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The Dongping gold deposit is located at the northernmargin of the North China Craton in Hebei Province, China;
it is the largest alkaline pluton-related Au deposit in China. The ore deposit is hosted in the 400–386 Ma (LA-
ICPMS and SHRIMP zirconU–Pbmethod) Shuiquangou syenite intrusion,which cuts Archean-agedmetamorphic
rocks. The ore bodies consist of a set of en echelon lenses and veins controlled by shear zones. The ores can be
divided into auriferous quartz vein, stockwork, and disseminated ores. Two stages of gold mineralization can
be distinguished, the first stage mineralization consists of high grade (N10 g/t) grayish quartz veins enveloped
by stockwork and disseminated ores, whereas the second stage mineralization occurs as low grade (b10 g/t)
milky white quartz veins. The ores are sulfide-poor and enriched in Te. Gold is mainly present as native gold,
calaverite, electrum and petzite.
Studies of fluid inclusions in quartz indicate that the ore-forming fluids have low salinity (0.7–8.1% NaCl
equivalent) in the H2O–CO2–NaCl system and have homogenization temperatures varying from 310 to 350 °C.
The ore-forming fluids have δ18O values varying from −1.7 to +6.9‰ with an average of 2.9‰ and δD values
from −108 to −66.5‰ with an average of −85‰, indicating a magmatic origin with some involvement of
meteoric fluid. The ore-forming fluids have initial 87Sr/86Sr385Ma ratios of 0.705–0.706 and 3He/4He ratios of 0.3
to 5.2 Ra (Ra being the atmospheric ratio of 1.0), indicative of a mantle contribution of the fluids. The ores
have bulk δ34S values varying from −1 to +2‰, similar to those of the host syenites (δ34S = 1.8–3‰) and the
Archean metamorphic rocks (δ34S = 0.04 to +4.4‰). Lead isotope analyses of sulfides, stock and disseminated
ores, quartz veins, fresh host syenites and theArcheanmetamorphic rocks have a linear correlation of 208Pb/206Pb
and 207Pb/206Pb, indicating a genetic link between the gold mineralization and the syenites. Hydrothermal
zircons from the high grade ores of the first stage can be distinguished frommagmatic zircons based on internal
textures on cathodoluminescence images and rare earth element patterns; these zircons have been dated at
389 ± 1.0 to 385 ± 5.7 Ma, whereas those from the second stage low-grade auriferous quartz vein were dated
at ~140 Ma (LA-ICPMS and SIM U–Pb methods).
We propose a model for the formation of the Dongping gold deposit involving a late-magmatic hydrothermal
process related to a Devonian mantle sourced syenites with a Late Jurassic–Early Cretaceous hydrothermal
overprint.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The association of epithermal and porphyry gold deposits with alka-
line igneous rocks has been of interest for nearly a century, especially
since the discovery of a few world-class gold deposits such as the
Porgera, Emperor, Ladolam and Cripple Creek deposits (Jensen and
Barton, 2000; Kelly and Ludington, 2002). The alkaline igneous rocks
that are related to the gold deposits are diverse, including kimberlite,
lamprophyre, alkali basalt, highly evolved felsic syenite, phonolite,
peralkaline granite, rhyolite and trachyte. Among them, gold deposits
related to syenitic intrusions are only rarely reported (Robert, 2001;
Sillitoe, 2002; Wyman and Kerrich, 1988). The syenite-related gold
deposits are generally Te-rich and Cu- and Zn-poor and have an oxi-
dized ore mineral assemblage syngenetic with potassic alteration, and
therefore this deposit type was termed an “oxidized intrusion-related
gold deposit” (Helt et al., 2014).

Gold deposits related to alkaline magmatism had not been reported
in China until the Dongping syenite-related gold (Au) deposit was
found in 1985. The Dongping gold deposit is hosted in the Shuiquangou
syenite intrusion in the northernmargin of the North China Craton. The
proven reserve is about 100 t of contained Au (Maoet al., 2003). The dis-
covery of the deposit has triggered further exploration for this type of
Au deposit in the North China Craton (Hu et al., 2006a; Nie et al.,
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2004). The Dongping Au deposit has been extensively studied since
its discovery. Researchers have debated on the origin of the deposit
based on different points of views on the age of gold mineralization
and source of ore-forming fluids and Au, e.g., the Archean greenstone
type (Li, 1999; Wang et al., 1990; Yin, 1994; Yin and Zhai, 1994); oro-
genic type (Hart et al., 2002; Mao et al., 2003; Miller et al., 1998); remo-
bilization type (Bao and Zhao, 2006; Mo et al., 1997; Song and Zhao,
1996; Wang et al., 1994); and alkalic porphyry association type (Xiang
et al., 1992; Nie, 1998; Nie et al., 2004; Zhang et al., 2005).

This contribution reviews the geological background, ore geology
and geochemical characteristics of the Dongping gold deposit. A new
model for ore-formation of the deposit is proposed. Our results shed
new light on the metallogenesis of the Dongping deposit and the signa-
tures of gold deposits associated with syenite intrusions, which may
have implications on the exploration of this type of deposits.

2. Geological background

The Dongping Au deposit is located in the western part of the
Yanshan orogen in the northern margin of the North China Craton,
~10 km south of the Shangyi–Chongli–Chicheng thrust fault in Hebei
Province (Fig. 1). The fault extendsmore than 200 km along the latitude
of 41°N and is a dextral strike-slip fault that cuts the basement of
the North China Craton. The pronounced aeromagnetic and gravity
anomalies as well as the Moho depth contour show that it is a
Fig. 1. Geological map showing the distribution of the Shuiquangou syenite intrusion and relat
area; (b) the study area; (c) the No.1 vein group of the Dongping gold deposit.
mantle-penetrating fault (Fig. 1; Hu and Song, 2002; Ma and Zhao,
1999; Zhang et al., 2007). Other sub-parallelWNW-trending subsidiary
dextral shear faults, the Yangmuwa–Mazhangzi and Zhongshangou–
Honghuabei–Shangshuiquan faults are situated along the northern
and southernmargins of the Shuiquangou syenite intrusion, and control
the emplacement of the syenitic intrusion and the distribution of the Au
mineralization (Jiang et al., 2000; Li et al., 2000a; Lu et al., 1997; Song
and Zhao, 1996).

The Sanggan metamorphic complex comprises the basement rocks,
and is composed of a suite of Neoarchean amphibolite and granulite,
and is exposed to the south of the Shangyi–Chongli–Chicheng fault.
The granulite gneiss of the Jiangouhe Formation in the Sanggan meta-
morphic complex was dated at 2.69 to 2.50 Ga using LA-ICPMS and
SHRIMP zircon U–Pb methods (Jiang et al., 2010; Li et al., 2012a; Liu
et al., 2007) and is well preserved in this region.

The marble, quartzite, amphibolite and gneiss of the Precambrian to
Paleozoic Hongqiyingzi complex outcrops to the north of the Shangyi–
Chongli–Chicheng fault (Fig. 1). The Hongqiyingzi complex experienced
extensive deformation in the late Paleozoic due to the closure of the
Paleo-Asian Ocean between the Siberian and North China Cratons
(Wang et al., 2011). The rock types at surface in themining area also in-
clude Mesoproterozoic sedimentary rocks and volcanic-sedimentary
rocks of the Early Cretaceous Zhangjiakou Group (Fig. 1).

Magmatism in this region occurred in five stages between the
Archean and the Cretaceous. The earliest stage magmatic event
ed gold deposits in the western part of the Yanshan orogen. (a) The location of the study



Fig. 2. Chondrite-normalized REE patterns for the augite–hornblende syenites from
the southern part of the Shuiquangou syenite intrusion (a); syenites and quartz syenites
from themining area theDongping gold deposit (b); intensively K-feldspathized and silic-
ified syenites adjacent to the auriferous quartz veins from the 1427 m level of the No.1
vein group (c). REE concentrations of the samples are from Bao et al. (1996), Bao and
Zhao (2003), and Zhao et al. (2010). REE normalization values are from Sun and
McDonough (1989).

200 Z. Bao et al. / Ore Geology Reviews 73 (2016) 198–210
produced the Neoarchean to Paleoproterozoic granodiorite and
monzonite (2.54–2.44 Ga, Li et al., 2012a), which were followed by
Mesoproterozoic Wenquan rapakivi granite (1721 ± 3 Ma, Liu et al.,
2006). A magmatic event in the late Paleozoic formed the Devonian
Shuiquangou syenite intrusion (400± 3.5Ma, Bao et al., 2014). Triassic
magmatism includes the Guzuizi porphyritic monzogranite (236 ±
2 Ma, Miao et al., 2002), Honghualiang biotite granite (235 ± 2 Ma,
Jiang et al., 2007) and Xiaozhangjiakou mafic–ultramafic intrusion
(220 ± 5 Ma, Tian et al., 2007). Cretaceous magmatism occurs as the
Shangshuiquan alkali granite (142.5 ± 1.3 Ma, Miao et al., 2002),
Zhuanzhilian diorite (139.5 ± 0.9 Ma, Jiang et al., 2007), Beizhazi alkali
granite (130.5±1.5Ma; Li and Bao, 2012), and the Zhangjiakou Forma-
tion volcanic rocks (127.8 ± 3.9 Ma, Li and Bao, 2012).

2.1. The Devonian Shuiquangou syenite intrusion

The Shuiquangou syenite intrusion, along with a suite of alkaline
rocks, mafic–ultramafic intrusions and trachytic rocks, is considered to
constitute a linear post-collisional magmatic belt along the northern
margin of the North China Craton, which resulted from slab breakoff,
the buoyancy-driven detachment of subducted oceanic lithosphere
from the light continental lithosphere that follows it during continental
collision (Davies and von Blanckenburg, 1995), subsequent to the
closure of the Paleo-Asian Ocean (Zhang et al., 2010). The Shuiquangou
syenite intrusion crops out in an area of about 350 km2. It intruded the
Neo-Archean Sanggan metamorphic rocks and is locally overlain by the
Early Cretaceous volcanic rocks of the Zhangjiakou Formation. The
Shuiquangou syenite intrusion is composed of augite hornblende K-
feldspar syenite, hornblende syenite, augite syenite, aegirine syenite,
K-feldspar syenite, quartz K-feldspar syenite and quartz syenite. Flow
structure composed of E–W orientated prismatic hornblende and
tablet-like microcline is commonly observed in outcrops at the top
and the margins of the intrusion.

The Shuiquangou syenite intrusion is modeled as an upper mantle
partial melt that has been contaminated by the lower crust (e.g., Bao
et al., 2003; Jiang, 2005; Jiang and Nie, 2003). The syenitic rocks of the
Shuiquangou syenite intrusion have very variable rare earth element
(REE) concentrations (3 to 83 times that of the chondrite); the augite
hornblende K-feldspar syenite in the west contains the highest ∑REE
of ~212 ppm and has smooth chondrite-normalized REE pattern with
depletion ofHREE relative to LREE. In contrast, quartz K-feldspar syenite
in the east has the lowest ∑REE of ~8.54 ppm and exhibits obviously
tetrad effect (Fig. 2). The “tetrad effect” of REE (La–Lu) results from
increased stability at quarter, half, three-quarter, and complete filling
of the 4f electron shell. This effect can cause a split of chondrite-
normalized REE patterns into four rounded either convex or concave
segments called tetrads (first tetrad, La–Ce–Pr–Nd; second tetrad,
(Pm)–Sm–Eu–Gd; third tetrad, Gd–Tb–Dy–Ho; fourth tetrad, Er–Tm–
Yb–Lu) (Masuda and Ikeuchi, 1979). The tetrad effect was initially
observed in patterns of liquid–liquid REE distribution coefficients, and
subtle interelement variations resembling this effect have been subse-
quently documented by various experimental studies and theoretical
considerations (Monecke et al., 2002, and reference therein). The REE
tetrad effects found in the syenites from the mining area and K-
feldspathized and silicified syenites adjacent to the auriferous quartz
veins are likely the result of intensive hydrothermal alteration (Bao
et al., 1996; Zhao et al., 2010) The host syenite intrusion to theDongping
gold mine has been intensely altered by late-magmatic, high-K and F-
rich hydrothermal fluids (Jiang, 2006; Jiang et al., 2003) and experi-
enced silicification and K-feldspathization; euhedral allanite has been
replaced by anhedral allanite, and chevkinite-(Ce) replaced by allanite
and ilmenite.

The Shuiquangou syenite intrusion has been dated bymany different
methods. 40Ar–39Ar ages on hornblende (327 ± 9 Ma) and K-feldspar
from the syenites (157–177 Ma) are unreliable, given the late-stage
hydrothermal and structural disturbance (e.g., Jiang and Nie, 2000;
Song and Zhao, 1996). Single zircon U–Pb results ranging from
410.5 ± 1.4 Ma to 1667 ± 11 Ma are also questionable because
of the lack of structural studies (Li et al., 1999; Liang et al., 1998).
The more recent LA-ICPMS and SHRIMP zircon U–Pb dating show
that the Shuiquangou syenite intrusion may have experienced a
prolonged history of crystallization, i.e., zircons from the hornblende
syenite in the western part, K-feldspar syenite in the middle part, and
quartz syenite in the eastern part of the intrusion were dated at
400 ± 3.5 Ma, 390 ± 6 Ma, and 386 ± 6 Ma, respectively (Bao et al.,
2014; Miao et al., 2002).
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2.2. The Dongping gold deposit

The Dongping gold deposit is located in the middle part of the
Shuiquangou syenite intrusion. The gold mineralization is controlled
by three stages of fractures (Song and Zhao, 1996; Jiang et al., 2000).
The first-stage fractures are oriented in two directions, one group of
fracture strikes at 050° and dips NW at an angle of 45°, and the other
set of fractures is nearly EW-trending and dips north at an angle of
~60°. Both sets of fractures are filled with barren or weakly gold-
mineralized quartz veins. The second-stage shear zones are the major
gold-controlling structures; they comprise NNE-trending sinistral and
NW-striking dextral shear faults which are en echelon. Major gold ore
bodies are hosted in a series of subparallel NNE-striking, en echelon
auriferous quartz vein swarms and quartz-K-feldspar veinlets. The
third-stage structure is observed locally, comprising NE-striking dextral
tensional shear faults. The gold mineralization hosted in the third-stage
structure is minor and restricted in distribution to the western part of
the ore field.

A total of 69 auriferous veins or vein groups have been identified in
theDongping gold deposit. The quartz veins are envelopedby intensive-
ly K-feldspathized and silicified syenite, commonly a few tens of centi-
meters to a few meters in thickness, and up to 30 m in thickness at
depth. The vein group No.1–70, which comprises the main part of the
deposit, is more than 1300 m long and has width varying from tens of
meters to more than 500 m, with a depth extension of more than
800 m (Fig. 3). Individual ore bodies are 200 to 400 m long, 0.12 to
36 m thick (average of 10.6 m) and have a depth extension of 100 to
600 m. The density of ore vein distribution increases with depth, and
the disseminated ores enveloping the veins become the main ore type
at depth (Fig. 4).
Fig. 3. A cross section of the Dongping gold d
The Dongping gold deposit has an average gold grade of 6 g/t.
The grade of individual ore body is variable from 4.14 to 22.66 g/t
(Song and Zhao, 1996). There are three major ore types in the deposit,
i.e., auriferous quartz vein in the upper part, quartz stockwork and dis-
seminated ores in the middle part, and disseminated ores in the lower
part. The ores contain b3% sulfides. The sulfides mainly comprise pyrite
that is commonly replaced by limonite at the shallow part, with minor
chalcopyrite, galena, and sphalerite. Specularite, magnetite, bornite,
covellite, cerussite and malachite are also observed in the ores. The
oxygen fugacity reached the hematite–magnetite oxygen buffer, which
is similar to that of porphyry Cu–Au deposits (Sun et al., 2013). Gangue
minerals include quartz, microcline and albite, with minor sericite, cal-
cite and barite. Wall rock alteration includes K-feldspathization,
albitization, silicification, pyritization, sericitization, chloritization and
epidotization.

Native gold makes up N90% of Au in the ores, and is mostly fine-
grained and rarely visible in hand specimen. Native gold is commonly
cubic or octahedral or vein-, worm-like or spherical in shape. Coarse-
grained native gold is associated with quartz, pyrite, galena and chalco-
pyrite, whereas disseminated, fine-grained native gold is associated
with euhedral fine-grained pyrite, galena and calaverite in the late
stage quartz veins.

The secondmajor gold carrier is represented by gold and silver tellu-
ride, including calaverite, hessite and petzite. Au–Ag-telluride occurs as
nanoparticles in As-free pyrite (Ciobanu et al., 2012; Cook et al., 2009a).
The ores have an average Te/Au ratio of 0.71, and the Te/Au ratio
increases with the grade of Au (Zhang et al., 2001). The Dongping gold
deposit was therefore referred to as Au-telluride deposit (e.g., Zhang
and Mao, 1995). The telluride minerals have a grain size ranging from
10 to 47 μm, and are associated with native gold and chalcopyrite, or
eposit along the No. 15 exploration line.



Fig. 4.Aplan viewof No.1–70 groups of the veins in theDongping gold deposit, withinwhich all the veins at four levels are projected onto one surface and alignedwith the exploration line
A–A′.
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as inclusions and fissure-fillings in pyrite, galena, sphalerite and quartz
(Zhang et al., 2002a). The oxidation and dissolution of the tellurides
resulted in the formation of tellurium oxysalts and secondary native
gold (Li et al., 2001; Zhang et al., 2002b). Replacement of native gold
by the secondary native gold (N98% Au) or Au-bearing Pb, Zn, and Te
minerals is locally observed under microscopy. A few newly described
tellurite minerals such as zincospiroffite [Zn2Te3O8] have been discov-
ered in the deposit (Tian and Li, 1995; Wang and Meng, 2000; Zhang
et al., 2000, 2004).

The cross-cutting relationships of ore veinswith the differentminer-
al assemblages show that there are two stages of gold mineralization at
the Dongping gold deposit. These include: 1. the early stage high grade
grayish auriferous quartz-K-feldspar veins (N10 g/t) along with the
enveloping stockworks and disseminated ores and 2. the late stage of
low grade white auriferous quartz veins (b10 g/t) and auriferous
quartz-polymetallic sulfide veins that crosscut the early stage quartz
veins and stockworks. Calcite–pyrite veins are rarely visible in hand
specimen and are only observed as fine veinlets in thin sections, occur-
ring as fracture fillings.

3. Geochemical constraints on the ore-forming processes

3.1. Fluid inclusion data

Three types of fluid inclusions have been identified in the auriferous
quartz veins based on the fluid inclusion relationships and their chem-
ical compositions at room temperature (Fan et al., 2001; Mao et al.,
2003; Mao and Li, 2001). These types are: (1) gas inclusion (V-type),
containing more than 50 v/v% (percent by volume) vapor phase. The
V-type inclusions occur in isolation, mostly as negative crystal or ellip-
soidal shape with diameters of 5 to 10 μm and are primary. (2) Gas-
liquid inclusion (V–L type), comprising 10 to 50 v/v% vapor phase. The
V–L type inclusions commonly occur in clusters or healed fractures
and show ellipsoidal or negative crystal shapes with diameters of 2 to
15 μm. (3) Liquid inclusions (L-type), containing less than 10 v/v%
vapor phase, with an ellipsoidal and irregular shape, and diameters of
less than 7 μm. The L-type inclusions occur in healed fractures and cut
V- and V–L-type inclusions and they are secondary in origin. Primary
CO2-rich inclusion (V-type) and vapor-rich liquid inclusion (V–L-type)
have homogenization temperatures of 372–306 °C and 342–267 °C
and salinities of 3.7–1.0 and 1.9–0.8 wt.% NaCl equivalent, respectively
(Fan et al., 2001). The trapping pressures for V-type inclusions are esti-
mated to be 0.4–1.6 kbar (Fan et al., 2001; Mao et al., 2003; Zhang et al.,
2012). The ore-forming fluid was a low-salinity H2O–CO2–NaCl system,
which is typical for mesothermal gold deposit (Wilkinson, 2001). From
deep to shallow part of ore veins, homogenization temperature of inclu-
sionsdecreases and the salinity of ore fluids changes from1.9 to 0.8wt.%
NaCl equivalent, whichmay be due to dilution bymeteoricwater and/or
boiling (Fan et al., 2001; Wilkinson, 2001). Fluid immiscibility was ob-
served in inclusions in the middle parts of No.1 ore zone, which might
have been resulted from changes of temperature and pressure. We be-
lieve that fluid immiscibility may be the prime depositional mechanism
for gold in the auriferous quartz veins (Fan et al., 2001).

The ore-formingfluids have δ18O values calculated using the quartz–
water fractionation equation of Clayton (1972) ranging from −1.7 to
+6.9‰ (average 2.9‰) and δD values from−108 to−66.5‰ (average
−85‰), indicating that the fluids may have been derived from mag-
matic water with the involvement of meteoric waters during the



Table 1
Oxygen and hydrogen isotope compositions of quartz from the Dongping gold deposit.

Sample number δ18O Mineral δ18OH2O δDfluid inclusion Refs.

D91-01 9.1 2.5 −83.0 Lu (1991)a

D91-02 12.0 5.3 −81.0 Lu (1991)a

D92-06 11.6 4.5 −81.0 Lu (1991)a

D91-03 8.2 −1.7 −81.0 Lu (1991)a

D91-04 11.3 −0.3 −85.0 Lu (1991)a

D95-11 13.1 1.5 −79.3 Nie (1998)
D95-12 11.4 1.4 −93.1 Nie (1998)
D95-07 13.0 5.8 −73.1 Nie (1998)
D95-08 13.5 6.9 −76.2 Nie (1998)
D95-09 12.3 6.0 −73.2 Nie (1998)
D95-10 12.3 5.9 −79.3 Nie (1998)
D92-02 11.8 4.0 −91.2 Wang et al. (1992)
D92-01 6.80 −1.5 −89.2 Wang et al. (1992)
D92-03 10.5 1.10 −89.3 Wang et al. (1992)
D92-04 6.80 −1.70 −66.5 Wang et al. (1992)
D92-05 11.2 2.20 −101 Wang et al. (1992)
DP-39 10.7 2.44 −108 Fan et al. (2001)
DP-53 11.5 4.05 −108 Fan et al. (2001)
DP-51 10.8 3.55 −91.0 Fan et al. (2001)
DP-63 10.5 3.59 −89.4 Fan et al. (2001)
DP-32 10.7 3.99 −84.7 Fan et al. (2001)
DP-19 11.0 3.35 −70.8 Fan et al. (2001)
DP-15 10.8 3.15 −85.9 Fan et al. (2001)

a Lu, D.L., 1991. Ore-control structures andmetallogenesis of theDongping gold deposit.
Geological report.
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process of ore-formation (Fan et al., 2001; Nie, 1998; Wang, 1992)
(Table 1 and Fig. 5). In the No.1 group of veins, the δD values of fluids
decrease obviously from the depth upwards, indicating that there was
an incremental input of meteoric water to the primary magmatic fluid
(Fan et al., 2001).

The ore-forming fluids in six quartz samples from the auriferous
quartz veins contain 0.0206–0.5901 ppm Rb and 0.4941–3.342 ppm
Sr, and have 87Sr/86Sr ratios ranging from 0.706 to 0.708 (Mo et al.,
1997). The initial 87Sr/86Sr ratios (at 385 Ma) of the ore-forming fluids
Fig. 5. Hydrogen and oxygen isotopic compositions of the ore fluids in the Dongping gold
deposit. Note: δ18O values of the ore-forming fluids are calculated using the quartz–water
fractionation equation of Clayton (1972) (1000lnαquartz–water = 3.38 × 106 T−2–3.40)
based on the results of oxygen isotopic compositions of representative quartz from the
auriferous quartz veins and the homogenization temperatures of the fluid inclusions.
Data sources: Fan et al. (2001); Lu (1991); Nie (1998); Wang (1992). Reference fields are
after Taylor (1997)
vary from 0.705 to 0.706, almost identical to that of the host syenitic
plutons (87Sr/86Sr385Ma ~ 0.705, Bao et al., 1996, Table 2). Such similarity
indicates a genetic link between the ore-forming fluids and the host
syenite intrusion (Mo et al., 1997).

The fluid inclusions in the pyrite from the ore veins have 3He/4He
ratios ranging from 0.3 to 5.2 Ra (Ra being the atmospheric ratio of
1.0), which are much higher than that of the crustal values and indicate
a mantle source for the fluids (Mao et al., 2003).

3.2. The source of gold

Pb isotope data for the sulfides, disseminated ores and auriferous
quartz veins plot along a co-linear array with the K-feldspar, host sye-
nitic plutons and the Archean Sanggan metamorphic complex on the
plots of 207Pb/204Pb versus 206Pb/204Pb, 208Pb/204Pb versus 206Pb/204Pb
and 208Pb/206Pb versus 207Pb/206Pb (Fig. 6; Bao et al., 2000; Nie, 1998;
Wu, 2009). This indicates that mixing of Pb sources may have been
involved in the hydrothermal ore-forming processes. The sulfides,
disseminated ores and auriferous quartz veins contain more radio-
genic Pb, which may be attributed to the preferential scavenging of
radiogenic Pb that results in the more radiogenic leachate fraction
than whole rock lead during hydrothermal processes (Davis and
Krogh, 2000; Macfarlane and Petersen, 1990; Nimis et al., 2012). Given
the similarity of the Pb isotopic composition of the disseminated ores
and the host syenite intrusion, themajority of the ore-forming elements
mayhave been sourced from the syenites. The Pb isotope composition of
the Archeanmetamorphic rocks is different when compared to the ores,
and the trend shifts away from the field of the ores and syenites even
though the data fall on the same array. We, therefore, suggest that the
Archean Sanggan metamorphic complex is unlikely the major source
of ore metals for the gold mineralization in the Dongping deposit.

The sulfides from the Dongping deposit and the other gold deposits
related to the Shuiquangou syenite intrusion have variable δ34S values,
which may have resulted from different sulfur source and/or distinct
oxygen fugacity (Fig. 7, Table 4). It is recognized that the δ34S values
of hydrothermal sulfide minerals are controlled by many factors
(Ohmoto, 1972): (a) temperature; (b) the isotopic composition of sulfur
in the ore fluid (δ34S∑S); and (c) the ratio of SO4

2−/H2S in the solution
which, in turn, is controlled by the temperature, pH, and fO2, the hydro-
thermal fluid. The δ34S values of the sulfides from the Dongping deposit
show δ34Spyrite N δ34Ssphalerite N δ34Sgalena (Song and Zhao, 1996),which is
consistent with the trend of equilibrium sulfur isotopic fractionation
(Fig. 7a, b, c, d; Ohmoto and Rye, 1979). The presence of magnetite
and specularite in the ores demonstrates that theDongping gold deposit
was formed under oxidized condition, and the bulk δ34S value was esti-
mated to be −1 to +2‰ (Ohmoto, 1972). The bulk δ34S value of the
ore-forming fluids is quite similar to that of the magmatic pyrite from
the Shuiquangou syenites (δ34S = +1.8 to +3‰, Nie, 1998) and
rocks of the Archean Sanggan metamorphic complex (δ34S = −0.04
to +4.4‰, Wang et al., 1990). Therefore, the Shuiquangou syenites
may have been the principal sulfur source for the ore-forming fluids
but a contribution of sulfur from theArcheanmetamorphic rocks cannot
be excluded.

3.3. Age of gold mineralization

Early isotopic dating yielded ages of 350 to 103 Ma, most of which
are by the 39Ar/40Ar method (Table 5; Hart et al., 2002; Jiang and Nie,
2000; Lu et al., 1993). The diversity in ore-formation ages led to much
controversy over metallogenic models (e.g., Hu and Luo, 1994; Jiang
and Nie, 2000; Li et al., 1998, 2010; Mao et al., 2003; Nie, 1998; Wang,
1992; Xu et al., 2002).

Previous work on the 39Ar/40Ar ages of the hydrothermal K-feldspar,
quartz, and sericite yielded ages between 289 and 153 Ma (e.g., Hart
et al., 2002; Jiang and Nie, 2000). It is likely that these ages recorded
the time of the Ar gain and/or loss during multistage hydrothermal



Table 2
Rb–Sr isotope compositions of the fluid inclusions from the auriferous quartz veins and the syenite complex.

Sample no. Sample type Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr 87Sr/86Sr385Ma

D39 Fluid inclusions 0.2398 0.4941 1.3991 0.70825 ± 0.00008 0.7006
D61 Fluid inclusions 0.0305 0.6950 0.1263 0.70640 ± 0.00001 0.7057
D77 Fluid inclusions 0.0206 0.9732 0.0609 0.70632 ± 0.00002 0.7060
D146 Fluid inclusions 0.0619 0.6876 0.2596 0.70650 ± 0.00003 0.7051
D185 Fluid inclusions 0.3500 3.342 0.3019 0.70670 ± 0.00010 0.7050
D174 Fluid inclusions 0.5901 1.654 1.0285 0.70845 ± 0.00002 0.7028
DP92-93 Augite hornblende syenite 73.65 1404 0.1505 0.70571 ± 0.00001 0.7049
DP92-98 Augite hornblende syenite 112.8 1232 0.2050 0.70685 ± 0.00001 0.7057
DP92-122 Quartz syenite 75.69 673.6 0.3252 0.70781 ± 0.00002 0.7060
DP92-160 Augite syenite 69.54 1051 0.1915 0.70674 ± 0.00001 0.7057
DP92-162 Quartz syenite 53.38 914.1 0.1690 0.70616 ± 0.00001 0.7052
DP92-169 Hornblende syenite 68.10 134.0 0.1470 0.70581 ± 0.00001 0.7050
DP-4 Quartz syenite 19.09 127.4 0.1537 0.70609 ± 0.00001 0.7052
DP-5 Quartz syenite 13.44 1.996 0.5764 0.70770 ± 0.00003 0.7045
DP-6 Quartz syenite 23.51 155.8 0.1597 0.70580 ± 0.00005 0.7049
DP-7 Quartz syenite 20.40 677.1 0.0875 0.70559 ± 0.00005 0.7051
DP-8 Quartz syenite 18.15 120.3 0.1546 0.70647 ± 0.00003 0.7056
DP-9 Quartz syenite 3.446 28.83 0.1233 0.70594 ± 0.00002 0.7053
DP-10 Quartz syenite 14.28 112.2 0.3597 0.70601 ± 0.00006 0.7040
DP-11 Syenite 15.67 196.8 0.8160 0.70539 ± 0.00003 0.7009
DP-12 Syenite 20.03 166.2 0.1235 0.70587 ± 0.00004 0.7052
DP-13 Syenite 18.35 136.2 0.1378 0.70599 ± 0.00002 0.7052
DP-14 Syenite 17.40 155.4 0.1148 0.70579 ± 0.00005 0.7052
DP-15 Syenite 18.07 222.6 0.0832 0.70563 ± 0.00005 0.7052

Note: Rb–Sr isotope results for the fluid inclusions in the quartz from the auriferous quartz vein were analyzed by the Yichang Institute of Geology and Mineral Resources, Chinese Acad-
emy of Geological Sciences usingMAT-261, details were described inMoet al. (1997). Rb–Sr isotope resultswere analyzed by the Institute of Geology andGeophysics, Chinese Academyof
Sciences using MAT-262.
87Sr/86Sr385Ma represents back calculated 87Sr/86Sr ratios of the samples at 385 Ma.
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activities and/or mixing processes throughout the multistage hydro-
thermal events (Villa and Williams, 2013). The argon ages cannot be
related to any specific tectonomagmatic event in the study area (Fig. 8;
Jiang et al., 2007; Li and Bao, 2012; Miao et al., 2002).

Hydrothermal zircons from high-grade auriferous quartz vein and
disseminated ores in the Dongping gold deposit exhibit internal struc-
tures and REE patterns that are different from magmatic zircon. The
hydrothermal zircons were dated at ~385 Ma by LA-ICPMS and SIMS
U–Pb, indicating that they formed during the main stage of gold miner-
alization in the Devonian (Bao et al., 2014). The hydrothermal zircons
from the low-grade auriferous quartz vein of the Dongping gold deposit
have been dated at 147.8 ± 2.3 Ma (SIMS) and 140.3 ± 1.4 Ma (LA-
ICPMS) (Bao et al., 2014; Li et al., 2010); these ages are attributed to a
Fig. 6. Lead isotopic compositions of the sulfides, auriferous quartz veins and disseminated ore
complex. Evolution curves in (a) and (b) according to the plumbotectonic model of Zartman a
Late Jurassic–Early Cretaceous hydrothermal overprint caused by the
intrusion of the Shangshuiquan granite and the Zhuanzhilian diorite
(Bao et al., 2014). On this basis, we suggest that the Dongping gold
deposit was mainly formed in the Devonian and overprinted by Late
Jurassic–Early Cretaceous hydrothermal activity (Fig. 8).

4. Metallogeny of the Dongping gold deposit

Four models have been proposed for the origin of the Dongping
deposit, viz: 1. Greenstone-type (Li et al., 1999; Wang et al., 1990); 2.
Orogenic-type (Hart et al., 2002; Yang et al., 2003); 3. Remobilization-
type (Song and Zhao, 1996; Wang et al., 1994); and 4. Alkalic porphyry
association type (Nie et al., 2004; Xiang et al., 1992).
s of the Dongping gold deposit, and the host syenites and Archean Sanggan metamorphic
nd Haines (1988).



Fig. 7. Histogram of δ34S value of the sulfides from the Dongping gold deposit and all the
other gold deposits related to the Shuiquangou syenite intrusion. (a), (b), (c), and
(d) show δ34S values of sulfide minerals from the Dongping gold deposit; (e) shows
δ34S values of pyrite from the Dongping, Hougou, Jinjiazhuang, Zhongshangou,
Zhangquanzhuang, Huangtuliang, and Shijingtun gold deposits associated with the
Shuiquangou syenite intrusion.
Data are from Jiang and Nie (1998), Li et al. (2000b), Song and Zhao (1996), Wang
et al. (1990), Xing et al. (2011), and Yin (1994).
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The Dongping deposit and many other gold deposits in the western
part of the Yanshan orogen are spatially associated with the Archean
Sanggan metamorphic complex which contains elevated abundances
of gold (1.1–9.3 ppb, average 8 ppb; Yin, 1994) relative to bulk crustal
crust (1.3 ppb; Rudnick and Gao, 2003). Some researchers have postu-
lated that these gold deposits are of the greenstone-type (Li, 1999; Li
et al., 1999;Wang et al., 1990; Yin, 1994; Yin and Zhai, 1994). However,
this hypothesis is contradicted with the fact that all the gold deposits in
the Northwest Hebei Province are located inside or adjacent to the
Shuiquangou syenite intrusion.

The Dongping and other gold deposits in Southwestern Hebei Prov-
ince have features similar to those of orogenic type gold deposits, such
as the sulfide-poor, Te-rich ore mineral assemblages, stockwork ore
structures, and low salinity and CO2-rich ore-forming fluids (Hart
et al., 2002). Some researchers have proposed an orogenic model for
theDongpingdeposit and other gold deposits in theNorth China Craton.
They recognized the spatial coincidence with Archean uplift and have
argued that the structures associated with basement uplift were key
to localizing magmatism and mineralization, and that reactivation of
these structures ensured their role in focusing fluids. They suggested
that the lithospheric thinning in the Mesozoic resulted in replacement
by hot fertile asthenosphere that resulted in a significant increase in
the crustal thermal gradient, uplift, rifting, and subsequent subsidence
is one possible mechanism for the formation and localization of the
gold deposits in the North China Craton (Hart et al., 2002; Mao et al.,
2003;Miller et al., 1998; Zhai et al., 2002; Yang et al., 2003). An orogenic
model has been proposed for the ~125 Ma extensive gold mineraliza-
tion in eastern Shandong province in East China which is related to
the coeval lithospheric thinning, asthenospheric upwelling, and paleo-
Pacific plate subduction (e.g., Fan et al., 2003; Goldfarb and Santosh,
2014; Hu et al., 2006b; Sun et al., 2007; Yang et al., 2003). Goldfarb
and Santosh (2014) proposed that the ore fluidswere produced directly
by themetamorphismof oceanic lithosphere and overlying sediment on
the subducting paleo-Pacific slab, or by devolatilization of an enriched
mantle wedge above the slab. Both the sulfur and gold could be sourced
from either the oceanic sediments or the serpentinizedmantle. Orogen-
ic gold deposits are often associated with greenschist-facies metamor-
phic rocks (e.g., Goldfarb et al., 2001). The ore-forming ages of the
Dongping deposit and other gold deposits in Northwestern Hebei Prov-
ince are post-date the age of metamorphism of the Archean Sanggan
metamorphic complex (e.g., Chen et al., 2006; Hu and Song, 2002;
Jiang et al., 2010; Li et al., 2012a). A contribution of metamorphic fluid
to the gold mineralization may be insignificant because the Precambri-
an source rocks had lost most of their volatiles more prior to the forma-
tion of the gold mineralization. The commonly meters to tens of meters
of halo of K-feldspathization enveloping the ore veins in the Dongping
gold deposit are consistent with the development of late-magmatic
hydrothermal alteration of the Shuiquangou syenites. Moreover, the
extensional tectonic inversion in the North China Craton, which was
considered as key event controlling the gold mineralization, took place
at 130–110 Ma (Zhai and Santosh, 2011, 2013), which significantly
postdated the gold mineralization of the Dongping gold deposit.

Based on similar Pb and S isotopic compositions of the ores and
syenites as well as the contrasting ages of mineralization and the
Shuiquangou syenite intrusion, some researchers suggested that
the hydrothermal fluids were derived from the Late Jurassic–Early
Cretaceous granites and leached the gold in the syenites (Song and
Zhao, 1996). The Shuiquangou syenites may have been a major con-
tributor of metals in the formation of the gold mineralization; this
is supported by the similarity of S, Pb, and silicon isotopic composi-
tions between the ores and the host syenites (e.g., Bao and Zhao,
2006; Mo et al., 1997; Song and Zhao, 1996; Wang et al., 1994). The
published 39Ar/40Ar ages of K-feldspars and sericites from the ores
(153–187 Ma) are substantially younger than that of the Devonian
Shuiquangou syenite intrusion. It was thus proposed that the metals
were derived from leaching of the Shuiquangou syenites by the circulat-
ing hydrothermal fluids related to the development of Late Jurassic–
Early Cretaceous granitic intrusions (Bao and Zhao, 2006; Mo et al.,
1997; Song and Zhao, 1996). However, the Ar–Ar ages for the hydro-
thermal gold mineralization cannot be correlated with any specific
tectonomagmatic event in the study area and these data are inconsis-
tent with the more reliable U–Pb ages obtained on hydrothermal
zircons from the ores (Bao et al., 2014).

A model linking gold mineralization to alkalic magmatism has been
proposed by some geologists based on the ore-metal association (they
are similar to those of epithermal Au deposits associated with alkaline
magmatic rocks), and based on the close spatial relationship of the
gold mineralization with the syenite intrusion. Moreover, S and Pb
isotope data for the ore-associated minerals support this hypothesis
(Table 3, 4) (Xiang et al., 1992; Nie, 1998; Nie et al., 2004; Zhang
et al., 2005).



Table 3
Lead isotope compositions of sulfides, ores, and wall rocks from the Dongping area.

Sample Occurrence Altitude (m) Mineral 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb

DP16 Dongping YD7 1620 Galena 17.625 15.505 37.649
89-178 Dongping 1548 Galena 17.630 15.553 37.770
89-189 Dongping 1503 Galena 17.577 15.505 37.540
89-195 Dongping 1464 Galena 17.672 15.555 37.791
DP90① Dongping Qtz vein Galena 17.763 15.641 38.281
DP91① Dongping Qtz vein Galena 17.575 15.593 38.144
90-74 Hougou 1280 Galena 17.145 15.112 36.468
90-67 Hougou 1280 Galena 17.325 15.279 36.908
DP96① Dongping Qtz vein Pyrite 17.533 15.451 37.375
DP97① Dongping Qtz vein Pyrite 17.088 15.413 36.713
Zzs-7② Zhongshangou Qtz vein Pyrite 17.364 15.458 37.384
Zzs-8② Zhongshangou Qtz vein Pyrite 17.292 15.440 37.339
Zzs-13② Zhongshangou Qtz vein Pyrite 17.438 15.469 37.428
DP92-251 Dongping YD6 1620 Ore 17.682 15.623 37.974
DP92-269 Dongping YD3 1584 Ore 17.329 15.440 37.405
DP-17 Dongping YD3 1584 Ore 17.747 15.704 38.389
DP92-227 Dongping 1538 Ore 17.630 15.577 37.823
DP92-230 Dongping 1503 Ore 17.517 15.471 37.460
DP18 Dongping 1503 Ore 17.673 15.604 37.959
DP92-273 Dongping 1464 Ore 17.579 15.517 37.622
B-1 Dongping 1427 Ore 17.413 15.436 37.374
B4 Dongping 1427 Ore 17.553 15.427 37.282
B6 Dongping 1427 Ore 17.506 15.500 37.540
DP92-70-1 Zhongshangou 1330 Ore 18.321 15.422 37.413
DP92-70-3 Zhongshangou 1330 Ore 17.356 15.413 37.314
DP92-70-5 Zhongshangou 1330 Ore 17.303 15.424 37.413
DP92-70-7 Zhongshangou 1330 Ore 17.379 15.517 37.764
DP92-70-9 Zhongshangou 1330 Ore 17.096 15.324 37.084
DP79-1 Dongping 1584 Ore 17.718 15.496 37.486
DP79-2 Dongping 1584 Ore 17.587 15.456 37.368
DP97-5 Dongping 1584 ore 17.615 15.451 37.403
DP97-4 Dongping 1584 ore 17.709 15.504 37.522
DP97-7 Dongping 1538 Ore 17.459 15.343 37.283
DP79-3 Dongping 1538 Qtz vein 17.722 15.488 37.502
DP97-6 Dongping 1538 Qtz vein 17.704 15.665 38.184
DP97-16 Dongping #70 1344 Qtz vein 17.642 15.626 37.955
DP97-32 Dongping #70 1390 Qtz vein 17.428 15.474 37.469
DP97-39 Dongping #4 1740 Qtz vein 17.677 15.552 37.765
DP97-41 Dongping #4 1710 Qtz vein 17.582 15.496 37.572
DP97-42 Dongping #4 1690 Qtz vein 17.836 15.586 37.862
DP97-43 Dongping #4 1675 Qtz vein 17.299 15.440 37.389
DP97-44 Dongping #4 1640 Qtz vein 17.692 15.559 37.812
DP97-46 Dongping #1 1700 Qtz vein 17.818 15.477 37.442
DP97-56 Dongping #2 1735 Qtz vein 17.494 15.465 37.425
DP97-57 Dongping #2 1700 Qtz vein 18.200 15.534 37.547
HT-62 Hetugou 1414 Qtz vein 17.093 15.378 36.994
HT-64 Hetugou 1425 Qtz vein 17.259 15.388 37.146
HT-65 Hetugou 1431 Qtz vein 17.611 15.646 37.926
HT-66 Hetugou 1445 Qtz vein 17.333 15.437 37.273
HT-67 Hetugou 1457 Qtz vein 17.259 15.432 37.348
B-8 Dongping 1427 Syenite 17.676 15.509 37.573
89-27 Yingpandi Syenite 16.457 15.270 36.539
90-161 Dongping Syenite 17.390 15.472 37.393
DP238 Dongping Syenite 17.443 15.408 37.266
DP23① Dongping Syenite 17.576 15.278 36.847
90-61 Hougou Syenite 17.354 15.320 37.084
D159 Dongping #1 1427 Kfs 17.537 15.453 37.447
D173 Dongping #1 1390 Kfs 17.595 15.474 37.533
D129 Dongping #1 1464 Kfs 17.580 15.463 37.452
DP20① Dongping Kfs 17.398 15.392 37.211
DP21① Dongping Kfs 16.965 15.159 36.482
DP19① Dongping Kfs 17.386 15.382 37.163
DP93① Dongping Kfs 17.238 15.352 36.625
DP94① Dongping Kfs 17.381 15.233 36.831
DP25 Dongping Archean granulite 16.609 15.302 36.665
DP-26 Dongping Archean granulite 15.255 15.016 34.425

Note: The samples were analyzed at the State Key Laboratory of Isotope Geochemistry using VG-354 and the details were described in Bao et al. (2000). Data marked ① are from Nie
(1998); ② from Wu (2009).
Qtz vein = auriferous quartz vein; Kfs = K-feldspar.
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As discussed above, the hydrothermal zircons from the high-
grade auriferous quartz veins and disseminated ores have been
dated at ~385 Ma, which is immediately after the emplacement of
the Shuiquangou syenite intrusion (Bao et al., 2014). The
hydrothermal zircon grains from the low grade auriferous quartz
vein, which crosscut the early stage high-grade ore veins, have
been dated at ~140 Ma, indicating the Late Jurassic–Early Cretaceous
hydrothermal overprint (Bao et al., 2014; Li et al., 2010, 2012b).



Table 4
Sulfur isotope composition of the sulfides from the Dongping gold deposit.

Sample no. Mineral δ34S CDT (‰) Sample no. Mineral δ34SCDT (‰)

D-01 Pyrite −0.8 A-97 Pyrite −7.3
D-05 Pyrite −3.2 A-98 Pyrite −7.5
D-08 Pyrite 0.5 A-99 Pyrite −7.4
D-10 Pyrite −3.7 D-07 Chalcopyrite −6.7
D-14 Pyrite −5.3 D-13 Chalcopyrite −6.7
D-16 Pyrite −9.5 D-24 Chalcopyrite −6.9
D-19 Pyrite −7.8 D-02 Galena −13.6
D-20 Pyrite −8.7 D-04 Galena −11.4
D-22 Pyrite −7.1 D-09 Galena −10.4
D-25 Pyrite −6.9 D-11 Galena −10.6
D-27 Pyrite −7.1 D-15 Galena −12.2
D-28 Pyrite −6.7 D-17 Galena −12.5
D-30 Pyrite 0.4 D-21 Galena −10.5
D-32 Pyrite 0.5 D-26 Galena −11.7
D-33 Pyrite −0.3 D-29 Galena −11.6
D-34 Pyrite −1.3 D-31 Galena −10.1
D-35 Pyrite −2.5 D-33 Galena −8.2
D-36 Pyrite −1.7 D-35 Galena −12.3
D-37 Pyrite −1.4 D-37 Galena −10.9
D-38 Pyrite −4.3 D-40 Galena −10.2
D-39 Pyrite −4.2 D-23 Galena −11.4
DP03 Pyrite −9.3 D-03 Sphalerite −10.3
DP06 Pyrite −9.8 D-12 Sphalerite −7.8
DP12 Pyrite −8.9 D-18 Sphalerite −9.3
DP14-1 Pyrite −10.3 D-6 Sphalerite −7.8
CD10 Pyrite −9.8

Note: Data are from Song and Zhao (1996) and the results of samples A-97, -98, and -99
are from Wang et al. (1990).

Fig. 8. Comparison of the 39Ar/40Ar ages of the K-feldspar, sericite, quartz vein and U–Pb
ages of the hydrothermal zircon from the ores, and the regional magmatism. Ages of the
magmatic rocks including the Shuiquangou syenite, Honghualiang, the Guzuizi,
Shangshuiquan, and Beizhazhi granites, and the Zhuanzhilian diorite (Bao et al., 2014;
Jiang et al., 2007; Li and Bao, 2012; Miao et al., 2002). U–Pb ages of the hydrothermal zir-
cons for the Dongping and Hougou gold deposits are from Bao et al. (2014) and Li et al.
(2012b). 39Ar/40Ar ages for the Dongping, Hougou, Zhongshangou, and Huangtuliang
gold deposits are from Lu et al. (1993), Song and Zhao (1996),Jiang and Nie (2000), and
Hart et al. (2002).
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Therefore,we propose that theDongping gold depositmay have formed
by two stages of hydrothermal fluids at ~385 and ~140 Ma. The first
stage of gold mineralization was of late-magmatic hydrothermal origin
and was related to the Shuiquangou syenite intrusion, whereas the sec-
ond stage of gold mineralization was a hydrothermal overprint associ-
ated with the Late Jurassic–Early Cretaceous granitic magmatism.

The northern part of theNorth China Cratonwas a passive continental
margin in Ordovician to Silurian and experienced subduction and subse-
quent amalgamation of the Ondor Sum accretionary complex (Zhang
et al., 2010). The emplacement of the Shuiquangou syenite intrusion
along with other alkaline intrusions and mafic–ultramafic complex oc-
curred at the termination of the Early Paleozoic orogenic cycle around
Table 5
Results of isotopic dating for the gold deposits related to the Shuiquangou syenite complex.

Sampling location Mineral or rock analyzed

Dongping gold deposit
(No.1 to N.70 vein group)

Zircon, disseminated ore
Zircon, auriferous quartz vein
Zircon, auriferous quartz vein
K-feldspar, disseminated ore
Sericite, disseminated ore
K-feldspar, auriferous quartz vein
K-feldspar, auriferous quartz vein
Muscovite, disseminated ore

Zircon, low grade quartz vein
Hydrothermal zircon, quartz vein
Fluid-inclusion, auriferous quartz vein

Zhongshangou gold deposit K-feldspar, auriferous altered rocks adjacent
to quartz vein

Hougou gold deposit K-feldspar, auriferous altered rock adjacent
to quartz vein
K-feldspar, auriferous quartz vein

Sericite, auriferous altered rock adjacent
to quartz vein
Quartz, auriferous quartz vein
K-feldspar, auriferous quartz vein
Hydrothermal zircon, mylonite

Huangtuliang gold deposit Sericite, auriferous altered rock adjacent
to quartz vein
the margin of the northern North China Craton (Zhang et al., 2010). The
northernpart of theNorth China Craton evolved into a post-collisional ex-
tensional regime in the early Devonian (e.g., Zhang et al., 2010 and refer-
ences therein). At this time, the Dongping gold deposit is formed by
hydrothermal processes (~385 Ma) subsequent to the emplacement
of the Shuiquangou syenite intrusion (400–386 Ma). The ore-forming
fluids exsolved from the syenites andweremixedwithmeteoricwaters.
The syenite-derived Au may have migrated as hydrosulfide and/or
polytellurides in the high temperature and low salinity ore-forming
fluids (Brugger et al., 2012; Cook et al., 2009b; Gammons and
Williams-Jone, 1997), and finally deposited due tofluidmixing, cooling,
phase separation and the reaction with the wall rocks as indicated by
the inclusion results and the extensive silicification and K-
feldsparthization. During the Yanshanian orogenic processes in the
Method Age (Ma) Source

LA-ICP-MS zircon U–Pb 389 ± 1 Bao et al. (2014)
SIMS zircon U–Pb 385 ± 5.7 Bao et al. (2014)
Conventional zircon U–Pb 350.9 ± 0.9 Li et al. (1998)
39Ar/40Ar 289.1 ± 0.3 Jiang and Nie (2000)
39Ar/40Ar 186.8 ± 0.3 Jiang and Nie (2000)
39Ar/40Ar 177.4 ± 5 Song and Zhao (1996)
39Ar/40A r 156.7 ± 0.9 Lu et al. (1993)
39Ar/40Ar 153 ± 3 Hart et al. (2002)

153 ± 2
SIMS zircon U–P 147.8 ± 2.3 Bao et al. (2014)
LA-ICPMS zircon U–Pb 140.3 ± 1.4 Li et al. (2010)
Rb–Sr isochron 103 ± 8 Mo et al. (1997)
39Ar/40Ar 241 ± 1 Hart et al. (2002)

246 ± 1
39Ar/40Ar 288.1 ± 0.4 Jiang and Nie (2000)

Laser probe 39Ar/40Ar 202.6 ± 1.0 Xu et al. (2002)
179.7 ± 1.6

39Ar/40Ar 187.6 ± 0.4 Jiang and Nie (2000)

39Ar/40Ar 177.6 ± 1.9 Hu and Luo (1994)
39Ar/40Ar 172.9 ± 5 Wang (1992)
LA-ICPMS U–Pb 154.4 ± 1.3 Li et al. (2012b)
39Ar/40Ar 187.4 ± 0.3 Jiang and Nie (2000)
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Late Jurassic–Early Cretaceous, the fluids derived from the extensive
granitic magmatism mixed with meteoric waters, and this resulted in
the remobilization of the original gold mineralization and resulted sec-
ond enrichment.

The model that we propose can explain the most important major
field relationships and the geochemical variations. The genetic link be-
tween the Shuiquangou syenite intrusion and the gold mineralization is
consistent with the observation that 13 gold deposits occur within or ad-
jacent to the Shuiquangou syenite intrusion (Li et al., 2000b; Song and
Zhao, 1996; Wang et al., 1990; Yin, 1994), whereas there is no gold min-
eralization related to the abundant Triassic and Jurassic to Cretaceous
granite intrusions in the study area (Fig. 8). O, H, Sr and He isotopic com-
positions of the ore-formingfluids suggest that thefluidsweremainly de-
rived from the Shuiquangou syenite intrusion (Fig. 5). In addition, the
overlap of δ34S Pb isotope compositions of the ores and the syenites
also manifests a genetic link (Figs. 6,7).

5. Summary

The Dongping deposit and other gold deposits in the Northwestern
Hebei Province, China are spatially and temporally associated with the
Devonian Shuiquangou syenite intrusion.

(1) The Shuiquangou syenites experienced a prolonged history of
crystallization; 400 ± 3.5 Ma in the western part (LA-ICPMS zir-
con U–Pb) to 386 ± 6 Ma in the eastern part of the intrusion
(SHRIMP zircon U–Pb).

(2) There are three major ore types in the deposit, i.e., auriferous
quartz vein in the upper part, quartz stockwork and disseminated
ores in the middle part, and disseminated ores in the lower part.
The ores are characterized by low sulfide, tellurium rich. Gold
mainly occurs as native gold, calaverite, electrum, and petzite.

(3) Isotope geochemical and fluid inclusion results show that Au was
mainly derived from the syenite intrusion, and accordingly, the
ore-forming fluids were primarily magmatic waters with the par-
ticipation of meteoric waters.

(4) LA-ICPMS and SIMSU–Pb dating of the hydrothermal zircons from
the ores demonstrated that the Dongping gold deposit wasmainly
formed during the late-magmatic hydrothermal stage immediate-
ly subsequent to the emplacement of the Shuiquangou syenite in-
trusion, however, the Late Jurassic–Early Cretaceous hydrothermal
overprints also contributed to the gold mineralization in the
Dongping deposit and the other gold deposits associated with
the syenite intrusion.
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