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ABSTRACT

The Cangyuan Pb-Zn-Ag polymetallic deposit is located in the Baoshan Block, southern Sanjiang Orogen.
The orebodies are hosted in low-grade metamorphic rocks and skarn in contact with Cenozoic granitic
rocks. Studies on fluid inclusions (FIs) of the deposit indicate that the ore-forming fluids are
CO,-bearing, NaCl-H,O. The initial fluids evolved from high temperatures (462-498 °C) and high
salinities (54.5-58.4 wt% NaCl equiv) during the skarn stage into mesothermal (260-397 °C) and low salin-
ities (1.2-9.5 wt% NaCl equiv) during the sulfide stage. The oxygen and hydrogen isotopic compositions
(8'%0u20: 2.7-8.8%0; 8D: —82 to —120%0) suggest that the ore-forming fluids are mixture of magmatic
fluids and meteoric water. Sulfur isotopic compositions of the sulfides yield 5**S values of —2.3 to
3.2%o0; lead isotopic compositions of ore sulfides are similar to those of granitic rocks, indicating that
the sulfur and ore-metals are derived from the granitic magma. We propose that the Cangyuan Pb-Zn-Ag
deposit formed from magmatic hydrothermal fluids. These Cenozoic deposits situated in the west of
Lanping-Changdu Basin share many similarities with the Cangyuan in isotopic compositions, including
the Laochang, Lanuoma and Jinman deposits. This reveals that the Cenozoic granites could have contributed
to Pb-Zn-Cu mineralization in the Sanjiang region despite the abundance of Cenozoic Pb-Zn deposits in the

region, such as the Jingding Pb-Zn deposit, that is thought to be of basin brine origin.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The Cangyuan Pb-Zn-Ag polymetallic deposit is located in the
southern part of the Sanjiang metallogenic belt (Hou et al., 2007;
Deng et al., 2014). The Sanjiang region exhibits intensive Cenozoic
magmatism owing to Indo-Asian collision and reserves numerous
deposits, including the granite-related Sn deposits in the Teng-
chong Block, the Pb-Zn-Cu-Ag polymetallic deposits in the central
micro-blocks, and the porphyry Cu-Au-Mo deposits along the Jin-
shajiang suture (Liu et al., 1993; Xu and Mo, 2000; Xu et al.,
2008; Zhou et al., 2012) (Fig. 1). The Pb-Zn-Cu-Ag polymetallic
deposits in the central micro-blocks constitute a giant base-metal
mineralization belt that contains many large or giant Pb-Zn depos-
its, such as the Jinding Zn-Pb deposit in the Lanping Basin (Xue
et al., 2002a,b), the Zhaofayong Zn-Pb deposit in the Changdu Basin
(Tang et al., 2006), the Dongmozhazhua Zn-Pb deposit in the Yushu
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Basin and the Chaqupacha in the Tuotuohe region (Song et al,,
2013).

Studies of Zn-Pb deposits in Lanping Basin have suggested that
the Cenozoic Zn-Pb deposits in central micro-blocks of the Sanjiang
region are similar to Mississippi Valley Type (MVT) and have no
relationship with the magma (Hou et al., 2007; Song et al., 2013).
Recent studies indicate that the ore deposits in the Lanping-Simao
Basin may be diverse in origin, part of them are basin-brine origin
whereas others are magmatic hydrothermal origin, or even linked
with fluids from the mantle (Zhao, 1989; Wang and Li, 1991; Zhou
and Zhou, 1992; Zhang, 1993; Xue et al., 2000, 2002a,b, 2003). The
Cangyuan Pb-Zn-Ag polymetallic deposit has close spatial relation-
ship with Cenozoic granites and provides a good example for
investigating the relationship between mineralization and magma-
tism. Therefore, it would be helpful to understand the metallogenic
system of the Sanjiang region.

There are a few studies conducted on the Cangyuan deposit
(Xiao et al.,, 2008). However, the relationship between granites
and mineralization is unclear, and the geochemistry and origin of
the deposit have not been well constrained. In this study, we con-
duct detailed analysis on fluid inclusions (FIs) and H-O-S-Pb iso-
topes of the deposit. Our main objectives are to identify the
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sources of metals and ore-forming fluids, revealing the formation
processes of the deposit, and devote to shed a new light on metal-
logenic system of the Sanjiang region.

2. Geological background

During the Cenozoic, accompanied with the subduction of
Indian Plate, India-Asia collision and breakoff of oceanic slab,
numerous Cenozoic magmatic rocks formed in the Sanjiang region
(Fig. 1; Deng et al., 2014; Dupont-Nivet et al., 2010; Tao et al.,
2009; Williams et al., 2001). The Tengchong and Cangyuan com-
prise S- and I-type granites with ages of 62-40 Ma (Xu et al,,
2012; Chen et al., 2014, 2008, 2010). The granitic rocks in the Teng-
chong Block are explained as products of Neo-Tethys ocean sub-
duction (Xu et al., 2012), whereas the Cangyuan granites are
thought to be formed by crust-mantle mixing (Chen et al., 2008).
These granitic rocks share a good relationship with mineralizations
of Sn, Pb, Zn, Ag and Cu. An Eocene-Oligocene potassic-
ultrapotassic magmatic belt occurs in the vicinity of, as well as
distal to, the Jinshajiang-Ailaoshan tectonic belt, extending for
thousands of kilometers (Chung et al., 1998). The intrusive felsic
rocks yield zircon U-Pb ages of 41, 36 and 35Ma (Rui et al,
1984; Tang and Luo, 1995; Hou et al., 2003; Guo et al., 2006;
Jiang et al., 2006; Liang et al., 2006; Lu et al., 2012).

Although few intrusive rocks occur in the Lanping-Simao Basin,
Oligocene MVT Pb-Zn polymetallic deposits are widely distributed
with giant metal reserves (Xue et al., 2007).

The studied deposit is distributed in the Cangyuan domain,
Baoshan Block. The Baoshan Block is separated from the Tengchong
Block in the west by the Gaoligongshan Fault and from Lanping-
Simao Basin by the Changning-Menglian suture in the east
(Fig. 1). It consists of a late Neoproterozoic to middle Cambrian
basement and is covered by Cambrian to Mesozoic sedimentary,
which are composed of shallow marine carbonates and clastic
rocks.

During the Neotethys movement, the Baoshan Block is affected
by subduction of the Neotethyan oceanic plate, removal of the
lower lithospheric mantle and underthrusting of the South China
plate (Deng et al., 2014). The tectonic-thermal event caused mag-
matism and related skarn deposits in the Baoshan Block (e.g.,
Hetaoping and Cangyuan Zn-Pb deposits), which yield ages of
116 Ma and 40 Ma, respectively (Tao et al., 2010; Yang, 2010).

3. Deposit geology
3.1. Deposits

The Cangyuan Pb-Zn-Ag polymetallic deposit is located in the
southwestern part of the Baoshan Block, including five ore blocks
at Majiadi, Huguangzhai, Gonlang, Jinla, and Mangha (Fig. 2). It is
hosted in skarn and a suit of Precambrian low grade metamorphic
rocks including the Wangya and Yungou formations. The Wangya
Formation consists of schist, phyllite, marble, and metamorphosed
volcanic rocks while the Yungou Formation consists of marble,
schist and phyllite.

The deposit is controlled by NE-trending thrusts and NW-
trending faults (Xiao et al., 2008; Yang, 2010). The NE-trending
thrusts, developed along the axial plane of the Zhenkang anticline,
were caused by collision of the Indian Plate and the Sanjiang ter-
rane in the Cenozoic; the EW-trending faults formed subsequently.

Cenozoic igneous intrusions are exposed along the NE-trending
faults, including K-feldspar granites, granodiorite and granite por-
phyry. The granitic rocks formed from 41 to 40 Ma (Yang, 2010).
The K-feldspar granites are distributed in the southwestern of
the deposit and extend to Burma. The intrusions in the Jinla and

Mangha ore blocks are granite porphyry (Fig. 4A), whereas in the
Huguangzhai block is granodiorite. The granite porphyry contains
phenocrysts of potash feldspar, plagioclase, quartz and minor bio-
tite, while the granodiorite contains more plagioclase than potash
feldspar. All granitic rocks contain similar accessory minerals such
as zircon and apatite.

The alteration within the deposit consists of skarn and sulfide
alteration; the skarn occurs in the contact between the granite por-
phyry and limestone, whereas sulfide alteration is generally
located within distal metamorphic rocks. The skarn alteration is
zoned from the granite porphyry outwards to the distal limestone,
with potassic alteration occurring within the granite porphyry
adjacent to the skarn. The proximal skarn consists of garnet-
diopside adjacent to the potassic-altered granite porphyry; this
assemblage is dominated by garnet with minor amounts of diop-
side. The garnet-diopside zone is followed by a garnet-diopside-
chlorite skarn zone that contains chlorite (Fig. 4C).

3.2. Orebodies

The Jinla ore block consists of three orebodies: V1, V2 and V3
(Fig. 2). The V1 orebody occurs along the NW-trending thrust
and is hosted in the skarn zone between granite porphyry and
limestone. It strikes for 350 m, with width of 87.1 m and average
thickness of 4.72 m. The V2 orebody occurs in the sulfide alteration
zone, with mean thickness of 4.71 m and is controlled by the NE-
trending thrust. The V3 orebody is controlled by NW-trending frac-
tures in low grade metamorphosed rocks (Fig. 3) and has a thick-
ness of 2-15.5m. The orebody at Mangha is hosted in the
hanging-wall phyllite, whereas the granite porphyry occurs in
the footwall and strikes along the NW-trending fracture. The ore-
bodies at Gonlang, Huguangzhai and Majiadi are hosted in the
marble and controlled by the NE-trending thrust. Most orebodies
are rich with a total Zn + Pb grade of 15 wt% (Yang, 2010).

3.3. Mineral assemblages and mineralization stages

In the Jinla ore block, the main ore minerals are galena, spha-
lerite, pyrite, and chalcopyrite. The major gangue minerals include
garnet, diopside, chloride, quartz and calcite. The sulfide ores occur
as disseminated or massive in early quartz-sulfide veins with
minor in calcite-sulfide veins (Fig. 4D, E). The sulfide veins cut
altered granite porphyry or skarn (Fig. 4B, D) in the V1 orebody.
In the V2/3 orebodies, sulfide veins infill fractures in the wall rocks.
Pyrite and quartz are cut by sphalerite and chalcopyrite, or
replaced by galena (Fig. 4F, G).

In the Mangha ore block, the main ore minerals are galena,
sphalerite, pyrite, chalcopyrite, arsenopyrite and pyrrhotite; major
gangue minerals are quartz and calcite. The sulfide ores occur
mainly as calcite-sulfide vein and infill former fractures in meta-
morphic rock (Fig.4H, I). The quartz-sulfide veins (pyrrhotite
+ sphalerite + cryptocrystalline pyrite) are cut by late calcite-
sulfide veins (sphalerite + chalcopyrite + fine-grained pyrite
+galena; Fig. 4H, |, K, L). Three types of pyrite occur in the deposit:
colloidal pyrite, cryptocrystalline pyrite and fine-grained pyrite
(Fig. 4], L). The colloidal pyrite formed in the sedimentary stage
and is replaced by pyrrhotite, arsenopyrite and cryptocrystalline
pyrite (Fig.4]). The fine-grained pyrite formed in late calcite-
sulfide veins (Fig. 4L).

Considering the mineralogical assemblages and crosscutting
relationships, the Cangyuan Pb-Zn-Ag deposit can be divided into
skarn stage and sulfide stage (Fig. 5). The skarn stage consists of
garnet, diopside and chlorite. The sulfide stage contains most
sulfide ores and can be subdivided into quartz-sulfide stage and
calcite-sulfide stage. The quartz-sulfide stage is the main
mineralization stage for the Jinla ore block while the calcite-
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sulfide stage is the main mineralization stage for the Mangha ore
block.

4. Samples and analytical methods

The sulfide ore samples were taken from the Mangha and Jinla
ore blocks; the granitic rocks are unaltered. The locations of the
samples are shown in Fig 2.

Microthermometric measurements were conducted at the Fluid
Inclusion (FI) Laboratory of the Institute of Geochemistry, Chinese
Academy of Science, by using the Linkam THMSG600 heating-
freezing stage and standard procedures. Stage calibration was per-
formed at —56.6 °C, —10.7 °C and 0.0 °C using synthetic fluid inclu-
sions supplied by FLUID INC with temperatures ranging from
—196°C to 600°C. The melting temperatures of solid CO,
(Tm, co2), freezing point of NaCl-H,O inclusions (T, ic), final
melting temperatures of the clathrate (T, «a), homogenization
temperatures of vapor CO, + liquid COx(Ty, co2) and total homoge-

nization temperatures of Fls (T,) were measured at a precision of
+0.1 °C for <10 °C,t1 °C for the interval of 10-300 °C, and * 2 °C
for >300 °C. The heating rate was 10-15 °C/min during the first
stages of each heating run, then 2-5°C/min followed by
0.5—1 °C/min at the phase change points. The salinities of carbonic
(CO2-Hy0), two-phase (vapor +liquid) and three-phase (vapor
+liquid + solid) inclusions were calculated by using the final melt-
ing temperatures of CO,-clathrate (Collins, 1979), ice points
(Bodnar, 1993) and halite melting temperatures (Hall et al.,
1988), respectively. The trapping pressure of the inclusions was
estimated on the basis of the CO,-H,0-NaCl and H,0-NaCl system
by using the Flincor program (Brown, 1989), the formula of Brown
and Lamb (1989), and a pressure (P)-temperature (T) diagram
(Bodnar and Vityk, 1994).

The compositions of the individual fluid Inclusions were
obtained by using In Via Reflex Laser Raman spectroscopy pro-
duced by Renishaw company at the State Key Laboratory of Ore
Deposit Geochemistry, Chinese Academy of Science. An argon laser
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Fig. 4. (A) Granite porphyry in the deposit; (B) Quartz-sulfide vein crosscutting skarn (left) and granite fracturing phyllite (right) at the Jinla ore block; (C) Garnet, diopside
and chloride in Skarn from the Jinla ore block; (D) Quartz-sulfide vein fracturing and infilling original limestone and altered granite porphyry at the Jinla ore block; (E)
Calcite-sulfide vein crosscutting quartz-sulfide vein at the Jinla ore block; (F/G) Sphalerite + chalcopyrite crosscutting automorphic pyrite and quartz, and a galena and calcite
vein crosscutting sphalerite + chalcopyrite at the Jinla block; (H) Co-existing sphalerite + chalcopyrite + galena vein cutting former crypto-crystal pyrite, pyrrhotite and
sphalerite (Mangha ore block); (I) Poor quartz-sulfide vein and late rich calcite-sulfide vein (Mangha ore block); (J) Pyrrhotite and crypto-crystal pyrite replacing colloidal
pyrite; (K/L) Late sphalerite + galena + calcite cutting former pyrrhotite + pyrite + chalcopyrite. Qz, quartz; Py, pyrite; Gn, galena; Sp, sphalerite; Ccy, chalcopyrite; Po,

pyrrhotite; Cal, calcite; Grt, garnet.

with a wavelength of 514 nm was used as the laser source at power
of 20 mW power; the spectral range for the analysis was 200-
4000 cm™!; the integration time was 60 s and 180 s for some iden-
tical inclusions; and the beam size is 1-2 pm.

The minerals used for isotope analyses were selected from the
specimens by microscopy. Quartz and sulfides aggregates were
separated from the specimens by crushing into grains with size
of 40-60 mesh. After panning and filtration, more than 5 g of clear
quartz was picked out for each sample under a binocular micro-

scope. To eliminate other interlocking minerals (e.g., sulfides),
the quartz grains were soaked in an HNOs solution at 60-80 °C
for 12 h and were then washed by deionized water. The quartz
was dried in an oven at 120 °C prior to analysis. For sulfides,
approximately 50 mg was first handled with ace-tone to remove
surface contamination and was then washed by deionized water
and dried at 60 °C in an oven.

The hydrogen and oxygen isotope ratios of the quartz were ana-
lyzed at the Institute of Geology and Geophysics, Chinese Academy



X.-Z. Deng et al./Ore Geology Reviews 90 (2017) 928-942

Stage
Mineral

Skarn-stage

Sulfide-stage

Anhydrous | Hydrous

Quartz-sulfide

Calcite-sulfide

Garnet
Diopside
Chlorite
Quartz
Pyrite
Pyrrhotite
Arsenopyrite
Sphalerite
Chalcopyrite
Galena
Calcite

Fig. 5. Mineral paragenesis of the Cangyuan deposit.

20um

20um

20um

20um

20um

933

Fig. 6. Photomicrographs of fluid inclusions in quartz, sphalerite and calcite from the Cangyuan deposit. (A) C-type FI (L + Gcoz + Lcoz) in quartz at the Jinla block; (B) C-type FI
(L + Gcoz * Leoz) in quartz at the Mangha block; (C) W1-type FI (L + Gcoz+120) in quartz at the Jinla block; (D) Boiling Fls in quartz at the Jinla block; (E) W2-type FI (L + G 20)
in sphalerite at the Mangha block; (F) W2-type FI (L + Gyz0) in calcite at the Mangha block; (G) W2-type FI (L + Gyao) in quartz at the Jinla block; (H) S1-type FI (L
+ Geoz+H20 * S) in quartz at the Jinla block, dauter mineral is calcite; (I). S2-type FI (L + G0 + S) in garnet of skarn at the Jinla block, daughter mineral is halite. Abbreviation:

Q, quartz; Sp, sphalerite; Cal, calcite; Grt, garnet.
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of Sciences. Samples were put into a quartz tube and were heated
to 100 °C for 30 min to eliminate secondary inclusions. Next, they
were heated to 600 °C until the fluid inclusions broken. Hydrogen
was analyzed by using a MAT253 with 2.0%. precision, and oxygen
was analyzed by using a MAT252 with 0.2%. precision.

The sulfur isotope ratios of sulfides were analyzed on SO, by
using Delta-S mass spectrometer at the State Key Laboratory of
Environment Geochemistry, Chinese Academy of Sciences. The S-
isotopic compositions were reported relative to the Canyon Diablo
Triolite (CDT) standard. GBW 04415 and GBW 04414 Ag,S were
used as external standards. The relative errors (2c) were better
than 0.1%. from the analyses of standard materials.

Sulfide and K-feldspar were analyzed for Pb isotopes by using
Laser Ablation Inductively Coupled Plasma Mass Spectrometry
(LA-ICP-MS) on a polished section and a rock slide, respectively, at
the State Key Laboratory of Continental Dynamics, Northwest
University in Xi'an, China. Lead isotope analyses were conducted
by using an LA microprobe attached to a Nu Plasma Information
Management Corporation ICP-MS system with a beam diameter
and width of 30um and 120um, respectively. The typical ablation
time was 30 s, and collection times were 50 s. Helium carrier gas
transported the ablated aliquot from the laser-ablation cell via a
mixing chamber to the ICP-MS torch. Analytical results for the stan-
dard NIST610 are 2°8Pb/2°4Pb = 36.980 + 0.006 (o), 2°7Pb/?4Pb =
15.515 £ 0.002 (c) and 2°°Pb/?°Pb = 17.052  0.003 (o).

5. Results
5.1. Fluid inclusions

Five types of FIs were identified on the basis of their phases
(liquid-vapor-solid) at room temperature, phase transitions
during heating and cooling (-196 to +600 °C) and Laser Raman
spectroscopy, including C-type FI (L+ Gcoz + Lcoz), W1-type FI
(L + Gcoz+hzo), W2-type FI (L + G p20), S1-type FI (L + Geoz+tzo +S)
and S2-type FI (L + G yp0 + S) (Fig. 6).

C-type Fls appear as three phases at room temperature—liquid
CO,, vapor CO, and liquid (Fig. 6A, B). They are irregular in shape
with sizes of 10-30 um. W1-type FIs appear as two phases: vapor
and liquid (Fig.6C). The vapor contains H,0 +CO, and forms
CO,-clathrate under low temperatures. W2-type FlIs consist of
two phases: liquid H,0 and vapor H,0 (Fig. 6E, F, G). S1-type Fls
consist of three phases: liquid, vapor and solid (Fig. 6H); the vapor
constitutes of H,0 +CO,. S2-type FIs appear as three phases:
liquid, vapor and solid (Fig. 6I).

Numerous FIs in garnet, quartz, sphalerite and calcite from two
blocks are suitable for analysis, whereas the Fls in calcite from the
Jinla block are too small (Fig. 8). S1- and S2-type Fls are widespread
in garnet but rare in quartz and sphalerite. Most daughter minerals
in S-type FIs are halite, the other are calcite. A few C-type FIs occur
in quartz; only two are suitable for analysis. The quartz from the
Jinla block contains W1- and W2-types FIs, whereas the Mangha

Table 1
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block mainly consists of W2-type FIs. Boiling FIs occur in quartz
of the V1 orebody (Fig. 6D). Laser Raman data show that the con-
tent of CO, decreases from quartz-sulfide veins to calcite-sulfide
veins.

The fluid inclusion microthermometric results of the Cangyuan
deposit are shown in Table 1 and Figs. 7-9. The total homogeniza-
tion temperatures of S-type FIs from garnet range from 462 °C to
498 °C, with salinities of 54.5-58.4 wt% NaCl equivalent. The melt-
ing temperatures of the solid CO; (T, co2) of C-type FIs range from
—59.0 to —56.6 °C, which is slightly below the triple point of pure
CO, (—56.6 °C). This indicates that the vapor consists of CO,. Two
C-type FlI in quartz yield Ty, ga of 9.1 °C, corresponding to low
salinity of 1.8 wt% NaCl equivalent. In the Jinla block, the melting
temperatures of clathrates (T, ) are between 4.9 °C and 9.5 °C,
whereas the ice (Tm, ice) melting temperatures are between
—1.2°C and —6.2 °C, corresponding to salinities of 1.1-9.5 wt%
NaCl equivalent. The homogenization temperatures range from
267 °C to 397 °C. In the Mangha block, fluid inclusions from the
quartz-sulfide stage yield Ty, jc. values of —4.1°C to —-0.7 °C,
salinities of 1.2-6.6 wt% NaCl equivalent and homogenization
temperatures of 260 °C to 340 °C. The fluid inclusions from the
calcite-sulfide stage show Ty, jc. values of —4.1°C to —1.3°C,
salinities of 2.4-6.6 wt% NaCl equivalent, and homogenization
temperatures of 280 °C to 329 °C.

Some S-type FIs from garnet are totally homogenized via vapor
disappearance, indicating that these FIs are entrapments of an
oversaturated solution resulted from transient boiling and volatile
escape. The coexistence of different type FIs with similar homoge-
nization temperatures in a microdomain (as exemplified in Fig. 6D)
strongly suggests that the fluid boiled at least in the quartz from
the V1 orebody. The existence of immiscible fluid inclusion assem-
blage in garnet or quartz permits reliable estimation of pressure
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Fig. 7. Salinity vs. Homogenization temperature diagram for FIs from the Cangyuan
ore deposit.

Microthermometric data of fluid inclusions in different stages from the Cangyuan deposit.

Stage Host mineral Fltype Number Tmg,p (°C)  Tmye (°C) Theoe (°C)  Salinity (wt% Nacl)  Estimated trapping pressure (bar)
Jinla Skarn Garnet S2 7 462-498 54.5-58.4 380-420
Quartz sulfide  Quartz W2 33 —-1.2to -6.2 267-397 2.1-95 74-166
w1 7 4.9-9.5 330-374 1.1-9.2 154-159
S1 1 -5.1 335 8 130
Mangha Quartz sulfide  Quartz W2 41 —-0.7to -39 271-340 1.2-6.2 54-126
C 2 9.1 290 1.8 73
Sphalerite W2 20 -13to -41 260-317 2.4-6.6 44-105
Calcite sulfide  Calcite w2 9 -31to —4.1 323-329 5.0-6.6 113-123
Sphalerite w2 2 -13to—-41 286 2.4-3.7 68-70
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Fig. 8. Salinity and temperature for FIs from the Cangyuan ore deposit.

conditions of fluid trapping during ore formation (Roedder and 74-166 bar and 45-126 bar, respectively, that at the calcite-
Bodnar, 1980). sulfide stage is 68-123 bar. The trapping pressures of the skarn

The estimated trapping pressures of the skarn stage, the quartz- stage cluster around 400 bar, corresponding to a lithostatic depth
sulfide stage in the Jinla and Mangha ore blocks are 380-420 bar, of 1.5 km, given 2.7 g/cm® as the density of upper crust rocks.
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Fig. 9. Minimum trapping pressure vs. homogenization temperature of the
Cangyuan deposit.

The average trapping pressure of the quartz sulfide stage is
109 bar. As the quartz-sulfide veins infilled former fractures, the
trapping pressure of the quartz sulfide stage corresponds to a
hydrostatic depth of 1.1 km. Thus, the Cangyuan deposit was
formed at depth of 1.1-1.5 km.

Table 2

3'80, 8D values (%) of the Cangyuan, Hetaoping, Laochang and Jinman deposits.
Mineral Temperature (°C) D20 5'%0m20
Canyuan 380 -120 3.7

Quartz

Quartz 370 —-108 4.8
Quartz 370 -93 2.6
Quartz 370 -93 39
Quartz 327 -106 3.5
Quartz 340 -82 29
Quartz 312 -120 3.8
Quartz 299 -105 4.8
Quartz 358 -103 7.7
Quartz 277 —-108 6.8
Quartz 329 —-107 7.7
Quartz 253 -111 6.8
Quartz 274 -117 7
Quartz 286 -116 8.8
Hetaoping
Quartz —105 6.5
Quartz —-100 6.6
Quartz -102 7.6
Quartz —108 7.5
Laochang
Quartz 276 -92 9.2
Quartz 276 9.4
Quartz 264 -93 4.1
Quartz 259 —67.2 -54
Quartz 246 —48.2 -79
Quartz 308 —46.2 -7.2
Quartz 252 —-62.2 -9.5
Jinmang
Quartz -51 54
Quartz -101 73
Quartz -86 5.2
Quartz -102 44

Notes: The temperatures used in calculation are the peak values of fluid inclusion
homogenization temperatures for individual samples or mineralization stages. The
518020 of ore fluids in equilibrium with quartz is calculated using equations of
1000In0quartz-water = 3.38 x 106T2-3.40 (Clayton et al., 1972). Some data is after
Yang (2010), Hetaoping is after Xue et al. (2008), Laochang is after Zhao et al. (2012)
and Jinman is after Ji and Li (1998).

5.2. H-O isotopes

The analytical data on the oxygen and hydrogen isotopes of
quartz and the calculated §'80y,0 values of the ore forming fluids
are listed in Table 2. The §'%0 and 8D values of the ore forming flu-
ids range from 2.6%0 to 7.7%c and from —82%c to —120%.. The
results overlap with the data of previous research (8'%0y,0. 3.8-
8.8%0; 8D: —105 to —120%0; Yang, 2010). The data of the Hetaoping
(Xue et al., 2008), Jinman (Ji and Li, 1998) and Laochang deposits
(Zhao et al., 2012) show similar trends with those of the Cangyuan
deposit (Fig. 10). The Hetaoping deposits is a skarn type deposit,
located to the north of the Cangyuan deposit, with an ore forming
age of 116.1 £3.9 Ma (Tao et al., 2010); The Laochang deposit is
related to granites, which yield a zircon U-Pb age of
4378 +0.78 Ma (Zhao et al., 2012). It is situated in the
Changning-Menglian Suture; The Jinman deposit is a vein type
Cu deposit, hosted in the west of Lanping Basin and controlled by
the NS-trending faults. The faults formed in Tertiary and acted as
tunnels for mineralization (Xu et al., 2003).

5.3. Sulfur isotopes

The sulfur isotopic compositions of the Cangyuan deposit are
summarized in Table 3 and Fig. 11. The results show a narrow
range from —2.3 to 3.2%.. The sulfur isotopic compositions of the
Jinla ore block range from —1.5 to 3.1%., whereas those of the Man-
gha ore block range from —2.3 to 3.2%.. The pyrite, sphalerite and
galena from the Jinla block show relative order of 5>*S enrichment:
334S,y > 534S, > 534S, The sphalerite, pyrrhotite and galena from
the Mangha block show §3Sg, > 534S, > §3S,,,. In addition, the sul-
fur isotopic compositions of the sulfides have linear correlation
(Fig. 12). The sulfur isotopic compositions of the Cangyuan deposit
are similar to those of the Lanuoma, Laochang and Jinman deposits
(Fig. 11). The three deposits are located to the east of Baoshan
Block, close to the Cangyuan deposit. However, the sulfur isotopic
compositions of the Cangyuan deposit are distinguished from
those of the Jinding deposit (—42.1 to —7.7%0; Tang, et al., 2014).

5.4. Pb isotopes

Lead isotopic compositions of sulfide, K-feldspar and porphyry
from the Cangyuan, Laochang, Jinding and Jinman deposits are
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Fig. 10. H, O isotope geochemistry for mineralization fluids of the Cangyuan
deposit, data for the Hetaoping, Laochang and Jinman deposits are from Xue et al.
(2008), Zhao et al. (2012) and Ji and Li (1998).
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Table 3

Sulfur isotopic data for the Cangyuan, Lanuoma, Laochang and Jinman deposits.
Mineral 5>4S(CDT)%o Mineral 524S(CDT)%o
Jinla block Mangha block
Gn 0.133 Py —0.338
Sp 2217 Sp 0.571
Py 3.072 Gn -0.928
Gn -0.179 Po 0.169
Gn -0.126 Sp 0.458
Py 2.132 Po —0.565
Py 2.325 Gn —1.483
Sp 2.084 Gn —1.496
Py 2.682 Py ~0.394
Sp 1.888 Po 1.320
Gn 0.578 Sp 2.146
Gn —0.982 Sp 3.173
Py 1.101 Gn -0.670
Sp 1.685 Sp 1.280
Gn —1.499 Gn -0.413
Py 2.143 Gn —0.546
Py 2.061 Sp ~0.649
Gn -0.226 Gn —2.291
Sp 0.733
Mineral 524S(CDT)%o Mineral 524S(CDT)%o
Laochang, after Zhao et al. (2012) Lanuoma, after Tao et al. (2011)
py 1.800 Ro 1.400
Py ~1.100 Ro 2.400
Gn —2.400 Ro 0.100
Sp —3.300 Ro 0.200
Sp —1.100 Ro —0.400
Mo -1.020 Ro 2.300
Mo —1.050 Ro 0.200
Mo -3.990 Sp —0.300
Mo 0.300 Sp 2.600
porphyry 10.060 Sp 0.800
porphyry 3.560 Sp —1.600
porphyry 3.000
porphyry 3.340
porphyry 7.150
Mineral 524S(CDT)%o Mineral 524S(CDT)%o
Jinman, after Ji and Li (1998) Jinman, after Ji and Li (1998)
Ter —4.200 Sp —0.268
Cep ~3.432 Sp ~0.542
Bn —3.400 Sp -0.693
Bn -2.620 Sp —0.350
Bn -2.325 Cecp 0.159
Ter —1.382 Bn 1.481
Ccp -1.573 Ter 2.687
Ter —1.492 Py 4.196
Cecp —1.389

Abbreviation: Mo, molybdenite; Ter, terahedrite; Bn, bornite; Ro, robinsonite; Py,
pyrite; Gn, galena; Sp, sphalerite; Ccp, chalcopyrite; Po, pyrrhotite.

summarized in Table 4 and Fig. 13. Sulfides from the Jinla ore block
have 2%6Pb/2%4pb, 297Pb/2%4Pb and 2°Pb/?°Pb values of 18.538-
18.648, 15.600-15.723 and 38.783-39.149 with averages of
18.637, 15.686 and 38.971, respectively. Sulfides from the Mangha
ore block yield 2°6Pb/2%4Pb, 297Pb/2%4Pb and 2°®Pb/2°4Pb values of
18.680-18.745, 15.706-15.742 and 39.042-39.166 with averages
of 18.704, 15.723 and 39.089, respectively. The K-feldspars of
granitic rocks in the deposit have 2°°Pb/2%4Pb, 207Pb/2%4Pb and
208pp204ph yalues of 18.603-18.803, 15.620-15.802 and 38.776-
39.263, with averages of 18.680, 15.684 and 38.963, respectively.

6. Discussion
6.1. Origin of the ore-forming fluids and materials

The hydrogen-oxygen isotopic compositions of ore-forming flu-
ids from the Cangyuan deposit plot beneath the field of magmatic

water (Fig. 10), which is similar to that of the Hetaoping Pb-Zn
deposit, Jinman Cu deposit and Laochang Cu-Pb-Zn deposit. The
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Fig. 11. Histograms of S isotope for sulfides, data for the Lanuoma, Laochang and
Jinman deposits are from Tao et al. (2011), Zhao et al. (2012) and Ji and Li (1998).

three deposits are located in the west of the Lanping Basin. Former
studies suggest the ore-forming fluids of the three deposits are
derived from magmatic water mixed with meteoric water (Xue
et al., 2008; Zhao et al,, 2012; Ji and Li, 1998). Thus, we propose
that the ore forming fluids of the Cangyuan deposit are derived
from magmatic fluids mixed with meteoric water. Besides, mag-
matic fluids should be effective in the formation of these Cenozoic
deposits located in the west of Lanping Basin.

The homogenization temperatures of the Cangyuan deposit are
higher than temperatures for bacterial sulfate reduction (BSR) and
thermochemical sulfate reduction (TSR) (Hoefs, 2004; Machel
et al., 1995; Ohmoto, 1972); the sulfur isotopic compositions of
the sulfides show linear correlation (Fig. 12), indicating these sul-
fides are in thermodynamics equilibrium and sulfur isotopic frac-
tionation was minimal. Hence, the sulfur in the ore forming
fluids should exist as HS~ or S?~ other than SOZ~ during transporta-
tion. The sulfide ores of the Cangyuan deposit are dominated by
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pyrrhotite, sphalerite, galena, and pyrite. Consequently, the 534S
values of sulfides reflect that of the ore forming fluids (Ohmoto,
1972).

Sulfur isotopic compositions of the Cangyuan deposit (—2.3 to
3.2%o0) resemble those of Laochang skarn Cu-Pb-Zn deposit (—4.0
to 7.2%o), Jinman Cu deposit (—4.2 to 4.2%0) and Lanuoma Pb-Zn
deposit (—1.6 to 2.6%c). The Sulfur of the three deposits is thought
to be derived from the magma (Zhao et al., 2012; Ji and Li, 1998;
Tao et al., 2011; Ding et al., 2016), which suggests that the sulfur
of the Cangyuan deposit is derived dominantly from magma. How-
ever, sulfur isotopic data of the Jinding deposit show highly vari-
able &3S values (—42.1 to —7.7%.) of different ore types,
indicating multiple sulfur sources (biogenic sulfur + evaporites)
and formation mechanisms for reduced sulfur (Tang, et al., 2014).
This may be due to the fact that the Cangyuan, Laochang, Jinman
and Lanuoma deposits are situated to the west of the Lanping-
Changdu Basin, with Cenozoic granites close to the deposits,
whereas the Jinding deposit developed in the continental basin.
Thus, we propose that magmatic sulfur is involved in the formation
of deposits located in the west of Mesozoic continental basin.

As shown in Fig. 13, the lead isotopic compositions of sulfides
from the Cangyuan deposit show linear correlations in 2°°Pb/2%4Pb,

Table 4

Lead isotope data of the Cangyuan, Laochang, Jinding and Jinman deposits.
Mineral 208ppy 204pp 207pp204pp 206pp204pp Mineral 208ppy204pp 207pp204pp 206pp204pp
The Cangyuan deposit Upper Mantle after Zhang et al. (2002)
Sp 38.931 15.723 18.602 Basalt 37.797 15.456 17.877
Py 39.065 15.692 18.633 Basalt 37.797 15.523 18.353
Py 39.070 15.699 18.641 Basalt 38.414 15.523 17.877
Py 38.783 15.600 18.538 Basalt 38.414 15.456 18.353
Py 39.149 15.722 18.675 Laochang, after Zhao et al. (2012)
Gn 38.944 15.683 18.647 Py 38.950 15.686 18.657
Gn 38.949 15.684 18.647 Py 39.053 15.716 18.688
Gn 38.957 15.686 18.645 Py 37.753 15.452 17.874
Gn 38.964 15.689 18.646 Py 37.771 15.448 17.863
Gn 38.950 15.684 18.645 Gn 39.007 15.703 18.677
Gn 38.965 15.688 18.648 Sp 39.104 15.733 18.701
Gn 38.969 15.688 18.647 Sp 38.646 15.656 18.505
Gn 38.965 15.687 18.646 Porphyry 38.695 15.614 18.561
Gn 38.953 15.684 18.645 Porphyry 38.246 15.652 17.988
Gn 38.967 15.688 18.647 Porphyry 38.766 15.661 18.552
Gn 38.946 15.682 18.643 Porphyry 38.405 15.586 18.205
Gn 39.064 15.711 18.684 Porphyry 38.623 15.601 18.426
Gn 39.049 15.707 18.680 Porphyry 38.774 15.620 18.564
Gn 39.048 15.706 18.680 Porphyry 38.910 15.663 18.621
Gn 39.166 15.742 18.745 Porphyry 38.524 15.628 18.283
Gn 39.097 15.723 18.706 Jinding, after Zhang et al. (1993)
Gn 39.114 15.729 18.711 Gn 38.463 15.612 18.400
Gn 39.109 15.727 18.710 Gn 38.660 15.632 18.441
Gn 39.112 15.727 18.712 Gn 38.300 15.491 18.285
Po 39.042 15.731 18.712 Gn 38.290 15.501 18.303
K-feldspar of granitic rocks for the deposit Gn 38.536 15.628 18.420
K-pl 38.776 15.620 18.604 Gn 38.174 15.476 18.232
K-pl 39.263 15.802 18.803 Gn 38.295 15.493 18.283
K-pl 38.814 15.631 18.697 Gn 38.235 15.450 18.321
K-pl 38.905 15.653 18.723 Gn 38.557 15.640 18.506
K-pl 38.879 15.630 18.722 Gn 38.488 15.619 18.493
K-pl 38.812 15.631 18.688 Gn 38.090 15.430 18.220
K-pl 38.942 15.678 18.659 Gn 38.010 15.380 18.210
K-pl 38.982 15.673 18.669 Gn 38.050 15.400 18.210
K-pl 39.118 15.727 18.722 Gn 38.040 15.360 18.170
K-pl 39.058 15.715 18.705 Gn 38.230 15.410 18.270
K-pl 38.983 15.650 18.770 Gn 38.300 15.420 18.290
K-pl 39.093 15.735 18.723 Gn 38.160 15.410 18.220
K-pl 39.014 15.707 18.687 Jinman, after Xu and Zhou (2004)
K-pl 39.005 15.721 18.668 Ter 38.555 15.590 18.559
K-pl 38.922 15.681 18.654 Ter 38.605 15.581 18.628
K-pl 39.034 15.721 18.711 Ter 38.615 15.586 18.639
K-pl 38.877 15.670 18.635
K-pl 38.866 15.661 18.650
K-pl 38.972 15.680 18.665
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Table 4 (continued)
Mineral 208ppy 204y 207pp 204py 206pp204p Mineral 208pp 204pp 207ph 204}y 206p 204}y
K-pl 38.916 15.675 18.657
K-pl 38.981 15.692 18.661
K-pl 38.900 15.665 18.625
K-pl 39.020 15.701 18.662
K-pl 38.920 15.667 18.662
K-pl 38.880 15.656 18.603
K-pl 39.072 15.725 18.689
K-pl 38.986 15.698 18.652

Abbreviation: Ter, terahedrite; Py, pyrite; Gn, galena; Sp, sphalerite; K-pl, K-feldspar.
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Fig. 13. Lead isotope plots of sulfides and related granitic rock K-feldspars from the Cangyuan deposit. Reference lines are based on Zartman and Doe (1981), data for the
Laochang, Jinding and Jinman deposits are from Zhao et al. (2012), Zhang et al. (1993) and Xu and Zhou. (2004).
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207pp/294ph and 2°8Pb/2%4Pb. The lead isotopic compositions of K-
feldspar from granitic rocks overlap with those of sulfides in the
deposit, indicating that the ores and the granitic rocks share a same
metal source. The lead isotopic compositions of ore sulfides and K-
feldspars from the granitic rocks are distributed in a domain
between the mantle, upper crust and EMII, which supports the idea
that the porphyry is syntectic type as Yang (2010) suggested. The
lead isotopic compositions of the Cangyuan deposit are similar to
those of Laochang granite porphyry, which is formed by mixing
of the mantle and crust (Yang et al., 2012). Besides, they share
same linear relationship but different values with those of Jinding
and Jinman deposits. Compared with the Jinding deposit, the data
of the Jinman deposit plot closer the Cangyuan deposit. The ore
metals of the latter two deposits are suggested to be derived from
the basin with mantle injection (Tang et al., 2014). Thus, the metals
of the Cangyuan deposit should be derived from a multiple source
(upper mantle and crust). As seen in Fig. 13, the lead isotopic com-
positions of the four deposits are increasing from the Jinding
deposit in the east to the Cangyuan deposit in the west. This may
be related to the geology setting. Lead from the crust should con-
tribute more to the mineralization in the Jinding deposit than the
Cangyuan deposit.

In view of H-O, S and Pb isotopes, the deposits in the west of
Lanping-Changdu Basin including Laochang, Lanuoma and Jinman
share many similarities with the Cangyuan deposit. Magmatic flu-
ids contribute to the formation of these deposits, whereas the Jind-
ing deposit are distinguished from the Cangyuan deposit in isotope
geochemical characters. The Jinding deposit are formed due to
basin brine though its inert gas and lead isotopic compositions
go against with the conclusion (Xue et al., 2007; Zhang et al.,
1993; Tang et al., 2014).

6.2. Characteristics and evolution of ore-forming fluids

The microthermometry data of the fluid inclusions are shown in
Table 1. The initial ore forming fluids of the Cangyuan deposit were
high temperatures (462-498 °C) and high salinities (54.5-58.4 wt%
NaCl equivalent) during the skarn stage; afterward, the fluids
evolved to mesothermal (260-397°C) and low salinity (1.2-
9.5wt% NaCl equivalent) during the sulfide stage (Fig. 7). The
homogenization temperatures of fluid inclusions decreased
through the sulfide stage with constant salinities: Quartz in the
Jinla block (267-397 °C); Quartz/sphalerite in the Mangha block
(260-340°C); Calcite-sulfide veins in the Mangha ore block
(286-329 °C).

As shown in Fig. 7, the salinities decreased with temperatures
drop during the skarn stage but remained constant as tempera-
tures decreased during the sulfide stage. This indicates fluid mixing
contributes to metals precipitation adjacent to the skarn stage,
whereas cooling contributes to mineralization during the sulfide
stage. Fig. 9 shows a tremendous decrease in pressure between
the skarn stage and the sulfide stage, which implies that decom-
pression plays an important role in metal precipitation during
the skarn stage.

6.3. Possible mechanism of metals transport and deposition

Experimental research has shown that sulfide complexes and
chloride complexes of Pb?*, Zn?* and Ag" play important roles in
the transportation of metals in hydrothermal solutions (Seward,
1976; Ruaya and Seward, 1986; Seward and Barnes, 1997). As pre-
viously mentioned, the sulfur from the Cangyuan deposit exists as
HS~ or S?~ in hydrothermal fluids. The mineral assemblage of cal-
cite + pyrite + pyrrhotite in the Mangha block indicates ore-
forming fluids of low fo, and high pH (Ohmoto and Rye, 1979).
Cole and Drummond (1986) demonstrated that sulfide complexes

are unstable under high pH. Consequently, sulfide complexes are
unstable during transportation in the ore-forming fluids of the
Cangyuan deposit. Our study shows the daughter minerals of S-
type FIs from garnet are mainly halite, which suggests that the ini-
tial ore-forming fluids are NaCl-H,O. That is, chloride complexes
play important roles in the transportation of metals in hydrother-
mal solutions.

Hydrothermal deposits are formed by the instability of metal
complexes (Seward and Barnes, 1997). Boiling (Calagari, 2004),
fluid mixing (O’Neil and Silberman, 1974), cooling (Landtwing
et al., 2005) and fluid-rock interaction (Beane and Titley, 1981)
can play important roles in the deposition of sulfides from ore-
forming fluids.

The boiling process of magmatic fluids results in coexisting
vapor-rich and vapor-poor inclusions (Bodnar and Vityk, 1994).
Our study shows that boiling inclusions occur in quartz from V1
orebody. This suggests that the boiling process contributes to
metal deposition at least in V1 orebody.

Fluid mixing between magmatic fluids and meteoric water
could play an important role in the deposition of metals from
ore-forming fluids (Beane and Titley, 1981). The fluid-mixing
model is required as follows: firstly, the hydrogen-oxygen isotope
data are between magmatic water and meteoric water; secondly,
the salinities of ore-forming solutions decrease with temperatures
(Simmons et al., 2005). The hydrogen and oxygen isotope compo-
sitions of the Cangyuan deposit plotted beneath the area of mag-
matic water and shifted from the meteoric water line (Fig. 10).
The salinities of ore-forming fluids decreased rapidly from the
skarn stage to the sulfide stage and remained constant during sul-
fide stage (Fig. 7). Thus, mixing model may interpret the deposition
of sulfides adjacent to the skarn stage.

Experimental studies have shown that fluid cooling is particu-
larly effective for precipitation of metals from solutions (Liu and
McPhail, 2005; Hezarkhani et al., 1999; Redmond et al., 2004).
Ore-forming fluids of the Cangyuan deposit show a decrease in
temperature with constant salinity through the sulfide stage
(Fig. 7). According to experiment results (Liu and McPhail, 2005),
the stability of chloride complexes decreases rapidly when the
solutions cool over the temperature range of the Cangyuan deposit.
Therefore, cooling should provide the largest contribution to sul-
fides deposition in the Cangyuan deposit.

7. Conclusions

The ore-forming fluids of the Cangyuan deposit were
CO,-bearing, NaCl-H,O0. The initial fluids were high temperatures
of 462-498 °C and high salinities of 54.5-58.4 wt% NaCl equivalent
during the skarn stage. Afterward, the fluids evolved to mesother-
mal temperatures of 260-397 °C and low salinities of 1.2-9.5 wt%
NaCl equivalent during the sulfide stage. Metals were transported
as chloride complexes rather than sulfide complexes in the
hydrothermal fluids. Fluid mixing, decompression, boiling and
cooling, especially cooling, contributed to the metal precipitation.
The hydrogen-oxygen isotopic compositions show that the ore-
forming fluids were derived from magma mixed with meteoric
water. The sulfur isotopic compositions indicate a magmatic
source for the sulfur. The lead isotopic compositions demonstrate
that metals of the ore deposit were derived from Cenozoic granite,
which is syntectic type derived from mixture of the mantle and
crust.
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