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Keywords: The Heijianshan Fe-Cu (-Au) deposit, located in the Agishan-Yamansu belt of the Eastern Tianshan (NW China),
Paragenesis is hosted in the mafic-intermediate volcanic and mafic—felsic volcaniclastic rocks of the Upper Carboniferous
Fluid inclusions Matoutan Formation. Based on the pervasive alteration, mineral assemblages and crosscutting relationships of
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veins, six magmatic-hydrothermal stages have been established, including epidote alteration (Stage I), mag-
netite mineralization (Stage II), pyrite alteration (Stage III), Cu (—~Au) mineralization (Stage IV), late veins (Stage
V) and supergene alteration (Stage VI). The Stage I epidote—calcite-tourmaline-sericite alteration assemblage
indicates a pre-mineralization Ca-Mg alteration event. Stage II Fe and Stage IV Cu (-Au) mineralization stages at
Heijianshan can be clearly distinguished from alteration, mineral assemblages, and nature and sources of ore-
forming fluids.

Homogenization temperatures of primary fluid inclusions in quartz and calcite from Stage I (189-370 °C), II
(301-536°C), III (119-262°C) and V (46-198 °C) suggest that fluid incursion and mixing probably occurred
during Stage I to II and Stage V, respectively. The Stage II magmatic-hydrothermal-derived Fe mineralization
fluids were characterized by high temperature (> 300 °C), medium-high salinity (21.2-56.0 wt% NaCl equiv.)
and being Na—Ca—-Mg-Fe-dominated. These fluids were overprinted by the external low temperature (< 300 °C),
medium-high salinity (19.0-34.7 wt% NaCl equiv.) and Ca-Mg-dominated basinal brines that were responsible
for the subsequent pyrite alteration and Cu (-Au) mineralization, as supported by quartz CL images and H-O
isotopes. Furthermore, in-situ sulfur isotopes also indicate that the sulfur sources vary in different stages, viz.,
Stage II (magmatic-hydrothermal), III (basinal brine-related) and IV (magmatic-hydrothermal). Stage II dis-
seminated pyrite has §*Sqq values of 1.7-4.3%o, comparable with sulfur from magmatic reservoirs. §>*Sguiq
values (24.3-29.3%o) of Stage III Type A pyrite (coexists with hematite) probably indicate external basinal brine
involvement, consistent with the analytical results of fluid inclusions. With the basinal brines further interacting
with volcanic/volcaniclastic rocks of the Carboniferous Matoutan Formation, Stage III Type B pyr-
ite—chalcopyrite—pyrrhotite assemblage (with low 8>*Sgyiq values of 4.6-10.0%o0) may have formed at low fO,
and temperature (119-262 °C). The continuous basinal brine-volcanic/volcaniclastic rock interactions during
the basin inversion (~ 325-300 Ma) may have leached sulfur and copper from the rocks, yielding magmatic-like
8%*Sguia values (1.5-4.1%o). Such fluids may have altered pyrite and precipitated chalcopyrite with minor Au in
Stage IV. Eventually, the Stage V low temperature (~160 °C) and low salinity meteoric water may have per-
colated into the ore-forming fluid system and formed late-hydrothermal veins.

The similar alteration and mineralization paragenetic sequences, ore-forming fluid sources and evolution, and
tectonic settings of the Heijianshan deposit to the Mesozoic Central Andean IOCG deposits indicate that the
former is probably the first identified Paleozoic IOCG-like deposit in the Central Asian Orogenic Belt.
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1. Introduction

The Eastern Tianshan of the Central Asian Orogenic Belt (CAOB;
Fig. 1a and b) has been an important mineral exploration target in NW
China due to the many important Fe (-Cu) deposits discovered, in-
cluding Hongyuntan, Bailingshan, Heijianshan, Yamansu, Heifengshan,
Shuangfengshan and Shaquanzi (Fig. 1c; Jiang et al., 2002; Cheng et al.,
2008; Huang et al., 2013b). Of these Fe (—-Cu) deposits, previous studies
had predominantly focused on the petrology of the related intrusions
(Li et al., 2011; Lei et al., 2013; Xu et al., 2014; Zhang et al., 2014) and
the ore deposit geology (Mao et al., 2005; Qin et al., 2005; Han et al.,
2014), but their ore genesis are still controversial. For example, the
Hongyuntan Fe deposit has been classified as a hydrothermal metaso-
matic (Z.J. Zhang et al., 2012) or skarn (Zhang et al., 2013) deposit. The
Bailingshan Fe deposit has been attributed to be a submarine volcanic-
hosted (Li and Li, 1999; Xu et al., 2011), skarn (Mao et al., 2005) or
hydrothermal metasomatic (W.F. Zhang et al., 2014) deposit. For the
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Yamansu Fe deposit, it has been proposed as a submarine volcanic-
hosted (Hou et al., 2014; Li et al., 2014) or skarn (Mao et al., 2005;
Zeng et al., 2014) deposit. Furthermore, Huang et al. (2013c) argued
that Shaquanzi, Heifengshan and Shuangfengshan Fe (-Cu) deposits
were probably IOCG deposits based on Re-Os ages of pyrite and C-0-S
isotopes. Among these many genetic models, skarn and IOCG are cur-
rently the two major debated ore deposit types. These submarine vol-
canic-hosted deposits in northern Xinjiang commonly have skarn al-
teration and were therefore considered as skarn deposits (e.g.,
Bailingshan and Yamansu deposits; Mao et al., 2005), yet the absence of
some typical skarn deposit features, including close relationships of
orebodies with intrusions, carbonate host rocks, magmatic-derived ore-
forming fluids, and (in some cases) garnet-pyroxene skarn alteration,
has led these Fe (-Cu) deposits in northern Xinjiang to a local “sub-
marine volcanic-hosted Fe (-Cu)” classification (Hou et al., 2014; Z.C.
Zhang et al., 2014). Until recently, although some submarine volcanic-
hosted deposits (e.g., Shaquanzi, Heifengshan and Shuangfengshan

792

83° 95°

87°

800km N
=

b

LERE
=N
3
N\

N

A

Arabic

Ophiolite . ‘ A
Fault il et ]

i Western — m
i ! Junggar

N,

e
aslern Junggar "\.\\
hY

Fig.c

Craton Indian il
Craton : o
23y an Basin %
;o =
/ "‘ Eastern Tianshan_~T 4_3'_
"
(,’ -~ shan
" @Akasu Tarim Basin Gansu
.~ -7 I I
79° 83°
90°00’ 91°00" 92°00" 93°00"
T T | T
(6
N
0  25km A
Turpan Basin
© Dacaotan Fault @ % 00 o
U ‘NO—L\
Xiaorequarﬂ Xia ‘@‘ \‘Ez
YN nanhu-Tousuquan Island Arc Belt N LD
P, s s b e
) o Tud et —
-“ = e Linglond > S Ly
v = ong ,Kangguelr = -
\\\§\ ——— ,n 2\ Yandong ,‘“2 = Y _/ é)“o
- o ST X @
‘ - gh_ y Z’ " - Y Eault Shaquanzi.@ai
< OQ) . nggue_r —:e%r’ EI’Q/ Pongc Yamansu < ’
. ailingsh == Islan D yu
& Hongyuntan % n_\(amans“ mutage 1t )
N P @ 7 A isha @K . — ke an
@ e C‘?Au Ny — Chi f. i e A4 S - >
@ ©® o Ag(CuPbZn [ ) :
®e-cu n Terrane
@ @ o Fc(Cu) 9§ Pl
@® ® o CuNi ’/ g 2R
@ @ o Pbzn L e
b Lol s )

Permian volcanic
-sedimentary rocks

Meso-Cenozoic
sediments

Carbonife

(. (.

rous

volcanic rocks

Y
|:| Ord

volcanic rocks

ovician-Devonian

Precambrian
basement

|:| Granite

Fig. 1. (a). Simplified tectonic framework of the Central Asian Orogenic Belt (CAOB; simplified after Sengor and Natal’in, 1996); (b). Sketch map showing the tectonic framework of
Northern Xinjiang (simplified after Chen et al., 2012); (¢). Geologic map of the Eastern Tianshan Orogenic Belt and distribution of major ore deposits (simplified after Wang et al., 2006;
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deposits; Huang et al., 2013c) have been proposed as IOCG type, yet
detailed information of tectonic setting, ore deposit geology and sys-
temic study of fluid evolution based on reliable paragenetic sequences
are still lacking to support this hypothesis.

The Heijianshan Fe-Cu (-Au) deposit is a typical example of these
Eastern Tianshan submarine volcanic-hosted Fe (—-Cu) deposits. It was
initially recognized as a medium-sized Cu deposit in Chinese classifi-
cation (0.38 Mt ore @ 0.78 wt% Cu; XUARGS, 2003) but now with
abundant magnetite, copper and/or even minor gold (in this study)
after preliminary exploration, and initially mined as an iron deposit and
abandoned now, has been rarely studied and poorly understood. In
previous regional studies, the Heijianshan Fe-Cu (-Au) deposit was
considered as a volcanic (Han et al., 2002; Pan et al., 2005; Liu, 2008;
Wang et al., 2008), sedimentary deformation (Cui et al., 2008), volcanic
sedimentary (Ma and Chen, 2011; Zhang, 2000) or skarn (Mao et al.,
2005; Pirajno, 2013) deposit in Chinese Fe deposit classification
without detailed anatomy of ore deposit, and the ore genesis and
especially the characteristics of ore-forming fluids remain controversial.
Furthermore, the differences of mineralization mechanisms between Fe
and Cu were still unknown in this belt. Therefore, detailed study of the
Heijianshan Fe-Cu (—Au) deposit may provide clues for understanding
the ore deposit, and the genesis of Fe and Cu (-Au) mineralization in
this important metallogenic belt in NW China.

In this paper, we present new data on the ore deposit geology, al-
teration and mineralization paragenesis, fluid inclusions and in-situ
SIMS sulfur isotopes of the Heijianshan deposit to elucidate its ore-
forming fluid source and evolution, and reveal its ore genesis, which
can act as an important example for this important submarine volcanic-
hosted Fe (—Cu) mineralization belt in NW China.

2. Regional geology

The CAOB, located between the Siberian, Tarim and North China
cratons (Fig. 1a), is the largest Phanerozoic accretionary orogen in the
world, and comprises Precambrian massifs, magmatic arcs, ophiolites
and other accretionary complexes (Jahn et al., 2000, 2004; Windley
et al., 2007). It was likely formed from the diachronous collisions be-
tween the Siberia and Tarim-Sino-Korean plates along the Solonker
suture during the Carboniferous to Early Triassic (Gao et al., 1998;
Charvet et al., 2007; Han et al., 2009; Xiao et al., 2009). The Eastern
Tianshan Orogenic Belt (northern Xinjiang; Fig. la and b) is a key
component of the CAOB and has a complex tectonic framework
(Fig. 1b; Charvet et al., 2007; Xiao et al., 2008). The belt hosts many
important ore deposits, e.g., Tuwu and Yandong Cu deposits,
Shiyingtan and Kangguer Au deposits, Bailingshan, Heijianshan and
Shaquanzi Fe (-Cu) deposits, and is thus one of the key areas for mi-
neral exploration in NW China (Mao et al., 2005; Huang et al., 2013a).

The Eastern Tianshan contains three major tectonic units, i.e., (from
north to south) the Dananhu-Tousuquan Island Arc Belt, Kangguer
Shear Zone and Agishan-Yamansu Island Arc Belt (or Back-arc Basin).
These three units are separated by the regional E-W-trending Kangguer
and Yamansu faults, respectively (Fig. 1c).

The Dananhu-Tousuquan Island Arc Belt consists predominantly of
Ordovician-Permian volcanic and sedimentary rocks, as well as
Devonian to Carboniferous intrusive rocks that host the large Tuwu-
Yandong porphyry copper deposits (Mao et al., 2005). The Kangguer
Shear Zone is mainly made up of greenschist-facies metamorphosed and
ductile-deformed Carboniferous volcaniclastic rocks (Xiao et al., 2004),
as well as Permian mafic-ultramafic intrusions (Mao et al., 2005).
Moreover, abundant Au deposits (e.g., Shiyingtan and Kangguer) and
Cu-Ni deposits (e.g., Huangshan and Huangshandong) were hosted in
the western and eastern Kangguer Shear Zone, respectively (Fig. 1c).

The Aqishan-Yamansu belt is predominantly composed of
Carboniferous and Permian volcanic/volcaniclastic and sedimentary
rocks (Fig. 1c). The Carboniferous rocks comprise the Yamansu and
Matoutan formations (Fig. 2). The Yamansu Formation is a ca. 5km
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thick bimodal volcanic succession with three members in the northern
part of the belt. The unconformably overlying Matoutan Formation,
also called the Tugutubulake (Zhang et al., 2012) or Shaquanzi For-
mation (Mao et al., 2005) in the eastern part of the belt, contains two
members in the southern part of the belt (Fig. 2). The Paleozoic vol-
canic-sedimentary sequences were intruded by numerous Carboniferous
to Late Triassic granitoids, with ages from the Carboniferous to Late
Triassic in back/intra-arc basin (350-325 Ma), basin inversion or arc-
arc collisional (325-300Ma), post-collisional (290-270Ma) and
within-plate (246-228 Ma) tectonic settings (Zhou et al., 2010; Zhang,
2012; Lei et al., 2013; Zhang et al., 2016). Major deposits discovered in
this belt include Fe (e.g., Hongyuntan, Bailingshan, Chilongfeng, Ya-
mansu), Fe-Cu (e.g., Heijianshan, Duotoushan, Shaquanzi) and Cu-Ag
(e.g., Weiquan) deposits.

3. Deposit geology

The Heijianshan Fe-Cu (-Au) deposit is located at about 150 km
south of Hami city, Xinjiang, NW China (Fig. 1c). Exposed rocks at
Heijianshan are composed of the lower three members of the Upper
Carboniferous Matoutan Formation, comprising (from bottom up) tuff
and basalt, basalt, tuff and brecciated tuff, as well as basaltic andesite
(Fig. 3). Orebodies commonly hosted by the tuff and brecciated tuff of
the middle member, contain magnetite with epidote + amphi-
bole + chlorite + carbonate + minor K-feldspar alterations, and/or
chalcopyrite (—electrum) with chlorite alteration (Fig. 4).

The orebodies are tabular or stratiform (Fig. 4). The largest orebody,
30-50 m long and 8-10 m wide in the open pit, strikes 103° and dips 45°
to the NE. Based on the different spatial distributions of Fe and Cu
mineralization, ores can be divided into sulfide, oxide and mixed oxide-
sulfide ores, with the latter two being predominant. Ore minerals in-
clude predominantly magnetite and hematite, with minor electrum and
sulfides (pyrite, pyrrhotite and chalcopyrite). Gangue minerals include
mainly epidote, calcite, amphibole and chlorite, with minor quartz, K-
feldspar, sphene, apatite, albite, barite, tourmaline and sericite. Mag-
netite in the oxide and mixed oxide-sulfide ores commonly occurs as
massive, disseminations, magnetite clasts, and minor veinlets. Mean-
while, pyrite and chalcopyrite (—electrum) in the sulfide and mixed
oxide-sulfide ores occur mainly as disseminations and veinlets, and
minor as massive. Most of the observed silicate and oxide minerals at
Heijianshan are generally euhedral to subhedral, and metasomatic
textures are common, indicating a possible hydrothermal origin.

The Matoutan Formation at Heijianshan was intruded by inter-
mediate to felsic intrusive rocks (Fig. 3). Quartz syenite porphyry,
quartz diorite and diorite porphyry with minor monzogranite mainly
occur in the southern part of Heijianshan, whereas granodiorite with
minor diorite porphyry are exposed in the northwestern part. Field
relationships suggest that the quartz syenite porphyry, granodiorite and
monzogranite were emplaced before diorite porphyry and quartz
diorite, whilst diabase porphyry dykes were the youngest intrusive
phase. Three fault systems and a small syncline were documented at
Heijianshan: The oldest NW-NNW-trending faults cut the tuff, basalt
and brecciated tuff sequences, the younger NNE-NE-trending faults
crosscut quartz diorite locally, whereas the youngest E-NE-trending
fault crosscuts diorite porphyry, quartz diorite, quartz syenite porphyry
and monzogranite (Fig. 3).

4. Alteration/mineralization mineral paragenesis and chemistry

In this study, 110 doubly-polished thin sections from four drill holes
(Fig. 4) were carefully observed for their alteration/mineralization
paragenesis. Six alteration/mineralization stages have been established,
including epidote alteration (Stage I), magnetite mineralization (Stage
II), pyrite alteration (Stage III), Cu (-Au) mineralization (Stage IV), late
veins (Stage V) and supergene alteration (Stage VI) (Fig. 5), largely
based on textural relationships and mineral assemblages.
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Fig. 2. Simplified stratigraphic column of the Eastern

Tianshan region (including the Aqishan-Yamansu Island Arc
Belt and Central Tianshan Terrane). References are from He
et al. (2015), Huang et al. (2015a,b), Lei et al. (2011, 2013),
Li et al. (2016), Liu et al. (2004), Wang et al. (2015), Xiu

et al. (2002), Zhang (2012), Zhang et al. (2016), Zhou et al.
(2010).
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Representative electron probe microanalysis (EPMA) data of the al-
teration/mineralization minerals are given in Tables 1 and 2.

Stage I—Epidote alteration: Fine-grained yellow—green epidote is
widespread in the host rocks, and commonly replaced plagioclase and
amphibole phenocrysts in the tuff. The Heijianshan epidote is relatively
Fe-rich, with the Fe/(Fe + Al) ratios ranging from 0.19 to 0.38
(Table 1). In this stage, epidote is widespread and can be coexisting
with calcite in veins cutting altered Matoutan volcanic rocks (Fig. 6a).
In some places, coarse euhedral epidote intergrows with calcite (which
hosts the Stage I fluid inclusions) and is replaced by later-stage am-
phibole and fine-grained magnetite (Fig. 6b). Other Stage I minerals

113

Marine-continental

Schist and
quartzite

5
- Granitoids

include tourmaline and sericite, and all those minerals may indicate a
Ca-Mg alteration event before the Stage II magnetite and Stage IV Cu
(—=Au) mineralization.

Stage II—Magnetite/Fe mineralization: Magnetite, the main
Heijianshan Fe mineral, is closely associated with amphibole
(Fig. 6c—e). The fine-grained magnetite and amphibole accumulates
commonly replaced or crosscut host rocks and the previous epidote,
calcite and locally tourmaline (Fig. 6b-d). Magnetite in massive
(Fig. 6e—-g and k) and disseminated ores shows clear hydrothermal
geochemical features: (a) depletions in Zr, Nb and Ta; (b) low Ti
(< 2wt%) and Al (< 1wt%); and (c¢) Ni/Cr = 1 (Zhao et al., 2016).
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Fig. 3. Geologic map of the Heijianshan Fe-Cu (-Au) de-
posit (modified after XUARGS, 2003).
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However, magnetite in the magnetite clasts ores has higher Cr con-
centrations than in other ore types, which may suggest earlier chromite
geochemical inheritance (Zhao et al., 2016). Magnetite grains in those
different ore types (i.e., massive, disseminations and magnetite clasts)
can be distinguished by trace elements, e.g., diagrams of Cr vs. Co/Ni,
Cr vs. Ti, V vs. Cr and Ni vs. Cr (Zhao et al., 2016). Stage II amphibole is
classified as calcic amphibole in the Nap vs. (Ca + Na)g diagram
(Fig. 7a). The different amphibole sub-types in the Heijianshan deposit
are distinguished by their Mg/(Mg + Fe) ratios, including tremolite
(0.90-1.00), actinolite (0.73-0.90) and magnesiohornblende
(0.77-0.95) (Table 1; Fig. 7b), which are also distinguishable by their
morphology and color (e.g., crossed-polar). Locally, quartz, K-feldspar
and sphene closely coexist with magnetite and amphibole. A hematite
sub-stage (Stage II-A; Fig. 5), replaced subsequently by magnetite (i.e.,
“mushketovite”; Fig. 6f), may have occurred before the main magnetite
mineralization (Stage 1I-B).

Stage III—Pyrite alteration: Major minerals include pyrite and
quartz, and minor hematite, pyrrhotite and chalcopyrite, with different
mineral assemblages of pyrite-hematite and pyrite-pyr-
rhotite-chalcopyrite to divide this stage into two sub-types (Fig. 5).
Euhedral to subhedral Stage II magnetite grains were commonly re-
placed or cut by Stage III pyrite and Stage IV chalcopyrite (Fig. 6g-1).
Pyrite commonly occurs as disseminations, massive or veinlets in sul-
fide and mixed oxide-sulfide ores (Fig. 6g—j). The Co/Ni ratios of pyrite
vary from 0.24 to 39.91, and a few pyrite grains have their Ni contents
below the EPMA detection limit. Meanwhile, pyrite, coexisting with
pyrrhotite, was also crosscut by Stage IV chalcopyrite with electrum in
veinlets (Fig. 6h and j). The subhedral pyrrhotite has higher Fe
(57.48-57.64wt%) and Ni (0.34-0.64wt%) and lower S
(38.95-39.50 wt%) than pyrite (Table 2), and has smoothly rounded
grain boundaries with pyrite and chalcopyrite.

Stage IV—Cu (-Au) mineralization: Major minerals include quartz,
chalcopyrite and chlorite, with minor hematite and electrum.
Chalcopyrite, as disseminations or veins, replace or cut earlier-stage
minerals (e.g., Stage II magnetite and Stage III pyrite; Fig. 6g-1).
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Meanwhile, chalcopyrite—electrum, chalcopyrite—chlorite and minor
quartz—chalcopyrite-hematite veins cut massive pyrite and magnetite
(Fig. 6j-1). Electrum was firstly identified at Heijianshan (and other Fe
(—Cu) deposits in the Agishan-Yamansu belt) in this study, and is eu-
hedral and composed predominately of Au (82.21 wt%) and Ag
(15.56 wt%), with less Fe, Co, Cu, S and Bi (Table 2). Using the chlorite
geothermometer (Kranidiotis and Maclean, 1987), the Heijianshan
chlorite (Fe/(Mg + Fe) = 0.28-0.40) has yielded Cu (-Au) miner-
alization temperatures of 172-291 °C (mean: ~ 240 °C; Table 1).

Stage V—Late veins: Late-stage hydrothermal veins (up to ~15 mm
width) are abundant at Heijianshan, but their mutual age relationships
are unclear. Epidote and calcite veins (Fig. 6m) are widespread, cutting
host rocks and other mineral assemblages. Locally, veins of quartz
(Fig. 6n), (specular) hematite, tourmaline, chlorite and albite crosscut
host rocks and sulfides.

Stage VI—Supergene alteration: Supergene alteration is well-de-
veloped and preserved at Heijianshan. Hematite and limonite veins
crosscut magnetite bodies, whilst chalcopyrite was commonly replaced
by digenite, bornite, chalcocite and malachite along its grain margin.
Other supergene Cu minerals, such as atacamite and chrysocolla
(Fig. 60), were also locally documented in the shallow open pit.

5. Fluid inclusions

Samples for fluid inclusion observation and microthermometry
(Table 3) were chosen based on paragenetic relationships (Fig. 5) that
reflect the nature and compositions of the ore-forming fluids. At Hei-
jianshan, 22 doubly-polished thin sections were made from 17 quartz
and calcite samples from the different alteration/mineralization stages
to observe types, sizes, shapes, occurrences and vapor/liquid ratios of
fluid inclusions under transmitted light. Among these samples, four thin
sections were selected for scanning electron microscope-cath-
odoluminescene (SEM-CL) analysis, and 11 thin sections (from nine
samples) were selected for microthermometric measurements. Al-
though several minerals were examined, fluid inclusions were only
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found in calcite (Stage I and V) and quartz (Stage II-B and III-B) for the
microthermometric study (Table 3). Fluid inclusions in Stage II-B and
III-B quartz were used to represent the Fe mineralization and pyrite
alteration stages, respectively. Due to the lack of suitable coexisting
minerals and thus fluid inclusions, no direct microthermometric mea-
surements were made for the Cu (-Au) mineralization stage.

5.1. Types of fluid inclusions

Microscopic petrography and CL imaging have found no clear evi-
dence of inclusions being trapped along growth zones in either quartz
or calcite crystals from Heijianshan Fe-Cu (-Au) deposit, and therefore
the primary nature of these fluid inclusions cannot be confirmed only
using the criteria of Roedder and Ribbe (1984) and Goldstein (2003).
Many fluid inclusions at Heijianshan are distributed in three dimen-
sions in the host crystals without clear crosscutting relationships
(Fig. 8a) or in clusters probably as fluid inclusion assemblages (Fig. 8b;
Goldstein and Reynolds, 1994; Goldstein, 2003) which can be used to
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distinguish groups of coevally-trapped inclusions.

Based on their phases at room temperature, only aqueous (W-type)
and solid-bearing (S-type) fluid inclusions were identified at
Heijianshan (Fig. 8). The W-type fluid inclusions commonly have a li-
quid phase with a bubble at room temperature (Fig. 8c). The S-type
fluid inclusions have various sub-types, i.e., Liquid-halite two-phase in-
clusions (S;-type; Fig. 8d), Liquid-vapor-one transparent mineral three-
phase inclusions (So-type; Fig. 8e), Liquid-vapor-two transparent minerals
three-phase inclusions (Ss-type; Fig. 8f-g), Liquid-vapor-transparent-
opaque minerals three-phase inclusions (S4-type; Fig. 8h), Liquid-one
opaque mineral two-phase inclusions (Ss-type; Fig. 8i) and Liquid-vapor-
one opaque mineral three-phase inclusions (Se-type; Fig. 8j—k).

5.1.1. Aqueous fluid inclusions (W-type)

W-type inclusions are present in quartz and/or calcite veins of all
the different ore-forming stages (Fig. 8a—c), accounting for 85% of the
total population of the observed inclusions. They appear as two-phase
at room temperature with an aqueous liquid and a vapor bubble
(vapor/liquid ratios: 8-60vol%), and show negatively crystalline, el-
liptical, regular or irregular shapes with sizes of 3-13 um (quartz) and
3-25 um (calcite) (Table 4). Primary fluid inclusions occur in isolation
or as clusters. Some W-type inclusions occur linearly along the healing
trail, but not across the crystal boundaries, suggesting that they are
either primary or pseudosecondary.

5.1.2. Solid-bearing inclusions (S-type)

S-type inclusions have different sub-types which consist of a liquid
and one/two daughter mineral(s) with/without vapor, but commonly
with a liquid, a vapor phase and one daughter mineral at room tem-
perature. Different inclusion sub-types may have different phases, such
as liquid-halite two-phase inclusions (S;-type; Fig. 8d) and liquid-vapor-
one transparent mineral three-phase inclusions (So-type; Fig. 8e). Such
inclusions (4-9 um in size) commonly have regular/irregular shapes,
found in Stage I to III quartz or calcite crystals, and account for about
10% of the total fluid inclusions (Tables 3 and 4). The daughter mi-
nerals include mainly cubic halite and in some cases rounded sylvite (L.
Zhang et al., 2014) and anhydrite. The anhydrite-bearing mineral fluid
inclusions (S3-type) were observed in Stage II and IIl. Meanwhile, an-
hydrite-bearing inclusions (S,-type) were only observed in Stage II. For
Ss-type and Se-type inclusions, opaque daughter minerals (probably
chalcopyrite and pyrite) were observed in both Stage II and III
(Fig. 8i-j). Se-type inclusions contain red-colored daughter minerals,
probably hematite and only observed in Fe mineralization stage
(Fig. 8k). During the heating process, halite melting before or after the
vapor bubble homogenized into the liquid or vapor by accident, but the
opaque daughter minerals did not disappear.

5.2. SEM-CL analysis of quartz

SEM-CL analysis was conducted to differentiate the quartz from the
main magnetite mineralization (Stage II) and pyrite alteration (Stage
IIT) stages. SEM-CL imaging can reveal quartz textures that are invisible
under optical microscopy or backscattered electron (BSE) imaging
(Fig. 9a; Rusk and Reed, 2002), and these textures were used to de-
termine the relative ages of the multiple quartz generations and coex-
isting vein minerals or fluid inclusion populations (Wilkinson et al.,
1999; Rusk and Reed, 2002; Redmond et al., 2004; Allan and Yardley,
2007; Rusk et al., 2008). At Heijianshan, textures of Stage II and III
quartz can be observed in the SEM-CL images and CL intensity is sim-
plified as CL-dark, CL-gray and CL-bright in the following.

Stage II quartz veins show clear multiple generations, probably in-
dicating multiple phases of fluid incursions (Fig. 9b and c). Stage II
quartz has complex textures, including (a) CL-bright quartz cutting the
less CL-bright quartz with various intensities (Fig. 9b); (b) cobweb
texture (Fig. 9b); (c) CL-bright or CL-dark broken quartz with variable/
blurry CL intensities (Fig. 9c); (d) euhedral growth zones of various
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intensities to recrystallize the former generation of quartz (Fig. 9¢); and
(e) CL-dark fractures (Fig. 9b—d). These quartz textures indicate me-
chanical fracturing, recrystallization and growth in open space of
quartz (Rusk and Reed, 2002), and from these two main generations of
quartz can be distinguished, viz., quartz2 (generation II) cut or re-
crystallized quartzl (generation I) (Fig. 9b—c). In the pyrite alteration
stage (Stage III), SEM-CL textures of quartz are similar to those in Stage
II quartz. Dissolution of CL-bright quartz with CL-gray quartz and CL-
dark fractures (Fig. 9d) are the main quartz textures of this stage.

5.3. Microthermometry

5.3.1. Stage I—epidote alteration

At Heijianshan, Stage I calcite (associated with epidote) hosts var-
ious fluid inclusion types, such as W-, S;-, Sy- and Ss-type. The W-type
fluid inclusions in calcite yield eutectic temperatures (T.) of —73.2°C
to —22.1°C, with mode at —60°C (Fig. 10; Table 4). The final ice
melting temperatures (T,,) are of —29.8°C to —0.3°C (Table 4), with
the modes and corresponding salinities at —20°C and 0°C and
0.5-23.0 wt% NaCl equiv., respectively. These fluid inclusions were
mostly homogenized to liquid (rarely to vapor) at 132-365 °C, with
apparent peak at 240 °C (Fig. 10), while the calculated densities vary
between 0.60 g/cm® and 1.14 g/cm? (Table 4).

Liquid-halite two-phase inclusions (Si-type) and Liquid-vapor-two
transparent minerals three-phase inclusions (Ss-type) were homogenized
to liquid with the halite melting. One microthermometric S;-type fluid
inclusion has T = —61.6 °C, T,, = —22.3°C and T}, (homogenization
temperature) = 192 °C, while S3-type fluid inclusion has T}, = 266 °C
(no T and T,, measurement). The corresponding salinities (and den-
sities) of S;-type and Ss-type inclusions are 31.5wt% NaCl equiv.
(1.13 g/cm®) and 35.7 wt% NaCl equiv. (1.10 g/cm®), respectively. The
Te, Ty and Ty, of So-type fluid inclusions are —70.2°C to —57.6 °C,
—32.8°C to —0.2°C and 179-370 °C, respectively, with the corre-
sponding salinities and densities of 30.9-44.3 wt% NaCl equiv. and
1.08-1.13g/cm® (Table 4). S,-type fluid inclusions were mainly
homogenized to liquid and rarely to vapor.

% Minerals for fluid inclusion study

5.3.2. Stage II—Fe mineralization

Stage II quartz, which hosts many distinct fluid inclusion types, is
mainly intergrown with massive magnetite and amphibole. The W-type
fluid inclusions in Stage II quartz have T. = —74.3°C to —32.5°C
(modes at —60 °C and —35°C) and T, = —47.2°Cto —12.5 °C (modes
at —35°C and —20°C) (Fig. 10). The corresponding salinities are
16.4-23.3 wt% NaCl equiv. (Table 4). These fluid inclusions have Ty, of
101-536 °C with peak at 160 °C (Fig. 10), and are mostly homogenized
to liquid and rarely to vapor. Their densities are within the range of
0.66-1.27 g/cm? (Table 4).

The Heijianshan Stage II quartz contains Sp-, S4- and Se-type in-
clusions, but the latter failed to yield homogenization temperatures. So-
type inclusions yielded T, = —70.8°C to —35.8°C, T,, = —28.3°C to
—21.5°C and T, = 170-471 °C, with the corresponding salinities and
densities of 30.5-56.0 wt% NaCl equiv. and 1.08-1.14 g/cm?®, respec-
tively (Table 4). These fluid inclusions were homogenized to liquid and
rarely to vapor as W-type inclusions did. Meanwhile, S4-type inclusions
have T, = —63.6°Cto —60.5°C and T,;, = —29.7 °C (Table 4). S4-type
and Se-type fluid inclusions decrepitated before homogenization in the
heating process at a maximum temperature of 421 °C, and the opaque
minerals maintained a steady state during the heating process.

5.3.3. Stage Ill—pyrite alteration

W- and S,-type inclusions were measured: For W-type inclusions,
T. = —81.3°C to —51.3°C (mode at —60°C) and T,, = —52.4°C to
—15.4°C (modes at —45°C and —25°C), and the corresponding sali-
nities are 19.0-23.1 wt% NaCl equiv. (Fig. 10; Table 4). Meanwhile,
these fluid inclusions were homogenized into liquid and seldom into
vapor at 119-420 °C (mode at 170 °C; Fig. 10), and the corresponding
densities were calculated to be 0.87-1.34g/cm>. S,-type inclusions
have T = —69.0°C to —65.2°C, T, = —44.4°C to —28.5°C and
Th = 247-490 °C, with the corresponding salinities and densities of
34.5-58.4wt% NaCl equiv. and 1.11-1.15g/cm® respectively
(Table 4).

5.3.4. Stage V—late veins
Only W-type fluid inclusions were observed in this stage (Fig. 8c),
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Table 1
Representative EPMA data for the hydrothermal silicates from the Heijianshan deposit.

Mineral Ep Ep Ep Ep Ep Ep Ep Ep Ep Ep Ep Ep
Stage Stage I Stage I Stage I Stage I Stage I Stage I Stage I Stage I Stage I Stage I Stage I Stage I
Sample HJ13-027- HJ13-027- HJ13- HJ13- HJ13- HJ13- HJ13- HJ13- HJ13- HJ13-018- HJ13-068- HJ13-022-
number 2Ep-1 2Ep-2 027-4 023(1)- 023(1)- 023(2)- 023(2)- 023(2)- 023(3)- 2Ep-1 2Ep-1 1Ep-1
Ep-1 1Ep-1 3Ep-1 3Ep-1 3Ep-2 2Ep-1 3Ep-2
SiO, 37.55 38.41 37.65 40.52 37.94 38.30 38.75 38.41 38.09 37.56 37.89 37.97
TiO, 0.00 0.00 0.01 0.00 0.00 0.04 0.05 0.01 0.51 0.03 0.07 0.02
Al,O3 19.35 21.32 20.35 21.91 21.76 25.49 24.06 24.30 21.83 21.40 21.21 23.12
Cr,03 0.01 0.01 0.31 0.00 0.03 0.00 0.01 0.03 0.02 0.04 0.04 0.00
FeO" 16.56 13.86 15.46 11.46 13.29 8.42 11.08 10.29 13.40 13.04 13.88 11.33
MnO 0.04 0.07 0.40 0.12 0.12 0.11 0.03 0.19 0.10 0.61 0.29 0.07
MgO 0.01 0.01 0.01 0.02 0.01 0.05 0.06 0.02 0.04 0.00 0.03 0.00
CaO 23.00 23.08 22.19 21.37 23.13 23.39 23.49 23.38 22.97 22.63 22.90 23.20
Na0O 0.01 0.02 0.02 0.93 0.02 0.03 0.10 0.03 0.00 0.03 0.04 0.01
K,0 0.01 0.00 0.01 0.01 0.04 0.01 0.02 0.01 0.02 0.02 0.01 0.00
P05 0.00 0.02 0.01 0.02 0.00 0.03 0.01 0.02 0.00 0.01 0.03 0.03
Total 96.55 96.79 96.41 96.35 96.33 95.87 97.65 96.69 96.97 95.36 96.37 95.75
Number of ions on the basis of 12.5 (O) and 8 cations
Si 3.036 3.073 3.042 3.216 3.044 3.041 3.042 3.042 3.041 3.048 3.046 3.047
Ti 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.000 0.030 0.002 0.004 0.001
AlY 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
AV 1.843 2.010 1.938 2.050 2.058 2.386 2.226 2.268 2.054 2.047 2.009 2.187
Cr 0.000 0.000 0.020 0.000 0.002 0.000 0.001 0.002 0.001 0.002 0.002 0.000
Fe?* 1.087 0.843 0.960 0.659 0.860 0.527 0.700 0.647 0.804 0.855 0.890 0.711
Fe?* 0.033 0.084 0.084 0.102 0.032 0.032 0.027 0.035 0.091 0.030 0.044 0.049
Mn 0.003 0.005 0.027 0.008 0.008 0.007 0.002 0.013 0.007 0.042 0.020 0.005
Mg 0.002 0.001 0.001 0.002 0.001 0.006 0.007 0.003 0.005 0.000 0.004 0.000
Ca 1.992 1.978 1.921 1.818 1.989 1.990 1.975 1.984 1.965 1.967 1.973 1.995
Na 0.002 0.003 0.004 0.143 0.003 0.005 0.015 0.005 0.000 0.004 0.006 0.001
K 0.001 0.000 0.001 0.001 0.004 0.001 0.002 0.001 0.002 0.002 0.001 0.000
P 0.000 0.001 0.001 0.001 0.000 0.002 0.001 0.001 0.000 0.001 0.002 0.002
Total 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
Fe/Fe+ Al 0.38 0.32 0.35 0.27 0.30 0.19 0.25 0.23 0.30 0.30 0.32 0.26
Mineral Tr Act Mg-Hb Tr Act Mg-Hb Tr Mg-Hb Tr Tr
Stage Stage II Stage II Stage II Stage II Stage II Stage II Stage II Stage II Stage II Stage II

Sample number HJ13-001- HJ13-001- HJ13-002- HJ13-002- HJ13-019(kuai)- HJ13-022- HJ13-022- HJ13-022- HJ13-023(1)- HJ13-027-

4Am-1 4Am-2 4Am-2 4Am-3 3Am-1 2Am-1 5Am-1 3Am-2 1Am-1 1Am-1
SiO, 53.68 53.39 51.51 54.01 53.01 52.29 53.82 51.73 52.32 52.94
TiO, 0.00 0.08 0.05 0.09 0.02 0.62 0.43 0.50 0.18 0.32
Al,O5 3.33 3.42 4.83 2.64 3.67 4.33 3.10 4.94 3.87 3.73
FeO" 9.77 10.69 12.61 9.43 11.42 8.73 8.54 8.72 9.96 8.51
MnO 0.15 0.16 0.17 0.13 0.25 0.15 0.18 0.13 0.25 0.18
MgO 17.13 16.82 15.22 18.41 15.98 17.59 17.84 17.71 16.87 18.04
CaO 12.30 12.62 12.76 12.67 12.57 12.40 12.46 12.79 12.69 12.70
NaO 0.27 0.30 0.46 0.28 0.33 0.46 0.32 0.52 0.39 0.48
K,0 0.08 0.10 0.24 0.10 0.08 0.21 0.15 0.19 0.11 0.16
Total 96.70 97.58 97.83 97.75 97.33 96.79 96.83 97.23 96.64 97.06
Number of ions on the basis of 23 (0)
Si 7.689 7.629 7.438 7.660 7.622 7.484 7.669 7.387 7.546 7.549
AlY 0.311 0.371 0.562 0.340 0.378 0.516 0.331 0.613 0.454 0.451
Al 0.251 0.205 0.261 0.101 0.244 0.215 0.189 0.218 0.203 0.176
Ti 0.000 0.009 0.005 0.010 0.002 0.067 0.046 0.053 0.019 0.034
Fe** 0.925 0.875 0.768 0.843 0.881 0.835 0.918 0.766 0.829 0.815
Fe?* 0.245 0.402 0.754 0.276 0.492 0.210 0.100 0.275 0.373 0.200
Mn 0.019 0.019 0.021 0.015 0.031 0.018 0.021 0.015 0.031 0.022
Mg 3.658 3.582 3.276 3.893 3.426 3.753 3.791 3.770 3.626 3.835
Ca 1.887 1.932 1.975 1.925 1.936 1.902 1.902 1.957 1.961 1.940
Na 0.076 0.082 0.127 0.076 0.092 0.127 0.088 0.144 0.109 0.133
K 0.014 0.019 0.045 0.018 0.015 0.038 0.027 0.035 0.021 0.030
Total 15.075 15.125 15.232 15.157 15.119 15.165 15.082 15.234 15.171 15.185
Mg/Mg + Fe 0.76 0.74 0.68 0.78 0.71 0.78 0.79 0.78 0.75 0.79
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Mineral Chl Chl Chl Chl Chl Chl Chl Chl Chl Chl
Stage Stage IV Stage IV Stage IV Stage IV Stage IV Stage IV Stage IV Stage IV Stage IV Stage IV
Sample number HJ13-005- HJ13-005- HJ13-019(kuai)- HJ13-019(kuai)- HJ13-068- HJ13-068- HJ13-069(1)- HJ13-069(1)- 45 46

4Chl-1 4Chl-2 3Chl-1 3Chl-2 3Chl-1 4Chl-1 3Chl-1 3Chl-2
SiO, 30.50 27.76 27.93 27.16 32.47 29.48 33.06 33.61 31.30 30.62
TiO, 0.00 0.01 0.02 0.00 0.29 0.02 0.16 0.46 0.00 0.00
Al,O3 17.06 17.93 19.25 19.07 16.18 17.59 13.35 15.57 16.36 16.33
FeO" 16.29 20.69 18.53 19.21 14.98 17.04 13.63 15.56 21.97 23.41
MnO 0.40 0.89 0.31 0.32 0.83 1.12 0.92 0.64 1.44 1.67
MgO 23.34 20.04 20.15 19.86 20.20 20.69 22.67 19.32 20.03 19.74
CaO 0.09 0.10 0.03 0.04 0.10 0.09 0.18 0.13 0.08 0.08
Na,O 0.05 0.01 0.02 0.01 0.09 0.07 0.04 0.33 0.05 0.12
K,0 0.08 0.01 0.02 0.01 2.79 0.13 0.09 2.87 0.05 0.04
Cr,03 0.10 0.12 0.01 0.04 0.22 0.09 0.24 0.19 0.09 0.14
Total 87.91 87.54 86.26 85.72 88.14 86.33 84.34 88.68 91.37 92.14
Number of ions on the basis of 28 (0)
Si 6.076 5.725 5.748 5.669 6.417 6.023 6.726 6.584 6.187 6.071
AlY 1.924 2.275 2.252 2.331 1.583 1.977 1.274 1.416 1.813 1.929
AV 2.092 2.094 2.426 2.362 2.242 2.277 1.954 2.245 2.009 1.894
Ti 0.000 0.002 0.003 0.000 0.043 0.004 0.024 0.068 0.000 0.000
Cr 0.016 0.019 0.002 0.006 0.035 0.015 0.039 0.029 0.014 0.021
Fe** 0.086 0.000 0.095 0.017 0.113 0.153 0.417 0.190 0.109 0.000
Fe?* 2.628 3.637 3.093 3.336 2.362 2.760 1.903 2.359 3.522 3.900
Mn 0.067 0.155 0.054 0.057 0.139 0.194 0.159 0.106 0.241 0.280
Mg 6.930 6.162 6.181 6.181 5.950 6.303 6.875 5.641 5.902 5.835
Ca 0.020 0.021 0.007 0.008 0.022 0.020 0.039 0.028 0.018 0.018
Na 0.037 0.006 0.015 0.010 0.065 0.056 0.031 0.251 0.038 0.092
K 0.040 0.004 0.012 0.006 1.409 0.068 0.044 1.433 0.024 0.018
Total 19.917 20.100 19.889 19.984 20.378 19.849 19.485 20.350 19.877 20.058
Fe/Fe +Mg 0.28 0.37 0.34 0.35 0.29 0.32 0.25 0.31 0.38 0.40
T (°C) 242.87 286.69 281.99 291.15 207.65 250.97 171.79 191.18 238.40 252.22

FeO" as total iron. Temperature for chlorite calculated with T/°C = 212A1"Y + 74.2[Fe/(Fe + Mg)] + 18 (Kranidiotis and Maclean, 1987).

with their To = —67.6°C to —17.8°C (modes at —50°C and —25°C)
and T, = —27.1°C to —0.2°C (modes at —20°C and —10°C) and
Ty = 46-343 °C (apparent peak at 160-180 °C), with the corresponding
salinities of 0.4-23.2 wt% NaCl equiv. (Fig. 10). The W-type inclusions
were mostly homogenized to liquid phase (rarely to vapor with occa-
sional high vapor/liquid ratios). The corresponding densities were
calculated to be 0.76-1.16 g/cm® (Table 4).

Table 2
Representative EPMA data for sulfides and electrum from the Heijianshan deposit.

5.4. Filtering of overprinted fluid inclusions

Fluid overprinting is common in hydrothermal mineralization,
especially in complex tectonic settings, e.g., the Eastern Junggar and
Eastern Tianshan in NW China that experienced complex tectonic
events during the Paleozoic (Gao et al., 1998; Charvet et al., 2007; Han
et al., 2009; Xiao et al., 2009), which has been confirmed and reported

Mineral Py Py Py Po

Cep Cep Elc Bn Cc

Stage Stage II Stage II Stage III Stage III

Stage IV Stage IV Stage IV Stage VI Stage VI

Sample number  HJ13-019(kuai)-  HJ13-019(kuai)- HJ13-044(1)- HJ13-044(1)-

HJ13-019(kuai)- HJ13-019- HJ13-019(kuai)- HJ13-019-  HJ13-090(kuai)

4Py-1 4Py-2 3Py-1 5Po-1 4Ccp-2 2Ccp-1 4Elc-1 2Bn-1

Se 0.00 0.00 0.02 0.01 0.02 0.11 0.00 0.12 0.06
As 0.01 0.00 0.01 0.00 0.00 0.05 0.00 0.00 0.00
Fe 44.04 44.16 45.68 57.48 29.69 28.79 1.11 8.03 0.60
Co 2.06 1.87 0.07 0.07 0.11 0.02 0.02 0.01 0.00
Ni 0.00 0.00 0.24 0.34 0.00 0.00 0.00 0.00 0.00
Cu 0.00 0.00 0.01 0.05 33.73 34.63 0.29 68.52 79.23
Zn 0.02 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00
Au 0.01 0.03 0.00 0.00 0.00 0.00 82.21 0.05 0.06
Ag 0.00 0.00 0.00 0.01 0.01 0.02 15.56 0.01 0.02
S 53.73 53.82 53.33 39.50 35.10 35.11 0.15 25.03 21.31
Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bi 0.00 0.00 0.00 0.00 0.00 0.00 0.68 0.00 0.00
Total 99.89 99.89 99.36 97.47 98.68 98.74 100.00 101.76 101.27
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Fig. 6. Representative photographs of the Heijianshan alteration/mineralization paragenesis. (a). Epidote—calcite veins cutting altered host rock of the Matoutan Formation. (b). Epidote
intergrown with calcite was replaced by euhedral amphibole and fine-grained magnetite. (c). Fine-grained amphibole and magnetite replaced sericite-altered host rocks. (d). Epidote cut
by Stage II actinolite-magnetite vein. (e). Massive magnetite (with actinolite) orebody hosted by tuff of the Matoutan Formation. (f). Mushketovite intergrown with quartz, indicating a
hematite sub-stage before the main Fe mineralization. Mushketovite replaced by supergene hematite. (g). Massive magnetite replaced by disseminated pyrite and chalcopyrite. (h).
Euhedral magnetite wrapped by pyrite and chalcopyrite, and chalcopyrite veinlet cut pyrite. (i). Stage III disseminated pyrite intergrown with chalcopyrite and pyrrhotite to replace Stage
1I magnetite which was replaced by supergene hematite. (j) Stage III massive pyrite cut by a Stage IV chalcopyrite and electrum vein. (k). Magnetite replaced or cut by chalco-
pyrite * chlorite veins. (1). Stage IV quartz—chalcopyrite-hematite vein cut massive magnetite. (m). Pyrite and quartz cut by late calcite veins. (n). Late quartz = calcite vein cut
magnetite mineralized host rocks. (0). Atacamite and chrysocolla of the supergene alteration stage. Abbreviations: Act: actinolite, Am: amphibole, At: atacamite, Cal: calcite, Ccl:
chrysocolla, Ccp: chalcopyrite, Chl: chlorite, Elc: electrum, Ep: epidote, Fsp: Feldspar, Hem: hematite, Mag: magnetite, Po: pyrrhotite, Py: pyrite, Qtz: quartz, Ser: sericite.

119



L. Zhao et al.

2.0

Ore Geology Reviews 91 (2017) 110-132

(Cay>1.50; (Na+K), < 0.50); Ca, < 0.50

® HJ13-001 1.0 B
1.8| w HI13-090 ¢ & 55 Tremolite b
i :E}Iig.g;; Alkali = Marcona IOCG d¢posit in Peru
+ 0.8 " % Mina Justa IOCG
1.4| ® HJ13-023 —~ | _—¥ depositinPeru | Tschermakite
HI13-035 & ¢ Y o
& 1.2| & 113-068 £ o /\ - )Magncsnohomblcnde
Z 1.0k Na-Ca J&) ' - /Ayhzmant skarn deposit
s \ inTurkey @\
\
0.8F = LActino ite
R Fe-Mn-Mg en 0.4 F
0.6 2 Sossego[IOCG deposit
04F in Brazil
0.2 } Ferro- Ferrohornblende Ferrotschermakite
02F Calcic | actinolite
0.0F
_0 2 1 1 1 1 1 1 1 1 1 1 0 1 1
0 02 04 06 08 1.0 12 14 16 1.8 20 2.2 8.0 1D 7.0 6.5 6.0 5.5
(Cat+Na), Si (apfu)

Fig. 7. (a). Nag vs. (Ca + Na)g diagram, showing the Heijianshan amphibole data plotted in the calcic field. (b). Classification diagram for amphiboles (apfu) after Leake et al. (1997).
Reference data: Marcona and Mina Justa IOCG deposits in Perti (Chen et al., 2010), Ayazmant Fe-Cu skarn deposit in Turkey (Oyman, 2010) and Sossego IOCG deposit in Brazil (Monteiro

et al., 2008).

in recently published papers for hydrothermal deposits in NW China
(Jiang et al., 2016; Wu et al., 2016) and Central Andes (e.g., Marcona
and Mina Justa; Chen et al., 2011). In this study, we identified over-
printed fluid inclusions at Heijianshan mainly based on their textures,
Ty, Te and Ty, values.

Stage I fluid inclusions include both primary and secondary (prob-
ably overprinted from later stages) according to their microthermo-
metric data from the primary-like fluid inclusion clusters (Table 4). The
primary W-type inclusions have filling ratios of 8-50 vol% (mainly in
8-30vol%), with T, = 189-365°C, T.= —73.2°C to —51.9°C,
Tm = —28.8°C to —0.3°C and corresponding salinities of 0.5-23.0 wt
% NaCl equiv. The secondary W-type inclusions have filling ratios of
10-30 vol%, Ty, = 132-229°C T, = —60.2°C to —22.1°C,
Tm = —29.8°C to —0.3°C and corresponding salinities of 0.5-20.4 wt
% NaCl equiv. (Table 4). The primary and secondary S,-type inclusions
have Ty, Te, Ty and salinity of 223-370°C and 179°C, —70.2°C to
—57.6°C and —68.5°C, —32.8°C to —7.0°C and -0.2°C, and
33.1-44.3wt% NaCl equiv. and 30.9wt% NaCl equiv., respectively
(Table 4). Moreover, Stage I S;- and S3-type primary inclusions occur in
isolation and have filling ratios of 15vol% and 10 vol%, respectively.
The measured S;-type inclusion has Ty, T, Ty, and salinity of 192 °C,
—61.1°C, —22.3°C and 31.5wt% NaCl equiv., respectively. S3-type
inclusion only yielded T, = 266°C and corresponding salinity of
35.7 wt% NaCl equiv. (Table 4). Therefore, Stage I hydrothermal fluids
were featured by medium-high temperatures (189-370°C), low T,
(—73.2°C to —51.9°C) and variable T,, (—32.8°C to —0.3°C), con-
sistent with the reported H-O isotopes data and indicate interactions of
the Late Carboniferous seawater and host rocks (Zhao et al., 2017b).

Fluid inclusions of Stage II and III have similar T}, T. and Ty,, which
probably indicates overprinted fluids of Stage III (and even Stage V) on

Table 3
Location and types of fluid inclusions in the Heijianshan Fe-Cu (-Au) deposit.

Stage II (Fig. 10), consistent with our quartz CL results (Fig. 9). The few
high temperature inclusions observed in Stage III may have been in-
herited from Stage II ones. Based on microthermometric and CL ima-
ging results, fluid inclusions in these two stages can be divided into
primary, secondary and inherited. In Stage II, primary fluid inclusions
can be divided into the W-, S,-, S4- and Sg-type (Table 4). The Stage II
W-type primary inclusions mainly occur in isolation or as clusters, and
have filling ratios of 10-50 vol% (mainly 10-30 vol%), with Ty, Te, Try
and corresponding salinities of 301-536°C, —67.1°C to —38.1°C,
—39.8°C to —18.3°C and 21.2-22.8 wt% NaCl equiv., respectively
(Table 4). The S,-type primary fluid inclusions are also mainly in iso-
lation, with filling rations of 10 vol%. These fluid inclusions have T, Te,
T, and salinity of 307-471°C, —70.8°C to —58.7°C, —26.2°C to
—22.7°C and 38.7-56.0 wt% NaCl equiv., respectively (Table 4). In
addition, the primary S4- and Se-type fluid inclusions may be above
306 °C and 421 °C, respectively, because of the decrepitation occurred
during the heating process. In summary, these primary fluid inclusions
(both W- and S-type) indicate that Stage II fluids were of high tem-
peratures (301-536 °C, also supported by oxygen isotope geotherm-
ometer of ~590°C; Zhao et al.,, 2017b), medium-high salinities
(21.2-22.8 wt% NaCl equiv. and 38.7-56.0 wt% NaCl equiv.), and low
and variable T. (—70.8°C to —38.1 °C). However, Stage II secondary
W- and S,-type fluid inclusions occur mainly as clusters (minor in iso-
lation) and have filling ratios of 7-60 vol% (mainly in 10-30 vol%) and
10-20vol%, respectively. The secondary W- and S,-type fluid inclu-
sions have Ty, T, Ty, and corresponding salinities of 101-292 °C and
170-281°C, —74.3°Cto —32.5°Cand —54.9°Cto —35.8°C, —47.2°C
to —12.5°Cand —28.3°C to —21.5°C, and 16.4-23.3 wt% NacCl equiv.
and 30.5-36.8 wt% NaCl equiv., respectively (Table 4). In Stage III,
fluid inclusions include primary and inherited ones, which correspond

Sample No. Location Paragenetic stage Hosted mineral Inclusion types

HJ13-075 Drill core ZK201; 150 m Stage I Calcite W-type

HJ13-094 Drill core ZK202; 110 m Stage I Calcite W-type (75%) + S;-type (5%) + So-type (15%) + Ss-type(5%)
HJ13-001 Open pit Stage II Quartz W-type (85%) + Sp-type (10%) + S,-type (3%) + Se-type(2%)
HJ13-003 Open pit Stage II Quartz W-type (89%) + So-type (10%) + Ss-type(1%)

HJ13-093 Drill core ZK202; 100 m Stage II Quartz W-type (95%) + Sa-type(5%)

HJ13-019 Drill core ZK17601; 140 m Stage II Quartz W-type (95%) + Sx-type(5%)

HJ13-022 Drill core ZK17601; 150 m Stage III Quartz W-type (80%) + Sx-type (10%) + Ss-type (5%) + Ss-type (2%) + Se-type(3%)
HJ13-090 Drill core ZK202; 90 m Stage III Quartz W-type (95%) + Sx-type (5%)

HJ13-090 Drill core ZK202; 90 m Stage V Calcite W-type

HJ13-096 Drill core ZK202; 160 m Stage V Calcite W-type
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Fig. 8. Fluid inclusion types in the Heijianshan Fe-Cu (-Au) deposit. (a). W- and S-type fluid inclusions distributed in three dimensions in quartz crystal. (b). W-type fluid inclusion
assemblages hosted by calcite. (c). W-type fluid inclusions in Stage I and II to Stage III and V. (d) S;-type fluid inclusions in Stage I and II. (e). S,-type fluid inclusions bearing halite in
Stage I to III. (f). Ss-type fluid inclusions in Stage I-III, with halite and sylvite. (g) Sz-type fluid inclusions with halite and anhydrite in Stage II and III. (h). S4-type fluid inclusions in Stage
1I with unclassified opaque daughter mineral. (i). Ss-type fluid inclusions with chalcopyrite in Stage II and IIL (j). Se-type fluid inclusions in Stage II and III with pyrite (opaque). (k). S¢-
type fluid inclusion with hematite only observed in Stage II. Abbreviations: Anh: anhydrite, Ccp: chalcopyrite, H: halite, Hem: hematite, K: sylvite, Mag: magnetite, Op: opaque, Py: pyrite.

to low (119-262 °C) and high temperatures (315-490 °C), respectively.
The Stage III primary fluid inclusions also can be divided into W- and
S,-type, having corresponding Ty, Te, T, and salinity of 119-262 °C and
247-250°C, —81.3°Cto —51.3°Cand —69.0°Cto —67.7 °C, —52.4°C
to —15.4°Cand —32.7°C to —28.5°C, and 19.0-23.1 wt% NacCl equiv.
and 34.5-34.7 wt% NaCl equiv., respectively (Table 4), which are si-
milar to those of Stage II secondary fluid inclusions with T < —45°C

(those Stage II secondary fluid inclusions with T, > —45°C may in-
dicate fluids of Stage V, but need further evidence to support; Fig. 10).
The Stage I1I inherited fluid inclusions also contain W- and S,-type, with
their corresponding Ty, Te, T, and salinity of 315-420 °C and 490 °C,
—-67.9°C to —59.4°C and —65.2°C, —38.0°C to —29.6°C and
—44.4°C, and 28.4wt% NaCl equiv. and 58.4 wt% NaCl equiv., re-
spectively (Table 4), which are similar to those Stage II primary fluid
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Table 4

Summary of fluid inclusion petrography and microthermometric data for the Heijianshan Fe-Cu (-Au) deposit.
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Stage Mineral Types Size (um) Filling (vol.

Thomogenization (°C)

Thinal ice melting (C)

Teutectic (°C)

Salinity (wt.%)

Density (g/cmS)

%)
Min Max n Min Max n Min Max n Min Max n Min Max n
Stage I  Cal W (Primary) 4-18 8-50 189 365 60 —288 -03 52 —-732 -=519 50 0.5 23.0 34 060 1.07 52
W (Secondary) 3-8 10-30 132 229 12 -29.8 -03 11 -60.2 —-221 8 05 204 6 0.87 1.14 11
S; (Primary) 6 15 192 1 —-22.3 1 —-61.6 1 315 1 1.13 1
S, (Primary) 5-9 8-25 223 370 14 -328 -7.0 11 —-70.2 —-576 10 331 443 14 1.08 112 14
S, (Secondary) 6 25 179 1 -0.2 1 —68.5 1 309 1 1.13 1
S3 (Primary) 9 10 266 1 35.7 1 1.10 1
Stage II Qtz W (Primary) 3-6 10-50 301 536 23 —-398 -183 18 —-67.1 -381 14 21.2 228 4 0.66 1.04 14
W (Secondary) 3-13 7-60 101 292 131 -—47.2 -125 125 -743 -325 97 164 233 27 092 127 125
S, (Primary) 5-8 10 307 471 4 —-26.2 -—227 4 -70.8 -587 3 387 560 4 1.08 1.13 4
S, (Secondary) 4-6 10-20 170 281 4 —-283 -215 3 —-549 -358 3 305 368 4 1.10 1.14 4
S4 (Primary) 4-8 10-15 > 306 2 —-29.7 1 —-63.6 —60.5 2
S¢ (Primary) 4 10 > 421 1
Stage III Qtz W (Primary) 3-13 8-30 119 262 89 —-524 -154 80 —-81.3 —-51.3 60 190 231 11 1.02 1.34 80
W (Inherited) 4-5 30 315 420 2 —380 -—-296 2 -67.9 -594 2 284 1 0.87 1.04 2
S, (Primary) 4-5 10-20 247 250 2 —-327 -—-285 2 —69.0 —-67.7 2 345 347 2 1.11 2
S, (Inherited) 5 10 490 1 —44.4 1 —65.2 1 584 1 1.15 1
Stage V. Cal W (Primary) 4-25 5-20 46 198 128 -—-27.1 -0.2 113 -67.3 -17.8 87 0.4 232 92 094 116 112
W (Inherited) 4-15 10-30 201 343 36 —-248 -03 23 -67.6 —19.1 18 0.5 232 20 076 1.04 23

Stage II S;-type and Se-type inclusions were not shown in the figures. Salinities were calculated using the NaCl-H,O system (Bodnar, 1993). W-type inclusions with salinities over 23.3 wt
% NaCl equivalent were not included in this paper, because they should equal to halite saturation in the NaCl-H,O system and may represent metastable at room temperature. But during
heating or cooling processes, such W-type inclusions with salinities over 23.3 wt% NacCl equiv. didn’t have any daughter-bearing minerals, therefore, these salinities can not represent the

true salinity of fluids.
Abbreviations: Cal: calcite; Qtz: quartz.

EHT=1000kV ~ WD=136imm wMag= 145X
e <

EHT = 10.00 kV WD =13.8 mm Mag= 142X

Fractures

“Signal A=SE2 SKLaBIG

Signal A= Aux 1 SKLaBIG

100 pm

f

EHT =10.00 kV

Fractures

EHT = 10.00 kV

WD = 13.6 mm

WD =13.7 mm

Mag= 145X

Mag= 142 X

Signal A=Aux 1 SKLaBIG

Signal A=Aux 1 SKLaBIG

Fig. 9. SEM-CL of quartz in Stage II (a—c) and III (d). (a). BSE of b for quartz in magnetite mineralization stage. (b). CL-bright quartz with various intensities cut by CL-dark fractures and
CL-bright quartz. (c). CL-bright or CL-dark broken quartz with blurred CL intensity recrystallized by euhedral quartz. (d). Dissolution of CL-bright and CL-gray quartz cut by CL-dark

fractures in Stage IIL.
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Fig. 10. Histograms of homogenization temperature (T}), eutectic temperature (T.) and final ice melting temperature (T,,) for the fluid inclusions in the different-stage Heijianshan

minerals.

inclusions. Hence, the Stage III fluids were featured by low tempera-
tures (119-262°C), medium-high salinities (19.0-23.1 wt% NaCl
equiv. and 34.5-34.7wt% NaCl equiv.) and low T. (—81.3°C to
—51.3°C; Fig. 10; Table 4).

Although Stage V fluid inclusions have similar T}, peaks to those of
the main magnetite mineralization (II-B) and pyrite alteration (III)
stages, distinct T, and T,, peaks are present (Fig. 10) to distinguish
Stage V fluids from fluids of the other stages. In Stage V, the fluid in-
clusion-hosting calcite replaced/cut the Stage II ore-hosting rocks and
Stage III quartz—pyrite assemblage, and may have inherited the earlier-
stage high-temperature fluid inclusions. Moreover, some fluid inclu-
sions in Stage V calcite occur in isolation (minor as clusters) and have
relatively high T, (> 200 °C), which are quite different from the pre-
dominantly low temperature (peak at ~160 °C) fluid inclusions that
represent the late-hydrothermal activities at Heijianshan. Therefore,
Stage V fluid inclusions can be divided into inherited ones with rela-
tively high temperatures (> 200 °C) and primary ones with low tem-
peratures (peak at ~160 °C). The primary W-type fluid inclusions occur
as clusters and have filling ratios of 5-20 vol%, with Ty, Te, Ty, and
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corresponding salinities of 46-198 °C, —67.3°Cto —17.8°C, —27.1°C
to —0.2°C and 0.4-23.2wt% NaCl equiv., respectively, whilst the in-
herited W-type fluid inclusions have filling ratios of 10-30 vol%, with
their corresponding Ty, T., T, and corresponding salinities of
201-343°C, —67.6°C to —19.1°C, —24.8°C to —0.3°C and
0.5-23.2 wt% NaCl equiv., respectively (Table 4). Therefore, Stage V
fluids were featured by low temperature (~160 °C) with variable T,
(-67.6°C to —17.8°C) and T, (—27.1°C to —0.2°C) (Fig. 10;
Table 4).

6. Sulfur isotopic geochemistry

The sulfur isotopic compositions (§>*S values) of one Stage II pyrite
(three spots), five Stage III pyrite (23 spots) and one Stage III chalco-
pyrite (three spots), and two Stage IV chalcopyrite (14 spots) were in-
situ SIMS analyzed. The mineral assemblages, textures and sulfur iso-
topic results of these sulfides are illustrated in Figs. 11 and 12 and listed
in Table 5.

The measured Stage II subhedral disseminated pyrite (coexist with
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Fig. 11. Typical sulfide mineral assemblages, textures and SIMS analysis results from Stage II to IV in the Heijianshan Fe—Cu (-Au) deposit. (a). Stage II disseminated pyrite and euhedral
to subhedral magnetite cut by Stage IV chalcopyrite + hematite + electrum veins. (b). Stage II pyrite cut by Stage IV chalcopyrite—electrum veins. (c and d). In Stage III, subhedral Type A
pyrite with hematite shows variable 8>*S values, and some Type A pyrite grains were inclusion-rich. (e and f). In Stage III, disseminated Type B pyrite—chalcopyrite + pyrrhotite replaced
Stage II magnetite which was replaced by Stage VI hematite. (g). Disseminated Stage II pyrite replaced/cut by Stage IV chalcopyrite + hematite veins. (h). Disseminated Stage IV
chalcopyrite (with narrow §>*S range) replaced Stage Il massive magnetite. (i). Stage Il magnetite replaced by homogeneous Stage IV chalcopyrite intergrown with electrum + hematite.
(7-k). Massive Stage Il magnetite replaced by Stage IV chalcopyrite. (I). Disseminated Stage IV chalcopyrite + hematite (with relatively low 8>*S values) replaced Stage Il magnetite. Red
circles with numbers show SIMS point analysis and 8343 values, respectively. Abbreviations: Cal: calcite, Ccp: chalcopyrite, Elc: electrum, Hem: hematite, Mag: magnetite, Po: pyrrhotite,
Py: pyrite. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Stage II magnetite and cut by Stage IV chalcopyrite + hematite veins;
Fig. 11a and b) has 83*S values of 1.7-4.3%o, averaging 2.6%o (Table 5).
The measured Stage III pyrite grains can be grouped into two types, i.e.,
those coexist with euhedral hematite (Type A; Fig. 11c and d) or with
chalcopyrite-pyrrhotite (Type B; Fig. 11e and f). Type B pyrite has
higher §3'S values (4.6-10.0%o; average 6.6%o) than those of Type A
(—0.7-4.3%o; average 2.5%o), and its coexisting chalcopyrite has 84S
values of 5.1-6.1%o (average to 5.6%o; Table 5). The analyzed Stage IV
chalcopyrite (§*S = —7.1%o to —0.9%0) occurs as disseminations or
( + electrum * hematite) veins to replace or cut earlier-stage pyrite/
magnetite (Fig. 11g-1; Table 5). Two analytical spots with relatively low
534S values (—7.1%o and —5.7%o; Fig. 111) are located in the sulfide
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rim with rough surface, which likely made the analytical results less
reliable (Kita et al., 2009; Evans et al., 2014). Hence, Stage IV chal-
copyrite contains §3*S values of —3.5%o to —0.9%o, averaging — 1.5%o
(Table 5).

§3*S values of the hydrothermal fluids could be estimated from the
§%1S values of sulfides and sulfates with the oxygen fugacity (fO,) and
temperature conditions during mineral precipitation (Ohmoto and Rye,
1979; Ohmoto and Goldhaber, 1997). In Stage II, the analyzed pyrite
was intergrown with magnetite (Fig. 11a), indicating relatively high fO,
and temperature (~590 °C by the magnetite-actinolite oxygen isotope
geothermometer; Zhao et al., 2017b) and negligible §3*S difference in
the sulfides and fluids (Table 6). Therefore, the §3*S values of Stage II
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Fig. 12. 8>*Spiq values of Stage II to IV sulfides and cal-

culated ore-forming fluids in the Heijianshan Fe-Cu (-Au)
deposit.
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pyrite can represent those of the Stage II hydrothermal fluids, i.e.,
1.7-4.3%o (Fig. 12a; Table 6).

In Stage III, the analyzed Type A and Type B pyrite were intergrown
with hematite and pyrrhotite-chalcopyrite, respectively (Fig. 11c-f),
indicating rapid fO, drop. Temperatures determined from micro-
thermometry are 119-262 °C (peak at 170 °C; Table 6). In low-medium
temperatures, the §3*S conversion factor (A = §>*Syas — 8%*Sauiq) are
about —25%o0 (for Type A pyrite) and 0%o (for Type B pyr-
ite—chalcopyrite) (Ohmoto and Goldhaber, 1997), and therefore the
Type A and Type B (with its coexisting chalcopyrite) §*Sg.iq values are
24.3-29.3%o0 (peak at ~27-29%o) and 4.6-10.0%o (peak at ~6%o and
9%o; Fig. 12b and c; Table 6), respectively.

In the Cu (-Au) mineralization stage (Stage IV), although chalco-
pyrite was intergrown with quartz, chlorite, with minor electrum and
hematite (Fig. 6j-1), the measured disseminated chalcopyrite was asso-
ciated with a lesser amount of hematite than in Stage IIl Type A pyrite
(Fig. 11g-1). Hence, the chalcopyrite buffer is valid, and the §*S con-
version factor (A = 8%*Sy0s — 8°*Squiq) at medium-low temperatures
(172-291 °C (average 242 °C) as constrained by the chlorite geotherm-
ometer; Table 1) is about —5%o (Ohmoto and Goldhaber, 1997). The
Stage IV 8%*Squia values are 1.5-4.1%o (peak at ~ 4%o; Fig. 12d; Table 6).

7. Discussion
7.1. Sources of sulfur and metals

At Heijianshan, Stage II pyrite shows relatively low 8**S values
(1.7-4.3%o; Figs. 12a and 13a), which are inconsistent with a mantle
source (6%*S = 0 = 1%o; Eldridge et al., 1991) but well consistent with
magmatic source (8§%'S =0 = 5%o; Ohmoto and Goldhaber, 1997).
The possibility of a magmatic-hydrothermal origin for the Heijianshan
Fe mineralization is also supported by the published oxygen isotope
data (Zhao et al., 2017b). In Stage III, the Type A pyrite 8>*Sgy;q values
(24.3-29.3%0) are much higher than those of typical magmatic-hy-
drothermal reservoirs and Late Carboniferous seawater (about
13-19%o; Fig. 13), but comparable with an evaporite source (about
10-26%o0; Hoefs, 1997; Fig. 13a). Considering the probable Carboni-
ferous back-/intra-arc basin (~350-325Ma) and basin inversion
(~325-300 Ma) settings of the Aqishan-Yamansu belt (Zhang et al.,
2016), basinal brines (derived from residual seawater during basin
closure) may have been responsible for the Type A pyrite-hematite
alteration, consistent with the low temperature (< 300 °C), Ca—-Mg-
dominated and medium-high salinity characteristics of the Stage III
fluids. Stage III Type B pyrite and chalcopyrite (with pyrrhotite) were
likely generated from the fluids with high 834Squiq values (4.6-10.0%o).
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Table 5
Sulfur isotopic compositions of minerals from the Heijianshan Fe-Cu (-Au) deposit.
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Sample Stage Mineral §%Sy. Comment
cor (%0)
HJ-019kuaiPY@01 Stage I Pyrite 4.3 Disseminated Stage II pyrite intergrows with euhedral to subhedral magnetite, and the disseminated pyrite was cut
HJ-019kuaiPY@2 Stage I Pyrite 1.7 by chalcopyrite + electrum veins
HJ-019kuaiPY@3 Stage I Pyrite 1.8
HJ-044-1PY@01 Stage Il Pyrite (Type B) 8.5 Disseminated Stage III pyrite coexists with chalcopyrite and pyrrhotite
HJ-044-1PY@2 Stage Il Pyrite (Type B)  10.0
HJ-044-2PY@01 Stage Il  Pyrite (Type B) 8.0
HJ-044-2PY@2 Stage Il Pyrite (Type B) 8.2
HJ-044-2PY@3 Stage IIl  Pyrite (Type B) 8.8
HJ-044-1CCP@01 Stage Il Chalcopyrite 6.1
HJ-044-2CCP@2 Stage Il Chalcopyrite 6.1
HJ-044-2CCP@3 Stage Il  Chalcopyrite 5.1
HJ-064PY@01 Stage Il  Pyrite (Type A) —0.7 Disseminated pyrite and hematite cut host rock
HJ-064PY @2 Stage III  Pyrite (Type A) 3.7
HJ-064PY@3 Stage Il Pyrite (Type A) 3.7
HJ-064PY @4 Stage III  Pyrite (Type A) 4.3
HJ-065-1PY@01 Stage Il Pyrite (Type A) 1.9 Pyrite vein cut tuffaceous host rock, and pyrite intergrows with minor hematite
HJ-065-1PY@2 Stage Il Pyrite (Type A) 2.4
HJ-065-2PY@01 Stage Il  Pyrite (Type A) 1.7
HJ-065-2PY@2 Stage III  Pyrite (Type A) 1.5
HJ-065-2PY@3 Stage III  Pyrite (Type A) 2.3
HJ-090-1PY@01 Stage Il  Pyrite (Type B) 4.6 Massive pyrite coexists with quartz in sulfide ore, and pyrite was cut by both Stage IV chalcopyrite veins and Stage
HJ-090-1PY@2 Stage Il  Pyrite (Type B) 4.6 V calcite
HJ-090-1PY@3 Stage III  Pyrite (Type B) 4.8
HJ-090-1PY@4 Stage Il Pyrite (Type B) 5.0
HJ-090-2PY@01 Stage Il  Pyrite (Type B) 5.1
HJ-090-2PY@2 Stage III  Pyrite (Type B) 6.1
HJ-090-2PY@3 Stage Il Pyrite (Type B) 5.4
HJ-092PY@01 Stage IIl  Pyrite (Type A) 3.8 Disseminated pyrite in epidote altered host rock
HJ-092PY@2 Stage Il  Pyrite (Type A) 2.6
HJ-019kuaiCCP@01  Stage IV Chalcopyrite -1.5 Disseminated Stage II pyrite cut by Stage IV chalcopyrite + electrum veins
HJ-019kuaiCCP@2 Stage IV Chalcopyrite —-3.5
HJ-019-1CCP@01 Stage IV Chalcopyrite -1.1 Disseminated Stage IV chalcopyrite * electrum veins replaced massive magnetite ore
HJ-019-1CCP@2 Stage IV Chalcopyrite -3.1
HJ-019-1CCP@3 Stage IV Chalcopyrite -1.4
HJ-019-1CCP@4 Stage IV Chalcopyrite -57
HJ-019-1CCP@5 Stage IV Chalcopyrite =71
HJ-019-2CCP@01 Stage IV Chalcopyrite -1.0
HJ-019-2CCP@2 Stage IV Chalcopyrite -1.0
HJ-019-2CCP@3 Stage IV Chalcopyrite -0.9
HJ-019-2CCP@4 Stage IV Chalcopyrite -1.2
HJ-019-2CCP@5 Stage IV Chalcopyrite -1.0
HJ-019-2CCP@6 Stage IV Chalcopyrite -1.2
HJ-019-2CCP@7 Stage IV Chalcopyrite -1.1

Samples shown in italics were not used in the discussion.

Table 6

Summary of sulfur isotopic composition of minerals and ore-forming fluids in the Heijianshan Fe-Cu (—Au) deposit.

Stage Magnetite mineralization (Stage II)

Pyrite alteration (Stage III)

Cu (-Au) mineralization (Stage IV)

8%Sy.cpr (%0) +1.7%o to + 4.3%0

Type A: —0.7%o to +4.3%o0

Type B: +4.6%o to +10.0%0  — 3.5%o0 to —0.9%o

Estimated temperature ~ ~590 °C 119-262 °C (peak at 170 °C) 170-290 °C (average to 240 °C)
Magnetite—actinolite oxygen isotope geothermometer  Fluid inclusions Chlorite thermometer

fO, indicator Magnetite Hematite Pyrrhotite Chalcopyrite

A = 8%S5 — §%'Sauia %0 —25.0%0 0%o —5.0%0

8>*Squia (%0) +1.7%o0 to +4.3%o0

+24.3%o0 to +29.3%o0

+4.6%o to +10.0%o +1.5%o0 to +4.1%o

These values are distinctly higher than those with a typical magma-
tic-hydrothermal source (8*S =0 * 5%o; Ohmoto and Goldhaber,
1997), but lower than Late Carboniferous basinal brines (constrained by
coeval seawater: ~13-19%o, Holser, 1977; Fig. 13b). This was probably
resulted from the interactions between basinal brines and volcanic/
volcaniclastic host rocks of the Matoutan Formation under low fO,
(constrained by pyrrhotite buffer) condition. In Stage III, only minor
chalcopyrite was precipitated with Type B pyrite. In Stage IV, §3*Sqiq
values of the ore-forming fluids (1.5-4.1%o) are generally similar to
those from magmatic reservoirs (8>S =0 + 5%o; Ohmoto and
Goldhaber, 1997) and lower than those of Stage III (Fig. 12), indicative
of a magmatic-hydrothermal origin. However, the low temperatures
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(chlorite geothermometer: < 250 °C) and mineral paragenesis of the
Stage IV fluids suggest that a magmatic—hydrothermal source was un-
likely. An alternative interpretation for that would be the continuous
and intensive interactions between basinal brines and the andesitic host
rocks, which leached sulfur and Cu from the latter, yielding Cu-rich ore-
forming fluids and the magmatic-hydrothermal sulfur isotope sig-
natures.

As formerly discussed, the sulfur sources in the Heijianshan deposit
may have changed from magmatic-hydrothermal (Stage II), through
basinal brine-related (Stage III) to basinal brine-andesitic host rock in-
teractions (Stage IV). Iron for the magnetite mineralization was likely
derived from the magmatic-hydrothermal fluids, and sulfur isotopes and
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Fig. 13. (a). 8°*Sgyq values of ore-forming fluids at Heijianshan and other major IOCG deposits (data from Hoefs, 1997; Ullrich and Clark, 1999; Ullrich et al., 2001; Benavides et al.,
2007; De Haller and Fontboté, 2009; Chen et al., 2011; Chen and Zhou, 2012; Li et al., 2015). (b). Sulfur isotopic compositions of global seawater through geological time (modified after

Holser, 1977).

replacement textures (between chalcopyrite and early magnetite-pyrite)
suggest that the metals for the Cu (-Au) mineralization was probably
leached from the andesitic host rocks of the Matoutan Formation.

7.2. Evolution of ore-forming fluids

7.2.1. Epidote alteration

At Heijianshan, Stage I fluid inclusion microthermometric data
suggest that the fluids of the epidote alteration were 189-370 °C,
Ca-Mg-rich with variable low-high salinities (Figs. 10 and 14; Table 4),

Stage I Epidote alteration Stage Il Magnetite mineralization

indicative of seawater-host rock interactions. We propose that the ex-
tensive epidote alteration at Heijianshan deposit may have formed from
the reaction of the Late Carboniferous seawater (residues from the
intra-/back-arc basin closure led by the S-dipping Kangguer oceanic
slab subduction; Zhang et al., 2016) with volcanic/volcaniclastic host
rocks, which was probably heated during the crystallization of chromite
(residual mineral in the host rocks and replaced/cut by magnetite; Zhao
et al,, 2016) and cooling of the mafic magma (Zhao et al., 2017b;
Fig. 15a).
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7.2.2. Iron mineralization

Both the T}, (301-536 °C) of the Stage II-B primary fluid inclusions
(Table 4) and magnetite-actinolite oxygen isotope geothermometic
result (~590°C; Zhao et al., 2017b) indicate high Fe mineralization
temperatures. The low T, values (—39.8°C to —18.3°C; modes at
—35°C and — 25 °C) of these primary inclusions suggest medium-high
salinities (Fig. 10; Table 4), whilst the low T, values (—70.8°C to
—38.1 °C; mode mainly at —60 °C) indicate Na-Ca—Mg-Fe-dominated
fluids (Figs. 10 and 14), as also supported by the Stage II mineral as-
semblage of amphibole + sphene + apatite + magnetite. Besides, an-
hydrite- or hematite-bearing S-type fluid inclusions (Fig. 8g, h and k)
also suggest that the fluids were Ca- and Fe-rich, respectively, and with
relatively high fO,. The high temperature mineral assemblage and
sulfur isotopes (average 2.6%o) all indicate a magmatic-hydrothermal
source for the Stage II ore-forming fluids, yet the Ca—Mg-rich nature and
relatively light H isotope (Zhao et al., 2017b) may suggest possible
limited residual seawater involvement. The Stage II ore-forming fluids
were Fe-rich and oxidized (hematite buffer), as shown by the hematite
precipitation at the beginning of this stage. The ascent of Stage II fluids
along faults and the accompanied water/rock reactions may have
lowered the fO, and precipitated magnetite (and also amphi-
bole + quartz + K-feldspar) ores including massive, disseminations,
clasts and veins, comprising the Heijianshan magnetite orebodies
(Fig. 15b).

7.2.3. Pyrite alteration and Cu (-Au) mineralization

Primary fluid inclusions in Stage III quartz contain much lower Ty
values (119-262°C; peak at 170°C) than those of the Stage II fluids
(Fig. 10; Table 4), and show medium-high salinities and Na-Ca-Mg-rich

features (Fig. 14). These features may indicate dominance of seawater or
basinal brines for the Stage III fluids, and more likely the latter source
which is supported by the extremely high §3*Sqq values (Fig. 13a). The
transition of fluid sources from seawater (in Stage I) to basinal brines (in
Stage III) may have occurred during basin closure and continuous eva-
poration. During late Stage III, the basinal brines may have started to
leach limited amount of sulfur and copper from the andesitic host rocks
to form the pyrite alteration (with decreasing fO,, as shown by the
transition from the hematite to pyrite—pyrrhotite buffer; Fig. 15c¢). The
continuous tectonic compression and basin inversion may have further
promoted the leaching process, yielding more Cu and Au and forming the
Stage IV chalcopyrite (quartz + chlorite + electrum * hematite) in Cu
(—Au) ore veins at ~ 240 °C (constrained by the chlorite geothermometer;
Table 1; Fig. 15d).

7.2.4. Late hydrothermal veining

In Stage V, the low temperature (~ 160 °C) fluids consisted of two
groups (Figs. 10 and 14), viz., Ca-Mg-dominant with medium-high
salinities (T, < —10°C) and Na-K-rich with low salinities
(T, = —10°C). The former may have evolved from Stage III (pyrite
alteration) fluids with a basinal brine origin, whereas the latter may
have had a meteoric water-dominated origin. The changes of fluid
sources from magmatic-hydrothermal (in Stage II) to meteoric water
(in Stage V) are also recorded in H-O isotopes (Zhao et al., 2017b), and
the Stage V alteration generated late-hydrothermal veins that crosscut
the earlier-stage hydrothermal/mineralization minerals.
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7.3. Ore genesis

The Heijianshan Fe-Cu (-Au) deposit is hosted in the volcanic/
volcaniclastic sequences and was regarded to be volcanic (Han et al.,
2002; Pan et al., 2005; Liu, 2008; Wang et al., 2008), sedimentary
deformation (Cui et al., 2008) or volcanic sedimentary (Zhang, 2000)
deposit. Recently, some researchers proposed the Heijianshan as a skarn
deposit (Mao et al., 2005; Pirajno, 2013) because of regionally devel-
oped intrusions (the Bailingshan intrusive complex) in the Agishan-
Yamansu belt. These genetic types for the Heijianshan Fe-Cu (-Au)
deposit are controversial and many of them are not acceptable in world-
wide recognized genetic classification.

Although the Heijianshan Fe-Cu (-Au) deposit shares many simi-
larities in terms of host rocks and alteration styles with other Fe (-Cu)
deposits in the Agishan-Yamansu belt (e.g., Hongyuntan, Bailingshan
and Yamansu), its distinct Fe mineralization mineral assemblages
(magnetite and amphibole with no garnet or pyroxene) and the lack of
clear relationships between orebodies and ore-related intrusions are
different from typical skarn deposits (Meinert, 1992; Meinert et al.,
2005). Furthermore, magnetite commonly intergrows with epidote
after the prograde skarn (garnet and pyroxene) stage in typical Fe (~Cu)
skarn deposits (Zhu et al., 2015), whereas at Heijianshan the epidote
alteration  clearly predated the magnetite mineralization
(Figs. 5 and 6d). This also indicates that the Heijianshan is not a typical
skarn deposit.

The Heijianshan Fe-Cu (-Au) deposit shares similar tectonic setting
and certain alteration/mineralization features with some IOCG deposits
in the Mesozoic Central Andean IOCG belt, e.g., Mina Justa and Raul-
Candestable (Pert1), Mantoverde and La Candelaria (Chile) (Table 7).
The epidote alteration stage at Heijianshan contains a Ca-Mg alteration
assemblage of epidote—calcite-tourmaline-sericite, comparable to the
widely developed pre-mineralization Na—Ca alteration in the Central
Andes (Williams et al., 2005; Chen, 2013), and the alteration style
differences (Na, Ca or Na-Ca) may have been attributed to the different
types of host rocks (Zhao et al., 2017b). Iron and Cu (-Au) miner-
alization at Heijianshan are associated with amphibole + K-feldspar
and chlorite + hematite alterations, respectively, also comparable with
the Central Andean IOCG deposits, especially in the quartz/calci-
te—chalcopyrite-hematite assemblage for the Cu (—Au) mineralization
(Table 7). Ore-forming fluids for the Fe and Cu (—Au) mineralization are
high temperature, medium-high salinity and Na—Ca—Mg-Fe-dominated,
and low temperature and Ca-Mg-dominated, respectively. Their oxygen
and sulfur isotopes show similar magmatic-hydrothermal affinities but
with different contribution of magma and volcanic rocks for Fe and Cu
(-Au) mineralization, respectively (Table 7).

The Heijianshan Fe—Cu (-Au) deposit is mainly hosted by tuff and
brecciated tuff of the Carboniferous Matoutan Formation
(315.6 *= 2.6 Ma; Zhao et al., 2017a), suggesting that the Heijianshan
Fe-Cu (-Au) mineralization likely occurred after 316 Ma. Recently,
Zhang et al. (2016) proposed that the Agishan-Yamansu belt was a
back-/intra-arc basin (~350-325Ma) formed by the S-dipping sub-
duction of the Kangguer oceanic slab beneath the Yili-Central Tianshan
block. The gradual closure of the Kangguer Ocean may have generated
the widespread arc-related magmatism and the Aqishan-Yamansu basin
inversion (~ 325-300 Ma), resulting in the Heijianshan Fe and Cu (-Au)
mineralization. The close association of basin inversion with regional
I0CG mineralization (~120-100 Ma) was also recorded in the Central
Andes (Chen et al., 2013). These many similarities suggest that the
Heijianshan is probably a Paleozoic IOCG-like deposit.

In the NW China, many Fe (—Cu) deposits are distributed, such as in
the Eastern Tianshan. These deposits are mostly submarine volcanic-
hosted and were thus classified as submarine volcanic-hosted deposits
or submarine volcanogenic iron oxide (SVIO) deposits (Hou et al., 2014;
7.C. Zhang et al., 2014). These Fe (-Cu) deposits, especially those de-
veloped in arc/arc-basin belts of the Eastern Tianshan, Western Tian-
shan and Altay, may have formed during the later complex arc-basin
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transformation movements triggered by arc-arc or arc-continental col-
lisions. This may have generated the regional submarine volcanic-
hosted Fe and Cu (-Au) mineralization in those submarine volcanic-
hosted Fe-Cu deposits, similar to the Heijianshan deposit in the
Aqishan-Yamansu belt of the Eastern Tianshan. Those Fe-Cu deposits
developed in arc-basin tectonic settings with obvious distinct Fe and Cu
mineralization may provide suggestions to prospect copper and/or gold
resources or even IOCG deposits in northern Xinjiang.

8. Conclusions

Alteration/mineralization of the Heijianshan Fe-Cu (-Au) deposit
consisted of six stages, namely epidote alteration, magnetite miner-
alization, pyrite alteration, Cu (-Au) mineralization, late veins and
supergene alteration. From the Fe mineralization to Cu (-Au) miner-
alization, the medium-high salinity ore-forming fluids were marked by
significant decrease in Fe concentrations and temperatures (from
~590°C to < 300°C). The continuous S-dipping subduction of the
Kangguer oceanic slab and basin inversion in the Aqishan-Yamansu belt
have led to the leaching of volcanic/volcaniclastic rocks of the Late
Carboniferous Matoutan Formation by external basinal brines, gen-
erating firstly pyrite alteration and then Cu (-Au) mineralization. The
Heijianshan Fe-Cu (-Au) deposit shares many similarities with the
Mesozoic Central Andean IOCG deposits in terms of alteration, mineral
paragenesis, tectonic setting, as well as mineralization fluid and its
source, which suggests that the Heijianshan is probably a Paleozoic
I0CG-like deposit, and implies exploration potential for IOCG or IOCG-
like deposits in the Aqgishan-Yamansu belt of the Eastern Tianshan, NW
China.
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