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Abstract The Yaochong porphyry Mo deposit in Xinxian
County, Henan Province, China, is located in the Hong’an
terrane, that is, the western part of the Dabie orogen. The
Dabie orogen is part of a >1,500 km long, Triassic conti-
nental collision belt between the North China Block and
the South China Block. Four types of vein are present. Par-
agenetically, from early to late, they are as follows: stage
1 quartz + K-feldspar £ pyrite = magnetite vein; stage 2
quartz + K-feldspar + molybdenite &+ pyrite vein; stage 3
quartz + polymetallic sulfides &= K-feldspar vein; and stage
4 quartz * carbonate & fluorite vein. Four compositional
types of fluid inclusion, pure CO,, CO, bearing, aqueous,
and solid bearing, are present in quartz from the first three
stages; only low-salinity aqueous fluid inclusions occur in
quartz from the last stage. All the estimated salinities are
<13.1 wt% NaCl eq., and no halite crystals were identified.
Homogenization temperatures for the fluid inclusions from
stages 1 to 4 are in the ranges of 262-501, 202-380, 168—
345, and 128-286 °C, respectively, and estimated depths
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decrease from 6.9 to 8.9 km, through 6.2-7.2, to ~4.7 km.
Quartz separates from the veins yielded a 3'*0 value of
7.7-11.2 %o, corresponding to 5'80y;, values of —1.3 to
6.9 %o using temperature estimates from fluid inclusion
data; 3Dy, values of fluid inclusion vary from —80 to
—55 %o, and §8'°Cq, from —2.3 to 2.7 %o, suggesting that
the ore-fluids evolved from magmatic to meteoric sources.
We conclude that the ore-forming fluid system at Yaochong
was initially high temperature, high salinity, and CO,-rich
and then progressively evolved to CO,-poor, lower salin-
ity, and lower temperature, by mixing with meteoric water,
which results in ore precipitation.

Keywords Porphyry Mo deposit - Fluid inclusions -
Stable isotopes - CO,-rich high-salinity fluid - Dabie Shan -
Continental collision orogen

Introduction

Porphyry-type deposits are significant repositories of cop-
per, gold, and molybdenum. They are most commonly
discovered in continental and oceanic magmatic arcs,
such as the southwestern Pacific Islands and the Andes
(Sillitoe 1972; Pirajno 2009). For decades, the charac-
teristics, genetic models, and tectonic settings of por-
phyry Mo deposits, especially in the Cordillera, western
North America, have been extensively studied and well
documented (Clark 1972; Wallace et al. 1978; Wood-
cock and Hollister 1978; Sillitoe 1980; Mutschler et al.
1981; Westra and Keith 1981; Carten et al. 1993; Mirsa
2000; Seedorff and Einaudi 2004a, b; Seedorff et al.
2005; Klemm et al. 2008; Ludington and Plumlee 2009).
Recently, continental collision belts have been also proven
to be favorable for porphyry-type Mo mineralization
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Fig. 1 Sketch map showing the geology of the Dabie Shan and the locality of the Yaochong Mo deposit (Modified after Chen and Wang 2011;
Liu et al. 2004, 2013). CAOB Central Asia Orogenic Belt, COB Central Orogenic Belt

(Chen and Fu 1992; Richards 2009; Pirajno 2013; Chen
2013 and references therein), such as the Qinling oro-
gen (e.g., Chen et al. 2000, 2007a; Li et al. 2007, 2013a;
Mao et al. 2008; Zhang et al. 2011a, b; Yang et al. 2012,
2013a) and the Central Asia Orogenic Belt (Xiao et al.
2009; Zeng et al. 2011, 2013; Wu et al. 2013; Xiang et al.
2013; Zhang et al. 2013a; Chen et al. 2009, 2012 and ref-
erences therein).

The Qinling—Dabie orogenic belt is a Mesozoic conti-
nental collision belt, suturing the North China Craton and
the Yangtze Craton (Fig. 1). The western part of this oro-
genic belt, Qinling Orogen, hosting six giant Mo deposits
(each with a reserve of >0.5 Mt Mo) and dozens of large
(0.1-0.5 Mt Mo) and medium (0.01-0.1 Mt Mo) deposits,
is considered to be one of the most economically important
Mo provinces in the world (e.g., Chen et al. 2007a, 2009;
Li et al. 2007). While the eastern part of the orogenic belt,

@ Springer

Dabie Shan, had been regarded as a barren area for a long
time, because no important deposit had been discovered in
last century (Chen and Wang 2011 and references therein),
it is widely developed with ultrahigh-pressure (UHP) meta-
morphic rocks which have drawn much attentions of geolo-
gists (e.g., Wang et al. 1989; Xu et al. 1992; Ames et al.
1993; Chavagnac and Jahn 1996; Liu et al. 2004, 2008,
2013; Zheng et al. 2006; Jahn and Chen 2007). Recently,
the discoveries of large to giant porphyry Mo deposits at
Tangjiaping in 2004, Qian’echong in 2007, and Shap-
inggou in 2008 in Dabie Shan (Fig. 1; Wang et al. 2009;
Chen and Wang 2011; Chen et al. 2013; Li et al. 2013b;
Yang et al. 2013b) show that the UHP metamorphic terrane
is still potential for ore exploration. Nevertheless, the origin
of the porphyry Mo system in Dabie Shan and its relation-
ship with granitoids and UHP metamorphic rocks remain
open.
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The Yaochong porphyry Mo deposit in Xinxian County,
Henan Province, was first discovered in 2008 by the Henan
Bureau of Geological Exploration for Non-ferrous metals,
with a proven reserve of >50,000 t Mo in metal (Wang et al.
2013). In this contribution, we present the research results of
fluid inclusions (FIs) and stable isotopes, decipher the evo-
lution of the ore-forming fluids at the Yaochong porphyry
Mo deposit, and consequently, establish a genetic model for
the porphyry Mo deposits in continental collision belts.

Regional geology

The Dabie Shan is the eastern part of the E-trending Central
Orogenic Belt (COB) which is well known as a Mesozoic
continental collision orogen. It is bounded by the Luan-
chuan Fault (Gushi Fault) to the north and the Xiangfan—
Guangji Fault to the south (Fig. 1). The NW-trending Guis-
han—Meishan fault is considered as the final suture zone
between the North China and Yangtze continental blocks
(Hu 1988; Chen and Fu 1992; Chen and Wang 2011).

To the north of Guishan—Meishan fault, the Kuanping
Group (Mesoproterozoic), the Erlangping Group (Neopro-
terozoic—Early Paleozoic), and the Qinling Group (mainly
Paleoproterozoic) are well developed from north to south
and both compose the Caledonian metamorphic accretion
belt of the North China Craton. This Caledonian metamor-
phic accretion belt is locally overlain by Late Paleozoic
strata, e.g., the Carboniferous Meishan Group, a sedimen-
tary succession of mudstones, sandstones, and calcareous
shales (Yang 2007). To the south of the Guishan—-Meishan
fault, five lithotectonic units are identified (Fig. 1; Liu
et al. 2004). From north to south, they are (1) Xinyang
Group, (2) Sujiahe Group, (3) Dabie or Tongbai metamor-
phic complex containing UHP (ultra-high-pressure) rocks,
(4) Hong’an Group, and (5) Suixian Group. The Xinyang
Group is a suturing mélange composed of Devonian—Tri-
assic strata and occasional ophiolite segments and blocks
sliced from the Qinling Group (Hu 1988; Yin et al. 1991;
Zhang et al. 2011a, 2013b). It is subdivided into the Guis-
han and Nanwan formations in ascending sequence, with
lithologies being dominated by volcanic and sedimentary
rocks, respectively (Henan Bureau of Geology and Mineral
Resources 1989). The Guishan Formation is a mixture of
the segments from Qinling Group, mafic to felsic volcanic
rocks containing ophiolite slices, and forearc sediments
comprising fine-grained clastic sedimentary rocks with
minor marble intercalations (Liu et al. 2013). The Nanwan
Formation is composed of bedded quartzose sandstones,
pelites, and minor graywackes (Ye et al. 1993) deposited
on a newly accreted complex (Liu et al. 2013). The Neo-
proterozoic—Early Paleozoic Sujiahe Group (also called
Xiaojiamiao Formation) consists of the Balifan mélange

that comprises highly strained granites, mylonitized
quartzofeldspathic gneisses, epidote-amphibolites, and
strongly elongated metagabbro bodies, and the Huwan HP
unit composed of mylonitized granites, quartzofeldspathic
gneisses, mica schists, marbles, and eclogite enclaves
(Liu et al. 2008). The Dabie (or Tongbai) metamorphic
complex, accommodating UHP eclogite massifs, consists
of high-grade metamorphosed Neoproterozoic tonalitic—
trondhjemitic—granodiorite (TTG) gneisses and subordinate
migmatites (Bryant et al. 2004; Hacker et al. 1998, 2000;
Jahn et al. 1999; Zheng et al. 2005, 2006) and Archaean to
Proterozoic supracrustal rocks including granulites, amphi-
bolites, biotite—plagioclase gneisses, and marbles. The
complex was intruded by voluminous Mesozoic granitic
intrusions (Zheng et al. 1998, 2006). The Hong’an Group
(Neoproterozoic) is lithologically dominant of quartzofeld-
spathic schists, muscovite—albite, and two-mica gneisses,
with minor eclogites, amphibolites, marbles, metaphospho-
rite layers, and graphite schist (Liu et al. 2004, 2008). The
Suixian Group is a low- to middle-grade metamorphosed
Neoproterozoic volcanic-sedimentary sequence, contain-
ing voluminous blueschists and also called the Mulanshan
blueschist unit (Liu et al. 2004, 2008).

The above-mentioned NW-trending strata and faults are
usually crosscut by NE- to NNE-striking faults developed
since the Jurassic, resulting in a latticed-style fault system
that controls the development of the Cretaceous intrusions
and related mineralization. The Dabie Shan is displaced
into Tongbai, Western Dabie Shan, and Eastern Dabie Shan
from west to east, with the Dawu and the Shangcheng—
Macheng faults being the boundaries (Fig. 1).

Magmatism in Dabie Shan mainly occurred in the Early
Cretaceous, including granitic intrusions, minor diorite-
granodiorite, and volcanic rocks (Fig. 1). The Cretaceous
granitoids were formed in an extensional, post-orogenic
environment (Zhong et al. 1999; Hacker et al. 2000; Suo
et al. 2000; Xu et al. 2007; Zhao et al. 2007), and they
mainly intruded into the Dabie metamorphic complex,
occurring in the southeast of the Dabie Shan. The Creta-
ceous granitoids are widely distributed along the NW- and
NNE-trending faults or in their intersections and comprise
deeply seated granite batholiths and small stocks. The small
Cretaceous granitic stocks are often associated with por-
phyry-type Mo mineralization, such as Xiaofan, Mushan,
Dayinjian, Tangjiaping, Qian’echong, and Shapinggou
(Fig. 1), thereby constituting the Dabie Mo belt (Chen and
Wang 2011; Mao et al. 2011; Li et al. 2013b).

Deposit geology

The Yaochong Mo deposit is located in the Dabie meta-
morphic complex (Fig. 2) which in this area includes
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Neoproterozoic granitic gneisses and supracrustal rocks.
The Neoproterozoic granitic gneisses are widespread in
the region, and include tonalitic, granodioritic, and monzo-
granitic gneisses, whereas the supracrustal rocks occur as
enclaves, lithologies of which are biotite gneisses, eclog-
ites, plagioclase gneisses, plagioclase amphibolites, musco-
vite—quartz schists, and biotite schists.

Phanerozoic magmatism mainly took place during the
Late Paleozoic and the Early Cretaceous (Fig. 2). The
Late Paleozoic plutonic rocks intruded the Neoproterozoic
granitic gneisses, outcropping in the north of the deposit,
and the contact zone was partly altered by later deforma-
tion. The main Late Paleozoic intrusions are gneissoid
fine-grained eclogite-containing granite, with magnetite as
accessory mineral. The Early Cretaceous intrusions con-
sist of quartz diorite, fine- or medium-grained monzonitic

@ Springer
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granite, porphyry stocks and dykes, typically with com-
plicated patterns, and multistage intrusions (Fig. 2). Dior-
ite or plagioclase amphibolite enclaves can be observed in
the quartz diorite and monzonitic granite. The porphyry
stocks and dykes are NWW- or E-trending, outcrop along
faults, and are several hundred meters long and a few or
tens of meters wide. These stocks exhibit hydrothermal
alteration, comprised of K-feldspar, plagioclase, and quartz
with minor epidote and biotite, and are associated with por-
phyry-type Mo mineralization.

Four orebodies are mainly hosted in Neoprotero-
zoic granitic gneisses, containing 88.3 Mt ores grading
0.058 % Mo, corresponding to a reserve of 51 Kt Mo in
metal. The main orebody (M3) is about 960 m long and
480-800 m wide, with a lenticular or sheet-like shape. It
dips northward or northwestward, with edges branching
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and pinching out (Fig. 3). The main ore minerals consist
of molybdenite (Fig. 5b) and pyrite (Fig. 5a, c). Minor
ore minerals include chalcopyrite (Fig. 5c), magnetite
(Fig. 5a), and sphalerite (Fig. 5c). The main gangue min-
erals include quartz and K-feldspar, with lesser sericite,
biotite, epidote, chlorite, and fluorite. Ore styles are dis-
seminations, veinlets (Fig. 4b), stockworks, and breccias.
The alteration assemblages at Yaochong deposit include
the following: (1) potassic assemblage (Fig. 4c, f), which
is characterized by feldspar and biotite as the predominant
hydrothermal minerals and is present in the Yanshanian
porphyry and wallrocks; (2) a quartz-dominated assem-
blage, which is widespread in the porphyry and wallrocks,
in forms of quartz blocks and quartz £ sulfide stock-
works; (3) a sericite-dominated assemblage, which is
mainly represented by alteration of feldspar and biotite to
sericite, with disseminated pyrite in veins and wallrocks;
(4) propylitic assemblages (Fig. 5e), with chlorite, epi-
dote, and calcite as predominant hydrothermal minerals;
(5) carbonate-dominated assemblages (Fig. 5f), mainly
characterized by carbonate veins; and (6) fluorite-bearing
assemblages, mainly represented by disseminated purple
fluorite grains.

According to vein crosscutting relationships, vein min-
eralogy and morphology, the hydrothermal mineralization

and alteration processes are divided into four stages from
early to late, as addressed below.

Stage 1 is marked by the barren quartz + K-feldspar
veins in the porphyry and wall-rocks and are cut by the
veins formed in later stages (Fig. 4a, b). Coeval alteration
assemblages include potassic assemblages (Fig. 4a) and
quartz-dominated assemblages, which are usually over-
printed by fluorite and sericite-dominated assemblages.
The veins are generally 0.2—4 cm thick and are composed
of quartz and K-feldspar (Fig. 4a), with minor pyrite and/or
magnetite (Figs. 4b, 5a). Pyrite mostly occurs as idiomor-
phic to hypidiomorphic cubes, sometimes coexisting with
magnetite (Fig. 5a), is usually coarse-grained, with sizes of
0.5-3 cm, and generally borders the vein walls or grows as
free-standing crystals.

Stage 2 veins are mainly 0.5-4 cm thick and mainly
include two mineral assemblages of quartz + K-feld-
spar + molybdenite (Fig. 4c, e) and quartz + K-feld-
spar + molybdenite 4 pyrite (Fig. 4a, d). These assem-
blages also contain minor other sulfides, as well as sericite,
biotite, fluorite, chlorite, and epidote. Molybdenite has a
flaky habit (Fig. 5b) and occurs as fine-grained films coat-
ing cracks, or disseminated throughout the vein quartz and
the contact zone (Fig. 4e), with uneven granularity ranging
from 0.02 to 2 mm. Coeval alteration assemblages include

@ Springer
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Fig. 4 Photographs showing aspects of the Yaochong Mo ores. a
Stage 1 barren quartz-K-feldspar vein cut by stage 2 quartz-K-feld-
spar-molybdenite-pyrite vein; b stage 1 quartz-K-feldspar vein cut by
quartz-polymetallic sulfides vein; ¢ stage 2 quartz-K-feldspar-molyb-
denite vein cut by the stage 4 barren quartz-calcite-fluorite veins; d

quartz-dominated, potassic feldspar-dominated, and seric-
ite-dominated assemblages (Fig. 5d).

Stage 3 veins are 0.1-2 cm thick, mainly composed of
quartz and polymetallic sulfides (Fig. 4b, f), forming stock-
works. Potassium feldspar can be occasionally observed
in this stage. The sulfides, including pyrite, chalcopyrite,
tetrahedrite, galena, sphalerite, and molybdenite, occur
as xenomorphic to idiomorphic grains (Fig. 5c) and are
more complex than the other three stages. Conspicuous
alteration assemblages with the veins are mainly quartz-
dominated, sericite-dominated, propylite (Fig. S5e) and
fluorite-dominated.

Stage 4 is typical of barren quartz + carbonate £ fluo-
rite veins. The veins are 0.3—4 mm thick and include quartz
only, quartz + calcite (Fig. 5f), and quartz + calcite + flu-
orite (Fig. 4c) veins, with little or no sulfide. These veins
crosscut the earlier veins and altered porphyry blocks
(Fig. 4c).

Analytical methods
42 samples used in this study were collected from drill

cores of ZK0303, ZK0403, ZK0409 and ZK0805 (Fig. 3),
as well as porphyry dykes outcropping at the deposit.

@ Springer

stage 2 quartz-K-feldspar-molybdenite-pyrite vein; e stage 2 quartz-
K-feldspar-molybdenite vein; f stage 3 quartz-polymetallic sulfides
vein. Cc calcite, Kfs K-feldspar, Mo molybdenite, PM polymetallic
sulfides, Py pyrite, Qz quartz, FI Fluorite

Fluid inclusion measurement

42 samples used for fluid inclusion study are listed in Table 1.
Double polished thin sections (<0.30 mm thick) were used for
petrographical fluid inclusion studies, microthermometry, and
laser Raman spectroscopy. Microthermometric measurements
were carried out on a Linkam THMSG600 Heating—Freezing
stage in the Fluid Inclusion Laboratory of the Institute of
Geology for Mineral Resources, Beijing. Stage calibration
was carried out at —56.6, —10.7, 0.0 and +374.1 °C using
synthetic fluid inclusions supplied by FLUID INC. The pre-
cision of temperature measurements is £0.2 °C for <30 °C,
+1 °C for the interval of 30-300 °C, and +2 °C for tem-
peratures >300 °C, respectively. Heating rate was generally
1-5 °C/min during the initial stages of each heating run and
then reduced to 0.2-0.5 °C/min when close to the phase trans-
formation points. Melting temperatures of solid CO, (Tr,co2),
freezing point of aqueous inclusions (7,;.), final melt-
ing temperatures of clathrate (7}, ,,), homogenization tem-
peratures of CO, phase (T}, co2), dissolution temperatures of
daughter minerals (7, 4), and total homogenization tempera-
tures of FIs (7}) were measured.

The compositions of individual FIs, including vapor,
liquid, and daughter mineral phases, were detected using
laser Raman spectroscopy in Key Laboratory of Orogen
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Fig. 5 Photomicrographs showing mineral assemblages of different
stages. a Pyrite coexisting with magnetite in the stage 1 quartz-K-
feldspar vein; b flaky molybdenite in the stage 2 quartz-K-feldspar-
molybdenite vein; ¢ pyrite, chalcopyrite and sphalerite with chalco-
pyrite minute inclusions, in the stage 3 quartz-polymetallic sulfides
vein; d pyrite coexisting with sericite and K-feldspar in the stage 2

and Crust Evolution, Peking University. The source was
an argon laser with wave length of 514.5 nm and a source
power of 1,000 mW. Integration time was 10 s, with 10
accumulations for each spectral line. The spectral resolu-
tion is +2 cm™! with a beam size of 2 pm.

Salinities of CO,-bearing and aqueous inclusions were
calculated using the final melting temperatures of CO,-
clathrate (Collins 1979) and ice points (Bodnar 1993),
respectively. Solid phases that did not dissolve at high tem-
peratures were excluded from the salinity estimates.

Stable isotopic analysis

Nineteen representative samples from four different stages
were selected for hydrogen and oxygen isotopic analysis.
Oxygen was liberated from quartz separates (~20 mg) by
reaction with BrFs (Clayton and Mayeda 1963) and con-
verted to CO, on a platinum-coated carbon rod for '80/'%0
measurements. Water of the fluid inclusions in quartz sepa-
rates was released by heating the samples to above 500 °C
by means of an inductive furnace and then reacted with
zinc powder at 410 °C to generate hydrogen for 8D (Fried-
man 1953). Carbon isotopic composition of fluid inclusion
was measured on CO, of fluid inclusions in quartz. The

quartz-K-feldspar-molybdenite-pyrite vein; e epidotization; f the
stage 4 barren quartz-carbonate vein, in which comb-shaped quartz
developed. A, B and C are reflect light photos; d—f cross-polar pho-
tos. Cb carbonate, Cpy chalcopyrite, Ep epidote, Kfs K-feldspar, Mo
molybdenite, Mt magnetite, Py pyrite, Qz quartz, Sp sphalerite, Srt
sericite

CO, was released by thermal decrepitation and then col-
lected, condensed, and separated in a liquid nitrogen—alco-
hol cooling trap (—70 °C) prior to measurement for 3'3C.

Hydrogen, oxygen, and carbon isotopic analyses were
performed with the Finnigan MAT253 mass spectrometer
in the Stable Isotope Laboratory of the Institute of Mineral
Resources, Chinese Academy of Geological Sciences, Bei-
jing. The 8'80 and 3D were reported in per mil relative to
Vienna SMOW, with analytical uncertainty (1o) of £2 %o
for 8D and 40.2 %o for 8'%0. The 8'3C values were reported
in per mil relative to PDB, and the analytical uncertainty
(1o) is less than £0.2 %o.

Fluid inclusion geochemistry
Fluid inclusion types

Four compositional types of fluid inclusion in veins are
identified based on their phase associations at room tem-
perature, phase transitions upon heating and cooling, and
laser Raman spectroscopy. They are pure CO,, mixed low-
salinity CO,, low-salinity aqueous, and solid-bearing, low-
salinity aqueous inclusions (Fig. 6).
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Table 1 Distribution of fluid inclusion in samples from the Yaochong Mo deposit

Stage Sample no. Drill hole Depth (m) Vein mineralogy PC (%) C (%) W (%) S (%)
1 YC-16a 7ZK0303 444 Qz, Kfs 95
YC-19 ZK0303 450 Qz, Kfs, P1, Mt, Py 95
0805-24 ZKO0805 524 Qz, Kfs, Py 20 50 30
0805-29 ZKO0805 489 Qz, Kfs, Mt, Py 5 95
0805-31a ZK0805 478 Qz, Kfs 50 50
0805-34 ZKO0805 480 Qz, Kfs, Py 40 60
11 YC-12 0 Qz, Kfs, P, Py, Mo, Srt 45 55
YC-16b 7ZK0303 444 Qz, Kfs, Mo 100
YC-18 ZK0303 448 Qz, Kfs, Mo 95 5
YC-23a ZK0409 101 Qz, Kfs, Py, Mo, Bi, Chl 85 15
0805-21b ZK0805 550 Qz, Kfs, Py, Mo, Bi, Fl 5 95
0805-22a ZK0805 556 Qz, Kfs, Mo, Py 100
0805-23a ZK0805 575 Qz, Kfs, Mo, Py, Srt 15 75 10
0805-25 ZK0805 496 Qz, Kfs, Mo, Py, Srt, Fl 15 60 25
0805-26b ZK0805 492 Qz, Kfs, Py, Mo, Srt 80 20
0805-27 ZK0805 490 Qz, Kfs, Mo, Py, Srt 100
0805-28 ZK0805 488 Qz, Kfs, Mo, Py, Bi 85 15
0805-30 ZK0805 488 Qz, Kfs, Py, Mo, Mt, Fl, Srt 5 60 10 25
0805-31b ZK0805 478 Qz, Kfs, Mo, Bi 35 65
0805-32 ZK0805 479 Qz, Kfs, Py, Mo, Bi, Srt 100
0805-35 ZKO0805 446 Qz, Kfs, Py, Mo, Srt, Bi, Chl, Ep 100
0805-36 ZK0805 434 Qz, Kfs, Py, Mo, Fl, Bi, Srt 5 70 10 15
0805-37 ZKO0805 460 Qz, Kfs, Py, Mo, Fl, Bi, Srt 10 90
0403-43 ZK0403 535 Qz, Kfs, Py, Mo, Bi, Srt 5 90
0403-44 7ZK0403 54 Qz, Kfs, Py, Mo, Bi, Srt, Chl 95
0403-45 ZK0403 58 Qz, Kfs, Py, Mo, Bi, Srt, Chl 100
0403-47a 7ZK0403 1,156 Qz, Kfs, Mo, Py, Srt 100
m YC-05 0 Qz, Kfs, P1, Mo, Py, Cpy, Sp, Bi, Srt, Chl 5 55 40
YC-13 0 Qz, P1, Mo, Py, Hem, Stt, Ep 5 85 10
YC-14 0 Qz, Kfs, Mo, Py, Cpy 50 30 20
YC-20 ZK0303 453 Qz, Kfs, Mo, Py, Cpy, Sp, Chl, Fl, Bi 100
YC-21 ZK0409 91 Qz, Mo, Fl 80 10 10
YC-23b ZK0409 101 Qz, Kfs, Mo, Py, Cpy, Sp, Bi, Chl 80 20
YC-24 ZK0409 88 Qz, Kfs, Mo, Py, Cpy, Sp 90 10
YC-25 ZK0409 87 Qz, Kfs, Py, Cpy, Sp 90 10
0805-21a ZK0805 550 Qz, Kfs, Mo, Py, Cpy 5 95
0805-26a ZK0403 492 Qz, Fl, Mo 80 20
0403-42 ZK0403 824 Qz, Kfs, P1, Cpy, Mo, Py, Sp, Bi, Srt, Chl 65 25 10
0403-47b ZK0403 1,156 Qz, Kfs, Py, Mo, Sp, Fl, Srt 70 5 25
v 0403-41 ZK0403 105 Qz 100
0805-22b ZK0805 556 Qz, Cc, Fl 100
0805-23b ZK0805 575 Qz, Cc, Fl 100

Bi biotite, Cc calcite, Chl chlorite, Cpy chalcopyrite, Ep epidote, FI fluorite, Hem hematite, Kfs K-feldspar, Mt magnetite, Mo molybdenite, Py
pyrite, Qz quartz, Sph sphalerite, Srt sericite

PC-type (pure CO, inclusions) can be observed in quartz of stages 1, 2, and 3 veins. These

inclusions have ellipsoidal or negative crystal shapes, with
They are CO,-only inclusions, containing liquid CO, or  sizes of 5-15 pm. They usually occur in clusters or coexist
liquid CO, + vapor CO, at room temperature (Fig. 6a), and  with C-type inclusions.
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Fig. 6 Photomicrographs of fluid inclusions in the Yaochong Mo
deposit. a The pure CO, inclusion group; b CO,—H,O inclusions
rich in H,O; ¢ CO,—H,0 inclusion rich in CO,; d two-phase aque-
ous inclusion; e daughter chalcopyrite- and unidentified transparent
mineral-bearing aqueous inclusion; f daughter chalcopyrite- and uni-
dentified transparent mineral-bearing CO,—H,O inclusion; g CO,—

C-type (CO,-bearing inclusions)

The C-type FlIs are the most abundant type in hydrother-
mal minerals, occupying nearly 75 % by volume of the
total FIs. They are composed of two (liquid H,0 4 CO,-
rich supercritical fluid) or three phases (liquid H,O + lig-
uid CO, + vapor CO,) (Fig. 6b, c) at room temperature,
with CO, phase accounting for 5-95 % of total volume.
These inclusions have negative crystal, ellipsoid or irreg-
ular shapes and are generally 5-30 wm in diameter. They
mainly grow in clusters or scatter throughout the sample.

W-type (aqueous inclusions)

The W-type inclusions are present in four types of veins,
with about 15 % of the total inclusion populations. They
consist of two phases (liquid H,O 4 vapor H,0) at room
temperature (Fig. 6d), with vapor occupying 5-55 % of

H,O fluid inclusion containing an unidentified transparent crystal; h
CO,-H,0 fluid inclusion containing an unidentified transparent crys-
tal in fluorite; i CO,—H,O fluid inclusion containing an unidentified
transparent crystal in fluorite. Vcoz CO, vapor, Lcoz CO, liquid, Vo
H,0 vapor, Lo H,O liquid, Cpy chalcopyrite, Tr unidentified trans-
parent solid mineral

total volume. They have ellipsoid shape, with diameters of
5-15 pm. In stage 1 veins, few W-type inclusions can be
identified as primary, with most occurring in well-defined
secondary trials crosscutting the quartz crystals. The
W-type inclusions in quartz and fluorite of stages 2 and 3
mainly occur in clusters or scatters, with the bubbles being
identified by laser Raman spectroscopy to contain a minor
amount of CO,, although CO, was not observed during
heating or cooling runs.

S-type (solid-bearing)

They consist of one or more solid phases or minerals and
fluids with one to three phases (Fig. 6e—i) and show nega-
tive or ellipsoid shapes with the longest dimensions ranging
from 10 to 40 wm. The S-type FIs can be divided into the
SC-subtype with vapor CO, (Fig. 6f-i) and the SW-subtype
with vapor H,O (Fig. 6e). Chalcopyrite is the major opaque
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Table 2 Microthermometric data of fluid inclusions in hydrothermal minerals from the Yaochong Mo deposit

Stage  Host Type N Tm,coz2 (°C) Thice (°C) T00.(CO) Thco2 (°C) T, (°C) Salinity Density
(Wt% NaCl)  (g/cm®)
1 Quartz PC 40 —57.3to —56.6 6.5-31.1 0.52-0.88
C 162  —58.3to —56.6 2.1-8.4 17.5-31.1 288-501  3.19-13.12 0.45-0.89
SC 6 —57.1t0—56.6 4.4-79 30.9-31.1 263-406  4.10-9.99
w 10 —2.8t0—1.5 262-329  2.60-4.60
)i Quartz PC 27  —58.0to —56.6 3.3-31.1 0.52-0.91
C 569  —58.4to —56.6 3.7-8.7 21.5-31.1 225-380  2.62-11.01 0.51-0.95
w 26 —7.0to —0.7 202-307  1.22-10.49
Ne 8 —58.0to —56.6 3.7-8.0 26.4-31.1 303-354  3.95-11.01
Fluorite  PC 1 —-56.6
C 48  —57.2t0 —56.6 6.6-9.0 19.7-31.1 285-343  2.03-6.46
w 14 —4.0to —2.0 226-255  3.39-6.45
SC 39 —572to —-56.6 6.6-8.8 26.8-31.1 243-359  2.42-6.46
I Quartz PC 5 —=572t0—-56.6 20.9-30.9 0.53-0.76
C 302 —59.4to0 —56.6 4.4-8.8 22.1-31.1 172-345  2.42-9.99 0.69-0.99
w 56 —6.4t0 —1.1 168-314  1.91-9.73
SC 24 —59.5t0 —56.6 4.4-79 26.7-31.1 198-309  4.14-9.99
SW —5.6t0 —3.5 185-293  5.71-8.68
Fluorite C 8 =577 7.5-8.4 23.7-30.8 225-263  3.19-4.87
Ne 9 =577 7.3-8.7 24.7-30.8 227-263  2.62-5.23
v Quartz w 71 —4.3t0 —0.4 128-229  0.70-6.88
Fluorite W 17 —4.5t0 —0.2 130-286  0.35-7.17

C C-type FIs, W W-type Fls, S S-type Fls, SC SC-subtype Fls, SW SW-subtype FIs, Ty co> melting temperature of solid CO,, T,

temperature of clathrate, T, ;.

cla Melting

last ice-melting temperature; T, coz homogenization temperature of the CO, phase; T, total homogenization

temperature; N number of fluid inclusions analyzed; and the Th with * stands for the homogenization temperature of all the fluid phases in the

S-type Fls

mineral (Fig. 6e, f), whereas transparent minerals include
calcite and some unknown minerals that are insensitive to
laser Raman spectroscopy (Fig. 6e—i). At the Yaochong
deposit, it is noted that no halite-bearing inclusions have
been observed, suggesting that the fluids are likely NaCl-
poor, relative to the porphyry mineral systems in the Cir-
cum—Pacific rim which commonly contain halite-bearing
fluid inclusions (Lu et al. 2004; Yang et al. 2013b). The
S-type Fls are present in the veins formed in stages 1-3.

Microthermometry

Microthermometric measurements were carried out on
more than 1,400 fluid inclusions. The results are summa-
rized in Table 2 and Figs. 6 and 7, which show a decreas-
ing trend in temperatures, salinities and CO, contents from
stage 1 to stage 4.

Stage 1

Fluid inclusions in stage 1 quartz are generally dominated by
C-type (followed by PC-type, with minor of S- and W-types).

@ Springer

The PC-type FIs yield melting temperatures (T coz) of
—57.3 to —56.6 °C, equal to or close to the triple-phase point
(—56.6 °C) of CO,, suggesting the absence or negligible
amounts of other gas species. This was confirmed by laser
Raman analysis. The homogenization temperatures of CO,
(Th,co2) to liquid or to vapor range from 6.5 to 31.1 °C.

The C-type Fls, with carbonic phase accounting for
20-95 vol%, yield Ty, co2 of —58.3 to —56.6 °C, suggest-
ing that the carbonic phase contains a trace amount of other
gases than CO,. The clathrate melting temperatures (7}, .1,)
range from 2.1 to 8.4 °C, corresponding to salinities of
3.2-13.1 wt% NaCl eq. The CO, phases homogenized at
temperatures of 17.5-31.1 °C in three modes, i.e., to lig-
uid, to vapor, and by critical behavior. Some of the C-type
FIs with >50 vol% CO, are decrepitated at temperatures
of 200-357 °C before total homogenization, and the rest
totally homogenized to liquid, to vapor, or by the critical
behavior at temperatures of 288-501 °C(7}), clustering at
320400 °C. These measurements correspond to densities
of 0.45-0.89 g/cm?.

The S-type FIs are dominated by SC-subtype, with
carbonic phases accounting for 25-70 %. The daughter
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minerals did not melt during heating runs. They yielded
Tim,coz values of —57.1 to —56.6 °C, T, , values of 4.4—
7.9 °C, salinities of 4.1-10.0 wt% NaCl eq., excluding
the contribution of daughter minerals. The carbonic phase
homogenized to liquid or by critical behavior at tempera-
tures of 30.9-31.1 °C. The fluid phases totally homoge-
nized to vapor, to liquid, or by the critical behavior at tem-
peratures of 263—-406 °C.

The W-type FlIs, with vapor bubbles accounting for
20-25 vol%, yield ice-melting temperatures of —2.8 to
—1.5 °C, and salinities of 2.6-4.6 wt% NaCl eq. They
are mainly homogenized to liquid at temperatures of
262-329 °C, indicating that some secondary FIs are
incorporated.

Stage 2

Fluid inclusions in stage 2 quartz and fluorite consist
of 10 % PC-type, 75 % C-type, 5 % W-type, and 10 %
S-type inclusions. The PC-type FIs yield melting temper-
atures of —58.0 to —56.6 °C and homogenization tem-
peratures of 3.3-31.1 °C. The carbonic phases in C-type
FIs account for 10-95 vol% and yield Ty, co2 of —58.4
to —56.6 °C, showing a small amount of other gases.
The clathrate mainly dissociates at temperatures (7}, .,)
of 3.7-9.0 °C, yielding salinities of 2.0-11.0 wt% NaCl
eq. The FIs partially homogenized to liquid, to vapor,
or by the critical behavior at 19.7-31.1 °C and totally
homogenized mainly to liquid or by critical behavior
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and, in a small number of cases, to vapor, at tempera-
tures of 225-380 °C (mainly 280-360 °C). Some of the
FIs decrepitated at temperatures of 240-379 °C before
homogenization. The fluid densities were calculated at
between 0.51 and 0.95 g/cm®. As identified by Raman
spectroscopy, daughter minerals in the S-type FIs include
chalcopyrite, calcite, and unidentified transparent crys-
tals. The daughter minerals did not melt in the heating
runs. The fluid phases homogenized to liquid or by criti-
cal behavior at temperatures of 243-359 °C. The vapor
phase was mainly CO,, accounting for 10-95 vol%. The
SC-subtype Fls yield Ty, coz of —58.0 to —56.6 °C, T, 4,
of 3.7-8.8 °C, and salinities of 2.4—11.0 wt% NaCl eq.
The carbonic phases homogenized divergently to liquid,
to vapor, or by critical behavior, at the temperatures of
26.4-31.1 °C.

The W-type Fls, with vapor bubbles occupying 5-35
vol%, yielded ice-melting temperatures of —7.0 to
—0.7 °C, and salinities of 1.2-10.5 wt% NaCl eq. They
mainly homogenized to liquid at temperatures between
202 and 307 °C, indicating that some secondary FIs were
incorporated.

Stage 3

The stage 3 minerals contain FIs of approximately 74 %
C-type, 15 % W-type, 10 % S-type, and 1 % PC-type.
The PC-type FIs yielded Ty coz of —57.2 to —56.6 °C
and homogenization temperatures of 20.9-30.9 °C. The
C-type Fls yielded Ty coz of —59.4 to —56.6 °C, T,, 4, of
4.4-8.8 °C, Ty coz of 22.1-31.1 °C, and T;, of 172-345 °C
(clustering at 240-320 °C), and corresponding to salinities
of 2.4-10.0 wt% NaCl eq. and densities of 0.69-0.99 g/
cm’. The FIs mostly homogenized to liquid, but some of
them decrepitated at temperatures of 198-342 °C in the
heating runs before total homogenization.

The S-type FIs wusually contain chalcopyrite and
unknown transparent minerals as daughter crystals which
did not melt during heating process. Their fluid phases
homogenized to liquid at temperatures of 185-309 °C.
Aqueous phases in SW-subtype FIs show ice-melting tem-
peratures of —5.6 to —3.5 °C, corresponding to salinities of
5.7-8.7 wt% NaCl eq. The carbonic phases of SC-subtype
occupy 10-50 vol%, while aqueous vapor of SW-subtype
accounts for 10-20 vol%. The SC-subtype FIs yield Tr, co2
of —59.5 to —56.6 °C, T, of 4.4-8.7 °C, and salini-
ties from 2.6 to 10.0 wt% NaCl eq. The carbonic phases
homogenized divergently to liquid, to vapor, or by critical
behavior, at the temperatures of 24.7-31.1 °C.

The W-type Fls yielded ice-melting temperatures of
—6.4 to —1.1 °C, homogenization temperatures of 168—
314 °C, corresponding to salinities of 1.9-9.7 wt% NaCl

eq (Fig. 8).

@ Springer

15

= Stage 1 *
=
g 12 < CL
s ¢ CP *
S scv oS SatSEE™ ¢
Z 9 &WL *
< i o 0
= =sp 8 & *e ®
= 5 LV & *
==
E g ¢4 HLE® @ z
S 5 . Ge
0 -
= Stage 2
3 12
S e
% [ *CV
=z 9 & WL
= o sL
‘E m SP
}:_‘ 6
g |
& 3
0
= Stage 3
3 L
= 12 o CL
o e CP
g [ *CV
=z 9 A WL
= o SL
=
= 6
c
B 3
0
= Stage 4
o 12
@ A& WL
% 4 WP
Z 9
5
= Jaay
‘; 6 FaY
Z .
™ A
v 3 A

100 150 200 250 300 350 400 450 500
Th’C

Fig. 8 Homogenization temperature (to liquid, vapor or by critical
behavior) versus salinity of individual fluid inclusions

Stage 4

Fluid inclusions in stage 4 minerals are very simple, with
the W-type only observed. All the FIs homogenized to lig-
uid at temperatures of 128-286 °C and yielded freezing
points of —4.5 to —0.2 °C, with corresponding salinities of
0.4-7.2 wt% NaCl eq.
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Laser Raman spectroscopy

Laser Raman spectroscopy shows that the similar type FIs
from different stages mainly have similar fluid composi-
tions. The spectra of PC-type Fls only showed major peaks
of CO, (1,282 and 1,387 cm™!) (Fig. 9a), suggesting that
the CO, is the dominant component. The vapor phases of
C-type FIs were dominated by CO,, while the liquid phases
were composed of H,O and CO, (Fig. 9b), respectively.
The vapor and liquid phases of the W-type FIs dominated
by H,O (Fig. 9c), but some W-type Fls contained small
quantities of CO, in the vapor bubbles. The vapor phase of
SC-subtype FIs was dominated by CO, and the liquid con-
tained CO, and H,O, while the vapor and liquid phases of
SW-subtype were composed of H,O. The spectra of opaque
daughter minerals had the peak of chalcopyrite (293 cm ™)
(Fig. 9d). Some transparent daughter minerals had two
peaks of 294 and 1,087 cm™! (Fig. 9e) that are character-
istics of calcite.

Pressure—temperature—depth estimates

According to Diamond (1994), if inclusions formed in the
immiscible two-phase fluid, the trapping pressure can be

approximated from end-member inclusions trapped nearest
the solvus. At Yaochong, fluid immiscibility is evidenced
based on the criteria outlined by Roedder (1984). In stage
1, 2, and 3, PC-type and C-type inclusions were trapped as
primary clusters and thus interpreted as contemporaneous
trapping. Accordingly, these inclusions have been selected
to estimate trapping pressures. Based on the minimum and
maximum densities, the range of isochores of PC-type and
C-type FIs is defined on the P-T diagram using the Flin-
cor program (Brown 1989) and the formula of Bowers and
Helgeson (1983) for the CO, and the H,0-CO,-NaCl sys-
tem. Taking the 7} averages of 363 £ 36, 314 & 21, and
275 £ 24 °C for the FIs within the quartz of stages 1-3
into calculation, the minimum trapping pressures were
estimated to be 69-248, 62-201, and 81-131 MPa, respec-
tively (Fig. 10).

Considering the characteristics of porphyry-type min-
eralization, i.e., pulsating hydraulic broken-and-healing
caused by fluid boiling and precipitation, the fluid sys-
tem can be interpreted as a state of frequent alternations
between supralithostatic to lithostatic and hydrostatic pres-
sures. Therefore, the lowest trapping pressure of FIs repre-
sents the hydrostatic system, whereas the highest trapping
pressure reflects the lithostatic to supralithostatic system.
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According to the estimated trapping pressure of the Yao-
chong deposit, the stage 1 barren veins were likely formed
at depth of 6.9-8.9 km, while the mineralization of stages
2 and 3 likely occurred at depth of 6.2-7.2 and ~4.7 km,
respectively, given that the average density of gneisses (the
main host-rocks at Yaochong deposit) is 2.8 g/cm’. Hence,
we can draw a conclusion that the initial Mo mineralization
at Yaochong deposit took place at a depth no shallower than
5.0 km.

H-0O-C isotope geochemistry

Table 3 lists the analytical results of SISOQ, 3D, and 313Cco2,
The 8'80H20 yajues of ore-forming fluids are calculated
with the equation of 1000 In ctquartz—H20 = 3.38 x 10° T2~
3.40 (Clayton et al. 1972) using homogenization tem-
peratures of fluid inclusions for calculation. The calcu-
lated §!30H20 of stage 1 veins are between 3.8 and 6.9 %o
(Table 3), with an average of 5.0 %o; the 8Dy values are
between —74 and —67 %o, averaging at —71 %o. These
values mostly plot adjacent to the magmatic water box
(Fig. 11). The §180H20 of stage 2 and stage 3 veins ranges
from 2.5 to 3.3 %o and 0.9 to 2.4 %o, averaging at 2.9 and
1.7 %o, respectively; the 8Dmpo values range from —80 to
—55 %o and —72 to —58 %o, respectively. These samples
are plotted between the magmatic water box and the mete-
oric water line, suggesting that the fluids were mixtures
of magmatic and meteoric water (Fig. 11). The §'3OH20
of stage 4 veins ranges from —1.3 to 0.6 %o, with Dm0
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ratios ranging from —68 to —65 %o, being typical of mete-
oric water. From stage 1 to stage 4, the data points gener-
ally shift from adjacent to the magmatic water box toward
the meteoric water line from early to late (Fig. 1). Despite
this, it should be pointed out that the inflow of meteoric
water reduced the 3'80 values of the fluids, but did not to
lower the 8Dgpo values, as the 3D values of the Mesozoic
meteoric water were between —70 and —60 %o in the area
(Zhang 1989).

Two samples of the stage 1 veins yield §13CC02 values of
—2.3 and —1.3 %o and are significantly higher than those of
organic matter (—27 %o), atmospheric CO, (—8 %o, Schid-
lowski 1998), dissolved CO, in fresh water (—9 to —20 %o,
Hoefs 1997), continental crust (—7 %o, Faure 1986),
and mantle (—5 to —7 %o, Hoefs 1997), but similar to or
slightly higher than the igneous rocks (—3 to —30 %o). This
suggests that the CO, of initial fluids was probably sourced
from a magmatic system or from a magmatic system con-
taminated by a carbonate-bearing context. The 313Cco2
values of stage 2 and stage 3 mineralized veins range from
0.1 to 2.7 %o and from 0.1 to 1.1 %o, with averages of 1.2
and 0.6 %o, respectively. Compared to the early veins, the
increase in 8'°C values suggests that the fluids uptake *C
from the wall-rocks during fluid—rock interaction and that
the wall-rocks may have positive 3'C values (Tang et al.
2011, 2013). This interpretation is supported by the sig-
nificantly positive 8'*C values (1.7-5.7 %o, Fu et al. 1998;
Zheng et al. 1998; Rumble et al. 2000) of the marbles coex-
isting with eclogites and granitic gneisses, which are the
main lithologies of the wall-rocks of the Yaochong deposit.
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Table 3 The H-O-C isotope compositions (%o) of the Yaochong Mo deposit

Stage Sample no. Depth (m) Vein mineralogy Th (°C) 818OQ 8%04,0 3D 3Ccon
I YC-19 450 Qz, Kfs, P1, Mt, Py 390 11.2 6.9 -73 -2.3
0805-29 489 Qz, Kfs, Mt, Py 380 9.6 5.1 —71 —1.3
0805-31a 478 Qz, Kfs 400 8.2 4.1 —67
0805-34 480 Qz, Kfs, Py 390 8.1 3.8 —74
II 0805-26b 492 Qz, Kfs, Py, Mo, Srt 360 8.3 33 —55
0805-28 488 Qz, Kfs, Mo, Py, Bi 350 8.1 2.8 -59
0805-30 488 Qz, Kfs, Py, Mo, Mt, Fl, Srt 350 79 2.6 —66 1.1
0805-32 479 Qz, Kfs, Py, Mo, Bi, Srt 350 7.8 25 —61
0805-35 446 Qz, Kfs, Py, Mo, Srt, Bi, Chl, Ep 350 8.2 29 —80 0.7
0805-36 434 Qz, Kfs, Py, Mo, Fl, Bi, Srt 360 8.3 33 -73 0.1
0403-43 535 Qz, Kfs, Py, Mo, Bi, Srt 370 8.0 32 —178 2.7
111 YC-21 91 Qz, Mo, F1 330 7.7 1.8 —63 1.1
YC-25 87 Qz, Kfs, Py, Cpy, Sp 340 8.0 2.4 -72 0.1
0805-21a 550 Qz, Kfs, Mo, Py, Cpy 290 8.2 09 71
0805-26a 492 Qz, F1, Mo 320 8.2 2.0 —58
0403-42 824 Qz, Kfs, P1, Cpy, Mo, Py, Sp, Bi, Srt, Chl 300 8.2 1.3 -70
0403-47b 1,156 Qz, Kfs, Py, Mo, Sp, Fl, Srt 300 8.4 1.5 —66
v 0805-22b 556 Qz, Cc, F1 245 79 —13 —65
0805-23b 575 Qz, Cc, F1 280 8.2 0.6 —68

Bi biotite, Cc calcite, Chl chlorite, Cpy chalcopyrite, Ep epidote, FI fluorite, Hem hematite, Kfs K-feldspar, Mt magnetite, Mo molybdenite, Py

pyrite, Qz quartz, Sph sphalerite, Srt sericite
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Fig. 11 The 3D-3'30 plot for the Yaochong Mo deposit (Base map
after Taylor 1974)

Discussion
The CO,-rich, NaCl-poor fluid system

Traditionally, the vapor-rich aqueous FIs with or with-
out daughter minerals are considered as indicators of

magmatic-hydrothermal systems (Cline and Bodnar 1991;
Bodnar 1995; Ulrich and Heinrich 2001; Lickfold et al.
2003; Lu et al. 2004; Masterman et al. 2005; Klemm et al.
2007, 2008), but CO,-bearing inclusions in magmatic—
hydrothermal systems have only recently been reported,
particularly in the continental collision settings, for
instances, the Wunugetu Cu—Mo deposit, Inner Mongolia
(Li et al. 2012b); the Yuchingling Mo deposit, Henan (Li
et al. 2012c); the Tangjiaping Mo deposit, Henan (Yang
et al. 2008; Chen and Wang 2011); the Baishan Mo deposit,
Xinjiang (Xiang et al. 2013); the Trout Lake Mo deposit,
British Columbia (Linnen and William-Jones 1990); Fort
Knox Au deposit, Alaska (McCoy et al. 1997); Vasilkovs-
koe Au deposit, Kazakstan (Spiridinov 1996); and Kyzyl-
tau W—Sn deposits (Graupner et al. 1999). The ore-forming
fluid system at the Yaochong Mo deposit in Dabie Shan is
compositionally carbonic-dominated, evidenced by numer-
ous C-type FIs and the occurrence of PC-type and SC-sub-
type Fls.

To explain the contrasting CO, contents of magmatic—
hydrothermal systems formed in continental collision settings
and volcanic arcs (Nash 1976; Cline and Bodnar 1991; Bod-
nar 1995; Phillips and Zhou 1999; Lu et al. 2004), Chen et al.
(2007b, 2008, 2009) and Chen and Li (2009) proposed that
the ore-forming fluids of porphyry systems formed in vol-
canic arcs were mainly derived from metamorphic dehydra-
tion of subducted oceanic slab (Sillitoe 1972; Richards 2003),
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which can be roughly regarded as “altered oceanic basalt”
(NaCl-brine or seawater percolated oceanic crust), and
thereby, rich in H,0O, NaCl, but poor in CO, (or carbonate), K,
and F. Consequently, abundant aqueous inclusions and rare (if
any) CO,-bearing inclusions, with or without daughter miner-
als, characterize porphyry deposits formed in oceanic subduc-
tion-related island arcs. By contrast, porphyry-type mineral
systems developed in syn- or/and post-collision settings must
be sourced from the thickened continental crust that is poor in
H,0 and NaCl, but rich in CO,, K, and F relative to oceanic
crust (Chen and Li 2009; Tang et al. 2008, 2009). As a result,
the CO,-rich ore-forming fluids, evidenced by CO,-bearing
FIs with or without daughter minerals, can be considered as
a diagnostic marker of porphyry ore systems formed in intra-
continental collision regimes during or after orogenesis.

The ore-forming fluids of the Yaochong deposit were
also NaCl-poor as indicated by the absence of halite-bear-
ing FIs in hydrothermal minerals. The S-type Fls identi-
fied at the Yaochong deposit usually contain chalcopyrite
daughter minerals or other transparent minerals such as cal-
cite, but no halite has been observed yet. This phenomenon
was reported at the Qian’echong Mo deposit in Dabie Shan
and was related to the low NaCl activity in the initial ore-
forming fluids (Yang et al. 2013b). Here we propose that
the relatively low NaCl activity results from high contents
of Ca, K, and F in the fluids, which can be supported by the
development of calcite as daughter mineral and the wide-
spread K-feldspathization and fluoritization (see above).
Certainly, the fluids, being poor in NaCl and rich in Ca, K,
and F, are difficult to relate to oceanic crust, but easy to link
with continental lithosphere.

Fluid evolution and Mo mineralization

Fluid inclusions, as the “fossil” of ancient fluid systems,
particularly the primary FIs in the earliest stage, can reveal
the nature and genesis of the original fluids (Ulrich et al.
1999; Chen et al. 2007b; Mernagh et al. 2007; Pirajno 2009,
2013; Fan et al. 2011). Based on petrographic relationships
and microthermometric results of FIs presented above, we
recover the fluid evolution history at Yaochong deposit.

The original fluids, recorded by numerous assemblages
of CO,-bearing inclusions with high homogenization tem-
perature (up to 500 °C) and trapping pressure, were most
likely magmatic in origin and carbonic, K-rich, and prob-
ably Mo- and Fe-rich in composition. Stage 1 minerali-
zation and alteration mainly occurred at 320-400 °C and
69-248 MPa, characterized by barren quartz 4+ K-feldspar
veins and K-feldspathization and silicification. Due to high
CO, activity and high oxygen fugacity, the sulfur activity
was constrained, and little sulfides were formed.

K-feldspathization and formation of quartz + K-feld-
spar veins in stage 1 consumed alkali ions and reduced the
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pH values of the fluids. Increasing H' activity led to CO,
escape from the fluids via 2H*+CO;>~ — H,0 + CO,1,
and thereby, together with formation of magnetite, it
resulted in fO, decrease and S2- activity increase, facilitat-
ing deposition of sulfides, such as molybdenite and pyrite.
Large-scale CO, separation and escape possibly caused
phase separation followed by inflow of meteoric water.
This is the stage 2 mineralizations mainly occurred at tem-
peratures of 280-360 °C and pressures of 62-201 MPa.

In stage 3, increasing amounts of meteoric water flowed
into and mixed with the magmatic fluids, which cooled the
hydrothermal system and caused precipitation of polym-
etallic sulfides, together with phyllic alteration. The fluids
gradually became CO,-poor in composition and meteoric-
dominated, as indicated by the H-O isotope signature. The
mineralization and alteration mainly occurred at tempera-
tures of 240-320 °C and pressures of 81-131 MPa.

After the formation of quartz + K-feldspar 4+ molyb-
denite and quartz + polymetallic sulfide veins, tempera-
tures and salinities of the fluid system decreased further,
estimated about 140-260 °C and 0.4-7.2 wt% NaCl
eq., respectively. The CO,/H,O ratios of the fluids also
decreased dramatically, as indicated by the lack of C-, PC-
and S-type inclusions and prevalence of W-type inclusions
in the stage 4 veins. This type of vein contributed little to
mineralization and represented the waning hydrothermal
system.

Auvailable data show that the porphyry systems in Dabie
Shan, such as Qian’echong (Yang et al. 2013b), Dayinjian
(Li et al. 2010) and Tangjiaping (Yang et al. 2008; Chen
and Wang 2011) Mo deposits, share a similar fluid nature
and evolution with the Yaochong deposit. Fluids forming
these deposits were initially CO,-rich and high salinity,
as evidenced by the observations of PC-, C-, and S-type
FIs in earlier hydrothermal stages and then evolved to low
temperature, low salinity and CO,-poor. The H-O-C iso-
tope data indicate that the fluids evolved from magmatic to
meteoric.

The estimated trapping pressures of C-type FIs decrease
gradually, but significantly, from early to late. This accords
with many porphyry systems, such as the Qian’echong
Mo deposit in Dabie Shan (Yang et al. 2013b), the Yuchil-
ing (Li et al. 2012¢) and Shangfanggou (Yang et al. 2013a)
Mo deposits and the Qiyugou gold deposit (Fan et al. 2011;
Li et al. 2012a) in eastern Qinling Orogen, Baishan Mo
deposit in East Tianshan (Xiang et al. 2013), and Chehugou
Mo—Cu deposit in southern Great Hinggan Range (Meng
et al. 2013), which were interpreted to have formed in a
rapid crust uplifting setting caused by synorogenic crustal
thickening or post-orogenic delamination of lithospheric
root (Chen 2013; Pirajno 2013). Therefore, the Yaochong
deposit might have formed in a rapid crust uplifting process
caused by post-collisional lithospheric delamination in the
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Table 4 Comparison between Yaochong and Climax-type porphyry Mo systems

Characteristics Yaochong Climax-type
Intrusion Type of intrusion Stock Stock
Intrusive phases Single intrusion of granite Multiple intrusions of granites
Mineralization Cogenetic rock type Granite porphyry Granite porphyry
Style of mineralization Stockwork veinlets, minor disseminations Stockwork veinlets, minor disseminations
Orebody shape Lenticular or sheet-like Inverted cup
Average ore grade 0.058 % 0.30-0.45 %
Ore-associated minerals Pyrite, chalcopyrite, sphalerite, fluorite, Pyrite, wolframite (huebnerite), cassiterite,
sericite, K-feldspar stannite, bismuth sulfosalts, chalcopyrite
(rare), fluorite, topaz, sericite
Alteration Hydrothermal alteration Intense potassic alteration, weak Potassic alteration, sericitization, and pro-
sericitization and propylitic alteration pylitic alteration
Fluids Inclusion type Pure CO,, CO,-bearing, aqueous, lack Aqueous, brine, with or without

of brine inclusions

CO,-bearing

Brine homogenization mode
Original phase

Temperature 130-500 °C
Tectonic setting

Tectonic setting example

CO,-rich Vapor

Post-collision, extensional

Qian’echong (Yang et al. 2013b);
Jingduicheng (Yang et al. 2009)

By vapor disappearance or halite dissolu-
tion

Low-salinity liquid with moderate to low
CoO,

200-600 °C

Post-subduction, extensional

Climax (Hall et al. 1974)

Henderson (Seedorff and Einaudi 2004a, b;
Wallace et al. 1978)

Urad (Wallace et al. 1978)

Questa (Cline and Bodnar 1994; Klemm
et al. 2008)

area, as fully addressed in previous studies (Li et al. 2001;
Mao et al. 2011; Pirajno 2013; and references therein).

Comparison with Climax-type Mo deposits

Climax-type porphyry molybdenum deposits document
thirteen deposits that are found in a single region, the con-
tinental interior of western North America. All the deposits
except Ruby Creek, British Columbia, were formed during
extension subsequent to cessation of subduction of the Kula
and Farallon plates beneath western North America (Luding-
ton and Plumlee 2009). These deposits are high grade, rift
related, fluorine-rich, and associated with alkali—calcic intru-
sions. The Yaochong deposit is located in a continental colli-
sion orogen and was formed by granitic magmatism associ-
ated with continental collision. The high contents of fluorine
in the fluids and extensional environment of tectonic setting
at Yaochong suggest an affinity with Climax-type deposits,
whereas Mo grade is much lower at Yaochong and other por-
phyry Mo systems in the Qinling—Dabie orogen.

In Climax-type deposits, the earliest fluids were single-
phase, CO,-bearing aqueous fluids, were of low salin-
ity and intermediate density, and were released from the
evolving magma from mid-crustal to lower crustal level,
by decompression from near-lithostatic to near-hydrostatic

conditions, they boiled off a vapor phase, leaving behind a
residual brine that ponded in the roof region of the gran-
ite porphyry; Mo precipitated from a dense, residual and
probably sulfide-depleted brine, in response to cooling
of the saline liquid from 420 °C to 350 °C (Klemm et al.
2008). By contrast, the Yaochong porphyry Mo system was
formed with a large number of PC- and C-type inclusions
in the minerals in earlier stages (Table 4). This unusual
high CO, concentration of the fluids may hint a much ear-
lier fluid exsolution (Li et al. 2012c), considering the lower
solubility of CO, than H,O and Cl in the melt. The S-type
FIs identified at the Yaochong deposit usually contain chal-
copyrite and/or transparent minerals such as calcite, but do
not contain halite, unlike the extreme boiling-induced Mo
enrichment and high salinity in the S-type inclusions in
Climax-type deposits. At Yaochong deposit, strong potas-
sic alteration is widely observed, but phyllic and propylitic
alterations, which are extensively developed at Climax-
type deposits (Ludington and Plumlee 2009), are relatively
weak. This alteration feature is shared by all the Meso-
zoic porphyry Mo systems in the East Qinling and Dabie
Shan, such as the deposits at Yuchiling (Li et al. 2012c¢),
Jinduicheng (Yang et al. 2009), Nannihu (Yang et al. 2012),
Tangjiaping (Chen and Wang 2011), and Qian’echong
(Yang et al. 2013b).

@ Springer



Int J Earth Sci (Geol Rundsch)

Concluding remarks

1. The Yaochong Mo deposit is a porphyry mineral
system in Dabie Shan. The hydrothermal miner-
alization includes four stages, namely stage 1 barren
quartz 4+ K-feldspar & pyrite & magnetite veins, stage
2 quartz + K-feldspar + molybdenite £ pyrite veins,
stage 3 quartz + polymetallic sulfide veins, and stage 4
barren quartz £ carbonate £ fluorite veins. Mo miner-
alization mainly occurred in stages 2 and 3.

2. Pure CO, (PC-type), CO,-bearing (C-type), aqueous
(W-type), and solid-bearing (S-type) fluid inclusions were
observed in hydrothermal minerals (quartz and fluorite).
From early to late, the proportions of PC- and C-type fluid
inclusions gradually decrease, whereas W-type inclusions
become more prevalent. In late quartz £ carbonate =+ flu-
orite veins, only W-type FIs are present.

3. As evidenced by the occurrence, microthermometric
data and estimated minimum trapping pressures of
fluid inclusions, as well as the H-O—C isotope system-
atics, the ore-forming fluids were initially high tem-
perature, high pressure, relatively high salinity, and
compositionally CO,-rich and NaCl-poor and then
gradually evolved to low-temperature, low-pressure,
CO,-poor, and low-salinity fluids. This change was
related to fluid boiling and CO, escape, causing depo-
sition of Mo and other sulfides.

4. The fluids forming the Yaochong porphyry Mo deposit
were CO,-rich but NaCl-poor, which is typical of
continental collision setting, instead of volcanic arcs
related to oceanic subduction.
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