes
the Pulang Cu and Gacun Ag polymetallic deposits; the
Jinshajiang belt, which includes the Yangla Cu, Yulong
Cu (Au-Mo), and Beiya Au (Cu) deposits; e.g. Mo et al.,
1993; Hou et al., 2003, 2007; Deng et al., 2014a; Zhu
et al., 2015). The Jinshajiang tectonic zone in the eastern
Sanjiang region is bounded by the Zhongza-Zhongdian
block to the east and by the Qamdo-Simao block to the
west (Fig. 1a) (Wang et al., 2000; Pan et al., 2001;
Metcalfe, 2013; Wang et al., 2014; Zhu et al., 2015).

The Yangla Cu deposit is located in the middle part
of the Jinshajiang tectonic zone and is bounded by the
Jinshajiang Fault to the east and the Yangla Fault to
the west (Fig. 1a). This deposit consists of seven ore
sections (from north to south: Beiwu, Nilii, Jiangbian,
Linong, Lunong, Tongjige, and Jiaren), among which
the Linong section is the largest and contains ca. 90%
of the Yangla Cu reserves (Fig. 1a) (Zhan et al., 1998;
Zhu et al., 2015). In this paper, we focus primarily on
the Linong section.

2.1 Stratigraphy

The exposed stratigraphy at the Yangla mining dis-
trict is dominated by Silurian units, the Devonian
Jiangbian and Linong Formations, and the Carbonifer-
ous Beiwu Formation. The Devonian sequences are
the main host for the skarn and orebodies (Fig. 1b).
The Silurian sequences consist of quartz schist,
biotite-quartz schist, meta-quartz sandstone, and ser-
icite slate and crop out in the southeastern part of the
mining district.

The Devonian Jiangbian Formation is located in the
middle and southeastern parts of Yangla, and is com-
prised of three (lower, middle, and upper) members
(Figs 1b, 2). The lower member consists of gray meta-
quartz sandstone, sericite slate, sericite schist, and
fine-grained marble. The middle member mainly con-
sists of light gray sericite-quartz sandstone, sericite
slate, sericite-quartz schist, and local occurrences of
marble and granitoids. The vein-like orebodies
KT6-KT15 are hosted in the interlayer fracture zones
in the middle member of the Jiangbian Formation.
The upper member is dominated by marble and skarn
that are locally interbedded with sericite slate and
meta-quartz sandstone, which are the hosts for the
orebodies KT4 and KT5.
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The Devonian Linong Formation contains hornfels
and skarn and is another major skarn ore host at
Yangla (Figs 1b, 2). The lower member of the Linong
Formation is characterized by interbedded, fine-
grained meta-quartz sandstone, sericite slate, marble,
and massive garnet/pyroxene skarn, and it hosts the
orebodies KT2, KT2-1, KT2-2, and KT3. The middle
member of the Linong Formation is dominated by

fine- to coarse-grained massive marble, with minor
fossils preserved. The upper member consists of inter-
bedded, fine-grained, thick-layered to massive mar-
ble, sericite slate, meta-quartz sandstone, and minor
skarn, and it hosts orebodies KT1 and KT1-1. The
Carboniferous Beiwu Formation crops out in the
western part of Yangla and consists of sericite slate,
marble, and massive basalt.
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Fig. 2 Geological cross section of the Yangla Cu deposit, showing the spatial relationships between the Devonian stratigra-
phy, granitoid intrusion, skarn alteration, and Cu mineralization (modified from Yunnan Copper Group, unpub. data 2004).
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2.2 Jiaren intrusions

The Jiaren granitoid is the largest granitic intrusion in
the Yangla mining district, with an outcrop area of
approximately 150 km? (Fig. 1) (Zhu et al., 2015). It
intruded the Silurian and Devonian sequences and is
composed of granodiorite (dominant), quartz diorite,
and biotite quartz monzonite. The granodiorite is
medium- to coarse-grained and comprises approxi-
mately 40% plagioclase, 15% K-feldspar, 25% quartz,
15% hornblende, and 5% biotite, with accessory zircon,
titanite, apatite, and magnetite. The Jiaren granitoid is
widely accepted to be I-type with a mixed crustal and
mantle origin (Wei et al., 1997; Zhan et al., 1998; Gao
et al.,, 2010; Zhu et al., 2011b). Zhu et al. (2011a) con-
cluded that these I-type granitoids are enriched in abun-
dances of Si and large ion lithophile elements but are
depleted in high field strength elements and might con-
tain relatively high water concentrations and high mag-
matic oxidation state. It was emplaced in the early Late
Triassic (SIMS zircon U-Pb dating: 233 + 1.4and
231.0 + 1.6 Ma; Zhu et al., 2011a, 2015) and is coeval
with the Yangla Cu mineralization (molybdenite Re-Os
dating: ca. 232 Ma; Yang et al., 2012; Zhu et al., 2015).
This suggests a possible genetic link between the Jiaren
granitoid and Cu mineralization.

2.3 Structure

The Yangla deposit is N-S-trending (elongated) and is
bounded by the Jinshajiang Fault to the east and the
Yangla Fault to the west (Fig. 1a; Zhan et al., 1998).
The Jinshajiang Fault is a regional-scale thrust that
dips 60-80° to the west, and the Yangla Fault dips
30-70° to the east (Zhu et al., 2015). The north-east-
trending normal fault F4 in the middle part of Yangla
(approximately 6 km long) has dip angles of 42-80°
(Fig. 1b) (Yunnan Copper Group 2004 unpub.). In
addition, interlayer fracture zones are widely devel-
oped by regional compression during the Triassic
Indosinian Orogeny and by the Jiaren granitoid
emplacement (Zhan et al., 1998). The Linong anticline
and the Jiangbian syncline are the major fold struc-
tures in the mining district (Yunnan Copper Group
2004 unpub.).

2.4 Alteration and mineralization

Wall rock alterations are widespread at Yangla and
consist mainly of skarn, silicic, and carbonate (Fig. 3).
The skarn alteration is mainly exoskarn around the
granitoid intrusions in the intruded Devonian carbon-
ate rocks (Figs 2-3). The prograde (anhydrous) skarn
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Fig. 3 A sketch map of the 3250-m section of tunnel in stope 41" for the Yangla Cu deposit, showing that Cu orebodies are
closely associated with skarn alteration within the Devonian carbonate rocks.
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assemblage is characterized by reddish-brown to sage are generally smaller (Fig. 4c). The retrograde
green, coarse-grained garnet and gray to dark green (hydrous) alteration assemblage is dominated by epi-
pyroxene (Fig. 4c, g). Individual garnet crystals are dote, chlorite, and sericite, which locally replaces the
typically 0.1-0.5cm in diameter and lack obvious prograde skarn minerals (Figs 3—4c, 5d, e). Magnetite,
compositional zoning, whereas the pyroxene crystals pyrite, pyrrhotite, and chalcopyrite generally coexist

' Skarn ore bod

Qz-Cal-sulfides vein
"

et Hornfelsed
quartz sandstone

1 Skarn & skarn vein

Fig. 4 Photographs of the Yangla Cu deposit. (a) Marble vein in a skarn orebody; (b) quartz-calcite-sulfide vein along an
interlayer fracture zone in a hornfels quartz sandstone; (c) reddish-brown coarse-grained garnet coexisting with cli-
nopyroxene in skarn; (d) dark-green clinopyroxene coexisting with fine-grained garnet and quartz skarn; (e) skarn veins in a
hornfels quartz sandstone; (f) marble with euhedral pyrite and galena; (g) skarn contacts with bleached white marble and
garnet-sulfide veinlets; (h) disseminated sulfides in a stage IIb quartz-calcite vein. Abbreviations: Cal, calcite; Ccp, chalcopy-
rite; Cpx, clinopyroxene; Gn, galena; Grt, garnet; Py, pyrite; Qz = quartz.
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with the retrograde alteration minerals, forming
densely disseminated or massive skarn ores (Fig. 3).
The quartz sandstone is generally hornfels with skarn
vein intrusion (Fig. 4e). The skarn commonly displays
metasomatic contact with the marble, in which garnet
sulfide veinlets are widespread (Figs 3—4g). The silicic
and carbonate (calcite) alterations commonly over-
print the earlier skarn (Fig. 4d; Fig. 5b, d, e).

Spatially, the Yangla Cu mineralization is closely
associated with retrograde skarn alteration (Fig. 3).

The orebodies are generally stratiform/lenticular in
the exoskarn zones or within the intrusion—distal
interlayer fracture zones (Fig. 1b; Fig. 2). The Linong
ore section contains 20 orebodies. The major
orebodies KT2-1, KT2-1, KT4, and KT5 are mainly
skarn ores and account for 90% of the Cu resources in
this ore section. Individual orebody ranges are as fol-
lows: <144 m thick, 1140-2200 m long, and generally
dip gently (8-22°) to the northwest (except for KT2-1
and KT2-2, which dip steeply from 30° to 40° at

Fig. 5 Representative photomicrographs showing mineral assemblages and textural features of the Yangla Cu deposit.
(a) Adr coexisting with Di and interstitial Fe-Cu sulfides between Adr and Di (PPL, RFL in lower-left corner); (b) calcite and
sulfides between Adr or replacing Adr in skarn ores (PPL); (c) Adr coexisting with Di and interstitial Ccp between Adr
(PPL); (d) and (e) Adr replaced by fine-grained Ep, Chl, and Qz, plus interstitial Cu-Fe sulfides (PPL); (f) and (i) Fe-Cu sul-
fides in quartz-calcite vein from the late ore sub-stage (CPL in f, BSE in i); (g) and (h) Fe-Cu sulfides crosscutting or intersti-
tial between Adr (BSE). Abbreviations: BSE, backscattered electron images; CPL, crossed polarized light; PPL, plane
polarized light; RFL, reflect light. Adr, andradite; Cal, calcite; Ccp, chalcopyrite; Chl, chlorite; Di, diopside; Ep, epidote; Po,

pyrrhotite; Py, pyrite; Qz, quartz.
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depth) (Fig. 2). These orebodies typically show meta-
somatic contact with the marble (Fig. 4a, g). Copper
sulfides (e.g. bornite and chalcopyrite) commonly
occur as fine- to coarse grains and coexist with pyr-
rhotite, pyrite, galena, and sphalerite, forming the dis-
seminated or massive skarn ores.

2.5 Paragenesis

Three alteration/mineralization stages (i.e. pre-ore,
syn-ore, and supergene) have been identified in the
Yangla deposit (Fig. 6). The pre-ore stage (I) is mainly
marked by the presence of anhydrous prograde skarn
minerals, such as garnet (andradite/grossular) and cli-
nopyroxene (diopside/hedenbergite), and the lack of
sulfides (Fig. 4c, d; Fig. 5¢, h). The syn-ore stage (II) is
characterized by the presence of hydrous silicate min-
erals, quartz, calcite, and abundant metallic minerals,
including Fe oxides and Cu-Mo-Fe sulfides. Based on
petrographic crosscutting relationships and mineral
paragenesis, the syn-ore stage can be divided into two
substages (Fig. 6). The early syn-ore stage (Ila) contains
retrograde alteration minerals, including hydrous sili-
cates (e.g. actinolite, epidote and chlorite), Fe oxides,
and abundant Cu-Mo-Fe sulfides; quartz; and minor
calcite. Magnetite, pyrite, chalcopyrite, pyrrhotite, and
molybdenite occur as disseminated fine-grained

anhedral crystals that coexist with quartz and calcite or
as massive ores in the marble and skarn (Fig. 4d;
Fig. 5a—e, g-h). The late syn-ore stage (IIb) is associated
with silicic and carbonate alterations and is represented
by widespread thick quartz/calcite veins. The late syn-
ore stage pyrite, chalcopyrite, galena, and sphalerite
occur as coarse-grained, subhedral to euhedral crystals
in the quartz/calcite veins (Fig. 4b, h; Fig. 5f, i). The
supergene stage (III) is dominated by secondary Cu
minerals, including azurite and malachite, which rep-
laced primary chalcopyrite and bornite.

3. Samples and analytical methods

All of the unweathered samples in this study were
collected from underground mining tunnels in the
Linong ore section (Fig. 3). To identify the mineral
assemblages and paragenetic sequence, thin sections
of all the samples were examined under an optical
microscope.

Mineral chemical analyses were performed at the
State Key Laboratory of Ore Deposit Geochemistry of
the Institute of Geochemistry Chinese Academy of
Sciences using an EPMA-1600 Electron Probe Micro
Analyzer (EPMA) operated with an accelerating volt-
age of 25kV, a beam current of 10 nA, and a beam
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of the Yangla Cu deposit.
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size of 10 pm. Minimum detection limits for all the
analyzed elements are around 200 ppm.

Fluid inclusions (FIs) were examined in garnet, cli-
nopyroxene, and quartz (quartz-Ila) from the skarn
ores (Fig. 4d; Fig. 5d, e) and in the quartz (quartz-IIb)
and calcite from the quartz-calcite-sulfide veins
(Fig. 4b, h; Fig. 5f). The FIs in the quartz and calcite
were measured using a Linkam THMSG600 program-
mable freezing-heating stage mounted on a Leica
microscope. Because the relatively dark colors of gar-
net and clinopyroxene make potential FIs difficult to
observe, microthermometric measurements of the FIs
in garnet and clinopyroxene were performed on a
heating—freezing system mounted on an Olympus
BH51 infrared microscope. Moritz (2006) suggested
that the temperatures of phase changes measured
using infrared microthermometry on opaque minerals
should be interpreted with care because the tempera-
tures can vary with the intensity of the infrared light
source, which may result in underestimations of
homogenization temperatures and overestimations of
fluid salinities. To minimize these effects, the micro-
thermometric analyses were conducted carefully with
the lowest possible light intensity and with all of the
possible diaphragms nearly closed (Moritz, 2006). The
uncertainty of the temperature measurements in this
study was approximately +0.2°C below 50°C and
+2°C at higher temperatures. All the samples were
initially cooled to -100°C before being slowly
warmed to measure the first ice melting and final
melting temperatures. The heating/cooling rates were
restricted to <15°C/min and 1-0.1°C/min near the
phase transformations. The vapor compositions of
individual FIs in garnet, clinopyroxene, and quartz
were identified using laser Raman spectroscopy.

The salinities of the two-phase aqueous inclusions
were calculated using the final melting temperatures
of the ice following the methods proposed by Bodnar
(1993) and Lu et al. (2004). Bulk composition and den-
sity of the aqueous and carbonic phases of the two-
phase aqueous inclusions were calculated using an
online calculator (gcmodel.kl-edi.ac.cn/archives/).

Gangue minerals of garnet (pre-ore stage), quartz-
ITa (early syn-ore stage; Figs 4d, 5d, e), and quartz-IIb
(late syn-ore stage; Figs 4b, h, 5f) were selected from
the Cu ores to analyze the mineral oxygen isotopes
and FI hydrogen isotopes. The Cu ore samples were
crushed to 40-80 mesh, and mineral grains were then
handpicked under a binocular microscope. Single-
mineral samples were crushed to 200 mesh using an
agate mill, and the oxygen isotope analyses were
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performed using the BrFs method to obtain CO,
(Clayton & Mayeda, 1963). Procedures for the hydro-
gen isotope analysis required water to be released
from the FIs after heating. Therefore, the single-
mineral samples were crushed to 40-60 mesh and put
into a quartz tube for heating. The released water was
then reacted with heated CuO and zinc to produce
hydrogen, which was transferred to an activated car-
bon sample collection quartz tube surrounded by lig-
uid nitrogen (Coleman et al., 1982). The §'°0 and 8D
values were measured using a Thermo MAT-253 sta-
ble isotope ratio mass spectrometer at the Geological
Analysis Laboratory of the Ministry of Nuclear Indus-
try (Beijing, China). The analytical precisions were
+0.2%0 for oxygen and 4+2%. for hydrogen. The O-H
isotope compositions are expressed in per mil relative
to Vienna Standard Mean Ocean Water (V-SMOW).
The garnet-water and quartz-water fractionation
equations of Zheng (1993) were used to calculate the
8'%0 values of the fluids in equilibrium with the sili-
cate minerals.

4. Results

41 Mineralogy and chemical compositions

Based on the observations of skarn hand specimens
and thin sections (Figs 4c, d, 5a-e, g-h), the prograde
skarn consists mainly of garnet and minor cli-
nopyroxene. Representative EPMA data from the gar-
net and clinopyroxene are given in Table 1 and
plotted in Figure 7. The garnet is commonly fine- to
coarse-grained and euhedral to subhedral. All the
green and yellowish/reddish-brown garnets are
highly andraditic, with an average Adr% value of
90 (Table 1; Fig. 7). The garnets have distinct colors
but rarely display clear oscillatory zoning (Fig. 5a-c,
g-h) and generally have similar major element chemis-
try, which suggest no correlation between the colors
and the major element compositions. The highly
andraditic compositions of the garnets indicate that
the pre-ore stage (I) hydrothermal fluid was likely
oxidized and Fe-rich (Maher, 2010). The cli-
nopyroxene intergrown with the garnet is generally
pale to dark green and comprises mainly diopside
with a mean Di% value of 86 (Table 1; Fig. 7). The
Mn/Fe ratios of the clinopyroxene range mainly
between 0.03 and 0.11 (mean 0.07). Compositionally,
the Yangla garnet and clinopyroxene have major ele-
ment contents consistent with those from Cu skarn

© 2019 The Society of Resource Geology
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Fig. 7 Ternary diagrams showing garnet and clinopyroxene
compositions in the Yangla skarn. Abbreviations: Adr,
andradite; Di, diopside; Grs, grossular; Hed, hedenbergite;
Jo, johannsenite; Pyr, pyralspite (pyrope + almandine +
spessartine).

deposits around the world (Nakano et al., 1994;
Meinert et al., 1997; Meinert et al., 2005).

4.2 Fluid inclusions
4.2.1 FI types and occurrence

Three types of primary Fls were recognized at Yangla
based on the nature of the phase relationships at
room temperature and the phase transitions during
cooling and heating: two-phase liquid-rich (L-type),
two-phase vapor-rich (V-type), and halite-bearing (S-
type) Fls.

The L-type Fls consist of a liquid phase and a
5-30 vol.% vapor phase. These inclusions are com-
monly irregular or negative crystal in shape, 3-15 pm
in size, and occur in clusters or as individual inclu-
sions in garnet, clinopyroxene, quartz, and calcite
(Fig. 8c-d, f-i).

The V-type Fls are typically characterized by a dark
vapor bubble that occupies over 50 vol%. They are
largely 3-13 pm in size and have an elliptical or nega-
tive crystal shape. The V-type inclusions commonly
occur in clusters with S-type or L-type FIs in garnet,
clinopyroxene, and quartz-Ila (Fig. 8a, c, f-g).

The S-type FIs contain a vapor bubble, a liquid
phase, and a cubic halite daughter mineral. These
inclusions generally occur as negative crystals and are
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8-24 ym in size. These FIs are commonly found in
garnet and clinopyroxene (Fig. 8a-b, e).

In summary, the stage I garnet and clinopyroxene
contain more abundant V-type, S-type, and L-type
FIs. The quartz-Ila contains more L-type and V-type
FIs (Fig. 8g-h), whereas L-type FIs are more common
in stage IIb quartz-IIb and calcite (Fig. 8i).

4.2.2  Microthermometric results

Microthermometric results for the Yangla Fls are
listed in Table 2 and illustrated in Figure 9. According
to the criteria proposed by Lu et al. (2004) and
Roedder (1984), only the primary FIs were inter-
preted. Although V-type inclusions occur with S-type
and/or L-type inclusions in garnet, clinopyroxene,
and quartz-Ila, measurement of their ice-melting tem-
peratures are difficult due to the poor visibility and
their small size. The L-type and S-type inclusions
were homogenized to liquids during heating, and the
halite in the S-type inclusions dissolved before the
vapor bubble disappeared. It is noteworthy that sev-
eral L-type, S-type, and V-type inclusions in garnet
did not homogenize at temperatures below 500°C
(upper temperature limit of the microthermometric
stage), which resulted in the average homogenization
temperatures of Fls in garnet being lower than the
reality.

V-type inclusions typically coexist with S-type or
L-type inclusions in garnet, clinopyroxene, and
quartz-Ila (Fig. 8a, c, f-g). These FIs homogenized
at 458-499°C (average 479°C, n = 4) in garnet,
378-493°C (average 452°C, n = 5) in clinopyroxene,
and 375-403°C (average 391°C, n = 4) in quartz-IIa.

S-type FIs are commonly present in stage I garnet
and clinopyroxene, and those in garnet homogenized
at 499°C (n = 1; several other FIs did not homogenize
below 500°C). The halite dissolution temperatures
vary from 397 to 493°C, which correspond to salinities
of 46.4-58.4 wt.% NaCl eqv. (average 51.5 wt.% NaCl
eqv., n = 3). The S-type inclusions in clinopyroxene
homogenized at 379-481°C (average 439°C, n = 4),
with their halite dissolution temperatures being
274-341°C, which correspond to salinities of
36.041.5 wt.% NaCl eqv. (average 39.5 wt.% NaCl
eqv., n = 5). The densities of these inclusions in the
garnet and clinopyroxene are 1.345-1.345 g/cm® and
1.084-1.088 g/cm?, respectively.

L-type inclusions in the stage I garnet and cli-
nopyroxene yielded ice-melting temperatures of —21.1
to —9.0°C and -20.8 to —15.7°C, respectively, with

© 2019 The Society of Resource Geology
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Fig. 8 Microphotographs showing different types of fluid inclusions (FIs) from Yangla. (a) S-type, V-type, and L-type FIs
coexist in stage I garnet, showing evidence of fluid boiling; (b) and (e) S-type FIs in garnet and clinopyroxene; (c) and (f) V-
type and L-type FIs coexist in garnet and clinopyroxene, implying fluid boiling in the pre-ore stage; (d) L-type Fls in garnet;
(g) V-type and L-type FIs coexist in quartz-Ila, implying fluid boiling in the early ore substage; (h) and (i) L-type FIs in stage
IIb quartz and calcite. Abbreviations: Cal, calcite; Ccp, chalcopyrite; Cpx, clinopyroxene; Grt, garnet; L-type, two-phase
liquid-rich; Qz-1la and Qz-IIb, quartz from early and late ore substages, respectively; S-type, halite-bearing; V-type, two-
phase vapor-rich.

corresponding salinities of 12.9-23.1 wt.% NaCl eqv.
(average 183 wt% NaCl eqv., n = 16) and
19.2-22.9 wt.% NaCl eqv. (average 21.1 wt.% NaCl
eqv., n = 6), respectively. The homogenization tem-
peratures vary from 372 to 499°C (some >500°C)
(average = 453°C, n = 18) for the inclusions in garnet
and from 366 to 492°C (average 431°C, n = 16) for
those in clinopyroxene. The densities of these inclu-
sions vary from 0.494 to 0.817 g/cm® and from 0.692
to 0.821 g/cm®, respectively.

The homogenization temperatures of the L-type Fls
in quartz-ITa vary from 301 to 415°C (average 351°C,

© 2019 The Society of Resource Geology

n = 21). The ice-melting temperatures of these inclu-
sions range from —8.0 to —1.6°C, corresponding to
salinities of 2.6-11.7 wt.% NaCl eqv. (average 7.5 wt.
% NaCl eqv., n = 13). Their densities are between
0.576 and 0.829 g/cm?®.

L-type Fls are widespread in the quartz-IIb and cal-
cite from the late ore substage and have homogeniza-
tion temperatures that range from 165 to 294°C
(average 238°C, n = 31) and from 142 to 283°C (aver-
age 185°C, n = 18), respectively. The ice-melting tem-
peratures of these inclusions in quartz-IIb and calcite
are between —5.2 and —1.0°C and between —2.9 and
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Table 2 Microthermometric data on fluid inclusions (FIs) in the Yangla Cu deposit

Host mineral FI Th (°C) Tm, ice (°C) Tm (°C) Salinity (wt % Density (g/ cm®)
type NaCl equiv.)
Range (n)  Ave Range (n) Ave Range(n) Ave Range(n) Ave Range(n) Ave
Pre-ore stage
Andradite L 372 to 499 (18) 453 -21.1 to —9.0 (16) —14.9 129 to 23.1 18.3 0.494 to 0.817 0.671
V 458 t0 499 (4) 479
S 499 to 499 (1) 499 3971to  437.8 464 to58.4 51.5 1.345to 1.345 1.345
492.7 (3)
Diopside L 366 to 492 (16) 431 -20.8 to —15.7 (6) —18.3 19.2t022.9 21.1 0.692 to 0.821 0.744
V  378t0493 (5) 452
S 379 to 481 (4) 439 2735t0 319 36.0to41.5 39.5 1.084 to 1.088 1.085
341.2 (5)
Early ore substage
Quartz-Ila L 301 to 415 (21) 351 -8.0to-1.6(13) —48 26to11.7 7.5 0.576 to 0.829 0.730
V  375t0403(4) 391 -25to-1.8(3) -2.1 31to4.2 3.5 0.486 to 0.563 0.530
Late ore substage
Quartz-Ilb L 165 t0 294 (31) 238 -52to-1.0(26) 2.6 1.7 to 8.1 4.4 0.755 to 0.943 0.851
Calcite L 142 t0 283 (18) 185 -29to-0.8(15) -1.6 14t0 48 2.7 0.754 to 0.947 0.894

L, liquid-rich; V, vapor-rich; S, daughter mineral-bearing; Th (°C), final homogenization temperature; Tm, ice (°C), temperature of ice point;
Tm (°C), dissolution temperature of halite; Ave, average; (n), number of measurements. Seven L-type inclusions, two S-type inclusions in
andradite, and one L-type inclusion in diopside with Th > 500 °C were not included in the table. No Tm or ice data were measured from the

V-type inclusions.

—-0.8°C, respectively, which correspond to salinities of
1.7-8.1 wt.% NaCl eqv. (average 4.4 wt.% NaCl eqv.,
n = 26) and 1.4-4.8 wt.% NaCl eqv. (average = 2.7 wt.
% NaCl eqv., n = 15), respectively. The densities of
these inclusions in quartz-IIb and calcite vary from
0.755 to 0.943 g/cm® and from 0.754 to 0.947 g/cm®,
respectively.

V-type Fls typically coexist with S-type or L-type
inclusions (Fig. 8a, c, f-g). These two FI types have
similar homogenization temperatures, which is clear
evidence of fluid boiling.

4.2.3 Pressure estimation and mineralization depth

Estimates of trapping pressure can be obtained only
when the actual fluid entrapment temperature is
known or if fluid boiling or immiscibility occurred at
the time of FI entrapment (Roedder and Bodnar 1980;
Roedder, 1984). Pressures determined for non-boiling
assemblages can be derived from the homogenization
temperature and represent the minimum values
(Rusk et al., 2008). As described above, fluid-boiling
FI assemblages at Yangla were found inside garnet,
clinopyroxene, and quartz-Ila as evidenced by the
close spatial relationship between the V-type and the
L- and S-type FIs (Fig. 8a, ¢, f-g) and the similar
homogenization temperatures and contrasting
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salinities of these inclusions. Thus, the homogeniza-
tion temperatures are interpreted to closely approxi-
mate the trapping temperatures and the trapping
pressures can be estimated using the isobar equations
from Driesner and Heinrich (2007). However, the lack
of evidence for boiling in stage IIb quartz and calcite
only permits the minimum trapping P-T estimation.
Based on the total homogenization temperatures and
salinities of the L-, V-, and S-type Fls, the trapping
pressures of the FIs can be approximated in the
binary NaCl-H,O system (Hedenquist et al., 1998;
Driesner & Heinrich, 2007).

As shown in Figure 10, the trapping pressures of
the FIs in the stage I garnet and clinopyroxene,
quartz-Ila, and stage IIb quartz and calcite cluster
around 400-600 bars, 100-300 bars, and 10-50 bars,
respectively. These pressures are equivalent to a trap-
ping depth of approximately 2 km if lithostatic pres-
sure is assumed in the high-temperature pre-ore stage
and hydrostatic pressure is assumed in the lower-
temperature syn-ore stage.

4.2.4 Laser Raman spectroscopy analysis

Laser Raman microspectroscopic analysis of represen-
tative inclusions shows that the vapor phase in the L-
type Fls in the garnet and clinopyroxene consists

© 2019 The Society of Resource Geology
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Fig. 9 Histograms of homogenization temperatures (a) and salinities (b) for all inclusion types of the different
alteration/mineralization stages. Abbreviations: Cal, calcite; Cpx, clinopyroxene; Grt, garnet; Qz, quartz.
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Fig. 10 Pressure estimations for all inclusion types of the
different alteration/mineralization stages at Yangla. The
arrows show the interpreted trends of the fluids. I, 11, III,
and IV represent isothermal mixing, non-isothermal
mixing, cooling, and boiling, respectively. Abbreviations:
Cal, calcite; Cpx, clinopyroxene, Grt, garnet; Qz, quartz.

primarily of H,O (Fig. 11a-b), whereas that in the L-
type Fls in the quartz-Ila/-IIb is dominated by H,O
with minor CHy, N,, and CO, (Fig. 11c). The vapor
phase in the V-type Fls in the quartz-Ila/-IIb is com-
posed primarily of CHy, N, and CO, (Fig. 11d). This
demonstrates that the Yangla ore fluids were domi-
nantly NaCl-H,O with varying volatile compositions.

It is worth noting that the vapor compositions in
most FIs are dominated by H,O, but the vapor phases
in some quartz FIs contain minor N, CO,, and CHy,,

© 2019 The Society of Resource Geology

which may explain why some inclusions did not
freeze during cooling or cracked during heating.

4.3 Hydrogen and oxygen isotopes

New and published hydrogen and oxygen isotope data
of the Yangla garnet and quartz are listed in Table 3
and illustrated in Figure 12. To calculate the 8"®0puid
values for the garnet, quartz-Ila, and quartz-Ilb, we
used the average FI homogenization temperatures of
520°C (Lu et al., 1998), 351°C, and 238°C (this study),
respectively. The 8D and §"®Ogyig values of nine garnets
vary from —119.3%. to —107.8%. and from 3.9%. to
8.6%o, respectively. Quartz-Ila have 8D values (-137.0
to —101.0%o) similar to those of quartz-Ilb (-135.0 to
—100.0%o, except for two much higher values obtained
by Zhao JN. 2012). §"®Ogya values of quartz-la
(5.7-7.7%0) are higher than those of quartz-Ilb
(3.0-4.2%). In the 8D versus 5'°0 diagram (Fig. 12), the
garnet and quartz-Ila data points fall below the primary
magmatic water field, whereas the quartz-Ilb data
points fall in the area between the primary magmatic
water field and the meteoric water line.

5. Discussion

5.1 Skarn mineralogy and geochemistry

Based on detailed observations of crosscutting rela-
tionships and mineral paragenesis, the chalcopyrite
and other sulfides precipitated with quartz and
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Fig. 11 Representative Raman spectra of fluid inclusions in the Yangla Cu deposit. (a) and (b) H,O spectra of the vapor
phases in the two-phase liquid-rich inclusions in Adr and Di from the pre-ore stage; (c) and (d) H,O, CO,, CH,, and N,
spectra of vapor phases in the two-phase vapor-rich and two-phase liquid-rich inclusions in quartz from the ore stage.
Abbreviations: Adr, andradite; Cal, calcite; Di, diopside; Qz, quartz.

hydrous retrograde alteration minerals, such as epi-
dote and chlorite (Fig. 5d-e, g-h). In addition, the
well-developed replacement and fracture-filling tex-
tures within the anhydrous calc-silicates and the coex-
istence of sulfides and stage II hydrous calc-silicates
indicate that sulfide mineralization occurred mainly
in the retrograde alteration, consistent with most
skarn Cu deposits (Meinert et al., 2005). The major
orebodies, such as KT2-1, KT2-2, and KT5, are located
in the skarn alteration zone, which is another support
for the skarn-type metallogenesis at Yang]la.

Skarn minerals record the physicochemical condi-
tions during the ore fluid evolution (e.g.Bin & Barton,
1988; Jamtveit et al., 1993; Chapman & Williams,
1998; Clechenko & Valley, 2003; Karimzadeh Som-
arin, 2010; Stowell et al., 2011; Xu et al., 2015). In
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particular, the chemical compositions of garnet and
clinopyroxene can indicate the fluid redox state dur-
ing the skarn alteration (e.g.Einaudi, 1982; Zaw &
Singoyi, 2000; Lu et al., 2003; Markowski et al., 2006;
Mabher, 2010; Oyman, 2010). The Yangla andraditic
garnet and diopsidic pyroxene mineral assemblages
contain major element geochemistry similar to those
from many other Cu skarn deposits (Nakano et al.,
1994; Meinert et al., 1997; Meinert et al., 2005) and
indicate a relatively high oxygen fugacity (fO,) in the
stage I hydrothermal fluids (Table 1; Fig. 7). The high
fluid fO, is also supported by the greater amount of
garnet than pyroxene (Meinert et al., 2005; Xu et al.,
2015), which is also consistent with most Cu skarn
deposits around the world (Meinert et al., 2005). In
addition, the local replacement of andradite by

© 2019 The Society of Resource Geology
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Table 3 Hydrogen-oxygen isotope compositions of the Yangla Cu deposit (%)

Sample no. Minerals 8Dspvow (%) 8"80smow (%) Temperature (°C) 8"%0quid (%) Data source
325046 Garnet -107.8 48 520 7.7 This paper
3250-47 Garnet -1125 57 520 8.6 This paper
3250-48 Garnet -115.6 2.6 520 55 This paper
325049 Garnet -119.3 2.8 520 57 This paper
3250-50 Garnet -110.6 55 520 8.4 This paper
3250-51 Garnet -109.4 1.5 520 44 This paper
3250-52 Garnet -115.7 2.7 520 5.6 This paper
3250-54 Garnet -113.6 1.0 520 39 This paper
3250-60 Garnet -114.0 2.0 520 49 This paper
YKO017-1 Quartz-Ila -111.0 115 351 59 This paper
YKO018-1 Quartz-Ila -101.0 12.9 351 7.3 This paper
YKO019-1 Quartz-Ila -118.0 10.9 351 5.3 This paper
LC4 Quartz-Ila -137.0 13.3 351 7.7 This paper
3904-654 Quartz-1Ib -128.0 12.2 238 2.7 This paper
3250-KT2-4 Quartz-1Ib -135.0 13.7 238 4.2 This paper
3250-KT2-5 Quartz-1Ib -124.0 12.7 238 3.2 This paper
3250-KT2-1 Quartz-1b -123.0 12.2 238 2.7 This paper
3250CM-2 Quartz-1Tb -134.0 12.6 238 3.1 This paper
3250CM-8 Quartz-1Ib -134.0 12.3 238 2.8 This paper
3250-8-1-3 Quartz-IIb -117.0 11.6 238 2.1 This paper
3275 Quartz-IIb -131.0 119 238 24 This paper
Feb-75 Quartz-IIb -133.0 12.3 238 2.8 This paper
L1 Quartz-IIb -103.1 10.7 230 0.7 1

L2 Quartz-IIb -78.1 111 250 2.2 1

L6 Quartz-IIb -76.2 11.6 250 2.7 1

YL-8 Quartz-1Ib -104.0 11.6 233 1.8 2

YL-24 Quartz-1Ib -100.0 11.5 249 2.5 2

YL-39 Quartz-1Ib -105.0 10.6 240 1.2 2

YL-40 Quartz-1Ib -115.0 11.9 223 1.5 2

YL-41 Quartz-IIb -109.0 11.7 212 0.7 2

YL-57 Quartz-IIb -120.0 11.2 165 -3.0 2

Oxygen isotope fractionations: andradite-water, quartz—water (Zheng, 1993). Data sources: 1-(Zhao, 2012); 2-(Yang, 2012).

hedenbergite suggests decreasing fluid fO, with
decreasing temperature (Zhu et al., 2015).

The hydrothermal fluid temperatures of stages I
and II can be estimated from the mineral assemblages
(Einaudi et al., 1981; Meinert, 1992; Meinert, 1998).
The Yangla prograde skarn is dominated by garnet,
diopside, and hedenbergite, but wollastonite is
absent, which indicates a fluid temperature of
430-550°C (Einaudi et al., 1981; Meinert, 1992;
Meinert, 1998). This inferred temperature is consistent
with the homogenization temperatures of Fls in gar-
net and clinopyroxene (Zhan et al., 1998; this study).

5.2 Source of ore-forming fluids and materials

Previous studies showed that the Jiaren granitoids are
I-type with a crust-mantle mixed origin and are

© 2019 The Society of Resource Geology

coeval (ca. 230 Ma: zircon U-Pb data by Gao et al.,
2010; Zhu et al. 2011) with the Yangla Cu mineraliza-
tion (molybdenite Re-Os age: ca. 232 Ma; Yang et al.,
2012; Zhu et al., 2015). Zhu et al. (2015) presented the
diagrams of Y versus Nb and Rb versus (Nb +Y),
both showing that the Jiaren granitoid is similar to
those of the most Cu skarn ore-causative plutons
worldwide (Meinert et al., 2005). This, and the fact
that stratiform/lenticular skarn orebodies at Yangla
are mostly located along the exocontact of the Jiaren
granitoid intrusions, further supports the metallogenic
link between the Jiaren granitoid and the Yangla Cu
mineralization.

The garnet and quartz-Ila samples have lower
8Dfuia  (—137.0% to —101.0%) and 8"®Ogqui
(3.9-8.6%0) values (Table 3) than primary magmatic
water, which is probably led by open-system magma
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Fig. 12 8D vs. §'°0 diagram of the ore fluids in the Yangla
Cu deposit. The metamorphic water field, primary mag-
matic water field, and meteoric water line are obtained
from Taylor and Sheppard (1986). Abbreviation: SMOW,
standard mean ocean water.

degassing (Taylor & Sheppard, 1986) and water-rock
interactions between the hydrothermal fluids and the
country rock, respectively. In the 8D versus §'°0 dia-
gram (Fig. 12), these samples plot below the primary
magmatic water field and are slightly closer to the
meteoric water line. The quartz-IIb samples yielded a
wide 8Dgyiq4 range (mainly —135 to —100%.) and low
6180ﬂuid values (—3.0 to 4.2%.; Table 3), which plot in
the area between the primary magmatic water field
and the meteoric water line (Fig. 12). This suggests
meteoric water incursion into the hydrothermal sys-
tem during stage IIb. Therefore, the hydrogen-oxygen
isotope results indicate a predominantly magmatic
origin for the Yangla ore fluids with stage IIb mete-
oric water incursion. This conclusion is further
supported by the published near-zero §*S values
(-1.8 to 1.8%o) of the Yangla chalcopyrite (Zhu et al.,
2015) and the C-O isotopic compositions of syn-ore
stage calcites (8"Cppp = —7.0% to —2.3%;
8" 0smow = 10.7-19.4%o; Du et al., 2017). The lead iso-
tope compositions of the Yangla pyrite, pyrrhotite,
and chalcopyrite are relatively homogeneous
C%Pb/*™Pb = 18273-18369, *"Pb/*™Pb =
15.627-15.677, and ***Pb/**'Pb = 38.445-39.611; Zhan
et al., 1998) and are broadly comparable with those of
the Jiaren granitoids (ca. 230 Ma: zircon U-Pb data by
Gao et al., 2010; Zhu et al. 2011) and Devonian
Jiangbian and Linong Formations but are distinct
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from those of the Carboniferous basalts in the Yangla
ore field (Zhu et al., 2015). Therefore, the granitic
magma and host rocks may have contributed most of
the lead and ore-forming metals (Zhu et al., 2015).
Thus, the new H-O isotope and published C-O iso-
tope data indicate that the ore fluids were predomi-
nantly of magmatic origin and included some
meteoric water at the late syn-ore stage. Besides, S-Pb
isotope data all suggest the granitic magma and host
rocks contributed most of the lead and ore-forming
metals (Zhu et al., 2015).

5.3 Characteristics and evolution paths of the
ore-forming fluids

As the Jiaren granitoid pluton cooled and crystallized,
an initial fluid with medium-salinity (6-8 wt.% NaCl)
and high-temperature (generally approximately
600°C) supercritical fluids and their concentration in
the carapace of the magma chamber (Burnham, 1979;
Candela, 1989a; Candela, 1989b; Yang & Bodnar,
1994; Bodnar, 1995; Meinert et al., 1997; Robb, 2005).
This initial ascent of supercritical fluid to higher levels
was likely coincident with the intrusion of the Jiaren
granitoids to a depth of approximately 2-3 km
beneath the paleosurface (Meinert ef al., 1997; Meinert
et al., 2003; Zhu et al., 2015). During the initial fluid
ascent, a pressure of 50 MPa and a temperature of
approximately 500-600°C caused this fluid to boil and
separate into a hypersaline liquid phase (approxi-
mately 50 wt.% NaCl eqv.; Table 2; Fig. 9) in equilib-
rium with a lower-density vapor phase. These
processes were recorded by Fls that were trapped in
the prograde skarn minerals (garnet and cli-
nopyroxene). This phenomenon is consistent with the
findings for most Cu skarn deposits, where prograde
skarn was formed from this type of hypersaline liquid
(Meinert et al., 1997; Meinert et al., 2003). During the
separation of the liquid and vapor phases, most of the
SO, and HCI escaped from the initial fluid into the
vapor phase, producing a hypersaline liquid with
high base metal solubilities and a relatively low sulfur
content (Bodnar, 1995; Meinert ef al., 2003). This pro-
cess likely explains the lack of sulfide deposition dur-
ing the prograde skarn alteration.

As the underlying granitic magma chamber contin-
ued to cool and crystallize, a fluid with a composition
of bulk Na-K-Cl composition similar to that of the ear-
lier stage fluid may have continually exsolved
(Meinert et al., 1997; Meinert et al., 2003). However,
this later-ascending fluid did not boil probably
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because of lower fluid flux as the parent granitic
magma approached the end stages of stagnant crys-
tallization (Meinert et al., 1997, Shinohara &
Hedenquist, 1997; Meinert et al., 2003). When the tem-
perature had decreased to less than 400°C, the rock
deformation changed from ductile to brittle, resulting
in the change from lithostatic to hydrostatic condi-
tions (Fournier, 1992). Therefore, when this later fluid
had ascended to approximately 2 km, the pressure
was 20 MPa, and the fluid boiled at a temperature of
approximately 350°C (average temperature of the
quartz-Ila FIs), which led to phase separation of the
liquid and vapor. Based on the FI and mineralogical
evidence, the quartz and other retrograde alteration
minerals, such as epidote and chlorite, formed from
this cooler (301-415°C, average 351°C) and less saline
(2.6-11.7 (average 7.5) wt% NaCl eqv.) fluid
(Table 2). These conditions accompanied the retro-
grade alteration and abundant sulfide ore formation.

The stage IIb quartz and calcite vein/veinlets con-
tain FI assemblages with lower salinities (quartz:
1.7-8.1 (average 4.4) wt.% NaCl eqv.; calcite: 1.4-4.8
(average 2.7) wt.% NaCl eqv.) and lower homogeniza-
tion temperatures (quartz: 165-294°C, average 238°C;
calcite: 142-283°C, average 185°C) than those of the
stage Ila (Table 2; Fig. 9). Although the fluid-mixing
trends in the FIs from the stage IIb are unclear, calcu-
lations based on the calcite C-O isotope (Du et al.,
2017) and quartz H-O isotope data suggest that mete-
oric water contributed to the dilution of the ore fluid
and triggered the precipitation of abundant minerals
(Du et al., 2017).

5.4 Possible deposition mechanism and
deposit type

Previous experimental studies showed that copper
chloride complexes are likely the most important Cu
carrier in porphyry systems (Candela & Holland,
1986; Ulrich et al., 2001; Landtwing et al., 2005) and
are the predominant species in high-temperature
fluids (Liu & McPhail, 2005). The daughter mineral in
the Yangla S-type Fls is halite, suggesting that Cu
was also likely transported as chloride complexes in
the Yangla ore fluids.

As previously described, we found that Type-S
(halite-bearing) and Type-V (vapor-rich) FIs coexisted
in garnets of the pre-ore stage for the Yangla deposit
(Fig. 8a), indicating that primary FIs were captured
almost simultaneously when the fluids were boiling.
The phase separation of the initial fluid during boiling
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produced a high-salinity brine phase and a low-
salinity density vapor phase as inferred from Fig. 10
(Meinert et al., 1997). For example, from the pre-ore
stage to the early syn-ore stage, the FI type changed
from Type-S + Type-V + Type-L (liquid-rich) to Type-
V + Type-L with the conduct of mineralization and
was accompanied by the disappearance of Type-S FIs,
and homogenization temperature and salinity also
tended to decrease dramatically (Fig. 10). This pro-
posal is also provided by previous studies that
reported the immiscibility between brine and low-
salinity vapor, which is evident by the coexistence of
Type-S and Type-V inclusions in skarn systems
(Roedder, 1971; Ni et al., 2015). In addition, the forma-
tion of skarn minerals (e.g. garnet, clinopyroxene,
chlorite, actinolite) may cause the consumption of
Na*, K*, Ca*, CI7, etc. in ore fluids and further led to
the salinity reduction of ore fluids (Golmohammadi
et al., 2015). Hence, the disappearance of halite-
bearing inclusions (Type-S) may be caused by the for-
mation of skarn minerals at the pre-ore stage.

At the early syn-ore stage, the V-type and L-type
FIs coexisted in quartz-Ila (Fig. 8g) and were homoge-
nized to a different phase. In the Th versus salinity
diagram (Fig. 10), there is a negative homogenization
temperature versus salinity correlation for most of
FIs. These features suggest that fluid boiling may
have occurred in this stage. By comparing the pri-
mary Fls in the skarns, we noted that the homogeni-
zation temperature and salinity of inclusions
decreased dramatically. This phenomenon indicated
that the ore fluids evolved from moderate-high tem-
perature, moderate-high salinity conditions to low-
temperature, low-salinity conditions from the skarn
stage (pre-ore stage) to the quartz-Cu-Mo-Fe sulfides
stage (ore stage). Therefore, during the retrograde
alteration at Yangla, the fluids may have ascended to
approximately 2 km, and the temperature dropped to
just below 400°C, triggering the transition from
hypersaline brines emplaced at lithostatic pressure to
lower-salinity boiling fluids at hydrostatic pressure
(Meinert et al., 1997). This may have resulted in the
deposition of most metal sulfides at this stage.

In addition, we also identified Type-L inclusions
(liquid-rich) in the late syn-ore stage quartz (Fig. 8h)
and calcite (Fig. 8i) from the Yangla deposit. In the Th
versus salinity diagram (Fig. 10), the salinities of FIs
in quartz and calcite fall within a narrow range with
the homogenization temperature drop. The possible
mechanisms explaining this phenomenon could be
the accession of meteoric water and may have caused
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fluid cooling at Yangla. As supported by the new H-
O isotope (this study) and published C-O isotope data
(Du et al., 2017), the meteoric water incursion into the
hotter ore fluid at the late syn-ore stage is indicated.
Therefore, we propose that the fluid mixing between
a high-temperature magmatic fluid and a low-
temperature meteoric water may have led to a signifi-
cant drop in temperature (from 294°C to 142°C),
which further caused the formation of Cu-bearing
quartz/calcite veins in the late syn-ore stage. Support
for this proposal is also provided by experimental
studies, which have shown that a significant tempera-
ture drop can destabilize and dissociate the metal
chloride complexes, leading to massive metal sulfide
precipitation (e.g. Ulrich et al., 2001; Liu & McPhail,
2005). This may have been the case for the Yangla
deposit as recorded by the cooling trend of the quartz
and calcite Fls data in the late syn-ore stage.

As mentioned above, the Yangla deposit has been
identified as an intrusion-related Cu deposit in the
Jinshajiang tectonic belt. However, as more in-depth
studies have been conducted in recent years, “sedi-
mentary  exhalative  (SEDEX),”  “volcanogenic
genesis,” and “skarn-type” were terms that were con-
sistently put forward to explain the genesis of the
Yangla deposit. Previous studies suggested that the
formation of skarn was mainly considered to be
through magmatic hydrothermal metamorphism, and
the typical skarn deposits developed typical hydrous
(e.g. epidote, chlorite, and sericite) and unhydrous
(e.g. andradite, diopside, and hedenbergite) skarn
minerals (Meinert et al., 1997; Meinert et al., 2005;
Siahcheshm, 2017). At Yangla, results of this paper
show that skarn minerals are dominated by garnet,
diopside, and hedenbergite, and copper mineraliza-
tion is closely associated with retrograde skarn alter-
ation, which is consistent with most skarn Cu
deposits (Meinert et al., 2005). The skarn minerals
(garnet) at the pre-ore stage in the Yangla yielded a
limited range of high §'®0 and high 8D values, which
suggest a magmatic origin. The 8'°0 and 8D isotope
compositions of quartz and calcite indicated that the
ore fluid of the ore stage was dominated by magmatic
water and mixed by a certain amount of meteoric
water. In addition, the Rock-Forming Age (granite
SIMS zircon U-Pb dating: 233+ 14Ma and
231.0 + 1.6 Ma; Zhu et al., 2011a, 2015) were quite
nearly equal to the Ore-forming Age (molybdenite
Re-Os dating: ca. 232 Ma; Yang et al., 2012; Zhu et al.,
2015). More importantly, our geological survey has
proved that Cu orebodies are closely associated with
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skarn alteration within the Devonian carbonate rocks
(Fig. 3). As such, we can conclude that the Yangla Cu
deposit is skarn-type deposit, which formed the
magmatism-mineralization process during the
Indosinian period.

6. Conclusions

The Yangla deposit is best classified as a Cu skarn
deposit. The prograde-skarn garnet and cli-
nopyroxene are dominantly andradite and diopside,
respectively, and the Cu mineralization is mainly
associated with retrograde alteration, consistent with
many Cu skarn deposits around the world.

The Yangla Cu mineralization has a close genetic
link with the Jiaren granitoids. The hydrogen and
oxygen isotopic compositions suggest that the ore
fluids were magmatic dominated, with late-stage
meteoric water incursion.

As recorded by the Fls in the prograde-skarn garnet
and clinopyroxene, fluid boiling may have occurred
during the pre-ore stage, separating the fluid into a
hypersaline liquid phase and a lower-density vapor
phase. These skarn mineral depositions and wall rock
alterations may be caused by the disappearance of
halite-bearing inclusions (Type-S) and salinity. Fluid
boiling may have occurred due to the change from lit-
hostatic to hydrostatic pressure, which triggered the
precipitation of abundant quartz-Cu-Mo-Fe sulfides
in the early syn-ore stage. At the late syn-ore stage,
fluid mixing between a high-temperature magmatic
fluid and a low-temperature meteoric water may have
led to a significant drop in temperature and caused
the deposition of Cu-bearing quartz/calcite veins.
Comprehensive research shows the Yangla deposit is
a typical skarn-type deposit that is genetically related
to Mesozoic magmatism.
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