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The Anjiayingzi gold deposit is hosted by the Jiguanzi QuartzMonzonite in the footwall of the KalaqinMetamorphic
Core Complex (MCC) at Chifeng in the northern part of the North China Craton (NCC). An earlier (ca. 135–125Ma)
top-to-the-NE ductile–brittle shear and a later (ca. 121 Ma) top-to-the-NW and SE brittle detachment normal
faulting are recognized around the KalaqinMCC. The Jiguanzi QuartzMonzonite intruded the footwall of the Kalaqin
MCC at ca. 133± 1Mawith crystallization temperatures of 640–691 °C, pressures of 167–271MPa and an average
depth of 8.6 km. Gold veins in the Anjiayingzi gold deposit are hosted by the monzonite and controlled by
theNE-trending brittle–ductile and brittle fault zones. These ore-bearing faults are products of a regional sinistral
shearing event coinciding with the earlier top-to-the-NE ductile–brittle shear at the Kalaqin MCC. The ore of the
Anjiayingzi deposit is characterised by its low Au/Ag ratio (b1) and high sulphide content (4–30 vol.%). The
assemblage associated with gold mineralization consists of: (1) quartz–coarse-grained pyrite; (2) quartz–fine-
grained pyrite; (3) quartz–polymetallic sulphide; and (4) quartz–carbonate. The ore formed at 245–358 °C
from a H2O–CO2–NaCl fluid system with salinities of 1.3–15.6 wt.% NaCl equiv. Trapping pressures of ore fluids
were 50–110 MPa, corresponding to an average depth of ~2.5 km under a lithostatic load and ~7.5 km under a
hydrostatic load. Fluid mixing and immiscibility are potential causes for the rapid precipitation of sulphides car-
rying Au. The stable isotope δD (−80.3 to−96.5‰) and δ18OH2O (3.7 to 5.5‰) of the ore fluids, the consistent Pb
isotope compositions between the ore-bearing sulphides and K-feldspar from the Jiguanzi Quartz Monzonite,
and a N2 billion year time gap between the goldmineralization and metamorphism of the basement all indicate
that the mineralizing fluids and metals are derived from a concealed intrusion near the major eastern Louzidian
Fault in the Kalaqin MCC. This proposal is supported by the presence of mafic magmatic enclaves and rhyolite
dykes in the Jiguanzi Quartz Monzonite, and higher average Thtotal (322 °C) and δ34S (2.4‰) of Eastern veins
than those of Western veins (with a Thtotal of 287 °C and δ34S value of 0.3‰). The ca. 133–126 Ma gold mineral-
ization at Anjiayingzi was formed during rapid cooling of ca. 133–126Ma Jiguanzi QuartzMonzonite at a cooling
rate of 42–71 °C/Ma, and fast exhumation and cooling of the Kalaqin MCC between ca. 135 and 121 Ma at a
cooling rate of 30 °C/Ma. This process was accompanied by fluid immiscibility and mixing within the structural
transition from ductile–brittle to brittle deformation with resultant fluid-pressure fluctuations between the
supra-hydrostatic and hydrostatic regimes.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Numerous vein-gold deposits are located along the margins of the
North China Craton (NCC), which have been historical sources for gold
(Fig. 1a; Goldfarb and Santosh, 2014; Li et al., 2012a; Yang et al.,
2003). Many of these deposits have a close spatial association with
hina University of Geosciences,
ubei Province, China. Tel.: +86

2@gmail.com (L. Fu).
metamorphic core complexes (MCCs), uplifted Precambrian rocks, and
crustal–mantle derived granites (Figs. 1 and 2; Charles et al., 2013; Fu
et al., 2012b; Goldfarb and Santosh, 2014; Li et al., 2012a; Yang et al.,
2003). Large examples of gold deposits in the northern NCC are the
Anjiayingzi, Jinchanggouliang, and Paishanlou gold deposits from the
Chifeng–Chaoyang gold field (Figs. 1a–b and 2). Anjiayingzi is located near
the JiguanziQuartzMonzonite in theKalaqinMCC, Jinchanggouliang is located
near the Duimiangou Intrusion in theNulu'erhuUplift, and Paishanlou is near
the Dashitougou Intrusion in the Yiwulüshan MCC (Fig. 1b; Fu et al., 2012b;
Miao et al., 2003; Sun et al., 2012; Zhang et al., 2005). Other deposits include
Wulong close to the Sanguliu Granite in the Liaonan MCC of northeastern
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NCC (Liu et al., 2013; Wei et al., 2002), and the well-known Jiaojia and
Linglong gold deposits in the Jiaodong gold field located near the Guojialing
Granite in the Linglong MCC (Charles et al., 2011, 2013). Similarly, more
than40golddeposits in theXiaoqinlinggoldfieldof southernNCCare located
in and around the Huashan, Wenyu and Niangniangshan granites in the
XiaoqinlingMCC (Li et al., 2012a; Zhao et al., 2012; Zhou et al., 2014).

Temporally, the Early Cretaceous (ca. 130 and 110 Ma) large-scale
gold deposits appear to be contemporaneous with the formation of
the MCCs (e.g., Wang et al., 2011; Zhu et al., 2012), magmatism
(e.g., Wu et al., 2005), and formation of the extensional basins
(Fig. 1a–b; Meng, 2003; Zhu et al., 2012). They are interpreted to result
from lithospheric thinning and destruction of the NCC in an extensional
regime (Goldfarb and Santosh, 2014; Li and Santosh, 2014; Li et al.,
2012a; Mao et al., 2008; Yang et al., 2003; Zhai and Santosh, 2013).

Typical MCCs from the NCC have three essential components. These
are: (1) a master shallow- to moderate-dipping detachment fault; (2) a
footwall consisting of fault-related mylonitic rocks, and (3) a hanging
wall of upper crustal basement rocks (Davis and Zheng, 2002;
Whitney et al., 2013). The master detachment fault generally extends
Fig. 1. Simplified geologyof: (a) the eastern Chinawith theWestern Block, Trans-North China Or
Chaoyang gold field showing the distribution of the Early Cretaceous MCCs, Mesozoic granites,
showing sample locations of the Jiguanzi QuartzMonzonite. The ellipseswith arrows (1–7) and
Yunmengshan, Kalaqin, Yiwulüshan, Liaonan, Linglong and XiaoqinlingMCCs, respectively (Cha
Chaoyang, II— Liaodong, III — Jiaodong, IV— Luxi, V — Xiaoqinling–Xiongershan.
to mid-crustal depths or below the brittle–ductile transition zone at a
depth of ~10–15 km where quartz becomes plastic (Davis and Zheng,
2002). Mylonitic rocks in the footwall are often formed at greenschist–
amphibolite facies conditions at temperatures of ~400–550 °C (Davis
and Zheng, 2002; Yao et al., 2007). The initiation and exhumation of
MCC started with hot ductile deformation, which gradually changed to
cool brittle deformation accompanied by transfer of heat and material
from deeper to shallow levels (Whitney et al., 2013). Interestingly,
most gold deposits from the NCC are also in association with brittle to
brittle–ductile faults (Goldfarb and Santosh, 2014; Hart et al., 2002; Li
et al., 2012a), which are located near or within MCCs. Based on the
close spatial relationships and the similar structural regimes described
above, the large-scale gold mineralization and MCC development may
be genetically associated, and they are probably both related to regional
magmatism.

The relationship between MCC exhumation, magma cooling and
gold mineralization from the NCC has not been adequately described,
though there are some references touching on this issue (Charles
et al., 2011; Yang et al., 2014). The contemporaneous occurrences of
ogen and Eastern Block of theNCC (Fu et al., 2012b; Zhao and Zhai, 2013); (b) theChifeng–
and gold deposits (Fu et al., 2012b; Yang et al., 2003); and (c) the Anjiayingzi gold deposit
ages in (a) represent locations, extension directions and formation ages of the Daqingshan,
rles et al., 2013; Lin et al., 2013b; Yang et al., 2007). Gold fields: I— Zhangjiakou–Chifeng–
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the Anjiayingzi gold deposit, Jiguanzi Quartz Monzonite and Kalaqin
MCC provide a case for investigation. In this contribution, we present
new zircon U–Pb dates for the monzonite, and temperature–pressure–
depth estimates for both the intrusion and associated Anjiayingzi gold
deposit from the Kalaqin MCC. In combination with the geology of
the deposit, ore fluid geochemistry, and previous geological and
thermochronometric data for the Kalaqin MCC, this information is
used to help decipher the relationships between gold mineralization,
magmatism and MCC development, and further provide constraints
on the mineralization process responsible for vein gold deposition in
the region.

2. Geological setting

2.1. Geology of the NCC

Precambrian units are extensive in the NCC andmake up the granu-
lite to amphibolite facies mafic to felsic volcanic and sedimentary rocks
that up to ca. 3.8 Ga (Jahn et al., 1987; Wu et al., 2008). The Hingan–
Mongolian or Central Asia Orogen binds the NCC to the north, the
Qinling–Dabie–Sulu Fold Belt to the south, and the Mesozoic Paleo-
Pacific/Izanagi plate to the east and southeast (Fig. 1a; Maruyama
et al., 1997; Zhu et al., 2012).

The NCC is subdivided into the Eastern Block, Trans-North China
Orogen and Western Block (Fig. 1a; Zhao et al., 2001). The Neoarchean
units in the Eastern and Western blocks include 2.8–2.7 Ga and
2.6–2.5 Ga tonalitic–trondhjemitic–granodioritic (TTG) gneisses and
mafic to komatiitic rocks (Zhai and Santosh, 2011; Zhao and Zhai,
2013). The intervening Trans-North China Orogen is a collisional belt
along which the Eastern and Western blocks were assembled to form
the NCC during the Paleoproterozoic (Zhao and Zhai, 2013). Two
Paleoproterozoic assemblages recently recognized are the Khondalite
Belt in the Western Block and the Jiao–Liao–Ji Belt in the Eastern Block
(Fig. 1a; Zhai and Santosh, 2011; Zhao and Zhai, 2013). Althoughmodels
for the final assemblage of Precambrian terranes to form the NCC are
still controversial, most researchers propose that the “cratonization”
ended after the major Paleoproterozoic orogenies across the NCC, as
evidenced by the subsequent 1.80–1.78 Ga mafic dyke swarms and
the Late Paleoproterozoic to Neoproterozoic multiple rift basins (Zhai
and Santosh, 2011).

The NCC was reactivated during the Paleozoic–Mesozoic along the
northern and southeastern margins. The Central Asia Orogen collided
with the craton to the north during the Middle Triassic resulting in the
closure of the Paleo-Asian Ocean (Fig. 1a; Chen et al., 2009; Fu et al.,
2012a; Xiao et al., 2009; Zhang et al., 2009). The Qinling–Dabie–Sulu
Fold Belt to the south also developed during the Triassic in response to
the collision of Yangtze Cratonwith theNCC (Zheng et al., 2012). During
this period, the NCC was subjected to intense compressional deforma-
tion that relaxed and led to extensional deformation during the late
Jurassic to early Cretaceous (Davis et al., 1998; Kusky et al., 2007; Lin
et al., 2013a). As a result of this change in deformation regime, the ex-
tensional deformation rotated clockwise from WNW–ESE in the Early
Cretaceous to NW–SE in the latest Early Cretaceous (Zhu et al., 2012).
The clockwise change in the extension direction is consistent with the
shift in the movement direction of the subducted Paleo-Pacific/Izanagi
block (Sun et al., 2007; Tan et al., 2007; Zhu et al., 2012).

2.2. Geology of the Chifeng–Chaoyang gold field

The Chifeng–Chaoyang goldfield is located in the northern part of the
NCC and comprises the NE-trendingMingshan andNulu'erhu uplift belts
and the Kalaqin and Yiwulüshan MCCs, which consist of Precambrian
rocks intruded by Triassic to Cretaceous granites (Fig. 1a–b; Davis
et al., 1998). The Precambrian rocks include the Neoarchean to
Paleoproterozoic Jianping Group, which consist of ca. 2555–2550 Ma
sedimentary and volcanic sequences, and ca. 2538–2495 Ma TTG
gneisses with different degrees of migmatization (Lin et al., 2013a; Liu
et al., 2011). These successionsweremetamorphosed to granulite facies
at ca. 2485 Ma and were retrogressed to greenschist facies between ca.
2450 and 2401 Ma (Liu et al., 2011). The Triassic magmatism is
characterised by ca. 227 Ma shoshonitic dykes from the Nulu'erhu Uplift
and may be the result of closure of the Paleo-Asian Ocean (Fu et al.,
2012a). The Early Cretaceous intrusions are more widespread, such as
the Jiguanzi Quartz Monzonite in the Kalaqin MCC (Fig. 2), the
Duimiangou Intrusion in theNulu'erhuUplift (near the Jinchanggouliang
deposit, Fig. 1b; Fu et al., 2012b; Miao et al., 2003), and the Dashitougou
Intrusion in the Yiwulüshan MCC (near the Paishanlou deposit, Fig. 1b;
Sun et al., 2012; Zhang et al., 2005).

About 50 gold deposits and prospects in the Chifeng–Chaoyang gold
field are located either in Mesozoic granites or in the hornfels zones de-
veloped between the granites and the country rocks (Fig. 1b; Yang et al.,
2003). Most of these deposits comprise auriferous quartz and sulphide-
gold ores located in NE-trending faults. The Jinchanggouliang deposit in
the Nulu'erhu Uplift has a molybdenite Re–Os age of 131± 1Ma (Hou,
2011); and the Paishanlou deposit in the Yiwulüshan MCC has a biotite
Ar–Ar age of ca. 127Ma (Zhang et al., 2005). Thus, the timing of the gold
in the Chifeng–Chaoyang field appears to be Early Cretaceous in age.

2.3. Geology of the Kalaqin MCC

The KalaqinMCC extends northeast for a distance of 150 kmand over
a width of 40 km (Figs. 1b and 2a). The eastern Louzidian and western
Jinshan–Meilin faults, interpreted as detachment faults, separate a crys-
talline footwall consisting of mylonitic gneiss and orthogneiss from the
overlying non-mylonized gneiss and relatively non-deformed Early
Cretaceous volcanic and sedimentary rocks, which were located in
the eastern Pingzhuang and western Xiaoniu rift-basins (Fig. 2a; Han
et al., 2001; Lin et al., 2013a). The core of the MCC consists of ca.
2555–2495 Ma metamorphosed sedimentary and volcanic rock se-
quences and TTG orthogneiss assigned to the Jianping Group. These
rocks were metamorphosed between ca. 2485 and 2401 Ma (Liu et al.,
2011), and are intruded by the Permian Guojiadian Granite, Triassic
(ca. 231–204 Ma) Majiazi composite plutons, Jurassic (ca. 156 ± 2 Ma)
Maanshan Granite, and Cretaceous (ca. 138–132 Ma) Jiguanzi Quartz
Monzonite (Li et al., 2004b; Ouyang, 2010).

Previous studies of provenance and paleocurrent in the overlying
rift-basins indicate that there were two periods of infill. The early
input was from the southwest margin of the basins, and the later de-
posits were derived from the core of theMCC and transported outwards
to the northwestern and southeasternmargins of the complexes (Wang
et al., 2004).

The characteristics of the eastern Louzidian and western Jinshan–
Meilin faults are similar except for their different scales and opposite
dips (southeastern and northwestern, respectively). Both faults strike
NNE with dip angles of 20°–40°. From bottom to top, the faults include
~3 km thick ductile and ductile–brittle shear zone, ~100 m thick brittle
chloritic breccia, ~0.5 m thickmicrobreccia, and fault gauges (Fig. 2a–b;
Han et al., 2001; Wang et al., 2004; Wang and Zheng, 2005). Vertically,
each of these structural elements was superposed on the earlier one.
The eastern zone is characterised by a SE-dipping foliation and the
western zone by a NW-dipping foliation, but both with a common NE-
trendingmineral elongation lineation. The mineral lineation, asymmet-
ric porphyroclasts and S–C fabrics in shear zone all show a top-to-the-
NE shear sense (Fig. 2a and c; Han et al., 2012; Wang et al., 2004,
2011; Zhang et al., 2002). The Rb–Sr isochron and Ar–Ar (K-feldspar,
biotite and hornblende) ages for mylonitic rocks indicate that these
ductile and ductile–brittle deformations were generated between ca.
135 and 125 Ma (Liu et al., 2003; Wang and Zheng, 2005; Zhang et al.,
2002). The initial ductile shear indicates that it formed at a depth of
18–20 km, corresponding to epidote–amphibolite facies conditions
(450–550 °C, 540 MPa) (Wang et al., 2011 and references therein).
The normal faults were developed along the two ductile shear zones
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and show a top-to-the-NWand SE brittle shear sense (Wang and Zheng,
2005; Wang et al., 2004, 2006). Chlorite K–Ar dating indicates that the
transition from top-to-the-NE to top-to-the-NW and SE shearing
began at ca. 121 Ma (Wang et al., 2006). The change of the shear
sense is also supported by the provenance and paleocurrent
direction analysis in the rift-basins (Wang et al., 2004). Kinematic
vorticity measurements show that the Louzidian shear zone is a result
of a combination of early simple-shearing and a late pure-shearing
(Li et al., 2010).
Fig. 2. The Kalaqin MCC: (a) Structural map with the available radiometric ages (Wang and
(c) equator projection of mylonite foliation and mineral elongation lineation (Han et al., 201
(a) for the earlier fault (1), detachment systems (2–9 and 16), and intrusions (10–15) are: 1
fault; 2–3 — biotite, K-feldspar, plagioclase, and whole rock Rb–Sr isochron dating of myl
rocks (Zhang et al., 2002); 6–9 — biotite and hornblende Ar–Ar dating of mylonitic rocks (W
2010); 15 — single zircon U–Pb dating for intrusion by VG 354 mass spectrometer (Li et al., 20
red circles and blue triangles in (c) denote the pole of mylonite foliation and lineation, respect
3. Geology of the Anjiayingzi gold deposit

The Anjiayingzi gold deposit, also called the Dashuiqing or
Jinchanshan gold deposit, is hosted by the Jiguanzi Quartz Monzonite
and located in the footwall of the Kalaqin MCC (Figs. 1c and 2).
Northeast-trending, sinistral brittle–ductile and brittle faults host
the gold veins of the deposit. These faults appear to be spatially and
temporally related to the regional top-to-the-NE ductile–brittle shear
in the Kalaqin MCC.
Zheng, 2005); (b) cross-section for the northern Kalaqin MCC (Shao et al., 2001); and
2; Wang and Zheng, 2005). The dating methods and data source of the isotopic ages in
— biotite, K-feldspar, plagioclase, and whole rock Rb–Sr isochron dating of the Triassic

onitic rocks (Liu et al., 2003); 4–5 — K-feldspar and biotite Ar–Ar dating of mylonitic
ang and Zheng, 2005); 10–14 — LA–ICP–MS zircon U–Pb dating of intrusion (Ouyang,
04b); 16 — chlorite K–Ar dating of brittle chloritic breccia zone (Wang et al., 2006). The
ively.
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3.1. Country rocks, intrusive rocks, and structures

Archean biotite–plagioclase gneiss, hornblende–plagioclase gneiss
and subordinate marble that are assigned to the Jianping Group host
the Anjiayingzi gold deposit and the elliptical medium- to coarse-
grained Jiguanzi Quartz Monzonite, which is also called the Anjiayingzi
Granite (Fig. 2a). Themonzonite is grey to pink in colour and consists of
plagioclase (26–33 vol.%), perthitic K-feldspar (30–40 vol.%), quartz
(10–15 vol.%), biotite (4–6 vol.%) and amphibole (3–5 vol.%), with
minor amounts of Fe–Ti oxides, zircon, titanite and apatite. The plagio-
clase forms subhedral laths with occasional albite and Carlsbad–albite
combined twinning, amphibole and biotite are often subhedral to
euhedral, and magmatic enclaves with heterogranular texture in the
pluton are ubiquitous. In addition, rhyolite dykes hosted by NE-
trending mineralized fault zones are widely distributed in the eastern
Nandawa and Loufengmao (Figs. 1c and 3b). Field observation shows
that most of the dykes cut the orebodies, but some of them are also
pyritized, suggesting that the emplacement of dykes is at least slightly
younger than the gold mineralization.

Abundant brittle and brittle–ductile faults are up to several
kilometres long, and up to ~40 m wide (Figs. 1c and 3). The faults are
commonly en-echelon (Fig. 3c–d), trend northeast and dip 30°–65° SE.
Fig. 3. The western 52 (a) and eastern 13 (b) cross-sections showing the occurrence and morp
geometric and textural features of the Western and Eastern gold veins hosted by faults in th
945 m level at the Loufengmao, respectively.

Fig. 4. Photographs (a–b) and reflected-light photomicrographs (c–h) of ore from the Anjiayin
(c) typical morphology and texture of the pyrite in the gold ore; (d–f) assemblages of polyme
of native gold; and (h) supergene sulphide minerals. Abbreviations: Py — pyrite, Ccp — cha
Chl — chlorite.
A few N-trending and steep tensional mineralized fractures are devel-
oped in the Laohudonggou and Anjiayingzi. The orientations of the
fault sets are indicative of a regional sinistral shear displacement with
a principal compressional stress direction of NNW–SSE. This sinistral
shear sense spatially and temporally coincides with the regional top-
to-the-NE ductile–brittle shear at the Kalaqin MCC. This observation is
consistent with previous structural studies in the region (Fang and
Tong, 1995; Trumbull et al., 1996). Moreover, all of the faults cut the
Early Cretaceous Jiguanzi Quartz Monzonite and are locally intruded
by the rhyolite dykes, especially in the Nandawa–Loufengmao area
(Fig. 3b).

3.2. Mineralization and alteration

The economically significant orebodies at Anjiayingzi were discov-
ered between 1979 and 1996, and are presently being mined under-
ground. The total reserves measured in the late 1990s were 1.32 Mt at
13.9 g/t Au, with bonanza clusters of up to 769 g/t Au in the Nandawa
area (Fig. 1c; Li, 2000).

The gold veins at Anjiayingzi are controlled byNE-trending faults, and
almost exclusively hosted by the Jiguanzi Quartz Monzonite. The contact
between gold veins and wall rocks is sharp, although the hydrothermal
hology of major gold veins at the Anjiayingzi gold deposit. Parts (c) and (d) illustrate the
e Jiguanzi Quartz Monzonite; and they are located in the 632 m level at the Yangpo and

gzi gold deposit: (a) the Western gold ore; (b) the Eastern disseminated mineralization;
tallic sulphide minerals in the major metallogenic stage; (g) occurrence and morphology
lcopyrite, Gn — galena, Au — native gold, Qz — quartz, Cv — covellite, Mal — malachite,



227L. Fu et al. / Ore Geology Reviews 73 (2016) 222–240



228 L. Fu et al. / Ore Geology Reviews 73 (2016) 222–240
alteration halosmay develop outside of themain veins (Fig. 4a–b). These
gold veins can be divided into two parts spatially: theWestern and East-
ern veins (Fig. 1c). The Western veins are located around the
Laohudonggou and Yangpo, with mineralized zones commonly trending
015°–035° and dipping 40°–60° SE (Figs. 1c and 3a). Single veins of them
extend for ca. 70 to 450 m along strike with a width of 0.4 to 1.5 m and
continue ca. 10 to 80 m downplunge (Fig. 3a and c). These veins are
hosted by brittle fractures, and they consist of en-echelon auriferous
quartz–sulphide veins (Fig. 4a) that are parallel to faults spaced
~40–70 m apart (Fig. 3c). The Eastern veins are located in the Nandawa
and Loufengmao dominantly where they are hosted by a ~6 km long
fault trending 025°–030° NE and dipping 55°–65° SE (Figs. 1c and 3b).
Single veins of them extend for ca. 10m tomore than 400m along strike
and continue 10 to 200mdownplunge,withwidth of 0.5 to 7.6m (Fig. 3b
and d). The Eastern veins hosted by the brittle–ductile faults are also lo-
cally en-echelon (Fig. 3d), and consist of disseminated mineralization
with subordinate quartz–sulphide veins (Fig. 4b). Although the ore-
bearing faults hosting the Western and Eastern gold veins are different,
all mineralization developed preferentially in the dilational jogs and
changes along strike within the fault zones.

The auriferous quartz–sulphide veins from the Western veins
contain 4–30 vol.% sulphides including pyrite and minor amounts of
chalcopyrite, galena, sphalerite and rare molybdenite. In contrast, the
veins in the Eastern area only contain small amounts of sulphides
(Figs. 4a–g and 5a–c). Secondary malachite and covellite are common
in the surface portion of the major veins (Fig. 4h), and minor amounts
of tetradymite, boulangerite and pyrrhotite have been reported in the
Anjiayingzi deposit (Trumbull et al., 1996).

Two types of pyrite have been recognized. The first type is euhedral
to subhedral, coarse-grained with a crystal diameter of up to 5 mm,
forming isolated crystals; this type is typicallymicro-fractured andfilled
with chalcopyrite, galena and sphalerite (Fig. 4d–g). The second type is
commonly euhedral, fine-grained and forms cubes with a diameter of
up to 100 μm (Fig. 4c). Native gold and electrum (5–100 μm) is present
in microfractures where pyrite, chalcopyrite, galena and sphalerite co-
exist (Fig. 4g). Gold fineness, determined by SEM-EDS microanalysis,
is in the range of 700–850. The veins from Anjiayingzi contain several
percent base-metal, and have lowAu/Ag ratios (b1) and arsenic content
(b54 ppm)with rare arsenopyrite (Trumbull et al., 1996). These charac-
teristics are different from typical orogenic gold deposits from other
terranes in the world (Goldfarb et al., 2005).

Hydrothermal alteration halos are well developed around the gold
veins with width of several centimetres to the metre scale. The assem-
blages of K-feldspar, albite, quartz and sericite were formed during
the early stage of alteration. They are distal to the auriferous veins or
locally captured or cut by the later epidote–chlorite assemblages and
quartz–sulphide veins (Fig. 5a–d). Sericite is commonly an alteration
product of plagioclase and K-feldspar in the wall rock (Fig. 5e). An
assemblage of chlorite–epidote (–sericite) is developed proximal to
the quartz–sulphide veins and overprints the earlier stage assemblages
of K-feldspar–albite–quartz (Fig. 5c–e). Calcite, ankerite, and minor
amounts of quartz crystallized in the latest stage of alteration and
overprinted the earlier alteration assemblages (Fig. 5d). Mass-balance
calculations indicate that the hydrothermal alteration may have
removed Na, Ca, Sr and Ba from the Jiguanzi Quartz Monzonite host,
and added Mn, K, Rb, S, CO2, Au, Cu, Pb and Zn (Trumbull et al., 1996).

Based on the mineralogy and textural relationships described
above, the following hypogene stages are recognized in the
mineralization process: (1) quartz–coarse-grained pyrite;
(2) quartz–fine-grained pyrite; (3) quartz–polymetallic sulphides;
and (4) quartz–carbonate.

4. Sampling and analytical methods

Sample JY1was collected from the Yangpo area for geochronological
and geochemical studies (Fig. 1c). Zircons were extracted from the
sample using the density andmagnetic separation technique at the lab-
oratory of Langfang Regional Geological Survey Institute in the Hebei
Province of China. Cathodoluminescence (CL) images were obtained
in the electron microprobe laboratory at the State Key Laboratory of
Geological Processes and Mineral Resources (GPMR), China University
of Geosciences (CUG), Wuhan. Zircon U–Pb dating and trace element
analyses were conducted synchronously using a laser ablation induc-
tively coupled plasma mass spectrometry (LA–ICP–MS) at GPMR with
a spot size of 32 μm. Laser sampling was performed using a 193-nm
GeoLas 2005. An Agilent 7500a inductively coupled plasma mass
spectrometry (ICP–MS) instrument was used to acquire ion-signal
intensities. Each analysis incorporated a background acquisition of ap-
proximately 20–30 s (gas blank) followed by 50 s of data acquisition
from the sample. Zircon 91500 was used as an external standard
for U–Pb dating and was analysed twice every five analyses. Detailed
operating conditions for the laser ablation system and the ICP–MS
instrument are the same as described by Liu et al. (2008, 2010).
ICPMSDataCal was used for off-line selection and integration of back-
ground and analytical signals, and time-drift correction and quantita-
tive calibration for trace element analyses and U–Pb dating (Liu et al.,
2008, 2010). Concordia diagrams and weighted mean calculations
were made using Isoplot Version 3 (Ludwig, 2003).

All electron probe microanalyses (EPMA) of hornblende and plagio-
clase were carried out at GPMR with a JEOL JXA-8100 Superprobe. The
operating settings were at a 15 kV accelerating voltage, 20 nA beam
current, and 1 μm beam diameter. The sample locations for JY1 and JY7,
used in EPMA, are illustrated in Fig. 1c. The Jiguanzi Quartz Monzonite
contains quartz, plagioclase, hornblende, K-feldspar, biotite and Fe–Ti
oxides, so the amphibole–plagioclase thermometry and aluminium-in-
hornblende barometry are effective ways to estimate its crystallization
temperature and pressure. Aluminium-in-hornblende barometry has
also been widely used to calculate the depth of emplacement for granites
(Anderson and Smith, 1995; Anderson et al., 2008; Zhang and Zhao,
2013). The crystallization temperatures for the monzonite were calcu-
lated using the plagioclase–hornblende geothermometer of Holland and
Blundy (1994), and the pressures were calculated using the barometer
of Schmidt (1992) andAnderson and Smith (1995). Emplacement depths
were calculated based on the assumption that average crustal density of
the northern NCC was 2.9 g/cm3 (Zhang and Zhao, 2013).

Microthermometric measurements of fluid inclusion were
performed at the Faculty of Earth Resources, CUG, using a Linkam
THM600 heating–freezing stage and a Leica MD2500 P microscope.
Freezing experiments were performed firstly on all sections to avoid in-
clusion rupture. The estimated accuracy was ±0.1 °C at temperatures
below 30 °C and ±1 °C at temperatures above 30 °C. Salinities of two-
phase fluid inclusions, expressed as wt.% NaCl equiv., were calculated
using the MacFlincor computer software (Brown and Hagemann,
1995). Fluid inclusion study was conducted on samples from the
Yangpo and Nandawa mining areas. The samples are collected from
the Western quartz–sulphides veins and Eastern disseminated ores.
Thus, the results from microthermometric measurements are typical
representatives of the major mineralization stage.
5. Results

5.1. Zircon U–Pb geochronology of the Jiguanzi Quartz Monzonite

Trace element assays, U–Pb isotope compositions and CL images for
zircons from the JiguanziQuartzMonzonite are presented in Table 1 and
Fig. 6. Zircon grains extracted from Sample JY1 are transparent,
colourless to light yellow and dominated by short-, long-prismatic
shapes. Their lengths range from 40 to 400 μm with aspect ratios of
~1:1 to 6:1. All zircon grains display clear oscillatory zoning in the CL
images andhigh Th/U ratios (0.55–0.80), indicative of amagmatic origin
(Fig. 6).



Fig. 5. Photographs (a–d) and transmitted-light photomicrographs (e–f) of alteration assemblages associated with gold mineralization showing: (a–c) early K-feldspar and albite alter-
ation assemblages with minor quartz, which were overprinted by auriferous quartz–sulphide (–chlorite) veins; (d) early K-feldspar and associated alteration assemblages overprinted
by the later chlorite–epidote–calcite alteration; (e) sericite locally replacing plagioclase and K-feldspar, and forms thin veinlets with quartz–pyrite filling in fractures; and (f) alteration
assemblages of chlorite–epidote–quartz–pyrite. Abbreviations: Kf — K-feldspar, Qz — quartz, Chl — chlorite, Ep — epidote, Cc — calcite, Ser — sericite, Pl — plagioclase, Py — pyrite,
Ccp — chalcopyrite.
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Thirteen spots on twelve zircon grainsweremeasured. Single zircon
U–Pb dating reveals a population of ca. 136–131 Ma. They are nearly
concordant and yield a weighted mean 206Pb/238U age of ca. 133 ±
1Ma (MSWD=1.1; n=13). Previous zirconU–Pb dating for this intru-
sion by VG 354mass spectrometer gave weighted 206Pb/238U ages of ca.
138± 1 and ca. 132± 5Ma (Li et al., 2004b), which are similar in age to
our date, and the age of the Jiguanzi QuartzMonzonite is taken as being
ca. 133 Ma.
5.2. Mineral chemistry and temperature–pressure–depth estimates for the
Jiguanzi Quartz Monzonite

The representative EPMA results of hornblende and plagioclase are
listed in Tables 2 and 3, and plotted in Fig. 7. Structural formulae calcu-
lations for hornblende are based on 23 oxygens following the method
of Holland and Blundy (1994). For all hornblende analysed, the CaB
(B-site; apfu — atoms per formula unit) is higher than 1.50 apfu, CaA
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Fig. 6. U–Pb Concordia plots for zircons from the Jiguanzi Quartz Monzonite. The inset1
illustrates the representative zircon CL image, site of LA–ICP–MS U–Pb analysis and
corresponding 206Pb/238U ages. MSWD: mean square of weighted deviation.
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(A-site; apfu) is lower than 0.50 apfu, and the (Na + K)A is also
lower than 0.50 apfu (Table 2). Thus they can be classified as
magnesiohornblende following the nomenclature of Leake et al.
(1997) (Fig. 7). Structural formulae for plagioclase were calculated on
the basis of 8 oxygens and 5 cations. The values for anorthite (An)
range from 15.2 to 24.3, and that for albite (Ab) ranges from 72.4 to
81.9 (Table 3).

Temperature–pressure–depth estimate results are presented in
Table 4. The crystallization temperatures, calculated using the
geothermometer A (Ted–tr — Tedenite–tremolite) and B (Ted–ri —
Tedenite–richterite) of Holland and Blundy (1994) range between 691
and 759 °C and between 640 and 691 °C, respectively. Because the
Ted–ri using geothermometer B is considered more accurate in estimat-
ing temperatures (Anderson et al., 2008),we take the Ted–ri range of 640
to 691 °C as the crystallization temperatures for the Jiguanzi Quartz
Monzonite. The pressures calculated using the PAS barometer of
Anderson and Smith (1995) range from167 to 271MPawith an average
of 245 MPa, which is nearly the same within error as the mean of
235 MPa using the PSch barometer of Schmidt (1992). The barometer
of Anderson and Smith (1995) was adopted in this study, because of
its consideration of the influence of temperature and oxygen fugacity
on pressure calculations. Based on the results described above, the
monzonite is estimated to have been emplaced at a depth of between
5.9 and 9.5 km (i.e. an average depth of 8.6 km).

5.3. Petrography and microthermometry of fluid inclusions

Primary fluid inclusions from the Anjiayingzi deposit form isolated
or groups of inclusions with various shapes (Fig. 8a). The four types of
inclusions identified are: (1) two-phase liquid-rich fluid inclusions
(V–L-type; Fig. 8); (2) three-phase carbonic fluid inclusions (C-type;
Fig. 8b); (3) daughter mineral-bearing saline fluid inclusions (H-type;
Fig. 8c); and (4) two-phase vapour-rich fluid inclusions (V-type).

The V–L-type fluid inclusions consist of a vapour bubble and a liquid
phase. They have regular to irregular shapes and range from 3 to 30 μm
in size. The vapour phase normally occupies between 5 and 50 vol.%.
The V–L-type inclusions are widespread in the quartz–polymetallic
sulphide veins and disseminated ores.

The C-type fluid inclusions consist of three phases at room tempera-
ture (liquid H2O+ liquid CO2+ vapour CO2) with 20–40 vol.% carbon-
ic liquid and vapour phases of total volume. The C-type inclusions are
generally 20 to 35 μm in diameter, and have elliptic or negative crystal
shapes. They are commonly developed around the V–L-type inclusions,
but are much less abundant.



Table 2
Representative hornblende compositions of the Jiguanzi Quartz Monzonite.

Sample spot JY7-1-13 JY7-1-14 JY7-1-15 JY7-1-16 JY7-2-14 JY7-2-15 JY7-2-16 JY7-2-17 JY1-1-9 JY1-1-10 JY1-1-11

SiO2 47.17 47.57 47.55 47.17 47.29 47.56 47.18 48.71 49.68 47.76 46.61
TiO2 1.06 1.20 1.24 1.25 1.31 1.30 1.00 0.99 0.56 1.10 1.15
Al2O3 6.47 6.61 6.63 6.67 6.87 6.74 6.51 5.60 4.87 6.33 6.65
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 14.75
FeO 16.01 15.77 15.43 15.29 15.93 15.99 14.93 14.15 14.67 15.35 13.07
MgO 12.61 12.03 12.12 12.57 12.49 12.73 13.04 14.13 13.68 12.82 0.47
MnO 0.52 0.43 0.61 0.52 0.48 0.60 0.58 0.54 0.56 0.54 11.83
CaO 12.02 12.09 12.01 11.71 11.78 11.48 11.74 12.20 12.19 11.91 1.68
Na2O 1.08 1.23 1.26 1.36 1.35 1.36 1.49 1.28 0.85 1.25 0.66
K2O 0.52 0.58 0.58 0.61 0.61 0.61 0.66 0.53 0.34 0.56 0.00
Total 97.44 97.49 97.40 97.12 98.08 98.34 97.11 98.11 97.42 97.61 96.87

Formulae per Holland and Blundy (1994)
T site
Si 6.948 7.036 7.031 6.978 6.914 6.944 6.975 7.088 7.087 7.000 6.924
AlIV 1.052 0.964 0.969 1.022 1.086 1.056 1.025 0.912 0.913 1.000 1.076

C site
AlVI 0.072 0.188 0.187 0.141 0.089 0.105 0.110 0.048 0.158 0.122 0.089
Ti 0.117 0.133 0.137 0.139 0.140 0.142 0.111 0.108 0.113 0.127 0.128
Fe3+ 0.557 0.267 0.277 0.376 0.471 0.496 0.399 0.368 0.323 0.393 0.354
Mg 2.769 2.651 2.671 2.772 2.793 2.769 2.873 3.064 2.784 2.794 2.892
Mn 0.065 0.054 0.076 0.065 0.043 0.074 0.072 0.067 0.081 0.066 0.059
Fe2+ 1.415 1.683 1.631 1.508 1.459 1.414 1.435 1.345 1.532 1.491 1.478
Ca 0.005 0.024 0.022 0.000 0.004 0.000 0.000 0.000 0.008 0.007 0.000

B site
Fe2+ 0.000 0.000 0.000 0.007 0.000 0.042 0.012 0.008 0.000 0.008 0.001
Ca 1.891 1.891 1.881 1.856 1.890 1.795 1.860 1.902 1.875 1.871 1.883
Na 0.109 0.109 0.119 0.137 0.110 0.163 0.128 0.089 0.125 0.121 0.116

A site
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Na 0.198 0.244 0.241 0.251 0.246 0.221 0.298 0.271 0.213 0.243 0.368
K 0.098 0.108 0.108 0.114 0.110 0.113 0.125 0.098 0.117 0.110 0.125
Al (total) 0.659 0.600 0.610 0.651 0.648 0.680 0.672 0.697 0.681 0.655 0.712
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The saline H-type fluid inclusions contain three phases, i.e., a vapour
bubble, a brine liquid, and a solid phase, generally with variable filling
degree and elliptic or negative crystal shapes. The solid phase is com-
monly composed of halite crystals. H-type inclusions are 10 to 20 μm
Table 3
Representative plagioclase compositions of the Jiguanzi Quartz Monzonite.

Sample spot JY7-1-13 JY7-1-14 JY7-1-15 JY7-1-16 JY7-2-14

SiO2 63.83 63.32 63.50 63.63 65.30
TiO2 0.00 0.00 0.00 0.00 0.00
Al2O3 21.81 22.79 22.86 22.18 21.21
Cr2O3 0.00 0.00 0.00 0.00 0.01
FeO 0.08 0.07 0.10 0.06 0.05
MgO 0.00 0.00 0.00 0.00 0.00
MnO 0.00 0.00 0.01 0.00 0.00
CaO 3.24 4.24 4.35 3.78 3.13
Na2O 9.65 8.47 8.70 8.99 9.05
K2O 0.54 0.56 0.20 0.33 0.41
Total 99.15 99.45 99.72 98.97 99.17

Number of ions on the basis of 8 oxygens
Si 2.845 2.813 2.811 2.836 2.893
Al 1.146 1.193 1.193 1.165 1.108
Ti 0.000 0.000 0.000 0.000 0.000
Cr 0.000 0.000 0.000 0.000 0.001
Mn 0.000 0.000 0.000 0.000 0.000
Mg 0.000 0.000 0.000 0.000 0.000
Fe2+ 0.003 0.003 0.004 0.002 0.002
Ca 0.155 0.202 0.206 0.180 0.149
Na 0.834 0.729 0.747 0.777 0.777
K 0.031 0.032 0.011 0.019 0.023

Mol%
Or 3.0 3.3 1.2 1.9 2.5
Ab 81.8 75.7 77.5 79.6 81.9
An 15.2 20.9 21.4 18.5 15.7
in diameter and often accompanied by the V–L-type and C-type
inclusions.

The V-type fluid inclusions consist of a vapour bubble and a liquid
phase with high filling degree (N50 vol.%), negative crystal shapes and
JY7-2-15 JY7-2-16 JY7-2-17 JY1-1-9 JY1-1-10 JY1-1-11

65.63 65.98 64.15 64.43 64.67 62.28
0.00 0.00 0.00 0.00 0.00 0.00

21.44 22.24 22.48 22.64 23.37 24.01
0.00 0.00 0.00 0.00 0.00 0.00
0.13 0.08 0.08 0.11 0.14 0.11
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
3.10 3.36 3.63 3.92 4.46 5.14
9.20 9.04 9.30 8.92 7.42 8.56
0.56 0.64 0.66 0.60 0.57 0.42

100.06 101.34 100.29 100.61 100.61 100.51

2.887 2.867 2.829 2.829 2.826 2.750
1.112 1.139 1.168 1.172 1.203 1.249
0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000
0.005 0.003 0.003 0.004 0.005 0.004
0.146 0.156 0.171 0.184 0.209 0.243
0.785 0.761 0.795 0.759 0.629 0.732
0.031 0.035 0.037 0.033 0.031 0.023

3.3 3.7 3.7 3.4 3.6 2.3
81.6 79.9 79.2 77.7 72.4 73.3
15.2 16.4 17.1 18.9 24.0 24.3



Fig. 7. Hornblende classification (after Leake et al., 1997). Data are from Table 2 and our
unpublished data (Fu Lebing, unpublished data).
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diameter of 6 to 10 μm. These inclusions are often present in quartz
formed during the earlier stage of mineralization (Li et al., 2004a).

The microthermometric characteristics of the different types of fluid
inclusions are described below and the associated data are summarized
in Table 5 and Fig. 9. The melting temperatures of the carbonic phase
(TmCO2

) range from −60.4 to −56.6 °C and cluster at −56.6 to
−57.2 °C, indicating that there are little or no impurities in the CO2

phase (Table 5, Trumbull et al., 1996). The temperatures of the final
ice melting (Tmice) for the V–L-type fluid inclusions from the Western
and Eastern mining areas range from −1.3 to −11.6 °C and −0.8 to
−10.3 °C, respectively, and the corresponding salinities are
2.1–15.6 wt.% NaCl equiv. and 1.3–14.3 wt.% NaCl equiv., respectively.
Melting temperatures for the CO2 clathrate (Tmclath) range from 6.3 to
8.7 °C and the salinities of carbonic fluid inclusions based on the Tmclath

are 2.9–9.0 wt.% NaCl equiv. Furthermore, the partial homogenization
temperatures of carbonic phase (ThCO2

, 15 to 30.1 °C, mostly between
25.8 and 30.1 °C) indicate CO2 densities of ~0.5 g/cm3 (Li et al., 2004a;
Trumbull et al., 1996). Daughter mineral-bearing fluid inclusions
are too rare and small to carry out reliable microthermometric
measurements.

The total homogenization temperatures (Thtotal) for the V-type fluid
inclusions captured in the earlier stage range from 336 to 358 °C (Li
et al., 2004a), whereas those for the V–L-type inclusions captured in
the middle (main mineralization) stage are between 180 and 358 °C
(mostly between 245 and 358 °C), which are comparable to those
reported by previous studies (Trumbull et al., 1996).

It is worth noting that the average Thtotal of 322 °C for the Eastern
veins is higher than the temperature of 287 °C determined for the
Western veins (Fig. 9a). This may indicate that the Eastern veins are
closer to the hydrothermal centre. Furthermore, the assemblages of
Table 4
Results of geothermobarometry for the Jiguanzi Quartz Monzonite.

Sample spot JY7-1-13 JY7-1-14 JY7-1-15 JY7-1-16 JY7-2-14

Ab 81.8 75.7 77.5 79.6 81.9
Al (total) 0.659 0.600 0.610 0.651 0.648
Ted–tr (°C) 736 697 695 716 742
Ted–ri (°C) 648 641 646 662 654
PSch (MPa) 234 248 249 253 258
PAS (MPa) 248 265 265 261 271
Depth (km) 8.7 9.3 9.3 9.2 9.5
Depaver (km) 8.

Ab— the atomic ratio (Na/(Na + Ca + K)) of plagioclase from Table 3; Al (total)— the total num
Ted–tr and Ted–ri denote temperatures calculated using plagioclase–hornblende geothermometer
(1994), respectively; PSch — pressure calculated using the barometer of Schmidt (1992); PAS— p
emplacement depth according to PAS; Depaver — average emplacement depth of the Jiguanzi Q
two-phase liquid-rich and vapour-rich fluid inclusions have similar
Thtotal, but they have opposite homogenization behaviour. This indicates
that the ore fluid immiscibility occurred at the Anjiayingzi deposit (Li
et al., 2004a; Trumbull et al., 1996), and such a fluid immiscibility may
result in a wide range of salinities in the inclusions (1.3–15.6 wt.%
NaCl equiv.) and the local formation of saline-rich fluid inclusions.
Such fluid inclusions are common in orogenic gold systems elsewhere
(Goldfarb et al., 2005). Trapping pressures estimated from the CO2–
H2O inclusions are 50–110 MPa, corresponding to a depth of ~2 and
4 km under a lithostatic load, or between ~5 and 11 km under a hydro-
static load (Table 5).

From the data presented above, we suggest that the gold veins at
Anjiayingzi were deposited at intermediate temperatures between
245 and 358 °C from a H2O–CO2–NaCl fluid systemwith low–moderate
salinities of 1.3–15.6 wt.% NaCl equiv. This mineralizing fluid shares
many similarities with typical orogenic gold systems althoughwith rel-
atively higher salinities (mostly b12 wt.% NaCl equiv. for the orogenic
gold deposit, Fig. 9b; Goldfarb et al., 2005; Wilkinson, 2001).

5.4. H, O, S and Pb isotope geochemistry

Previous researches have produced data on the H, O, S and Pb
isotope geochemistry of the Anjiayingzi gold mineralization. These
data are tabulated in Appendix A, and have been here recalculated
and summarized systematically in Figs. 10–12.

Oxygen and hydrogen of fluid inclusion in quartz from ores have δD
values of−80.3 to−96.5‰ and δ18OH2O values of 3.7 to 5.5‰, which are
interpreted as representing the mineralizing fluid at Anjiayingzi. The
fluid inclusion in quartz from the Jiguanzi Quartz Monzonite has δD
values of −80.0 to −80.9‰ and δ18OH2O values of 8.2 to 9.0‰
(Li et al., 2004a; Zheng et al., 1995). The oxygen and hydrogen stable-
isotope values for the fluid from ores andmonzonite plot in the bottom
left side of typical magmatic andmetamorphic fluid fields in Fig. 10, and
the values are similar to those frommost vein gold deposits worldwide
(Chen et al., 2012; Ridley and Diamond, 2000).

The δ34S values for pyrite from theWestern veins are−0.5–1.1‰ and
from the Eastern veins are 0.6–5.3‰ (Li, 2000). In addition, the δ34S
values for sulphides from the Western veins average 0.3‰ and are
obviously lower than 2.4‰ for those from the Eastern veins (Fig. 11).

The Pb isotope ratios for galena and pyrite from ore at Anjiayingzi
are relatively homogeneous with (206Pb/204Pb)i = 17.088–17.591,
(207Pb/204Pb)i = 15.367–15.578 and (208Pb/204Pb)i = 37.167–38.091
(Liu, 1992; Wang, 1993; Wang et al., 1994; Zheng et al., 1995).
These values generally overlap with the Pb isotope compositions of
K-feldspar from the Jiguanzi Quartz Monzonite, with (206Pb/204Pb)i =
17.194–17.288, (207Pb/204Pb)i = 15.340–15.391, and (208Pb/204Pb)i =
37.243–37.392 (Fig. 12; Liu, 1992; Wang, 1993; Wang et al., 1994).
The corrected Pb isotope compositions for the metamorphic base-
ment are highly variable, with (206Pb/204Pb)i = 17.329–17.995,
(207Pb/204Pb)i = 15.585–15.655, and (208Pb/204Pb)i = 37.574–38.571
(Liu, 1992).
JY7-2-15 JY7-2-16 JY7-2-17 JY1-1-9 JY1-1-10 JY1-1-11

81.6 79.9 79.2 77.7 72.4 73.3
0.680 0.672 0.697 0.681 0.655 0.712
727 730 741 691 719 759
667 662 648 640 652 691
251 239 156 209 233 253
257 248 167 225 245 240
9.0 8.7 5.9 7.9 8.6 8.5

6

ber of aluminium cations calculated in the structural formula of hornblende fromTable 2;
A (edenite–tremolite) and geothermometer B (edenite–richterite) of Holland and Blundy
ressure calculated using Ted–ri and the barometer of Anderson and Smith (1995); depth—
uartz Monzonite.



Fig. 8. Fluid inclusion types in quartz from the Anjiayingzi gold deposit showing: (a) numerous trails of primary fluid inclusions from a quartz crystal; (b) a cluster of three-phase carbonic
and two-phase liquid-rich inclusions; (c) an assemblage of two-phase liquid-rich inclusions and polyphasic inclusionswith halite daughtermineral; and (d) isolated two-phase liquid-rich
inclusions. Abbreviations: VH2O — vapour H2O, LH2O — liquid H2O, VCO2

— vapour CO2, LCO2
— liquid CO2, H — halite.
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6. Discussion

Although most gold deposits from the NCC are spatially and tempo-
rally related to the intrusions andMCCs, their genetic relationship is still
not definitive, and this scarcity further prevents us from understanding
the gold mineralization process. In this section, we firstly decipher the
relationships betweenMCC exhumation, magma cooling and gold min-
eralization using the thermochronometric and temperature–pressure–
depth data; and then investigate the nature of the Anjiayingzi gold
mineralization using evidence from the deposit geology and ore fluid
geochemistry. It is acknowledged that although the hypotheses present
here may be relevant to the Anjiayingzi deposit, the other deposits in
the NCC undoubtedly have complex geological histories which may
have involvedmultiple episodes of goldmineralization or remobilisation
(e.g. Song et al., 2016).
Table 5
Microthermometric summary of fluid inclusions in quartz from the Anjiayingzi gold deposit.

Metallogenic stage Type TmCO2
Tmice

Early V
Middle C
Middle V–L
Unknown Primary inclusions −60.4 to −56.6
Middle V–L from Western lodes −1.3 to −11.6
Middle V–L from Western lodes −0.8 to −10.3

Temperatures (T), salinity andpressure (P) are expressed in °C,wt.%NaCl equiv. andMPa, respec
melting, Tmclath —melting temperature of the CO2 clathrate, ThCO2

— partial homogenization te
phase vapour-rich fluid inclusions, C — three-phase carbonic fluid inclusions, V–L — two-phase
6.1. Rapid MCC exhumation, magma cooling and gold mineralization

The first recorded motion of the ductile shear of the Kalaqin MCC
was initiated at epidote–amphibolite facies conditions at temperatures
of ~450–550 °C and a pressure of ~540 MPa corresponding to a depth
of between 18 and 20 km (Wang et al., 2011 and references therein).
High-quality Ar–Ar and Rb–Sr isochron ages for K-feldspar, biotite and
hornblende indicate that the ductile–brittle top-to-the-NE shear defor-
mations took place between ca. 135 and 125Ma (Liu et al., 2003; Wang
and Zheng, 2005; Zhang et al., 2002). K–Ar dating of chlorite indicates
that the top-to-the-SE brittle detachment normal faults developed sub-
sequently at ca. 121 Ma (Wang et al., 2006). These data totally indicate
that the KalaqinMCCwas cooled and exhumed rapidly from the closure
temperature of argon diffusion in hornblende (ca. 600 °C at 135 Ma) to
that of K–Ar diffusion in chlorite (ca. 180 °C at 121Ma)with high rate of
Tmclath ThCO2
Thtotal Salinity P Reference

336–358 Li et al. (2004a)
15.0–29.2 304–339 2.9–6.2 50–75 Li et al. (2004a)

245–290 4.0–5.7 Li et al. (2004a)
6.3–8.7 25.8–30.1 270–330 6.5–9.0 50–110 Trumbull et al. (1996)

180–358 2.1–15.6 This paper
258–352 1.3–14.3 This paper

tively. TmCO2
—melting temperature of the carbonic phase, Tmice— temperature offinal ice

mperature of carbonic inclusion, Thtotal — temperature of total homogenization, V— two-
liquid-rich fluid inclusions.



Fig. 9. Histograms (a) showing homogenization temperatures of two-phase liquid-rich fluid inclusions, and (b) of homogenization temperatures versus salinities diagram.
After Wilkinson (2001).
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ca. 30 °C/Ma (Fig. 13). In combination with the complete ductile–brittle
deformed rocks developed in the detachment faults, it can be inferred
that rapid cooling and exhumation of the Kalaqin MCC are coeval with
the structural transition from deep ductile through ductile–brittle to
brittle deformation. The cooling rate and exhumation process of the
Kalaqin MCC are nearly the same as the Liaonan MCC in the NCC
(Fig. 13; Liu et al., 2013), and the Naxos MCC in the Aegean Sea,
Greece (Whitney et al., 2013).

When the lithospheric extension is concentrated in a narrow region,
the brittle upper crust breaks and is displaced along normal faults and
the ductile material ascends from deeper levels of the lithosphere.
These processes commonly result in the development of MCC and
associated magmatism (Whitney et al., 2013). A typical example is the
Early Cretaceous Jiguanzi Quartz Monzonite, which is developed in the
footwall of the Kalaqin MCC. As discussed earlier, the weighted mean
206Pb/238U age for the monzonite is ca. 133 Ma, which is slightly youn-
ger, but within error of the earliest ductile deformation in the Kalaqin
Fig. 10. The δD–δ18OH2O plots for mineralizing fluids from the Anjiayingzi gold deposit
(after Taylor, 1974). Data are given in Appendix A. The black solid lines with short vertical
lines refer to the mixed fluid composition between paleometeoric water (δD = −120‰,
δ18O = −15‰) and magmatic water from the Jiguanzi Quartz Monzonite (δD =
−80‰, δ18O = 11‰). The number (with 10% increments) denotes the proportions of
paleometeoric water.
MCC at ca. 135 Ma (Wang and Zheng, 2005). The calculated average
pressure of 245 MPa and depth of 8.6 km for the Jiguanzi Quartz
Monzonite are lower than those of the initial ductile deformation for
the Kalaqin MCC formed at a pressure of ~540 MPa and a depth of
~18–20 km (see above). Thus, the monzonite was emplaced into the
MCC during its rapid exhumation. The large variations of monzonite
emplacement depths of between 5.9 and 9.5 km further indicate that
it ascended in an alternating supra-hydrostatic (ca. 5–16 km) to hydro-
static (ca. 0–5 km) pressure regime (Sibson, 1994), and the emplace-
ment process was also coherent with the structural ductile–brittle
transition. The higher crystallization temperatures for the monzonite
(ca. 640–691 °C) relative to that of the initial ductile deformation for
the Kalaqin MCC (ca. 450–550 °C) indicate that the extensional event
forming the MCC was further accentuated by the thermal weakening
of the crust. These processes could also result in the rotation of the
principal stresses and lead to structural slip along low-angle normal
faults (Whitney et al., 2013), both of which are observed in the Kalaqin
MCC (Wang and Zheng, 2005; Wang et al., 2004, 2006).
Fig. 11. The sulphur isotope compositions of gold-related sulphide minerals from the
Anjiayingzi gold deposit. Data are given in Appendix A.



Fig. 12. Lead isotope compositions of the Anjiayingzi gold deposit and related lithologies. Data are given in Appendix A.
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Zircon U–Pb dating of the Jiguanzi Quartz Monzonite and rhyolite
dykes yield ages of ca. 133 Ma (Fig. 6) and ca. 126 Ma (Li et al.,
2004b), respectively. Moreover, Rb–Sr ages for biotite from themonzo-
nite range from ca. 130 ± 2 to 126 ± 2 Ma, and eight whole-rock sam-
ples from the rhyolite dykes define an isochron age of ca. 122 ± 2 Ma
(Trumbull et al., 1996). As shown in Fig. 13, these dates indicate that
themonzonite and rhyolite dykeswere emplaced during rapid exhuma-
tion of the Kalaqin MCC as it underwent rapid cooling from 800 °C (the
closure temperature of U–Pb diffusion in zircon) to 300 °C (the closure
temperature of Rb–Sr diffusion in biotite). The cooling rate for the
monzonite is therefore estimated to be ~71 °C/Ma, or ~42 °C/Ma if we
accept the ca. 138 Ma age for the monzonite, which is higher than that
of 30 °C/Ma for the Kalaqin MCC. The high cooling rate for the monzo-
nite is also a feature of intrusions in the Liaonan MCC (Liu et al., 2013),
and that of Guojialing Granite in the Linglong MCC on the Jiaodong
Peninsula (Fig. 13; Charles et al., 2013).

Field investigation shows that some rhyolite dykes hosted by the
Jiguanzi Quartz Monzonite cross-cut gold veins that are also locally
enriched in pyrite (Li et al., 2004b). These geological observations indi-
cate that the gold mineralization at Anjiayingzi is late relative to the
emplacement of host pluton, and is coeval with or slightly earlier than
Fig. 13. Cooling paths for the KalaqinMCC and Jiguanzi Quartz Monzonite according to ra-
diometric ages listed on Fig. 2a. The cooling paths of LiaonanMCC and associated intrusion
are modified from Liu et al. (2013), and that for Guojialing Granite are from Charles et al.
(2013). The T–t conditions for gold deposition are also illustrated. Mean mineral closure
temperatures: biotite Rb–Sr — 350 °C, biotite, K-feldspar, plagioclase, and whole rock
internal Rb–Sr isochron — 300 °C (Liu et al., 2003); zircon U–Pb — 800 °C, hornblende
Ar–Ar— 600 °C, biotite Ar–Ar— 350 °C (Reiners et al., 2005); and K-feldspar and chlorite
K–Ar — 180 °C (Wang et al., 2006). The uncertainties for closure temperatures and ages
are 30 °C and 1 Ma, respectively.
the formation of rhyolite dykes. We therefore believe that the zircon
U–Pb data for the monzonite and rhyolite dykes described above indi-
cate that the Anjiayingzi gold deposit was formed between ca. 133
and 126 Ma during rapid cooling of the host monzonite. The timing of
the gold mineralization at Anjiayingzi is nearly the same as that of
eastern Jinchanggouliang in the Nulu'erhu Uplift where there is a
molybdenite Re–Os age of ca. 131Ma (Hou, 2011) and that of Paishanlou
in the Yiwulüshan MCC where there is a biotite Ar–Ar age of ca. 127 Ma
(Zhang et al., 2005).

Based on the spatial and temporal relationships discussed above, it is
concluded that the Anjiayingzi gold deposit was formed during rapid
cooling of the Jiguanzi Quartz Monzonite and the fast exhumation
and cooling of the Kalaqin MCC (Fig. 13). In addition, the change of
ore-bearing structures, from the Eastern ductile–brittle to the Western
brittle faults, may also record the continuous exhumation of the Kalaqin
MCC from the ductile to brittle regimes. During MCC exhumation and
the structural transition, ore-controlling faults evolved from a supra-
hydrostatic regime at a depth of 5–16 km to a hydrostatic regime at a
depth of b5 km (Sibson, 1994). The estimated average depositional
temperatures of 245–358 °C, trapping pressures of 250–110 MPa, and
a depth of 2.5–7.5 km for the mineralising fluids thus correspond to
the alternating supra-hydrostatic to hydrostatic pressure conditions.
Furthermore, fluid immiscibility of the Anjiayingzi gold deposit may
be another significant product of pressure fluctuations, as observed in
typical orogenic gold systems (Goldfarb et al., 2005).

The formation mechanism of the Anjiayingzi gold mineralization
may be applicable to other polymetallic ore deposits such as the
Tethyan Eurasian and North American Cordillera metallogenic belts
(e.g. Whitney et al., 2013 and reference therein). In the Muteh gold
deposit from the Sanandaj–Sirjam zone located in the Zagros Orogen
in Iran, both ductile fabrics and gold ore-controlling structures are
interpreted to have been formedwithin a single, continuous extensional
event (Moritz et al., 2006). This event started with ductile deformation
and gradually evolved into brittle deformation. Radiometric age data
indicate that gold deposition at Muteh occurred during or after the
late stages of the extensional event that was associated with the exhu-
mation of the host metamorphic complex, and coeval with regional
magmatism in the Sanandaj–Sirjam Zone (Moritz et al., 2006). The
model may also apply in the Alpine tectonic terranes of the Central
Rhodopian MCC in Bulgaria and Greece, Bjala Reka MCC in Bulgaria,
and the Kesebir–Kardamos Dome in Bulgaria and Greece (Rohrmeier
et al., 2013). Polymetallic Cu–Au–Ag–Pb–Zn mineralization, volcanism
and extension of the high-grade basement in these areas overlapwithin
a ~5 Ma time interval during rapid cooling and exhumation of the foot-
wall (Bonev et al., 2013; Rohrmeier et al., 2013). The estimated cooling
rate of 30 °C/Ma for the KalaqinMCC is also comparable to the estimated
rate of 35 °C/Ma for the Bjala Reka MCC and Kesebir–Kardamos Dome
(Bonev et al., 2013).
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6.2. Relationship between the Anjiayingzi gold mineralization
and magmatism

The present understanding of the Early Cretaceous vein gold
deposits around the NCC place them in a category of orogenic gold
deposits, based on the combination of geological characteristics,mineral-
ization style, ore and alteration assemblages, and ore fluid compositions
(Chen et al., 2004; Goldfarb et al., 2001, 2007, 2014; Hart et al., 2002;
Jiang et al., 2009; Mao et al., 2002; Zhou and Goldfarb, 2002). We have
shown a number of features which make it difficult to classify the
Anjiayingzi gold deposit as a product of orogenesis. Firstly, the ca.
135–121Ma timing of themineralization overlapswith the development
and evolution of the Kalaqin MCC. MCCs have been recognized in conti-
nental settings, at spreadingmid-ocean ridges, and in continental rifts. In
each of these tectonic settings, MCCs are essentially important rheologic
pattern of extension, and the extension is the driving force for their ex-
humation. During extension, heat, fluid and ore material are transferred
from deep, hot and ductile zones to shallow, cool and brittle levels, and
economically important mineral deposits are formed during this process
(Whitney et al., 2013). Consequently, the coeval occurrence of the
Anjiayingzi gold veins and Kalaqin MCC indicates that this gold mineral-
ization formed in a regional extensional setting. This conclusion is also
supported by the contemporaneous occurrences of regional rift-basins
and intense crustal–mantle derived magmatism found in the NCC
(Meng, 2003; Yang et al., 2008; Zhu et al., 2012). The Early Cretaceous
basins in the craton are fault-controlled, and more than 100 km of hori-
zontal lithospheric stretching is possible (Meng, 2003; Ren et al., 2002;
Zhu et al., 2012). Moreover, magmatism characterised by alkaline
syenite–granite–rhyolite suites in the northern NCC peaked between
ca. 130 and 120Ma, which also indicates an extensional tectonic setting
(Yang et al., 2008). The extensional geodynamic setting for the
Anjiayingzi gold deposit is therefore differentwhen compared to classic
orogenic gold deposits formed in a compressional and transpressional
setting during the late stages of accretion or collision orogeny
(Goldfarb et al., 2014; Groves et al., 2003).

We also show that there is a N2 billion year time gap between the
Early Cretaceous monzonite host for the Anjiayingzi gold deposit and
Neoarchean to Early Palaeoproterozoic (ca. 2485–2401 Ma) metamor-
phism of the monzonite's host Jianping Group (Liu et al., 2011). This
rules out an Early Paleoproterozoic metamorphic-devolatilization as a
source for ore fluids and metals for the Early Cretaceous monzonite-
hosted Anjiayingzi deposit, and so they cannot be classified as an
orogenic gold deposit sensu-stricto (Goldfarb and Santosh, 2014; Zhou
et al., 2014). The large time gap between the gold mineralization and
early regional metamorphism is also observed in the Jiaodong and
Xiaoqinling gold fields which are part of the Early Cretaceous large-
scale gold mineralization around NCC (Goldfarb and Santosh, 2014; Li
et al., 2012a, 2012b).

The low Au/Ag ratios of b1, low gold fineness (700–850), and high
sulphide content (4–30 vol.%) for the Anjiayingzi deposit are different
when compared to those of typical orogenic gold deposits, which have
values of 5–10, N900 and 2–5 vol.%, respectively (Goldfarb et al., 2005).

The He, Ar and C isotope compositions of the ore fluids from Early
Cretaceous gold deposits along the northern NCC indicate a significant
mantle fluid contribution for major vein gold deposits (Li and Santosh,
2014), which is also different when compared to classic orogenic gold
deposits where the ore fluids are derived from metamorphism
(Goldfarb et al., 2005).

The δDvalue of−80.3 to−96.5‰ and the δ18OH2O value of 3.7–5.5‰
for the ore fluids, and the δD value of−80.0 to−80.9‰ and the δ18OH2O

value of 8.2–9.0‰ for the Jiguanzi Quartz Monzonite plot in the bottom
left-hand corner of the typical magmatic and metamorphic fluid fields
in Fig. 10. This plot alone, therefore, cannot provide clear constraints
on the source of the mineralizing fluids. Whereas, the mixing trend
between the fluids derived from the host intrusion and the inferred
paleometeoric water can explain the composition of the ore fluids. The
curve closely approaches the compositions of ore fluidswith a contribu-
tion of 20–30% paleometeoric water (Fig. 10). Themagmatic and subor-
dinate paleometeoric fluidsmay be themain source for the ore-forming
fluids. It is common thatmeteoric fluids infiltrate detachment faults and
penetrated into the uppermost levels of an intrusion during the late
stage of extension, and both of magmatic and paleometeoric fluids can
play key roles in the formation of polymetallic mineralization (e.g.
Eliopoulos and Kilias, 2011; Hetzel et al., 2013; Holk and Taylor, 2007;
Siebenaller et al., 2013). However, veinlet and sheeted networks
would be produced when fluids exsolved from the roof zones of intru-
sions (Goldfarb and Santosh, 2014), which is not the case for the
Anjiayingzi gold deposit. Therefore, we suggest that a magma chamber
near the easternmaster detachment fault was present at depth beneath
the fault. This conjecture is supported by the occurrences of a number of
later mafic magmatic enclaves hosted by the monzonite (Fu et al.,
2012b). The abundant late rhyolite dykes present in the eastern part
of the Loufengmao–Nandawa district further indicate that the hydro-
thermal centre is in this area (Fig. 3b).

The higher average δ34S value of 2.4‰ and Thtotal value of 322 °C for
the Eastern veins than those from theWestern veins (0.3‰ and 287 °C),
which are similar to the Victory–Defiance gold deposits in the Eastern
Goldfields Superterrane of Western Australia (Hodkiewicz et al.,
2009), may provide more evidence about movement and heat transfer
in the ore fluids. The physicochemical parameters of ore fluids, includ-
ing the temperature, isotope composition of sulphur, fO2

and pH values,
can influence the isotope composition of hydrothermal sulphides
(Ohmoto, 1972). A theoretical negative correlation between tempera-
ture and δ34S for pyrite indicates that the differences in δ34S between
the Eastern and Western veins are not caused by temperature alone
(Ohmoto, 1972). The similar mineral assemblages and consistent pH
values of 4.8–5.1 (Zheng et al., 1995) for the Eastern and Western
veins also indicate that the sulphur isotope composition and pH of the
orefluids is not the key controlling factor responsible for the differences.
Consequently, we propose that differences in δ34S between pyrite
from the Eastern and Western are controlled by fO2

of the ore fluids.
The Eastern veins are hosted by brittle–ductile faults and the Western
veins are hosted by brittle faults. These geological features indicate that
the Western veins were formed relatively late under brittle conditions,
whereas the Eastern veins were formed earlier under brittle–ductile
conditions. TheWestern veins aremore dilational and the corresponding
ore fluids aremore oxidised, whichwould result the lower δ34S of pyrite.
Gradual changes from the earlier high-temperature and relatively
reduced mineralised fluids for the Eastern veins to the later low-
temperature and relatively oxidised ore fluids for Western veins, may
further indicate that these fluids were transferred from east to west,
and the hydrothermal centre and concealed intrusion are near the
eastern Louzidian detachment fault in the Kalaqin MCC.

Moreover, the consistent Pb isotope compositions of ore sulphides
and K-feldspar from the Jiguanzi Quartz Monzonite indicate that the
metals at theAnjiayingzi gold depositmay also derived from the eastern
concealed intrusion (Fig. 12). Therefore, we suggest that the ore fluids,
sulphur and metals at Anjiayingzi were related directly or indirectly
to the degassing and devolatilization of an Early Cretaceous magma
chamber near the eastern master detachment fault. Fluid immiscibility
and mixing with paleometeoric water, accompanied by the structural
transition and resultant fluid pressure fluctuations, may have caused
the rapid precipitation of sulphides carrying Au. Gold deposition took
place during rapid cooling of the Jiguanzi Quartz Monzonite and fast
exhumation and cooling of the Kalaqin MCC.

The occurrences of the Anjiayingzi gold mineralization, Jiguanzi
Quartz Monzonite, Kalaqin MCC, and regional rift-basins around the
NCC are subsurface responses to lithospheric destruction during the
Early Cretaceous. These geological events may have been triggered by
the westward subduction of the Paleo-Pacific/Izanagi slab (Goldfarb
and Santosh, 2014; Li and Santosh, 2014; Li et al., 2012a; Mao et al.,
2008; Tan et al., 2012; Yang et al., 2003; Zhai and Santosh, 2013).
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7. Conclusions

1. A two-stage extension is recognized from the Kalaqin MCC. The first
is recorded in the top-to-the-NE ductile–brittle shear deformation at
135–125 Ma and the second in the top-to-the-NW and SE brittle de-
tachment normal faults beginning at ca. 121 Ma. The initial ductile
shearing at the Kalaqin MCC was formed at epidote–amphibolite fa-
cies conditions (450–550 °C, 540 MPa) at a depth of 18–20 km.

2. The Jiguanzi Quartz Monzonite was emplaced at ca. 133Mawith crys-
tallization temperatures of 640–691 °C and pressures of 167–271MPa.
The emplacement of the monzonite took place at a depth of
5.9–9.5 km, indicating that the magma ascended into the Kalaqin
MCCduring its rapid exhumation, and further strengthened the crustal
weakening and MCC extension.

3. The Anjiayingzi gold deposit was formed between ca. 133 and
126 Ma during rapid cooling of the Jiguanzi Quartz Monzonite at a
rate of 42–71 °C/Ma, and exhumation and cooling of the Kalaqin
MCC at a rate of 30 °C/Ma. Gold mineralization was resulted from
fluid immiscibility and mixing along the structural transition from
ductile–brittle to brittle deformation, during fluid-pressure fluctua-
tions between supra-hydrostatic and hydrostatic regimes.

4. The extensional setting of the Anjiayingzi gold mineralization
and the N2 billion year time gap between the mineralization and
Appendix A

Table A1
The δD (‰), δ18OH2O (‰), δ34SV–CDT (‰) and Pb isotope compositions of the Anjiayingzi gold d

Sample Mineral δD δ18OH2O δ3

D-1 Quartz of Jiguanzi Quartz Monzonite −80.0 9.0
D-1 Quartz of Jiguanzi Quartz Monzonite −80.9 8.2
LSM01 Quartz from ore −81.6 4.7
LSM02 Quartz from ore −96.5 4.8
NDW1 Quartz from ore −92.2 4.7
SQ3107 Quartz from ore −80.3 3.7
SQ2-2 Quartz from ore −95.1 5.5
NDW Quartz from ore −89.6 4.6
91EW-4 Quartz from ore −91.0 4.0
YP1-2-42 Pyrite from Western lodes
YP2-3-41 Pyrite from Western lodes
YP2-5-29 Pyrite from Western lodes −
YP2-5-31 Pyrite from Western lodes
YP3-6-19 Pyrite from Western lodes
YP3-6-23 Pyrite from Western lodes
YP3-7-09 Pyrite from Western lodes
YP4-6-13 Pyrite from Western lodes
YP4-5-27 Pyrite from Western lodes
YP4-6-15 Pyrite from Western lodes
YP4-7-03 Pyrite from Western lodes
GB3-0-30 Pyrite from Western lodes
GB3-1-19 Pyrite from Western lodes
GB3-1-25 Pyrite from Western lodes −
GB3-2-15 Pyrite from Western lodes
GB3-3-04 Pyrite from Western lodes −
GB3-3-08 Pyrite from Western lodes −
GB3-4-01 Pyrite from Western lodes −
D1-2-06 Pyrite from Eastern lodes
D1-2-09 Pyrite from Eastern lodes
D1-3-11 Pyrite from Eastern lodes
D1-3-13 Pyrite from Eastern lodes
D1-4-17 Pyrite from Eastern lodes
LT6-1-04 Pyrite from Eastern lodes
LT6-2-02 Pyrite from Eastern lodes
LTS-07 Pyrite from Eastern lodes
LT8-1-11 Pyrite from Eastern lodes
LA8-1-13 Pyrite from Eastern lodes
M-3 whole rocks of Jianping Group
T-2 whole rocks of Jianping Group
T-3 whole rocks of Jianping Group
T-4 whole rocks of Jianping Group
g-9 K-feldspar of Jiguanzi Quartz Monzonite
9-10 K-feldspar of Jiguanzi Quartz Monzonite
9-11 K-feldspar of Jiguanzi Quartz Monzonite
regional metamorphism of the basement in the region rule out
a metamorphic-devolatilization derivation for the mineralising
fluids. Combining the H–O–S–Pb isotope compositions, we suggest
that there is a magmatic origin for the intermediate-temperature
H2O–CO2–NaCl mineralizing fluids, sulphur and metals.
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4SV–CDT 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Reference

Li et al. (2004a)
Zheng et al. (1995)
Li et al. (2004a)
Li et al. (2004a)
Li et al. (2004a)
Zheng et al. (1995)
Zheng et al. (1995)
Zheng et al. (1995)
Zheng et al. (1995)

0.2 Li (2000)
0.6 Li (2000)
0.3 Li (2000)
0.6 Li (2000)
0.5 Li (2000)
0.4 Li (2000)
0.3 Li (2000)
0.3 Li (2000)
1.1 Li (2000)
0.5 Li (2000)
0.8 Li (2000)
0.8 Li (2000)
0.3 Li (2000)
0.4 Li (2000)
0.2 Li (2000)
0.4 Li (2000)
0.4 Li (2000)
0.5 Li (2000)
1.4 Li (2000)
0.6 Li (2000)
2.0 Li (2000)
2.1 Li (2000)
2.3 Li (2000)
5.3 Li (2000)
2.0 Li (2000)
2.3 Li (2000)
4.2 Li (2000)
1.7 Li (2000)

17.930 15.599 37.574 Liu (1992)
17.329 15.585 37.881 Liu (1992)
17.977 15.655 38.271 Liu (1992)
17.995 15.638 38.571 Liu (1992)
17.288 15.386 37.392 Wang et al. (1994)
17.194 15.340 37.243 Wang (1993)
17.250 15.391 37.341 Liu (1992)

(continued on next page)

http://www.ccfs.mq.edu.au


Table A1 (continued)

Sample Mineral δD δ18OH2O δ34SV–CDT 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Reference

LFM-2 Galena 17.354 15.379 37.455 Zheng et al. (1995)
9-1 Galena 17.591 15.578 38.091 Wang (1993)
9-2 Galena 17.176 15.397 37.379 Wang (1993)
9-3 Galena 17.236 15.443 37.507 Wang (1993)
9-4 Galena 17.338 15.492 37.793 Wang (1993)
9-5 Galena 17.269 15.489 37.681 Wang (1993)
9-6 Galena 17.306 15.441 37.438 Liu (1992)
AK-2 Galena 17.126 15.387 37.209 Wang et al. (1994)
AK-3 Galena 17.259 15.419 37.396 Wang et al. (1994)
A3-4-1 Galena 17.260 15.397 37.366 Wang et al. (1994)
A3-3-1 Pyrite 17.244 15.411 37.368 Wang et al. (1994)
A4-1-1 Pyrite 17.088 15.367 37.167 Wang et al. (1994)
B1-6-1 Pyrite 17.211 15.391 37.321 Wang et al. (1994)
C3-2-1 Pyrite 17.314 15.425 37.480 Wang et al. (1994)
D3-3-1 Pyrite 17.406 15.414 37.506 Wang et al. (1994)

δ18OH2O — fluids in equilibrium with quartz using the equation 1000lnαquartz–water = 3.38 × 106 T−2 − 3.40 (Clayton et al., 1972), where the temperatures used in calculation are the
averages of fluid inclusion homogenization temperatures. 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb of whole rock are calculated at t = 133 Ma.
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