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A B S T R A C T

Many new discoveries of base and precious metal veins in the Great Hinggan Range district have made this
region the most important Ag-Pb-Zn metallogenic belt in northern China. The Bianjiadayuan Ag-Pb-Zn deposit
(4.81Mt @157 g/t Ag and 3.94% Pb+Zn) is one of the new discoveries located in the southern segment of this
potentially important but poorly understood metallogenic belt. Vein-type Ag-Pb-Zn ore bodies are pre-
dominantly hosted by slate adjacent to a Sn ± Cu ± Mo mineralized porphyry intrusion. Four primary ore
stages of arsenopyrite+ pyrite+ quartz, main sulfides+ quartz, silver-bearing sulfosalts + quartz, and bou-
langerite+ calcite are recognized, and a subsequent supergene oxidation stage has also been identified. An
alteration assemblage of quartz, sericite, chlorite and epidote is spatially associated with this vein type miner-
alization. The δDH2O (−139 to −106‰) and δ18OH2O (−16.4 to 12.1‰) isotope compositions obtained from
different stage vein quartz and calcite reveal that the early stage ore fluids were dominated by magmatic fluids,
whereas the late stage ore fluids contained a significant proportion of meteoric waters, which is consistent with
the δ13CPDB (−7.7 to −2.7‰) and δ18OSMOW (−0.4 to 6.4‰) isotope signatures for waning stage calcites
reflecting an addition of large volumes of meteoric waters in hydrothermal system. Noble gas isotopes (i.e.,
3He/4He ratios of 1.52–3.06 Ra) display evidences of a magmatic fluid responsible for ore formation in the
deposit. Fluid inclusion studies suggest that vein formation occurred at progressively lower temperature
(310–220 °C) and pressure (100–20 bars). Fluid cooling, phase separation, and mixing with meteoric waters are
advocated as the important factors for ore deposition. In combination, available data for the Bianjiadayuan
deposit suggest that local Ag-Pb-Zn veins and porphyry type Sn ± Cu ± Mo mineralization are genetically
related and formed in one porphyry ore system, which is a useful concept for local and regional Ag-Pb-Zn
exploration.

1. Introduction

Available geological and geochemical studies reveal that numerous
base metal veins are genetically related to the porphyry Cu-Mo mi-
neralization (Hedenquist et al., 1998; Muntean and Einaudi, 2000;
Heinrich, 2005; Sillitoe, 2010; Sillitoe and Mortensen, 2010). A close
spatial and temporal relationship between porphyry Cu-Mo and poly-
metallic vein mineralization has been well documented in many ore
districts worldwide, e.g., the Main Stage veins at Butte, USA (Reed
et al., 2013), the Cu-Mo ± Re ± Au mineralization at Pagoni Rachi/
Kirki in northern Greece (Voudouris et al., 2013), and the base metal

veins at Morococha, Peru (Catchpole et al., 2015). In these ore districts,
base metal mineralization typically occurs peripheral to, adjacent to, or
superimposed on the mineralized porphyry systems (Seedorff et al.,
2005; Sillitoe, 2010; Catchpole et al., 2015; Melfos and Voudouris,
2017; Rottier et al., 2018). However, there are also some base metal
veins that do not appear to be genetically linked to porphyry deposits
and their genesis remains controversial. Such vein-type deposits are
obviously hydrothermal in origin, although the source of ore-forming
fluids and metals may be either magmatic or non-magmatic. In many
cases, both fluid sources and deposition processes of metals from the
hydrothermal solutions are still greatly debated (Kissin and Mango,
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2014).
The Great Hinggan Range (GHR) metallogenic belt in NE China

hosts a number of porphyry Mo(Cu), skarn Fe(Sn), epithermal Au-Ag
and hydrothermal vein type Ag-Pb-Zn ore deposits (i.e., Zeng et al.,
2011, 2015; Zhai and Liu, 2014; Zhang and Li, 2014, 2017; Shu et al.,
2016; Zhai et al., 2014a, b, c, 2015; Chen et al., 2017; Gao et al., 2017).
Recent ore exploration and targeting have successfully discovered nu-
merous Ag-Pb-Zn vein type deposits in the southern segment of the GHR
(i.e., Ouyang et al., 2014, 2015; Ruan et al., 2015; Liu et al., 2016a; Liu
et al., 2016c; Wang et al., 2017), defining a new important Ag-Pb-Zn
metallogenic belt in NE China. One of the significant new discoveries is
the Bianjiadayuan deposit, which has reserves> 4.8 Mt grading 157 g/t
Ag and 3.94% (Pb+Zn). Recent drilling and mining have identified
new porphyry type Sn ± Cu ± Mo mineralization adjacent to Ag-Pb-
Zn veins in the Bianjiadayuan ore district. A close genetic relationship
between porphyry and base metal vein type mineralization has been
recently suggested for some ore deposits in the southern GHR district,
i.e., the Weilasituo porphyry Sn-W-(Rb) and Cu-Zn-Ag vein type mi-
neralization (Wang et al., 2017). Although a close spatial association
has been identified between the porphyry Sn ± Cu ± Mo miner-
alization and Ag-Pb-Zn veins at the Bianjiadayuan, whether these two
different type ores are genetically related is yet unknown.

In the current contribution, we report the results of a comprehensive
study of the Bianjiadayuan Ag-Pb-Zn deposit that makes use of fluid
inclusion and isotopic analyses (O, H, C, He and Ar) to determine the
source, nature and evolution of the ore fluid, and the key controls on
ore mineral precipitation. Using these data with a combination of
available geological, S-Pb isotope and geochronological investigations,
we propose a genetic model for ore formation at Bianjiadayuan ore
district suggesting that local Ag-Pb-Zn veins are genetically related to
the adjacent Sn ± Cu ± Mo mineralized porphyry intrusion. This is
useful for local and regional Ag-Pb-Zn ore exploration.

2. Regional geological setting

The Bianjidayuan Ag-Pb-Zn deposit occurs in the GHR metallogenic
belt, which lies in the easternmost part of the Central Asian Orogenic
Belt (CAOB, Fig. 1a). The CAOB developed during the Neoproterozoic
to Phanerozoic, and is rimmed by the Siberian, Tarim and North China
Cratons (Fig. 1a). It formed via successive accretion of arc complexes,
accompanied by emplacement of immense volumes of granitic magmas
(Jahn et al., 2000). The CAOB contains a wide range of tectonic ele-
ments that include microcontinents, arc-back arc systems, oceanic is-
lands/plateaus, ophiolites, and subduction-accretion complexes (Zhou
et al., 2017).

The region is characterized by widespread Mesozoic volcanic and
intrusive rocks (Fig. 1b), including I- and A-type granitoids (Wu et al.,
2005, 2011), which comprise> 50% of the surface area in the moun-
tainous regions according to regional geological surveys (HBGMR,
1993). Those granitoids in the CAOB constitute one of the largest plu-
tonic provinces in the world and one of the most important sites of
juvenile crust formation during the Phanerozoic (Wu et al., 2011).
Based on a large dataset and a precise geochronological framework for
the regional intrusion ages, these volcanics and granitoids have been
broadly divided into two groups, which were emplaced in two geo-
tectonic episodes. The first group belongs to a Permian and Triassic
episode (275–210Ma, zircon U-Pb method), whereas the second group
is Jurassic to Cretaceous in age (160–130Ma, zircon U-Pb method) (Wu
et al., 2004; Wei et al., 2008; Zhang et al., 2010). The first group is
mainly composed of calc-alkaline I- and S-type plutons; the latter are
products of post-orogenic extension. During the Late Jurassic, collision
was succeeded by subduction of the Paleo-Pacific plate beneath the
Eurasian continental plate, in response to crustal thickening. Available
Sr-Nd isotope data suggest that these magmas were derived from
asthenospheric mantle and recycled ancient crust (Chen and Jahn,
2001). The second group comprises both I-type (granodiorite,

monzogranite and syenite) and A-type granitoid plutons, which were
emplaced within NNE to NE trending extensional fault zones and
formed from melts derived from the lower crust (Wei et al., 2008). In
detail, the regional Cretaceous granitoids show an eastwards-younging
trend, which indicates their emplacement in an extensional setting (Wu
et al., 2003). It is proposed that early Paleo-Pacific subduction in the
Jurassic caused subsequent lithospheric delamination or rollback and
extension of the back-arc area, successively enabling emplacement of
Cretaceous granitoids (Wang et al., 2006; Zhang et al., 2008, 2010).
Compared with other areas in the CAOB, NE China was significantly
affected by the Paleo-Pacific subduction (Wu et al., 2011).

The southern segment of the GHR Metallogenic Belt hosts many
porphyry Mo(Cu), skarn Fe-Sn, and epithermal and hydrothermal
polymetallic (Ag-Pb-Zn-Cu) vein-type ore deposits (Fig. 1c, Zhai et al.,
2014b, 2018a). Recent ore exploration revealed that Ag-Pb-Zn-(Cu)
vein type deposits are particularly common in the southern segment of
the GHR (Fig. 1c), leading to new discoveries of the Shuangjianzishan,
Bianjiadayuan, Bairendaba and Weilasituo deposits (Ouyang et al.,
2014; Ruan et al., 2015; Liu et al., 2016c; Wang et al., 2017). Those
discoveries have defined an important Ag-Pb-Zn polymetallic metallo-
genic belt in NE China. The discovered ore deposits in this district are
mostly related to Jurassic to Cretaceous magmatism (Mao et al., 2005;
Chen et al., 2007; Zhai et al., 2014b). Regionally, mineralization and
Jurassic to Cretaceous granites demonstrate a close spatial distribution
(Fig. 1c). Spatial distributions of the regional deposits are pre-
dominantly associated with a zone of NE-trending normal faults that is
about 100-km-long and 20-km-wide (Fig. 1c, Ouyang et al., 2015).

Available geochronological data reveal that magmatic-hydro-
thermal deposits in the area formed during two distinct metallogenic
events (Li et al., 2012): an early event in the Late Permian
(272 ± 3–256 ± 7Ma, zircon U-Pb and molybdenite Re-Os); and a
later event in the Cretaceous and Jurassic (167 ± 2–129 ± 3Ma,
zircon U-Pb, molybdenite Re-Os and sericite 40Ar-39Ar). Most porphyry
Mo(Cu) and skarn Fe-Sn deposits formed during the second metallo-
genic event, associated with intrusion of A-type granites (Mao et al.,
2005; Wu et al., 2005, 2011; Zhai et al., 2018a); whereas precise ages
for Ag-Pb-Zn mineralization in the area are largely lacking.

3. Ore deposit geology

The strata exposed in the ore district mainly involve the Permian
Zhesi Formation, comprising slates and siltstones that dip to NNW at
50–55°, and Quaternary alluvial deposits (Fig. 2a). The identified Ag-
Pb-Zn veins are predominantly hosted by the Permian slate. The
dominant igneous rocks exposed in the ore district are gabbro, quartz
porphyry, and numerous NE- and NW-trending granite dikes (Fig. 2a).
The gabbro pluton (strike of 300°) accounts for> 20% of the surface
outcrop in the mine area, with a length of 1 km and a width of ∼300m
(Fig. 2a). It displays a typical gabbroic texture and is mainly composed
of plagioclase (∼55–60%), pyroxene (∼30%), hornblende (∼5%) and
biotite (∼5%) (Wang et al., 2013). Zircon U-Pb ages for the gabbro are
133.0 ± 0.8 and 133.2 ± 0.9Ma (Wang et al., 2013; Zhai et al.,
2017). Several base metal (Cu-Pb-Zn) veins are hosted by the gabbro
(Fig. 2a). Quartz porphyry is mostly concealed in the western part of the
ore district with a small occurrence in the southeast (Fig. 2a). Recent
core drilling identified that the porphyry from the western part occu-
pies an area with a length of 1500m and a width of 270–750m, and the
area of the mineralized part is approximately 0.7 km2. These rocks
consist of quartz (∼45–50%), K-feldspar (∼40–45%), plagioclase
(∼5–10%) and minor biotite. Zircon U-Pb ages for the quartz porphyry
range from 140.8 ± 0.9 to 140.2 ± 0.6Ma (Zhai et al., 2017). Recent
core drilling and exploration has identified new porphyry type Sn ±
Cu ± Mo and breccia type Sn-Pb-Zn zones in west of the Ag-Pb-Zn
veins in the Bianjiadayuan ore district (Fig. 2a). Porphyry type miner-
alization is commonly centered over, around and on the top of the
concealed porphyry intrusion. The Sn ± Cu ± Mo mineralized zones
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are dominantly structurally controlled, with most occurring as veins,
stockworks, veinlets and disseminations in altered porphyry. The ore
metals display a zonation of Sn, Cu, and Mo in vertical direction from
the porphyry core upwards. The porphyry type ores comprise of cas-
siterite, stannite, pyrite, and minor molybdenite, chalcopyrite, pyr-
rhotite. The breccia is spatially related to the quartz porphyry intrusion,
and dominantly comprises fragments of slate and quartz porphyry with
a cement mainly composed of fine rock fragments and sulfides. For-
mation of the breccia was considered to relate to the concealed quartz
porphyry (Wang et al., 2014). Until now, these porphyry and breccia
type ores have not been mined. Numerous N-E- and rare N-S-trending
granitic sills and dikes intruded Permian slate and the main gabbro

body (Fig. 2a). These dikes have variable widths up to 10m, and U-Pb
zircon ages between 129.7 ± 0.4 and 130.0 ± 2.8Ma (Wang et al.,
2013; Zhai et al., 2017).

Recent ore exploration in the southern segment of the GHR region
has revealed that Sn mineralization is relatively common, which has led
to several new discoveries including the Weilasituo greisen/porphyry
and the Bianjiadayuan porphyry Sn deposits. With combination of
previously identified Sn deposits, e.g., the Huanggangliang skarn Fe-Sn
and the Anle vein type Cu-Sn deposits, this regions is a potentially
important Sn ore district. The Bianjiadayuan porphyry Sn mineraliza-
tion is similar in many respects to the regional magmatic-hydrothermal
Sn deposits, these include: (1) they all form in late Mesozoic (e.g.,

Fig. 1. (a) Tectonic scheme of the Central Asian Orogenic Belt (CAOB, modified from Jahn et al., 2000); (b) Geological map of the Great Hinggan Range (GHR) in NE
China showing the distribution of the Mesozoic granites and volcanics (modified from Zhai et al., 2015); (c) Geological map of the southern GHR showing the
locations of major ore deposits (modified from Zhai et al., 2018a).
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140–135Ma), (2) many of them show a well-developed metal zonation
in ore deposit scale (e.g., Sn ± Cu ± Mo to Ag-Pb-Zn), (3) they have
the close spatial, temporal and genetic relationship with felsic intru-
sions originated from the lower crust in an extensional setting (Mao
et al., 2005; Ouyang et al., 2015; Zhai et al., 2017; Wang et al., 2017).
Tin is commonly concentrated in the continental crust and forms de-
posits hosted by continentally-derived reducing granitoids. In the
southern segment of the GHR, the local Sn enrichment was considered
to be introduced from reducing granitic intrusions that were the pro-
duct of melting of the continental crust by mafic mantle magma during
a period of slab-roll-back extension (Zhai et al., 2017).

Regionally, the emplacement of igneous rocks appears primarily
controlled by NE-NNE-oriented faults (Fig. 1c). However, within the ore
district, the Bianjiadayuan Ag-Pb-Zn veins are structurally controlled by
NW-oriented brittle faults (Fig. 2a). Those faults and fractures typically
have lengths of 220–600m, and widths up to 10m with dip angles of
65–80°. Open faults and fractures are the most favorable structures for
Ag-Pb-Zn veins. The major faults crosscut the Permian slate, as well as
the gabbro and quartz porphyry (Fig. 2a). Silicification, calcitization
and chloritization are observed along the margins of the major faults
and fractures.

4. Mineralization, paragenesis and alteration

Mineralized Ag-Pb-Zn veins in the Bianjiadayuan ore deposit were
discovered in 2012 and then mined. More than 20 major veins, nu-
merous stockworks, as well as minor disseminations have been identi-
fied during mine-scale exploration, which are principally hosted in the

Permian slate located at least several hundred meters east of the por-
phyry Sn ± Cu ± Mo mineralized zones (Fig. 2a). The Ag-Pb-Zn mi-
neralization is mainly hosted by NW- and NE-trending open-space
filling veins characterized with a length from 50 to∼200m, and extend
vertically at least as much as 300m (Fig. 2b). Their maximum widths
vary from 25 to ∼50m, with an average of ∼9m. The mineralized
veins are gently-dipping (25-45°) in horizontal and vertical profiles
(Fig. 2c), although some dip more steeply (∼75°). Numerous stock-
works, veinlets and disseminations occur on the margins of the major
veins in the altered slate (Fig. 3a). Some shallow mineralized veins are
oxidized at outcrop, providing a valuable guide for underground ex-
ploration.

Over twenty ore and gangue minerals have been identified in four
primary paragenetic stages (I–IV), and a subsequent supergene oxida-
tion stage (V), based on the nature of the mineralization and prevailing
mineral assemblages (Fig. 4). Paragenetic stages progressively demon-
strate element associations changing from Fe-As-S, through Pb-Zn-Fe-
Cu-S and Ag-Pb-Zn-Sb-S, to Pb-Sb-S. In detail, ore stage I is dominated
by arsenopyrite and pyrite coexisting with quartz. Stage II is the main
paragenetic stage for sulfide mineralization. The sulfide minerals in this
stage dominantly comprise intergrowths of galena, sphalerite, pyr-
rhotite, pyrite and chalcopyrite (Fig. 3b, c). Overall, the stage II veins
are sulfide-dominant, resulting in massive ores within the largest veins
(Fig. 3a). The sulfides are commonly replaced by late-stage minerals,
notably sulfosalts including freibergite (Fig. 3d) and boulangerite. In
hypogene stage III, the ore mineral assemblage is dominated by silver-
bearing sulfosalts, i.e., freibergite, pyrargyrite and boulangerite. High
grade silver-rich ores with Ag grades up to 3000 g/t have been

Fig. 2. Simplified geologic map (a) and representative cross-sections (b) showing the distribution of igneous rocks and vein type mineralization at Bianjiadayuan ore
district (modified from Zhai et al., 2017); (c) occurrence of vein type ore body hosted by slate.

D. Zhai et al. Ore Geology Reviews 101 (2018) 1–16

4



identified in the deposit (Fig. 3b). Freibergite is the most abundant and
widely distributed Ag-bearing sulfosalt in the deposit (Fig. 3d), making
up approximately 90 vol% of the total Ag-bearing ore minerals. The
final stage IV contains only boulangerite coexisting with calcite
(Fig. 3e). This mineral assemblage occurs as late veins cutting all pre-
vious assemblages. Supergene minerals include anglesite (PbSO4), ma-
lachite and limonite, which formed owing to the oxidation of primary
sulfides.

Hydrothermal alteration is widespread at Bianjiadayuan, and the
alteration halos are distributed asymmetrically on either side of the
mineralized veins, and are typically widest around the thickest veins as
discontinuous borders and envelopes. Distinct episodes of alteration
assemblages are described as follows. Silicification is the most wide-
spread expression of alteration type in the deposit, as fine silica within
silicified slate. Silicification predated the main sulfide mineralization
and coexists with stage I sulfides, which were successively followed by

an alteration assemblage of quartz, chlorite, epidote, and minor sericite
and fluorite. This alteration is spatially associated with the main sulfide
assemblage. Both above alteration assemblages were further over-
printed by an alteration assemblage of quartz, sericite, and subordinate
chlorite and epidote, which appears closely related to local silver mi-
neralization. The final stage alteration is characterized by an assem-
blage of illite and calcite, which overprinted all previous alteration
types and occurs predominately along fractures. There is no apparent
spatial zonation of alteration types as, in most places, alteration as-
semblages are superimposed upon one another.

The alteration types and zonation associated with porphyry type
Sn ± Cu ± Mo mineralization are very similar to those of other ty-
pical porphyry Cu-Mo deposits worldwide. The core of the porphyry
system experienced an early weak potassic alteration, which is mani-
fested by the presence of secondary K-feldspar and biotite. Outwards
and above the potassic alteration zone, phyllic alteration is the most

Fig. 3. Vein type ore body occurrence and ore textures for the Bianjiadayuan Ag-Pb-Zn mineralization. (a) Spatial relationship between main Ag-Pb-Zn vein and
veinlets hosted in the altered slate; (b) High Ag grade vein type ore; (c) Massive Ag-Pb-Zn ore; (d) Freibergite intergrown with galena (back-scatter electron image);
(e) Boulangerite coexisting with calcite in late stage vein (crossed polarized transmitted light). Abbreviations: cal-calcite; cp-chalcopyrite; blg-boulangerite; frb-
freibergite; gn-galena; po-pyrrhotite; py-pyrite; sp-sphalerite.
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widespread alteration type, which is characterized by an alteration
assemblage of secondary quartz, sericite and disseminated or veinlet
pyrite. Finally, propylitic alteration forms a halo to the porphyry
system, which is documented by the occurrence of abundant chlorite
and epidote with subordinate quartz and carbonate.

5. Sampling and analytical methods

More than 50 samples were collected from different mining levels
(+170 to +50m). Ore-bearing quartz and calcite from different stages
were collected for fluid inclusion studies and stable isotope (D-C-O)
measurements, and sulfides from the main ore stage were separated for
He-Ar isotope studies. All minerals selected for isotope studies were
handpicked and checked under a binocular microscope to ensure a
purity of> 98%.

Prior to microthermometric studies, the internal zoning of quartz
was examined using a cathodoluminescent (CL) spectrometer (Garton
Mono CL3+) equipped on a Quanta 200F ESEM with 45-s scanning
time at conditions of 15 kV and 120 nA at Peking University.
Microthermometric measurements of fluid inclusions were performed
on a LINKAM MDSG600 heating-freezing stage coupled to a ZEISS
microscope in the School of Earth Sciences and Resources, China
University of Geosciences Beijing (CUGB). Most analyzed quartz crys-
tals were directly in contact with sulfides. The temperature range for
the analysis was from -196 to +600 °C. Measurements were accurate to
within±0.1 °C and freezing-heating rates were maintained at between
0.2 and 5 °C/min. However, when approaching a phase transition the
rate was dropped to 0.1–0.5 °C/min. Microthermometric data were re-
duced using FLINCOR software (Brown 1989), and the results are
summarized in Table 1. Fluid inclusion laser Raman spectroscopy
analysis was carried out in the Beijing Research Institute of Uranium
Geology, Beijing, China, using a Renishaw RM-2000 Raman

microscope. This instrument records peaks in the range of
100–4000 cm−1 full-band with a resolution of 1–2 cm−1; the laser
beam spot size was about 1 μm. The inclusions were analyzed for the
most common gases, monoatomic and polyatomic ions and molecules.

Hydrogen and oxygen isotope compositions were analyzed using a
MAT-253 stable isotope ratio mass spectrometer at the Beijing Research
Institute of Uranium Geology. Oxygen was analyzed using the BrF5
extraction technique and hydrogen was measured for vapors released
from fluid inclusions in quartz and calcite grains (with a weight of
approximate 2 g) by thermal decrepitation. Before hydrogen isotope
analysis, the sample was heated to between 100° and 200 °C to decre-
pitate majority secondary fluid inclusions and thereby largely eliminate
their contribution to the isotope composition. Carbon and oxygen iso-
tope compositions of calcites were measured using an IRMS (Isoprime)
stable isotope ratio mass spectrometer at State Key Laboratory of
Geological Processes and Mineral Resources (GPMR), CUGB. Carbon
was released as CO2 by reacting with phosphoric acid at 25 °C. Isotopic
ratios are reported in standard δ notation (‰) relative to SMOW for D-
O isotopes and PDB for C-O isotopes. The transformation between
SMOW and PDB references for O isotopes is
δ18OSMOW=1.03086δ18OPDB+ 30.86. Analytical precision was better
than±0.2‰ for δ18Ο, ± 2‰ for δD, and± 0.2‰ for δ13C.

The noble gas (He, Ar) isotope analyses were completed by a MI-
1201IG inert gas mass spectrometer at the Institute of Mineral
Resources, Chinese Academy of Geological Sciences (CAGS). Analytical
methods are similar to Kendrick and Burnard (2013). Approximately
200–1000mg of 0.5–1.0 mm grains were loaded into vacuo crushers
and baked on-line at< 150 °C for> 24 h to remove absorbed atmo-
spheric gases before crushing. Gases were released from the grains into
the all metal extraction system by sequential crushing in modified
Nupro type valves. The released gases were exposed to a titanium
sponge furnace at 800 °C for 20min to remove the bulk of active gases

Fig. 4. Summary of paragenetic stages for the Bianjiadayuan Ag-Pb-Zn mineralization.
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(i.e., H2O and CO2), and then exposed to two SAES Zr-Al getters (one at
room temperature, the other at 450 °C) for 10min for further pur-
ification. Helium was separated from argon using an activated charcoal
cold finger at liquid N2 temperature (−196 °C) for 40–60min to trap
argon. Gas abundances were measured by peak-height comparison with
known amounts of standard air from an air bottle. Procedural blanks
were< 2×10−10 cm3 STP 4He and (2–4)× 10−10 cm3 STP 40Ar, and
constituted<1% of analyzed samples. The blanks were too low to af-
fect calibration of the abundance measurements.

6. Results

6.1. Quartz textures

Scanning electron microscope-cathodoluminescence (SEM-CL) has
been used to reveal hydrothermal quartz textures of the studied deposit.
Quartz veins from ore stages II and III at Bianjiadayuan typically show
oscillatory euhedral growth zones (Fig. 5a and b), and many growth
textures are complex and commonly show signs of late healed fractures
(Fig. 5a–c). Several quartz samples in stage III associated with Ag mi-
neralization display very fine growth zones (Fig. 5c). Some quartz
crystals with euhedral growth zones can be cut by late relatively
homogenous quartz crystals (Fig. 5d), reflecting different sequences of
quartz precipitation from the ore fluid.

6.2. Fluid inclusions

Fluid inclusions were analyzed microthermometrically in quartz
and calcite from different ore stages (I–IV). Only fluid inclusions
deemed to be primary from their occurrence in individual grains
(Fig. 6a) or along growth zones (Fig. 6b) were selected for the micro-
thermometric studies, and each cluster or set of inclusions along a
growth zone was considered to represent a separate fluid inclusion
assemblage (FIA). The inclusions in the clusters and along growth zones
are elliptical, rod-shaped, rounded, irregular or display negative crystal
shapes, and range in length from 10 to 20 μm (Fig. 6). Fluid inclusions
occurring along fractures or grain boundaries in clusters and linear
arrays were considered secondary and were not analyzed micro-
thermometrically due to their possible late formation.

Fluid inclusions were classified on the basis of the phase relation-
ships observed at room temperature (Fig. 6). Three types of fluid in-
clusions were identified: (i) liquid-vapor inclusions (L-V, Fig. 6b, g, h),
which homogenize to liquid upon heating (they generally contain
∼60–80 vol% liquid); (ii) vapor-rich inclusions (V-L, Fig. 6a, e), which
homogenize to vapor (they typically contain>60 vol% vapor); and

(iii) monophase vapor or liquid aqueous inclusions (type V or L, Fig. 6c,
f). No CO2-rich fluid inclusions or clathrates were observed. All inclu-
sions types except the monophase inclusions are frequently observed in
the examined quartz and calcite samples (Fig. 6a, d), though their re-
lative proportions differ. Significantly, V-L and L-V type inclusions
commonly coexist along the same growth zone, providing evidence that
the ore fluid underwent phase separation (Fig. 6b, d).

Microthermometric measurements were mainly performed on L-V
and V-L type inclusions. Liquid-vapor homogenization and final ice
melting temperatures were determined for 32 FIAs from 224 fluid in-
clusions representing different ore stages (Fig. 7, Table 1). Micro-
thermometric analyses reveal that the homogenization temperatures of
FIAs in ore stages I to IV mainly range from 290° to 330 °C, 280° to
310 °C, 220° to 260 °C, and 130° to 190 °C, respectively (Fig. 7). Fluid
inclusion assemblages from different ore stages show average liquid-
vapor homogenization temperatures of 315 °C, 292 °C, 242 °C and
161 °C, respectively. Variations in salinity, calculated from the final ice
melting temperature (Tm) utilizing the equations of Brown (1989), were
documented for the four mineralized stages (Fig. 7, Table 1), i.e., from
stages I to IV, fluid salinities range from 4.3 to 11.1 (mostly are 4–7 and
average in 6.4), 2.1 to 6.5 (mostly are 2–4 and average in 3.7), 0.2 to
10.3 (mostly are 0–8 and average in 4.4), and 0.2 to 3.9 (mostly are 0–2
and average in 1.8) wt% NaCl equiv, respectively.

Laser Raman analyses of individual fluid inclusions indicate that the
vapor phase mainly consists of CH4 and CO2 (Fig. 8). Generally, fluids
in early stages are dominated by CH4 (Fig. 8a, b), whereas in sub-
sequent late stages fluids are dominated by CH4 and CO2 (Fig. 8c, d),
demonstrating that CO2 is common in late stage fluids. However, no
CO2-rich fluid inclusions were observed, although Raman analyses
showed that CO2 is present in the vapor.

6.3. Hydrogen and oxygen isotopes

Hydrogen and oxygen isotope compositions were obtained from
vein quartz and calcite in textural equilibrium with stages I to IV sul-
fides and sulfosalts. Since the hydrogen was not obtained from the OH
site in hydrous minerals, the risk of misinterpreting the origin of the
mineralizing fluid from the corresponding isotopic ratio was relatively
high. The analyzed δDH2O values display a narrow range, i.e., from
−139 to −106‰; whereas the measured δ18Omineral values display a
relatively large range, i.e., from −1.1 to +16.3‰ (Table 2). The cal-
culated δ18OH2O values for the ore fluid in equilibrium with quartz and
calcite from stages I to IV, utilizing the equations of quartz- and calcite-
water from Zheng (1993) and O’Neil et al. (1969), demonstrate an
overall decreasing trend during the hydrothermal fluid evolution, i.e.,

Table 1
Microthermometric fluid inclusion data for different stage veins in the Bianjiadayuan deposit.

Samples Elevation (m) Descriptions Ore stage N Th (°C) Salinity (wt% NaCl equiv)

BJ-01 693 Apy-bearing Qtz vein I 3 321–350 6.3–11.1
B12-30 730 Apy/Py-bearing Qtz vein I 2 287–332 5.8–7.3
BJ-12-10 680 Qtz vein in slate I 2 292–335 4.3–7.2
BJ12-78 592 Sulfide-bearing Qtz vein II 2 288–313 2.3–4.6
BJ-21 775 Pb-Zn mineralized Qtz vein II 2 275–302 4.2–6.5
BJ12-24 775 Pb-Zn mineralized Qtz vein II 1 260–282 4.3–6.2
BJ-35 655 Sulfide-bearing Qtz vein II 3 265–293 2.1–3.9
BJ12-44 735 Silver-bearing Qtz vein III 3 230–262 2.5–8.2
BJ12-81 606 Silver-bearing Qtz vein III 2 210–235 4.6–10.3
BJ12-25 775 Qtz vein in slate III 1 225–255 0.2–2.2
BJ-12-11 735 Qtz vein in slate III 1 201–236 2.2–4.3
BJ-06 695 Cal vein in slate IV 3 163–210 0.3–3.8
BJ12-26 775 Cal vein and veinlet IV 2 130–162 0.9–3.5
BJ-49 735 Calcite vein in slate IV 2 120–152 0.2–1.8
BJ-11 695 Cal vein and veinlet IV 1 145–165 2.1–3.9
BJ-41 775 Cal vein in slate IV 2 143–172 0.2–1.9

Abbreviation: Th=homogenization temperature, N= the number of analyzed fluid inclusion assemblages (FIA), Apy= arsenopyrite, Py= pyrite, Cal= calcite,
Qtz= quartz.
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10.7–12.1‰ for stage I, 4.0–7.7‰ for stage II, −3.3 to 1.4‰ for stage
III, and −16.4 to −9.2‰ for stage IV (Fig. 9).

6.4. Carbon and oxygen isotopes

A number of 15 calcite samples associated with stage IV bou-
langerite and illite were collected for measuring their C-O isotopes
(Table 3). The analyzed δ18OSMOW and δ13CPDB values for calcite sam-
ples range from −0.4 to 6.4‰ and −7.7 to −2.7‰, respectively
(Table 3).

6.5. Helium and argon isotopes

Noble gas abundance and isotopic data are listed in Table 4. The
analytical results show that 40Ar and 4He concentrations range from
10.39 to 42.46 E−8 cm3 STP g−1 and 3.94 to 121.28 E−8 cm3 STP g−1,
respectively. Measured 40Ar/36Ar ratios range from 310.7 to 520.4. The
36Ar/38Ar ratios of fluid inclusions in all analyzed samples are relatively
uniform and show a narrow range of 5.25–5.37 with an average of 5.31.
The 3He/4He ratios of fluid inclusions hosted in sulfides are mainly
from 1.52 to 3.06 Ra with an average of 2.47 Ra, where Ra represents
the 3He/4He ratios of the atmosphere with a value of 1.4× 10−6

(Mamyrin and Tolstikhin, 1984).

7. Discussions

7.1. Temperature-pressure conditions

Homogenization temperatures derived from microthermometric
measurements of fluid inclusions provide only a minimum estimate of
temperature at the time of fluid trapping. These temperatures represent
actual fluid trapping conditions for two-phase fluids in boiling system.
The coexistence of vapor-rich and liquid-rich fluid inclusions in one
growth zone is evidently suggestive of phase separation during ore
formation. Thus, the obtained microthermometric results enable to re-
present the actual fluid trapping conditions. Fluid inclusion

microthermometric results at Bianjiadayuan demonstrate that fluid
temperatures for stage II sulfides deposition range from 280° to 310 °C
(average 292 °C) and those for stage III Ag-bearing sulfosalts formation
range from 220° to 260 °C (average 242 °C) (Fig. 7). Furthermore, fluid
inclusion data for stage III Ag-bearing sulfosalt formation are compar-
able with freibergite crystallization temperatures (i.e., < 250 °C) on the
basis of its mineral compositions (Zhai et al., 2018b).

To constrain the pressure conditions of ore deposition in different
mineralizing stages, the ‘HOKIE FLINCS_H2O-NACL’ spreadsheet was
used to calculate fluid pressure (Steele-MacInnis et al., 2012). This
program can be used to determine properties of fluid inclusions that
homogenize to the liquid phase for the H2O-NaCl system and is gen-
erally valid from 21.2° to 700 °C, the LV curve to 6000 bar and 0 to
70wt% NaCl eqiv. The calculated results for stage I veins show the
highest hydrostatic pressures, typically ranging from 70 to 150 bars
(average 126 bars). In contrast, the constrained pressures for stage II
sulfide and stage III Ag-bearing sulfosalt formation mainly range from
50 to 100 bars (average 78 bars) and 20 to 60 bars (average 36 bars),
respectively. Finally, further cooling of hydrothermal fluids to tem-
peratures between 130° and 190 °C for the formation of late bou-
langerite-calcite veins was accompanied by hydrostatic pressures nor-
mally below 30 bars.

Based on fluid inclusion microthermometric results and relevant
calculations, we infer that stage II sulfide and stage III Ag-bearing
sulfosalt deposition at the Bianjiadayuan deposit predominantly oc-
curred at temperatures of 280° to 310 °C and 220° to 260 °C, and hy-
drostatic pressures of 50–100 bars and 20 to 60 bars, respectively.

7.2. Constraints on fluid source

Calculated oxygen isotope compositions of hydrothermal fluids in
equilibrium with quartz and calcite veins at Bianjiadayuan reveal that
stage I has δ18OH2O values ranging from 10.7 to 12.1‰, stage II from
4.0 to 7.7‰, stage II from −3.3 to 1.4‰, and stage IV from −16.4 to
−9.8‰ (Table 2), respectively. The early stage ore fluids (I and II) are
characterized by δ18OH2O values analogous to felsic magmas, though

Fig. 5. SEM-CL textures observed in the
Bianjiadayuan hydrothermal quartz. (a) Obvious os-
cillatory euhedral growth zones observed in stage II
hydrothermal vein quartz associated with sulfide
deposition, cut by CL-dark fractures (arrows in-
dicated); (b)-(c) Oscillatory euhedral fine growth
zones observed in stage III hydrothermal vein quartz
associated with Ag-sulfosalt deposition, cut by CL-
dark fractures (arrows indicated); (d) Quartz with
euhedral growth zones cut by late relatively homo-
genous quartz.

D. Zhai et al. Ore Geology Reviews 101 (2018) 1–16

8



Fig. 6. Photomicrographs of fluid inclusions in quartz and calcite veins at Bianjiadayuan. (a) Different quartz grains and their host primary V-L type inclusions from
stage I quartz veins; (b) Fluid inclusion assemblages of L-V and V-L types in different growth zones from stage III quartz veins; (c) The primary inclusions with
numerous secondary inclusions in parallel trails aligned along fractures in stage II quartz veins; (d) Fluid inclusion assemblages of L-V and V-L types with variable
vapor–liquid ratios from stage III quartz veins; (e) Primary two-phase V-L inclusions (V/L+V=60–80 vol%) from stage II quartz veins; (f) Primary V-L and V type
inclusions from stage III quartz veins; (g)–(h) Primary L-V type inclusions hosted in stage IV calcite veins.

Fig. 7. Homogenization temperature (a) and salinity (b) histograms for fluid inclusions from different stage veins.
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their δDH2O values display a relatively low range (Fig. 10). The obtained
δDH2O values suggest mixing and the involvement of meteoric water
into the ore fluid, which could lead to the lower δDH2O values. Alter-
natively, despite our attempt to remove secondary inclusions by heat
treating the samples prior to extracting the fluids for isotopic analysis, a
variable proportion of secondary inclusions probably failed to decre-
pitate and these contributed isotopically light meteoric water thereby
lowering the δDH2O value of the fluid that was extracted.

There is a distinguished decrease in δ18OH2O values with tempera-
ture decreasing during hydrothermal evolution at Bianjiadayuan
(Fig. 9). This is mostly related to a mixing with a meteoric fluid, which
is able to result in shifts towards more negative δ18OH2O values, as the
local meteoric waters have much lower δ18O values relative to the ore
fluids. A large completion of D-O isotope data for magmatic-hydro-
thermal deposits nearby the Bianjiadayuan deposit in the southern GHR
has been used for comparisons (Fig. 10). The data suggest that ore fluids

responsible for the Bianjiadayuan mineralization are characterized by
the addition of greater proportion of meteoric waters in late stages
when compared to other ore deposits in the region. The implications
from D-O isotopes are consistent with C-O isotopes. The obtained
δ18OSMOW and δ13CPDB values for waning stage calcites in the studied
deposit reveal that their isotopic compositions are very close to an ig-
neous source (Fig. 11a), and distinct from those for marine and sedi-
mentary sources (Fig. 11b), indicating that the studied carbonates are
genetically related to a magmatic-hydrothermal fluid. During fluid
evolution and cooling, the variations of carbon and oxygen isotope
compositions are most probably affected by meteoric water interaction
and mixing (Fig. 11b).

Thus, based on the D-O-C isotope compositions, a progressively less
magmatic component and increasing meteoric component are re-
sponsible for late stage mineral deposition. Accordingly, it is proposed
that the early stage ore fluids were typically dominated by magmatic

Fig. 8. Laser Raman spectra for fluid inclusions from the Bianjiadayuan deposit. (a)-(b) CH4-bearing vapor phase inclusions from stage II quartz veins; (c) CO2- and
CH4-bearing vapor phase inclusions from stage III quartz veins; (d) CO2- and CH4-bearing vapor phase inclusions from stage IV calcite veins.

Table 2
Hydrogen and oxygen isotope compositions of the ore fluids for the Bianjiadayuan deposit (‰).

Samples Host minerals Ore stage Temperature (°C) δDH2O-SMOW δ18Omineral-SMOW δ18OH2O-SMOW

BJ-01 quartz I 405 −112 15.1 10.7
BJ12-30 quartz I 393 −128 16.3 12.1
BJ-21-1 quartz II 311 −122 9.8 4.0
BJ12-24 quartz II 310 −109 13.5 7.7
BJ12-44 quartz III 249 −129 4.3 −3.3
BJ12-81 quartz III 223 −121 10.0 1.4
BJ-06 calcite IV 148 −132 2.5 −9.8
BJ-11 calcite IV 152 −139 0.4 −14.9
BJ-49 calcite IV 159 −121 1.6 −13.1
BJ-21-2 calcite IV 152 −126 −1.1 −16.4
BJ-36 calcite IV 152 −133 0.7 −14.6
BJ-12-25 calcite IV 157 −106 0.8 −14.1
BJ-12-39 calcite IV 152 −123 −0.4 −15.7

Note: The δ18OH2O values are calculated based on quartz-water and calcite-water oxygen isotope fractionation equations of Zheng (1993) and O'Neil et al. (1969),
respectively; temperature used in the calculations are derived from fluid inclusion microthermometric data.
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fluid, whereas the late stage ore fluids contained a significant propor-
tion of meteoric water.

The 3He/4He ratios of fluid inclusions extracted from sulfides ex-
hibit higher values (1.52–3.06 Ra) relative to those of continental crust-
derived He (i.e., 0.01–0.05 Ra, Stuart et al., 1995). Although the ob-
tained 3He/4He ratios of ore minerals in the deposit are not as high as
the subcontinental lithospheric mantle value (i.e., 6–7 Ra, Burnard
et al., 1999), their ratios clearly demonstrate a contribution of mantle-
derived fluid (i.e., magmatic fluid) in the Bianjiadayuan ore system. In
the 3He/4He versus 40Ar/36Ar (Fig. 12a) and 40Ar*/4He (Fig. 12b) plots,
the noble gas isotopic data confirm a significant contribution of mantle
helium into the Bianjiadayuan hydrothermal system. This identification
is consistent with the origin of ore fluids for several base metal vein

type ore deposits in the southern GHR (Fig. 12).
During the Early Cretaceous when several ore deposits formed in NE

China, the most significant tectonic process involved the subduction of
the Paleo-Pacific plate beneath the Eurasian plate and its subsequent
roll-back with regional lithospheric delamination (Zhang et al., 2010;
Wu et al., 2011). In such a tectonic setting, due to the addition of the
radiogenic helium from the lower/upper crustal materials, a mantle
fluid source would show helium isotopic ratios lower than the typical
MORB (i.e., 8 Ra; Ozima and Podosek, 2002). Hence, an initial 3He/4He
ratio of 6 Ra is assumed to be similar to the subcontinental lithospheric
mantle value for an enriched mantle fluid in NE China during the Late
Mesozoic (Zhai et al., 2015). Based on the equation of Anderson (2000),
the calculated He isotope values for the Bianjiadayuan deposit suggest a
range from 25 to 51% of mantle-sourced helium (Table 4). Conse-
quently, the He and Ar isotopic compositions reveal that the ore-
forming fluids responsible for main sulfide ore formation are dom-
inantly derived from a magmatic fluid with minor crustal fluid addition.

7.3. Fluid evolution

Fluid inclusion microthermometric results reveal a continuous
cooling of the ore fluid through time, as determined from decreasing
average temperatures from early to late ore stages. A trend of tem-
perature decrease with fluid salinity decrease is obvious from the Th
versus salinity plots (Fig. 13), indicating the occurrence of a fluid
mixing. The early fluid with characteristics of relatively high tem-
perature (i.e., 290–330 °C) and salinity is mostly related to the origin of
the ore-forming fluids from a felsic magma, as evidenced from the noble
gas isotope compositions of ore minerals. This is also consistent with
sulfur and lead isotope compositions of sulfides, which indicate the
origin of S, Pb and other metals from a felsic magma (Zhai et al.,

Fig. 9. δ18OH2O versus temperature plots for the Bianjiadayuan mineralizing fluids.

Table 3
Carbon and oxygen isotope compositions of calcites for the Bianjiadayuan de-
posit (‰).

Samples δ13CPDB δ18OPDB δ18OSMOW

BJ-07 −2.7 −23.7 6.4
BJ-12 −4.8 −29.0 1.0
BJ-50 −4.0 −27.8 2.2
BJ-41 −4.0 −30.3 -0.4
BJ-37 −3.8 −27.7 2.3
BJ12-04 −5.8 −28.4 1.6
BJ12-14 −6.1 −29.7 0.2
BJ12-19 −5.1 −28.8 1.1
BJ12-26 −5.6 −29.2 0.7
BJ12-30 −6.5 −26.7 3.3
BJ12-37 −6.9 −30.3 −0.4
BJ12-82 −7.7 −24.2 5.9
BJ12-88 −5.8 −29.6 0.3

Table 4
Noble gas compositions (E−8 cm3 STP g−1) and isotopic ratios of fluid inclusions trapped in sulfides from the Bianjiadayuan deposit.

Samples Minerals 40Ar 4He 40Ar/36Ar 36Ar/38Ar 3He/4He (1 0−7) 3He/4He (Ra) 40Ar* 4Hemantle (wt %)

BJ-12-27 Sphalerite 17.64 15.51 314.0 ± 0.2 5.28 ± 0.01 35.31 ± 0.63 2.52 1.04 41.9
BJ12-86-3 Pyrite 13.81 17.18 317.6 ± 0.3 5.37 ± 0.01 21.32 ± 0.88 1.52 0.96 25.3
BJ-1 Sphalerite 42.46 121.28 520.4 ± 0.6 5.32 ± 0.01 42.86 ± 0.97 3.06 18.35 50.9
BJ-2-2 Galena 10.39 3.94 310.7 ± 0.3 5.25 ± 0.01 38.75 ± 2.44 2.77 0.51 46.0

Note: Ra is the 3He/4He ratios of the atmosphere (1.4× 10−6, Mamyrin and Tolstikhin, 1984); 40Ar* is non-atmospheric 40Ar, which can be expressed as
40Ar*= 40Arsample− 295.5× 36Arsample; 4Hemantle values represent weight percent of mantle helium compared with crustal helium, which could be calculated as
4Hemantle (wt %)= 100[(3He/4He)sample− (3He/4He)crust]/[(3He/4He)mantle− (3He/4He)crust], assuming a mantle R/Ra=6.00 and crustal R/Ra=0.01 (Anderson,
2000).
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2018b). By contrast, the waning stage fluid with characteristics of re-
latively low temperature (i.e., 130–190 °C) and salinity (i.e., 0.2–2.0 wt
% NaCl equiv) is closely associated with addition of large volumes of
meteoric waters, consistent with D-O and C-O isotope signatures for late
stage carbonates (Figs. 10 and 11b). For stage III where abundant Ag-
bearing minerals formed, the fluid was marked with an increase in
salinity (i.e., from 0.2 to 10.3 wt% NaCl equiv) with drop in tempera-
ture (Fig. 13), which is suggestive of phase separation, i.e., fluid boiling.
Evidence for fluid phase separation is also provided by the coexistence
of liquid-rich and vapor-rich fluid inclusions in one growth zone
(Fig. 6b, d). At relatively shallow levels, the meteoric waters can easily
mix into the hydrothermal system as boiling of the ore fluid assists the
conduits to open, and increases permeability of host rocks.

In summary, fluid inclusion microthermometry indicates that vein
formation at the Bianjiadayuan hydrothermal system occurred at pro-
gressively lower temperature and pressure. Hydrothermal fluid cooling,
phase separation, and mixing with meteoric waters are advocated as the
important causes for ore deposition.

7.4. Genetic model and exploration implications

A genetic model of a magmatic-hydrothermal origin is proposed for
formation of Ag-Pb-Zn veins at Bianjiadayuan district (Fig. 14), which is
supported by the following collective lines of evidences. Field

investigation identified that the Ag-Pb-Zn veins occurred adjacent to a
Sn ± Cu ± Mo mineralized porphyry intrusion within several hun-
dred meters (Fig. 2a), demonstrating a close spatial association between
those two mineralization types. Furthermore, clear alteration (i.e., from
porphyry center outwards showing potassic, phyllic and propylitic al-
teration) and metal zonation (i.e., Sn ± Cu ± Mo, Sn-Zn to Ag-Pb-Zn;
Wang et al., 2014) that have been identified in the ore district reveal a
porphyry ore system. Sulfur and lead isotope compositions indicate the
origin of sulfur, lead and other metals from a magma (Zhai et al.,
2018b), which is consistent with the noble gas isotopes displaying
evidence of a magmatic fluid responsible for the vein type ore forma-
tion (i.e., R/Ra values of 1.52–3.06) (Fig. 12). The present studies of D-
O-C isotopes and fluid inclusion indicate that the early stage ore fluids
were typically dominated by a magmatic fluid, whereas fluids for late
stage contained a significant proportion of meteoric waters (Figs. 10
and 11b). Geochronological studies reveal that the porphyry miner-
alization with molybdenite Re-Os ages of 140.0 ± 1.7Ma is indis-
tinguishable within error from Ag-Pb-Zn vein mineralization with a
sericite 40Ar/39Ar age of 138.7 ± 1.0Ma (Zhai et al., 2017). Both local
porphyry type and vein type mineralization occurred at Bianjiadayuan
district is attributed to the fluids released from the porphyry magma.
This has also been suggested for the formation of some ore deposits in
the GHR (i.e., the Weilasituo ore district with porphyry Sn and Cu-Zn-
Ag vein type mineralization, Wang et al., 2017) as well as other region

Fig. 10. δ18O versus δD isotope compositions of the
Bianjiadayuan mineralizing fluids. The field of felsic
magma and meteoric water line are from Hedenquist
and Lowenstern (1994) and Hoefs (2009), respec-
tively. The field representing of the D-O isotope
compositions of ore fluids for deposits in the GHR is
from Ouyang et al. (2015).

Fig. 11. δ18O versus δ13C isotope compositions of late stage calcites in the Bianjiadayuan deposit. (a) Genetic type for calcite formation (based on Liu et al., 2016b);
(b) Geological events responsible for carbon and oxygen isotope variations (based on Demény et al., 1998; Liu et al., 2004).
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(i.e., the Plaka ore district with porphyry and vein type mineralization,
Voudouris et al., 2008).

In summary, an integrated evidences of geological, multiple isotope,
fluid inclusion and geochronological investigations consistently support
a close spatial-temporal-genetic relationship between local Ag-Pb-Zn
mineralized veins and Sn ± Cu ± Mo mineralized porphyry intrusion
at Bianjiadayuan ore district. Thus, a magmatic-hydrothermal model
for Ag-Pb-Zn vein formation at Bianjiadayuan district is established
(Fig. 14), indicating that the local porphyry Sn ± Cu ± Mo miner-
alization and Ag-Pb-Zn veins are genetically related. This model is
helpful for ore exploration and targeting in the region. Future ore ex-
ploration in the district should target potential Ag-Pb-Zn veins in the
western part of the ore distinct, as the current mining of these veins
dominantly focus on the eastern part. Exploration targeting should give
emphasis to altered areas along with faults (or crosscutting faults),
which are highly favorable for such vein type mineralization, spatially
close to the porphyry intrusion.

8. Conclusions

The available geological, multiple isotope, geochronological and
fluid inclusion investigations of Ag-Pb-Zn mineralized veins at

Bianjiadayuan ore district provide compelling evidences that ore-
forming fluids were genetically related to a Sn ± Cu ± Mo miner-
alized porphyry intrusion. Stable (D-O-C) and noble gas isotope com-
positions consistently indicate the origin of ore-forming fluids from a
typical magmatic-hydrothermal fluid. Fluid inclusion studies reveal
that the Ag-Pb-Zn vein formation at Bianjiadayuan occurred at pro-
gressively lower temperature and pressure. Fluid cooling, phase se-
paration, and mixing with meteoric waters are advocated as the im-
portant factors for ore deposition. In combination, the present data for
the Bianjiadayuan ore district suggest a genetically related porphyry
ore system with proximal porphyry type Sn ± Cu ± Mo mineraliza-
tion and peripheral Ag-Pb-Zn veins, which is a useful concept for local
and regional Ag-Pb-Zn exploration targeting.
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