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a b s t r a c t

Located in the eastern section of the Central Asian Orogenic Belt, the Jiawula Ag-Pb-Zn deposit is
classified as a volcanic to subvolcanic related vein-type ore deposit. New U-Pb zircon geochronology,
whole-rock geochemistry, mineral chemistry, and Sr-Nd isotope data are presented for the intrusions
in the Jiawula deposit in order to evaluate the timing, petrogenetic type of the granitoid rocks, origin
and evolution of magmatism, geodynamics, and to establish its relationship with lead-zinc mineraliza-
tion. Zircon SHRIMP U-Pb analyses yield weighted mean ages of 150.1 ± 1.8 Ma for quartz porphyry,
148.8 ± 2.2 Ma for syenite porphyry, and 145.3 ± 1.9 Ma for monzonite porphyry, indicating a Late
Jurassic (Yanshanian) magmatic event. An earlier magmatic event (Indosinian) occurred during the
Late Permian to Early Triassic from ca. 254 Ma to ca. 247 Ma and is represented by granodiorite
(254 ± 2 Ma), dacite porphyry (252.9 ± 4.8 Ma), and diorite porphyry (278 ± 4.1 Ma). Both the
Indosinian and Yanshanian igneous rocks are classified as I-type granitoids. The late Jurassic intrusions
are highly fractionated and characterized by negative anomalies of Eu, Sr, P, and Ti. The hypabyssal
intrusions have initial 87Sr/86Sr values between 0.70458 and 0.70522, and eNd(t) values of �3.4 to
�0.2, indicating relatively older crust in Jiawula among more juvenile crust in this area. Magma genera-
tion in Jiawula is linked to juvenile lower crustal and slightly enriched mantle sources. The �250 Ma
magmatic episode in Jiawula might be related to the subduction of the Mongol-Okhotsk oceanic plate
towards the south beneath the Erguna massif. The �150 Ma magmatic event occurred after the closure
of the Mongol-Okhotsk Ocean followed by the change in subduction direction of the Paleo-Pacific plate.
Varying temperature, stronger fractionation and higher oxygen fugacity related to the magmatic-
hydrothermal transition caused Pb-Zn mineralization.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction intrusions were emplaced in Mesozoic (Wu et al., 2011; Ouyang
The Great Xing’an Range in NE China forms an important part of
the easternmost segment of the Central Asian Orogenic Belt (CAOB)
and is characterized by numerous voluminous intrusions (Meng,
2003; Meng et al., 2011; Zhang et al., 2010, 2011; Wu et al.,
2005, 2011). Recent geochronology data indicate that most of these
et al., 2013; Wang et al., 2015; Tang et al., 2016).
The Great Xing’an Range is an important polymetallic metallo-

genic belt in northeastern China and hosts different types of Meso-
zoic base and precious metal mineral deposits, including porphyry,
skarn, hydrothermal vein, and epithermal type deposits (Chen
et al., 2012; Pirajno, 2012; Zhai et al., 2012; Liu et al., 2014).
Geochronology indicates that mineralization in this region formed
during the Late Mesozoic and peaked during the Early Cretaceous
(Mao et al., 2003, 2013; Ouyang et al., 2013; Bai et al., 2014;
Zhou et al., 2009, 2010, 2015). Most deposits appear to be closely
associated with Mesozoic magmatic-hydrothermal activity.
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Previous studies have demonstrated that the Jiawula Ag-Pb-Zn
deposit can be characterized as a volcanic-subvolcanic related
hydrothermal vein deposit, which is transitional to mesothermal
and epithermal types (Wu et al., 2006; Pirajno et al., 2009; Zhai
et al., 2013). With proven reserves of 28 Mt of ore including about
1 Mt of lead, 1 Mt of zinc and 3106 t of silver, the Jiawula Ag-Pb-Zn
deposit as well as adjacent Chagan Ag-polymetallic deposit have
been regarded as important ore deposits, showing great metallo-
genic potential (Zhai et al., 2013). The porphyritic intrusions in Jia-
wula have a close spatial relationship with the mineralization.

A better understanding of the magmatic processes and the pet-
rogenesis of the Jiawula intrusions can provide important clues on
the geodynamic processes and the modifications in the litho-
spheric architecture over time (e.g. Li et al., 2014a; Li and
Santosh, 2014; Guo et al., 2014; Sun et al., 2014; Zhang et al.,
2015a). However, the precise ages of these intrusions have not
been constrained and the temporal framework of magmatic-
tectonic events is still ambiguous. In addition, the lack of informa-
tion on the timing, petrogenesis, magma source and evolution of
the Jiawula intrusions is a major limitation on understanding the
relationship between magmatism and mineralization.
Fig. 1. (a) Location of the Central Asian Orogenic Belt in relation to the Siberian and North
Jiawula Deposit (modified after Wu et al., 2011); (c) Detailed geological map of the Jiaw
In this study, we present new data on SHRIMP zircon U-Pb
geochronology, whole-rock geochemistry, mineral chemistry
(EPMA), and Sr-Nd-Pb isotopes from a suite of magmatic intrusions
in the Jiawula deposit. Based on the results, we discuss the timing
and petrogenesis of the intrusions in order to establish the origin
and evolution of magmatism, its geodynamic environment, and
its relationship with lead–zinc mineralization in this area.
2. Regional geology

The Jiawula deposit is located in the western part of the great
Xing’an Range within the eastern segment of the Central Asian
Orogenic Belt (CAOB). The CAOB is a well-known Paleozoic oro-
genic collage between the Siberian Craton in the north and the
Tarim and North China Cratons in the south (Fig. 1a) (Xiao et al.,
2015 and references therein). The Jiawula deposit occurs in the
southern part of the Erguna Block and to the NW of the Derbugan
fault (Fig. 1b).

Several NE-SW striking faults have been identified in NE China,
which separates this region into several tectonic blocks including
China Cratons (modified after Wu et al., 2011); (b) Regional geological setting of the
ula deposit (modified after the geological map from mining company).
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the Erguna block in the northwest, the Xing’an and Songliao blocks
in the center, the Liaoyuan terrane in the southeast, and the Jia-
musi massif in the east (Fig. 1b). The Erguna, Xing’an, and Songliao
blocks are considered to form the eastern part of the CAOB, which
amalgamated during the Paleozoic, whereas the Jiamusi massif
comprises Early Mesozoic circum-Pacific accreted terranes (Wu
et al., 2011). The Early-Middle Jurassic magmatic events are related
to the subduction-related closure of the Mongol-Okhotsk Ocean to
the Xing’an Mongolia Orogenic Belt, whereas the combined effects
of the closure of the Mongol-Okhotsk Ocean (Yang et al., 2015;
Tang et al., 2016) and the subduction of the Paleo-Pacific Oceanic
plate may have been responsible for the large-scale magmatism
and associated mineralization (Ouyang et al., 2013; Porter, 2016).

Two major tectono-stratigraphic units have been recognized in
this region: (1) a pre-Jurassic metamorphic massif including quart-
zite and slate, and (2) a Mesozoic volcano-sedimentary sequence
composed of basalt, andesite, and tuffaceous sandstone. The pre-
Jurassic metamorphic massif is unconformably overlain by Late
Jurassic to Early Cretaceous volcano-sedimentary sequences (Nie
et al., 2015). The local stratigraphy of the Great Xing’an Range
region is dominated by Jurassic successions and to a lesser extent
by Cretaceous rocks (Zhai et al., 2013). The Jurassic rocks are
mainly composed of carbonaceous mudstone (slate), siltstone,
sandstone, and conglomerate of the Nanping Formation, and ande-
site, basaltic andesite, and minor pyroclastic rocks of the Tamulan-
gou Formation.
Fig. 2. Cross section of the Jiawula deposit (lo
Widespread magmatism in the form of multi-phase plutonic
and volcanic activities took place across the Great Xing’an Range.
Mafic-ultramafic rocks mainly formed in the Late Paleozoic and
are mostly developed along the boundaries between the blocks.
Massive intermediate-felsic intrusions were emplaced in the Late
Paleozoic and Mesozoic (Liu et al., 2004). The Erguna Block shows
evidence for four stages of granitic magmatism: Neoproterozoic
(851–737 Ma), Early Paleozoic (ca. 490 Ma), Early-Middle Jurassic
(200–160 Ma), and Early Cretaceous (ca. 130 Ma). The Neoprotero-
zoic and Early Paleozoic granitoids occur scattered within the
widespread Triassic-Jurassic plutons that range in age from 241
to 182 Ma (Wu et al., 2011; She et al., 2012; Tang et al., 2013;
Ouyang et al., 2013).

Mesozoic magmatism shows a close temporal-spatial relation-
ship with mineralization. Igneous bodies were emplaced in a shal-
low crustal setting as mid-hypabyssal, hypabyssal and ultra-
hypabyssal intrusions of felsic and intermediate composition. The
main rock assemblages include dacite porphyry, granite porphyry,
quartz porphyry, and quartz monzonite porphyry (Zhai et al., 2013;
Nie et al., 2015).
3. Geology of the Jiawula deposit

The Jiawula deposit occurs 45 km northwest of Xin Barag Right
Banner and 150 km southwest from Manzhouli City (coordinates E
cation of the section is shown on Fig. 1c).
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116�1403000–116�2000000, N 48�4600000–48�4903000). The stratigraphy
is dominated by Jurassic successions, composed of Middle Jurassic
sandstone and conglomerate of the Nanping Formation, andesite
and basaltic andesite of the Tamulangou Formation, and andesite
and rhyolite of the Shangkuli Formation. Most of the ores are
hosted by Jurassic rocks of the Tamulangou and Nanping Forma-
tions (Fig. 1c).

Northwest- and north-northwest-trending faults expand north-
westward and converge to the southeast. Ore bodies are controlled
by these faults, which have a genetic relationship with the volcanic
edifice (Li et al., 2014b). The intrusions in the Jiawula deposit are
mainly composed of Indosinian granite and granodiorite as well
as late Yanshanian syenite porphyry, quartz porphyry and quartz
monzonite porphyry. The mineralization of the Jiawula Ag-Pb-Zn
deposit is spatially associated with the late Yanshanian intrusions.
Fig. 3. Representative hand specimens and thin section photomicrographs of the igneou
and intrusions; (b) hand specimen of monzonite porphyry; (c) syenite porphyry showing
feldspar alteration; (e) granodiorite (crossed polarized light); (f) quartz phenocryst in
backscattered electron image (f0). (g) diorite-porphyry with dominantly plagioclase and
porphyry (crossed polarized light); (j) dacite porphyry (crossed polarized light); (k) diori
and quartz vein. Or: orthoclase; Pl: plagioclase; Qz: quartz; Bi: biotite; Rt: rutile; Am: a
The quartz monzonite porphyry, which is associated with the min-
eralization, shows a single-grain zircon U-Pb age of 139.2 ± 0.5 Ma
(Qin et al., 1996). The Rb-Sr isochron age of quartz in the Pb-Zn ore
constrained as 140.0 ± 11.0 Ma (Wang et al., 2010) and the Rb-Sr
isochron age from sphalerite and pyrite at 142.7 ± 1.3 Ma (Li
et al., 2014b) mark the Early Cretaceous mineralization event.

More than 40 ore bodies have been identified in the Jiawula Ag-
Pb-Zn deposit, most of which occur as veins. They occur in close
proximity to the feldspar- and quartz porphyry intrusions, in frac-
ture zones, or along the formation boundaries. The main ore min-
erals are pyrite, sphalerite, galena, chalcopyrite, arsenopyrite, and
magnetite. Discrete grains of silver minerals (including argentite,
pyrargyrite, and canfieldite) and isomorphism in silver-bearing
sulfides are identified (Niu et al., 2016). Quartz, chlorite, calcite,
rhodochrosite, muscovite, and fluorite are the main gangue
s rocks of the Jiawula Ag-Pb-Zn deposit. (a) alteration zoning between the ore body
mainly orthoclase phenocrysts (crossed polarized light); (d) granodiorite showing K-
quartz porphyry (crossed polarized light), the presence of rutile is shown in the
amphibole phenocrysts; (h) diorite porphyry (crossed polarized light); (i) dacite

te vein with propylitization cuts granodiorite; (l) diorite porphyry cut by sphalerite
mphibole; Sp: sphalerite.
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minerals. The ores show vein, vein networks, disseminated,
banded, and massive structures. Idiomorphic or hypidiomorphic,
and xenomorphic textures are common. Replacement and exsolu-
tion textures are also commonly present. The Jiawula deposit
shows an alteration zonation from a core of quartz-sericite-pyrite
to actinolite-sericite-epidote to epidote-carbonate-chlorite at the
margins (Pan and Sun, 1992; Pirajno et al., 2009; Zhai et al.,
2013; Fig. 3a).

4. Sampling and analytical techniques

4.1. Sample description

The major intrusive rocks in the Jiawula deposit include mon-
zonite porphyry, syenite porphyry, quartz porphyry, dacite por-
phyry, diorite porphyry, and granodiorite. Representative samples
(see Fig. 1c for sample localities) were selected for zircon dating,
whole-rock, mineral and Sr-Nd-Pb isotope geochemical studies.

The feldspar porphyry and quartz porphyry are closely related
to the ore bodies (Fig. 2). The phenocrysts in the monzonite por-
phyry (0.3–0.8 cm in size) are mainly made up of K-feldspar (35–
40 vol%), plagioclase (35–40 vol%), biotite (5–10 vol%), and horn-
blende (5–10 vol%) (Fig. 3b). The syenite porphyry comprises K-
feldspar (75–80 vol%) and biotite (15–20 vol%) phenocrysts (0.3–
0.5 cm in size). Quartz and K-feldspar can be identified in the
matrix (Fig. 3c). The quartz porphyry shows a faint yellow color
with porphyritic texture in hand specimen. The rock is composed
of quartz phenocrysts (0.2–2 mm in size) and a quartz-K-feldspar
matrix. Backscattered electron imaging demonstrates that rutile
is occasionally associated with quartz phenocrysts in the quartz
porphyry (Fig. 3f).

The granodiorite is coarse grained and comprises plagioclase
(25–30 vol%), K-feldspar (15–20 vol%), quartz (15–20 vol%), horn-
blende (10–15 vol%), and biotite (10–15 vol%) (Fig. 3d and e). Apa-
tite and zircon occur as accessory minerals in this rock. The
porphyritic gray-green diorite porphyry comprises amphibole
(30–35 vol%), plagioclase (55–60 vol%),±biotite (up to 5 vol%) phe-
nocrysts (0.2 mm to 0.6 cm in size) (Fig. 3g and h). Apatite occurs
as an accessory mineral; quartz, plagioclase, and hornblende form
the matrix. The phenocrysts in the dacite porphyry include plagio-
clase (40–45 vol%), K-feldspar (35–40 vol%), and minor biotite (5–
10 vol%) and quartz (5 vol%) (Fig. 3i and j). The matrix is composed
of quartz and feldspar.

4.2. Analytical techniques

Whole-rock geochemistry was done at the Beijing Research
institute of Uranium Geology, China. Major element oxides were
analyzed using a Panalytical PW4400 X-ray fluorescence spectrom-
eter (analytical accuracy: 0.01 wt%). The GB/T14506.28 standard
was used for Na2O, MgO, Al2O3, SiO2, P2O5, K2O, CaO, TiO2, MnO,
and Fe2O3 whereas the GB/T14506.28 and LY/T1253-1999 stan-
dards were used for FeO and LOI, respectively. Trace elements
including REEs were analyzed using an X-series plasma mass spec-
trometer with reference to the DZ/T0223-2001 standard (analytical
accuracy: 0.1 ppm).

The major and minor element compositions of minerals in this
study were determined at the Chinese Academy of Geological
Sciences, using a JEOL JXA-8230 electron microprobe. Operating
conditions for minerals except for quartz were 15 kV accelerating
voltage, a beam current of 20 nA, counting time of 10 s (peak posi-
tion), and a beam diameter of 5 lm (analytical accuracy: 0.01 wt%).
A high current of >100 nA, combined with a counting time of 30 up
to 200 s for Ti (accuracy: 0.001 wt%), was used for quartz.

Zircon separation was performed at Langfang Regional Geolog-
ical Survey in Hebei, China. Zircon crystals were extracted by mag-
netic and density methods after crushing, then hand-picked under
a binocular microscope, mounted onto an epoxy resin disk and pol-
ished. After preparation of the mount, all zircon grains were micro-
scopically examined under transmitted and reflected light. Zircon
internal textures were studied by cathodeluminescence using a
microprobe at the Beijing SHRIMP Center.

The SHRIMP analyses were performed on the SHRIMP II ion
microprobe at Curtin University. The mass resolution used to mea-
sure Pb/Pb and Pb/U mass ratios was �5000 (1%) during two ana-
lytical sessions. Mass ratios were normalized to those measured on
the standard Sri Lankan gem zircon CZ3 (206Pb/238U = 0.0914).
Uncertainties on individual analyses are based mainly on counting
statistics and are reported at the 1r level. Errors on pooled analy-
ses are reported at 2r (95% confidence).

Sr and Nd isotopic analyses were performed at the Beijing
Research Institute of Uranium Geology. The Sr–Nd isotopic mea-
surements were made by an ISOPROBE-T multi-collector thermal
ionization mass spectrometer. The 87Sr/86Sr ratio of the NBS987
standard and 143Nd/144Nd ratio of the SHINESTU standard were
0.71025 ± 7 (2r) 256 and 0.512118 ± 3 (2r), respectively. The
measurement accuracy of the Rb/Sr mass ratio was better than
0.1%. The mass fractionation of Sr isotopes was corrected using
86Sr/88Sr = 0.1194. The accuracy of the Sm/Nd mass ratio was bet-
ter than 0.1% and the mass fractionation of Nd isotopes was cor-
rected using 146Nd/144Nd = 0.7219. The 87Rb/86Sr and 147Sm/144Nd
ratios were calculated using the Rb, Sr, Sm, and Nd abundances
measured by ICP-MS.

5. Analytical results

5.1. Whole-rock major and trace elements

Whole-rock major and trace element data of the representative
samples from Jiawula and other intrusions from the Great Xing’an
Range area are presented in Tables 1 and 2. The Indosinian Group
has lower content of SiO2 (59.1–66.6 wt%), K2O (1.75–4.61 wt%),
and higher contents of Al2O3 (14.7–16.8 wt%), CaO (0.78–3.70 wt
%), MgO (1.62–3.58 wt%), Fe2O3 (total) (4.92–6.68 wt%), TiO2

(0.75–0.95 wt%) and P2O5 (0.18–0.27 wt%), compared to the Yan-
shanian Group with the contents of SiO2 (68.1–77.5 wt%), K2O
(5.02–6.80 wt%), Al2O3 (12.4–14.9 wt%), CaO (0.08–1.28 wt%),
MgO (0.27–0.75 wt%), Fe2O3 (total) (0.53–2.89 wt%), TiO2 (0.13–
0.52 wt%) and P2O5 (0.02–0.15 wt%). The Na2O content of the Indo-
sinian and Yanshannian group varies between 2.86 and 4.79 wt%,
and 0.19 and 4.18 wt%, respectively. The MnO content is not
greater than 0.2 wt% in all analyzed samples.

The Yanshanian intrusions that are temporally linked to miner-
alization and emplaced in Late Jurassic, show calc-alkaline, medium
to high K, and peraluminous characteristics. The Indosinian intru-
sions display calc-alkaline, high K, and peraluminous features
(TAS and AFM diagrams shown in Fig. 4). Harker diagrams (Fig. 5)
reveal that Al2O3, CaO,MgO, Fe2O3 (total), Na2O, Ti2O, P2O5 correlate
negatively with SiO2, suggesting possible fractional crystallization.
MnO and Na2O do not show a significant correlation with SiO2.
These data reflect the difference in metallogenic specialization
among various mineralization series in the Great Xing’an Range.

Chondrite-normalized REE patterns (normalization values after
Sun and McDonough, 1989) for the Early Cretaceous Jiawula intru-
sions show enrichment in light rare earth elements (LREE) relative
to the heavy rare earth elements (HREE) with LREE/HREE ratios of
8.12–11.59. The Indosinian Group shows weak Eu negative anoma-
lies (Eu/Eu⁄ = 0.68–0.80) whereas the late Yanshanian Group dis-
plays strong negative Eu anomalies (Eu/Eu⁄ = 0.15–0.40) (Fig. 6a).
The Indosinian Group is characterized by the depletion of Ta, Nb,
P, Ti in and Sr (Fig. 6b). Rocks of the Yanshanian Group, on the
other hand, show stronger depletion of Sr, Ti, and P, and a negative



Table 1
Whole-rock geochemical data of the intrusions from the Jiawula deposit.

Sample 45 12 1302 1209 1321 1220

Major oxides (wt.%)
SiO2 62.52 66.63 59.08 69.29 68.08 77.47
Al2O3 16.76 14.66 15.73 14.73 14.86 12.42
TFe2O3 4.92 5.12 6.68 2.38 2.89 0.532
MgO 1.62 1.47 3.58 0.626 0.748 0.268
CaO 2.49 0.775 3.7 1.24 1.28 0.082
Na2O 4.79 2.86 4.33 4.18 4.17 0.192
K2O 2.65 4.61 1.75 5.02 5.24 6.8
MnO 0.121 0.139 0.096 0.122 0.069 0.011
TiO2 0.752 0.626 0.953 0.458 0.524 0.134
P2O5 0.237 0.177 0.273 0.105 0.146 0.022
LOI 3.12 2.34 3.82 1.83 1.47 1.55
Total 99.98 99.41 99.99 99.98 99.48 99.48
Mg# 25 22 35 21 21 34
FeO 3.01 4.27 4.42 1.79 2.36 0.44

Trace elements (ppm)
B 16.6 7.54 11.4 10.4 7.88 27.3
Li 27.3 59 29.2 26 23.5 16.6
Be 1.28 3.08 1.12 3.65 3.4 1.57
Sc 12.3 10.2 16 7 7.61 2.63
V 73.5 59.1 144 20 26.9 3.38
Cr 3.63 18.4 41.3 5.61 5.2 12
Co 8.19 6.53 13.7 1.86 2.9 0.21
Ni 3.06 7.68 21 2.78 2.9 4.74
Cu 7.23 41.3 16 9.08 20.2 7.86
Zn 96.5 2084 80.5 164 308 59.5
Ga 21.3 16.5 17.7 20.9 21.6 19.6
Rb 99.8 251 47 166 232 351
Sr 564 160 497 163 183 72.4
Y 29.6 22.3 24.4 46.7 46.3 28.5
Mo 0.254 1.94 0.26 2.73 2.41 1.51
Cd 0.228 14.5 0.174 1.02 2 0.168
In 0.069 6.78 0.037 0.074 0.627 0.042
Sb 0.425 0.484 0.267 0.798 0.364 1.66
Cs 11.3 9.49 6.8 7.51 7.14 9.35
Ba 761 1129 482 623 729 514
La 40 28.8 32.5 86.4 91.7 36.1
Ce 84.5 56.7 67.4 178 187 76
Pr 10.9 7.05 8.64 22.1 23.3 9.17
Nd 44.1 27.9 35.7 86.4 90.9 32.2
Sm 8.23 5.33 6.89 15.8 16.6 6.42
Eu 1.69 1.22 1.63 1.76 1.95 0.283
Gd 6.57 4.18 5.13 11.2 12.2 5.09
Tb 1.13 0.695 0.911 2.01 1.99 0.951
Dy 5.6 4.36 4.92 9.84 9.72 4.33
Ho 1.04 0.785 0.849 1.57 1.8 0.901
Er 2.9 2.26 2.29 4.2 4.43 2.87
Tm 0.401 0.378 0.36 0.644 0.619 0.529
Yb 2.81 2.62 2.28 3.95 4.2 3.19
Lu 0.437 0.363 0.321 0.616 0.539 0.479
W 0.722 5.44 0.454 2.88 1.83 1.47
Re <0.002 0.004 <0.002 0.005 0.006 0.004
Tl 1.04 3.88 0.325 2.11 3.47 4.92
Pb 13.5 32.9 9.79 134 17 77.8
Bi 0.088 2.4 0.225 0.28 0.925 0.088
Th 6.6 7.22 7.7 17.3 16.6 23.7
U 1.62 1.99 1.96 4.98 4.18 5.28
Nb 14 8.56 8.94 24.7 24.6 27.5
Ta 0.969 0.743 0.55 1.81 1.64 2.02
Zr 252 213 177 462 473 160
Hf 6.67 5.6 4.11 10.8 11.7 6.41
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Ba anomaly. Geochronological and geochemical data indicate con-
trasting geochemical characteristics for the late Yanshanian and
the Indosinian intrusions.

5.2. Mineral chemistry (EPMA)

Results of EMPA analyses of the phenocrysts including biotite,
feldspar, hornblende, and quartz (TiO2) from the intrusions are
given in Table 3–6, respectively. A brief discussion of the results
is given below.
5.2.1. Biotite
Biotite was analyzed in the monzonite-porphyry (sample

1321, three analyses), the syenite porphyry (five analyses,
sample 1209), and in the dacite porphyry (sample 12, two
analyses) (Table 3). The biotite can be classified as magnesio
biotite in all three rock types, with one exception
(ferro-biotite) (Fig. 8a). Biotite in the dacite porphyry appears
to be of primary magmatic origin whereas biotite in both
the monzonite porphyry and syenite porphyry has been
re-equilibrated (Fig. 8b).



Table 2
Whole-rock major elements data of the representative intrusions from the Great Xing’an Range (data collected from Geng, 2006; location of the deposit shown on Fig. 1b).

Deposit Rock types SiO2 TiO2 Al2O3 Fe2O3 FeO MnO CaO MgO K2O Na2O P2O5 LOI H2O+

Cu polymetallic
Dajing Dacite porphyry 67.39 0.43 15.03 1.81 1.74 0.09 2.13 0.56 3.09 3.07 0.15 4.25
Naoniushan Plagioclase porphyry 79.18 0.03 13.09 0.31 0.63 0.03 1.04 0.60 0.66 3.40 0.30

Plagioclase porphyry 51.58 0.82 16.52 2.11 7.30 0.12 7.32 5.74 2.03 3.52 0.18 2.49
Plagioclase porphyry 53.28 0.97 14.68 1.52 7.78 0.10 9.98 5.92 0.50 3.71 0.24 1.71
Plagioclase porphyry 51.70 1.08 14.75 2.49 9.22 0.14 6.80 4.63 2.13 4.48 0.20 2.33
Plagioclase porphyry 48.18 1.08 17.11 2.79 9.58 0.12 8.19 5.26 3.23 1.78 0.17 2.04
Plagioclase porphyry 50.30 1.12 17.24 2.38 9.12 0.10 7.76 4.97 2.85 1.81 0.18 1.88
Granodiorite porphyry 68.96 0.47 15.95 0.45 1.12 0.01 2.05 1.16 5.45 4.18 0.01 0.62
Granodiorite porphyry 69.10 0.41 15.77 0.64 1.22 0.01 2.16 1.24 4.67 4.22 0.07 0.77

Lianhuashan Plagiogranite porphyry 69.94 0.33 14.85 0.68 0.87 0.03 1.81 0.79 3.50 4.54 0.10
Diorite porphyry 53.96 0.91 17.05 1.19 7.19 0.14 7.86 4.95 1.25 3.49 0.19 1.68
Diorite porphyry 54.94 0.95 16.87 1.15 7.04 0.15 4.11 3.69 2.05 4.40 0.24 4.23
Dacite porphyry 56.82 1.42 15.86 1.19 7.28 0.07 1.66 4.50 4.01 3.94 0.56 2.42
Dacite porphyry 56.76 1.42 14.96 1.65 7.45 0.07 1.51 4.86 4.02 3.71 0.56 2.57
Dacite porphyry 59.88 1.33 13.99 1.71 6.63 0.06 1.11 4.86 3.84 3.14 0.53 2.51
Granodiorite porphyry 67.97 0.38 15.86 0.85 2.18 0.04 2.02 1.24 1.44 6.35 0.13 1.42
Granodiorite porphyry 67.26 0.37 15.59 1.00 2.08 0.04 2.07 1.29 1.40 6.48 0.13 1.59
Granodiorite porphyry 61.24 0.69 15.69 1.31 4.89 0.08 3.86 3.06 2.19 4.11 0.16 2.12
Granodiorite porphyry 69.64 0.33 14.85 0.68 0.87 0.03 0.79 1.81 4.54 3.50 0.10
Granodiorite porphyry 69.41 0.34 15.73 0.79 1.50 0.06 1.90 1.05 3.04 4.60 0.10

Budunhua Granodiorite 64.18 0.45 15.48 0.97 3.80 0.07 3.72 1.54 2.78 4.22 0.13

Ag polymetallic
Jiawula Plagioclase porphyry 67.03 0.77 14.40 3.03 1.68 0.13 2.08 1.50 2.46 5.08 0.19 2.49 2.01

Quartz porphyry 80.40 0.15 11.25 0.59 0.61 0.04 0.70 0.92 3.57 0.06 0.02 2.34 1.92
Syenite porphyry 67.51 0.62 15.16 0.35 2.03 0.08 1.39 0.70 5.90 3.41 0.13 2.38 1.75
Plagioclase porphyry 73.01 0.41 13.05 1.50 1.23 0.08 0.97 1.10 3.85 3.41 0.06 2.28 1.74

Chagan Granite porphyry 73.49 0.22 12.87 2.40 0.35 0.69 1.04 0.60 4.74 0.17 0.04 2.97 2.31
Granite 71.42 0.21 15.18 1.86 0.82 0.04 0.81 0.70 5.02 3.62 0.09 0.24
Granite 71.93 0.14 14.76 1.96 0.87 0.05 0.33 0.64 5.35 3.81 0.02 0.31
Quartz porphyry 73.37 0.32 12.86 1.38 0.70 0.10 0.91 0.77 2.56 4.78 0.08 1.78 1.29

Fig. 4. TAS (a) and AFM (b) diagrams for the intrusions from the Mesozoic Cu and Ag polymetallic deposits of the Great Xing’an Rang (GXR) and the Jiawula deposit (data of
the Great Xing’an Range from Geng, 2006). B: basalt; O1: basaltic andesite; O2: andesite; O3: dacite; R: rhyolite; T: trachyte or trachydacite; Ph: phonolite; S1: trachybasalt;
S2: basaltic trachyandesite; S3: trachyandesite; Pc: picrobasalt; U1: basanite or tephrite; U2: phonotephrite; U3: tephriphonolite; F: foidite.
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5.2.2. Feldspar
The EPMA results of feldspar in the intrusions of the Jiawula

deposit are presented in Table 4 and Fig. 9a. Albite and oligoclase
are the major feldspars in diorite porphyry. The albite content
ranges between 67.0 and 73.7 mol% (sample 513), and between
89.7 and 98.6 mol% (sample 1302). In the monzonite porphyry,
both orthoclase and plagioclase are present. Sanidine-feldspar in
the syenite porphyry (sample 1209) shows an orthoclase content
ranging from 48.9 to 94.6 mol%.
5.2.3. Hornblende
Euhedral hornblende phenocrysts in diorite porphyry (ten anal-

yses) and monzonite porphyry (three analyses) can be classified as
magnesio-hornblende (Leake et al., 1997) (Fig. 9b). They are char-
acterized by a high MgO (average 46.6 wt% and 47.0 wt% respec-
tively) and a relatively low FeO (average 15.3 wt% and 14.1 wt%
respectively), CaO (average 11.6 wt% and 10.6 wt% respectively),
and Al2O3 (averaged 6.7 wt% and 5.9 wt% respectively) concentra-
tions. Na2O, TiO2, and MnO occur in minor amounts (Table 5).



Fig. 5. Harker diagrams for the intrusions from the Mesozoic Cu and Ag polymetallic deposits of the Great Xing’an Rang and the Jiawula deposit (data of the Great Xing’an
Range from Geng, 2006).

42 S.-D. Niu et al. / Ore Geology Reviews 86 (2017) 35–54



Fig. 6. Chondrite-normalized REE patterns and primitive-mantle-normalized trace element spider diagrams for the intrusions in the Jiawula deposit. Chondrite and
primitive-mantle REE values are from Boynton (1984) and Sun and McDonough (1989), respectively.

Table 3
Representative EPMA results of biotite in wt%.

Sample No. Mineral SiO2 TiO2 Al2O3 Cr2O3 V2O3 FetotalO MgO MnO CaO BaO ZnO Na2O K2O P2O5 Nb2O5 F Cl Total

1321 Biotite 31.20 1.43 15.73 0.00 0.10 23.35 13.48 0.67 0.00 0.02 0.13 0.02 3.50 0.00 0.00 0.51 0.02 90.17
1321 Biotite 32.77 1.19 15.65 0.01 0.12 22.00 12.52 0.54 0.01 0.03 0.12 0.00 4.27 0.00 0.03 0.56 0.03 89.87
1321 Biotite 32.04 1.84 15.37 0.03 0.18 22.40 12.44 0.51 0.25 0.03 0.15 0.03 4.18 0.00 0.05 0.81 0.01 90.33
1209 Biotite 36.04 3.26 13.12 0.07 0.10 19.01 11.69 0.47 0.00 0.25 0.09 0.37 8.68 0.03 0.00 1.74 0.08 95.05
1209 Biotite 37.32 2.91 12.53 0.03 0.00 19.61 11.70 0.45 0.00 0.09 0.24 0.25 9.06 0.00 0.04 1.95 0.05 96.25
1209 Biotite 34.88 3.00 13.26 0.05 0.11 23.97 8.19 0.53 0.00 0.58 0.34 0.32 8.36 0.00 0.02 0.84 0.09 94.63
1209 Biotite 37.97 2.29 12.27 0.01 0.06 18.52 12.46 0.40 0.00 0.06 0.00 0.18 9.17 0.01 0.05 2.14 0.07 95.70
1209 Biotite 35.50 2.35 13.17 0.19 0.11 22.27 9.76 0.58 0.00 0.12 0.11 0.10 8.24 0.00 0.04 0.89 0.07 93.59
12 Biotite 35.84 3.93 13.83 0.01 0.09 13.63 14.14 0.32 0.00 0.52 0.12 0.60 8.25 0.01 0.00 3.06 0.04 94.45
12 Biotite 35.94 4.09 13.67 0.00 0.03 13.39 14.11 0.17 0.00 0.59 0.10 0.66 8.46 0.00 0.00 3.05 0.04 94.33
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5.2.4. Quartz
Quartz occurs mainly as idiomorphic or hypautomorphic phe-

nocrysts in the quartz porphyry. The detection limit of titanium
in quartz is 10 ppm for the special operating conditions as
described in the analytical techniques section. The TiO2 content
in quartz phenocryst ranges from 0.008 to 0.030 wt% with a mean
value of 0.016 wt%; the titanium content ranges from 48 to
180 ppm averaging at 96 ppm (Table 6).
5.3. Mineral geothermometry and oxygen fugacity

The TitanniQ (titanium-in-quartz) geothermometer is used to
constrain the crystallization temperature of the quartz phenocryst.
The presence of rutile implies that the activity of Ti can be set at
unity (Fig. 3f). The temperature of quartz crystallization (or re-
equilibration) can be calculated using the following equation
(Wark and Watson, 2006):

Tð�CÞ ¼ �3765
logðXqtz

Ti Þ � 5:69
� 273 ð1Þ

where Ti concentrations in quartz (XTi
qtz) are in ppm. The calcu-

lated temperatures range between 666 and 823 �C with an average
value of 734 �C (Table 6).

The two-feldspar thermometry has been developed by numer-
ous researchers, such as Ghiorso (1984), Elkins and Grove (1990),
Putirka (2008), and Benisek et al. (2010). In this study the two-
feldspar thermometer of Putirka (2008) is considered to be the
most appropriate for determining the crystallization temperature
of feldspar in monzonite porphyry. The results, calculated using
the Excel spreadsheet by Hora et al. (2013) and for pressures of
4–6 kbar, show two temperature ranges: 395–450 �C (average
value of 429 �C) and 623–830 �C (average value of 738 �C).

Using the methods developed by Scaillet and Evans (1999) and
Ridolfi et al. (2008, 2010), we used the compositions of hornblende
in the diorite porphyry and monzonite porphyry to calculate the
crystallization temperature and the oxygen fugacity. The calcu-
lated temperature of hornblende ranges between 852 and 894 �C
(average value of 880 �C), and in monzonite porphyry from 844
to 888 �C (average value of 864 �C). The temperature data of the
phenocrysts in the hypabyssal intrusions are summarized in
Fig. 10a. The oxygen fugacity (expressed in log10 units relative to
the NNO buffer) in the monzonite porphyry ranges from +1.02 to
+1.55 (average value of +1.37), which is 0.3–0.4 log10 units higher
than the oxygen fugacity in the diorite porphyry (+0.71 to +1.11,
average value of +0.87) (Table 5; Fig. 10b).
5.4. Zircon U-Pb geochronology

Representative zircon cathode luminescence images with corre-
sponding U-Pb ages for six samples from the Jiawula deposit are
shown in Fig. 11. The results of zircon SHRIMP U-Pb dating are pre-
sented in Table 7 and Fig. 12. Based on age data presented in this
study, the intrusive rocks can be classified into two groups. The
first group represents the Indosinian granodiorite, dacite porphyry,
and diorite porphyry, which were emplaced during the Late Per-
mian to Early Triassic. The second group includes the quartz por-



Table 4
Representative EPMA results of feldspar in wt%.

Sample No. SiO2 TiO2 Al2O3 Cr2O3 V2O3 FeTO BaO MgO CaO CuO ZnO MnO NiO SrO Na2O K2O P2O5 Nb2O5 F Cl Total Ab (mol%) An (mol%) Or (mol%)

Plagioclase
513 61.82 0.03 23.49 0.01 0.00 0.27 0.01 0.00 5.08 0.03 0.00 0.03 0.01 0.00 8.15 0.16 0.03 0.00 0.04 0.01 99.19 73.70 25.38 0.93
513 61.76 0.00 24.40 0.00 0.03 0.23 0.02 0.00 5.07 0.00 0.07 0.01 0.00 0.00 7.67 0.14 0.00 0.08 0.09 0.01 99.59 72.63 26.49 0.88
513 62.73 0.00 23.30 0.04 0.00 0.17 0.00 0.03 4.95 0.00 0.21 0.00 0.00 0.00 7.80 0.18 0.00 0.06 0.00 0.01 99.46 73.20 25.71 1.09
513 60.51 0.02 24.40 0.00 0.00 0.14 0.01 0.02 6.12 0.00 0.14 0.00 0.01 0.00 7.74 0.16 0.01 0.00 0.02 0.00 99.31 68.96 30.13 0.91
513 61.34 0.10 23.52 0.00 0.00 0.12 0.00 0.02 5.16 0.04 0.01 0.02 0.01 0.00 8.38 0.16 0.00 0.02 0.00 0.01 98.92 73.92 25.13 0.95
513 61.24 0.04 23.39 0.00 0.00 0.13 0.02 0.01 5.18 0.00 0.02 0.02 0.00 0.00 8.30 0.16 0.00 0.00 0.11 0.00 98.62 73.64 25.40 0.96
513 59.75 0.00 24.69 0.02 0.00 0.05 0.01 0.03 6.56 0.09 0.00 0.00 0.00 0.00 7.55 0.13 0.00 0.00 0.11 0.00 99.01 67.04 32.20 0.76
513 63.96 0.12 23.95 0.03 0.00 0.19 0.00 0.02 4.45 0.00 0.07 0.00 0.04 0.00 6.93 0.29 0.00 0.00 0.00 0.01 100.10 72.32 25.67 2.01
1302 69.83 0.04 20.47 0.01 0.05 0.10 0.00 0.03 0.22 0.04 0.00 0.00 0.04 0.00 5.12 0.15 0.03 0.01 0.00 0.05 96.20 95.88 2.24 1.89
1302 67.51 0.09 21.98 0.00 0.00 0.45 0.02 0.14 0.19 0.10 0.00 0.08 0.00 0.00 8.26 1.28 0.00 0.00 0.00 0.01 100.13 89.69 1.15 9.17
1302 69.62 0.02 20.79 0.01 0.00 0.05 0.05 0.00 0.29 0.03 0.00 0.00 0.02 0.00 7.15 0.11 0.00 0.02 0.06 0.01 98.23 96.86 2.18 0.95
1302 69.60 0.03 20.53 0.00 0.01 0.04 0.00 0.01 0.24 0.02 0.11 0.00 0.00 0.00 7.39 0.16 0.00 0.00 0.02 0.00 98.18 96.89 1.76 1.35
1302 67.29 0.03 20.55 0.00 0.00 0.04 0.05 0.00 0.19 0.00 0.04 0.00 0.01 0.00 10.69 0.07 0.00 0.00 0.00 0.00 98.96 98.60 0.98 0.42
1302 67.58 0.00 21.10 0.03 0.01 0.09 0.07 0.01 0.13 0.00 0.00 0.00 0.01 0.00 10.22 0.19 0.01 0.02 0.00 0.00 99.48 98.11 0.67 1.22
1302 67.29 0.01 22.10 0.02 0.03 0.18 0.03 0.07 0.30 0.00 0.01 0.00 0.00 0.00 8.62 0.42 0.00 0.01 0.04 0.01 99.14 95.15 1.81 3.04
1302 66.48 0.04 21.18 0.02 0.03 0.00 0.00 0.00 0.39 0.06 0.00 0.10 0.01 0.04 10.35 0.09 0.00 0.03 0.02 0.02 98.85 97.37 2.04 0.58
1302 67.05 0.00 20.71 0.00 0.03 0.01 0.00 0.01 0.34 0.02 0.03 0.03 0.02 0.12 10.53 0.07 0.00 0.00 0.00 0.04 99.05 97.81 1.75 0.45
1302 68.78 0.00 21.19 0.00 0.02 0.00 0.00 0.02 0.33 0.01 0.00 0.03 0.01 0.05 8.65 0.14 0.04 0.04 0.13 0.02 99.45 96.97 2.03 1.00
1321 67.26 0.02 21.85 0.00 0.00 0.07 0.04 0.02 0.39 0.01 0.00 0.01 0.02 0.00 9.59 0.33 0.00 0.00 0.04 0.00 99.66 95.65 2.15 2.19
1321 64.38 0.00 22.78 0.04 0.00 0.21 0.00 0.00 3.42 0.02 0.07 0.00 0.03 0.00 8.83 0.18 0.02 0.00 0.00 0.02 99.99 81.51 17.42 1.07
1321 59.40 0.00 25.01 0.00 0.00 0.34 0.02 0.00 7.06 0.00 0.04 0.00 0.01 0.00 7.24 0.30 0.00 0.03 0.10 0.02 99.60 63.88 34.39 1.73
1321 57.49 0.00 26.46 0.00 0.00 0.28 0.00 0.00 7.76 0.00 0.00 0.03 0.00 0.00 7.57 0.36 0.01 0.00 0.04 0.00 99.99 62.59 35.46 1.94
1209 65.70 0.09 20.55 0.00 0.00 0.98 0.00 0.17 2.01 0.00 0.00 0.00 0.03 0.00 6.33 0.47 0.00 0.01 2.71 0.01 99.06 81.69 14.30 4.01

Orthoclase
1321 64.90 0.00 18.48 0.03 0.05 0.07 0.03 0.00 0.00 0.03 0.00 0.03 0.00 0.00 0.32 15.72 0.00 0.05 0.22 0.01 99.93 2.99 0.00 97.01
1321 64.13 0.02 18.76 0.00 0.01 0.05 0.10 0.00 0.00 0.00 0.00 0.00 0.01 0.00 1.22 14.58 0.01 0.00 0.00 0.01 98.90 11.25 0.02 88.73
1321 65.26 0.00 18.26 0.01 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.28 15.20 0.00 0.01 0.00 0.03 99.12 2.75 0.00 97.25
1321 66.81 0.00 19.17 0.00 0.00 0.17 0.00 0.00 0.14 0.05 0.08 0.00 0.00 0.00 4.68 9.16 0.02 0.00 0.11 0.01 100.38 43.42 0.73 55.86
1321 67.28 0.04 19.19 0.01 0.00 0.14 0.01 0.00 0.15 0.00 0.00 0.04 0.01 0.00 4.79 8.63 0.00 0.03 0.00 0.04 100.38 45.41 0.76 53.82
1209 66.22 0.04 19.13 0.02 0.00 0.16 0.06 0.00 0.25 0.00 0.04 0.00 0.00 0.00 2.75 10.70 0.00 0.02 0.00 0.02 99.42 27.67 1.40 70.93
1209 65.96 0.01 18.69 0.02 0.00 0.17 0.00 0.00 0.14 0.00 0.08 0.00 0.00 0.00 5.44 8.03 0.00 0.02 0.00 0.03 98.61 50.37 0.71 48.92
1209 65.75 0.00 18.65 0.00 0.00 0.08 0.03 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.53 14.37 0.02 0.06 0.12 0.01 99.64 5.33 0.04 94.63
1209 64.81 0.00 18.46 0.00 0.03 0.19 0.02 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.34 15.27 0.00 0.06 0.00 0.06 99.26 3.27 0.00 96.73
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Table 6
Representative EPMA results in wt% and temperature calculations results based on the Ti-in-quartz geothermometer.

Sample No. SiO2 Na2O MgO Al2O3 K2O CaO FeO Cr2O3 TiO2 Total Ti (10�6) T (�C)

1220 99.26 0.01 0.01 0.02 0.00 0.01 0.00 0.00 0.012 99.32 72 709
1220 99.38 0.00 0.03 0.02 0.01 0.00 0.00 0.00 0.014 99.46 84 727
1220 99.50 0.10 0.01 0.02 0.02 0.02 0.00 0.01 0.026 99.71 156 804
1220 99.16 0.00 0.02 0.02 0.00 0.01 0.01 0.00 0.013 99.23 78 718
1220 99.70 0.00 0.01 0.02 0.00 0.00 0.00 0.02 0.014 99.76 84 727
1220 99.11 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.011 99.15 66 700
1220 99.08 0.02 0.03 0.01 0.01 0.02 0.02 0.01 0.008 99.20 48 666
1220 99.64 0.06 0.11 0.05 0.04 0.04 0.00 0.02 0.030 99.98 180 823

Min 99.08 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.008 99.20 48 666
Max 99.70 0.10 0.11 0.05 0.04 0.04 0.02 0.02 0.030 99.76 180 823
Average 99.35 0.02 0.03 0.02 0.01 0.01 0.01 0.01 0.016 99.52 96 734

Table 5
Representative EPMA results of hornblende in wt% and calculation results of temperature and oxygen fugacity (expressed as log10 units relative to the NNO buffer).

No. SiO2 TiO2 Al2O3 FetotalO CaO MgO Na2O K2O MnO F Cl Fe2+ Mg Ca Na K Si⁄ T(�C) Mg⁄ DNNO

513-1 46.26 0.60 7.15 16.57 11.43 11.63 1.15 0.55 1.01 0.35 0.04 1.54 2.62 1.85 0.34 0.11 7.57 894 2.89 0.74
513-2 46.27 0.69 6.95 16.15 11.60 11.56 1.16 0.46 0.83 0.56 0.05 1.42 2.61 1.88 0.34 0.09 7.62 887 2.88 0.72
513-3 46.73 0.62 6.87 15.98 11.67 11.93 1.06 0.43 0.72 0.19 0.02 1.43 2.68 1.89 0.31 0.08 7.62 887 2.94 0.83
513-4 46.73 0.51 6.63 15.38 11.65 12.03 0.90 0.44 0.80 0.16 0.03 1.33 2.73 1.90 0.26 0.09 7.70 875 3.01 0.94
513-5 45.89 0.39 7.08 16.23 11.46 11.66 1.18 0.44 0.86 0.49 0.05 1.49 2.65 1.87 0.35 0.09 7.61 889 2.94 0.82
513-6 45.78 0.85 6.88 15.42 11.36 11.56 1.26 0.73 0.88 0.46 0.05 1.40 2.63 1.86 0.37 0.14 7.62 886 2.87 0.71
513-7 45.63 0.43 7.29 15.93 11.55 11.57 1.15 0.48 0.87 0.66 0.04 1.43 2.63 1.89 0.34 0.09 7.60 889 2.93 0.80
513-8 46.84 0.57 5.63 14.57 11.58 12.23 0.80 0.37 0.82 0.53 0.03 1.13 2.80 1.90 0.24 0.07 7.85 852 3.11 1.09
513-9 48.72 0.48 6.11 14.78 12.06 12.77 0.75 0.37 0.79 0.11 0.01 1.14 2.82 1.92 0.22 0.07 7.80 859 3.12 1.11
513-10 46.75 0.69 6.66 16.11 11.83 12.06 0.92 0.43 0.75 0.40 0.03 1.40 2.71 1.91 0.27 0.08 7.65 882 2.99 0.90
Mean 46.56 0.58 6.73 15.71 11.62 11.90 1.03 0.47 0.83 0.39 0.03 1.37 2.69 1.89 0.30 0.09 7.66 880 2.97 0.87
Min 45.63 0.39 5.63 14.57 11.36 11.56 0.75 0.37 0.72 0.11 0.01 1.13 2.61 1.85 0.22 0.07 7.57 852 2.87 0.71
Max 48.72 0.85 7.29 16.57 12.06 12.77 1.26 0.73 1.01 0.66 0.05 1.54 2.82 1.92 0.37 0.14 7.85 894 3.12 1.11

1321-1 45.40 0.88 6.65 15.27 10.71 12.77 2.34 0.95 0.99 1.71 0.05 1.45 2.85 1.72 0.68 0.18 7.61 888 3.06 1.02
1321-2 47.96 0.58 5.61 13.40 10.61 14.30 2.17 0.79 1.08 1.37 0.05 1.10 3.14 1.67 0.62 0.15 7.90 844 3.38 1.55
1321-3 47.76 0.85 5.50 13.23 10.58 14.44 2.18 0.49 0.92 1.56 0.05 1.01 3.17 1.67 0.62 0.09 7.80 860 3.38 1.54
Mean 47.04 0.77 5.92 13.97 10.63 13.83 2.23 0.74 1.00 1.55 0.05 1.19 3.05 1.69 0.64 0.14 7.77 864 3.27 1.37
Min 45.40 0.58 5.50 13.23 10.58 12.77 2.17 0.49 0.92 1.37 0.05 1.01 2.85 1.67 0.62 0.09 7.61 844 3.06 1.02
Max 47.96 0.88 6.65 15.27 10.71 14.44 2.34 0.95 1.08 1.71 0.05 1.45 3.17 1.72 0.68 0.18 7.90 888 3.38 1.55

The detailed calculation method of T(�C) and DNNO is based on Ridolfi et al. (2010).

Fig. 7. Ga/Al versus K2O + Na2O (a), FeOT/MgO (b), Nb (c) and Zr (d) classification diagrams of the Jiawula, Lamashan and Yuershi granitoids in the Great Xing’an Range (after
Whalen et al., 1987; Rb-Sr isochron ages and geochemical data of Lamashan and Yuershi from Wu et al., 2003b).
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Fig. 8. Compositional plots of biotite from the intrusions in the Jiawula deposit. (a)
Biotite classification ternary diagram (Foster, 1961; Zhang et al., 2015b); (b)
Domains of the primary magmatic, re-equilibrated and neoformed biotites (Nachit
et al., 2005); a.p.f.u. = atoms per formula unit.

Fig. 9. Classification of (a) feldspar phenocrysts (after Deer et al., 1992) and (b)
amphibole phenocrysts (after Leake et al., 1997) in the Jiawula deposit intrusives. a.
p.f.u. = atoms per formula unit.
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phyry, syenite porphyry, and monzonite porphyry, which are part
of the late Yanshanian intrusive event in the Late Jurassic.

5.4.1. Late Permian to Early Triassic
5.4.1.1. Granodiorite. Most of the twelve zircon grains in sample 45
are elongated prisms, showing sizes of 40–60 � 100–300 lm with
aspect ratios of about 2.5:1–5:1. Prismatic faces and oscillatory
zoning are common, indicating a magmatic source. The U and Th
contents range from 285 to 839 ppm, and 162 to 452 ppm, respec-
tively (Th/U mass ratio of 0.37–0.59). The 206Pb/238U age for the
granodiorite was determined to be 254 ± 2.0 Ma (n = 12,
MSWD = 1.2) (Fig. 12a).

5.4.1.2. Dacite porphyry. Zircons in sample 12 (50–100 � 80–
120 lm) are euhedral, short prismatic, and most of them show
oscillatory zoning. Among the eight analyzed spots, seven spots
yield a weighted mean 206Pb/238U age of 252.9 ± 4.8 Ma
(MSWD = 2.4). The U contents of the seven spots range between
184 and 1443 ppm. The Th contents show a range of 159–
1649 ppm, with Th/U mass ratios of 0.48–1.70. One spot analysis
was excluded because of the high U content (2264 ppm) (Fig. 12b).

5.4.1.3. Diorite porphyry. The zircon grains in sample 1302 are
mostly euhedral prismatic and show oscillatory zoning. Their grain
size ranges from 50–150 � 50–100 lm with aspect ratios of about
1:1–4:1. Their U content shows a range of 105 to1750 ppm and Th
content ranges between 74 and 615 ppm (Th/U mass ratios range
from 0.83 to 0.21).The age data from this sample can be divided
into two groups: 457.8 ± 7.1 Ma (n = 3, MSWD = 0.64) and
247.8 ± 4.1 Ma (n = 2, MSWD = 0.66) (Fig. 12c).

5.4.2. Late Jurassic
5.4.2.1. Quartz porphyry. The zircon grains of sample 1220 show a
size range of 70–140 � 50–110 lm and aspect ratios of about
1.5:1–3:1. The grains are euhedral, prismatic and show weak oscil-
latory zoning with medium brightness. Eleven analyses show U
contents of 107–772 ppm, Th contents of 154–718 ppm, and Th/
U mass ratios ranging between 0.62 and 1.49. The age data are con-
cordant, yielding a 206Pb/238U age of 150.1 ± 1.8 Ma (n = 11,
MSWD = 1.4) (Fig. 12d).

5.4.2.2. Syenite porphyry. In sample 1209, the zircon grains range
from in size 80–140 � 70–100 lm with aspect ratios of about
1.2:1–2:1. They are all euhedral and some are oscillatory zoned.
A total of 11 spots were analyzed. The U and Th contents vary
between 37 and 396 ppm, and between 52 and 505 ppm, respec-
tively (Th/U mass ratios of 0.76–1.60). The 206Pb/238U ages range
from 144.8 to 159.9 Ma (Fig. 12e), with the weighted mean age
of 148.8 ± 2.2 Ma (MSWD = 1.5).

5.4.2.3. Monzonite porphyry. Zircons in sample 1321 range in size
from 40–80 � 70–110 lm with aspect ratio 2:1–1.2:1. The grains
are zoned and stubby prismatic with U contents of 42–317 ppm,



Fig. 10. Plots of (a) summary of phenocryst geothermometry and (b) temperature versus relative oxygen fugacity (expressed relative to the NNO buffer) of the intrusions in
the Jiawula deposit.
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Th of 52–430 ppm, and Th/U mass ratios of 0.80–1.66. Among the
total of 12 spot analyses, 11 yielded a weighted mean 206Pb/238U
age of 145.3 ± 1.9 Ma (MSWD = 1.6) (Fig. 12f). One spot was
excluded because of the low U and Th content (13 and 11 ppm,
respectively).

5.5. Sr-Nd isotopes

Whole-rock Rb-Sr and Sm-Nd isotope compositions of repre-
sentative samples including syenite porphyry, monzonite por-
phyry, quartz porphyry, and diorite porphyry are listed in
Table 8. All of the samples have negative eNd(t) ranging from
�3.4 to �0.2 and initial 87Sr/86Sr values vary between 0.70458
and 0.70522. The Nd model age (TDM) is 1064 Ma for quartz por-
phyry (sample 1220), 988 Ma (sample 1209) for syenite porphyry,
1011 Ma (sample 1321) for monzonite porphyry, and 1021 Ma for
diorite porphyry (sample 1302). The T2DM ages range from 1038 to
1216 Ma among all the analyzed samples. The crustal residence
age and the history of crustal formation can be inferred from these
data, which will be discussed in the next section.

6. Discussion

6.1. Timing of magmatism

Previous study shows an age of 139.2 ± 0.5 Ma for the quartz-
monzonite-porphyry based on a single-grain zircon U-Pb LA-ICP-
MS method (Qin et al., 1996). Qin et al. (1998) obtained two Rb-
Sr isochron ages of monzonitic granite and granodiorite (ca.
225 Ma and ca. 211 Ma, respectively), suggesting the presence of
Indosinian granitoids. However, the complete framework of the
magmatism sequence in Jiawula has not been established.

Here, six samples of the intrusions including granodiorite,
dacite porphyry, diorite porphyry, quartz porphyry, syenite por-
phyry, and monzonite porphyry were dated in this study in order
to tightly constrain the timing and the relationship with mineral-
ization. The quartz porphyry and syenite porphyry show ages of
150.1 ± 1.8 Ma and 148.8 ± 2.2, respectively, whereas the mon-
zonite porphyry was emplaced at 145.3 ± 1.9 Ma. The mineraliza-
tion age of the Jiawula deposit has been, as mentioned
previously, reported to be 142.7 ± 1.3 Ma by Li et al. (2014b). The
145.3 ± 1.9 Ma age of monzonite porphyry confirms mineralization
following the major magmatic phase.

Another magmatic event occurred in the Late Permian to Early
Triassic represented by the granodiorite formation at 254 ± 2 Ma
and the dacite porphyry at 252.9 ± 4.8 Ma. The diorite porphyry
(sample 1302) shows two age groups: 457.8 Ma and 247.8 Ma.
Field relationships show that the diorite porphyry intruded into
the granodiorite and was cut by the ore bodies, indicating that
the diorite porphyry is later than the granodiorite and earlier than
the mineralization (Fig. 3k and l). The age of 247.8 ± 4.1 Ma, there-
fore, represents the emplacement age of diorite porphyry, and the
age of 457.8 ± 7.1 Ma probably represent inherited xenocrystic
zircons.

Previous studies have documented major magmatic and miner-
alization events in NE China (Ouyang et al., 2013; Liu et al., 2014;
Zhou et al., 2015; Wang et al., 2015) during the Triassic (240–
205 Ma), Early-Middle Jurassic (190–165 Ma), Late Jurassic (155–
145 Ma), and Early Cretaceous (140–100 Ma). Late Permian to
Early Triassic magmatism in the Great Xing’an Range, on the other
hand, has rarely been reported so far (Tang et al., 2016). Therefore,
the ca. 254–247 Ma magmatism in Jiawula is essential to under-
stand magmatism during this time period.

In summary, the first magmatic event in Jiawula occurred from
about 254 Ma–247 Ma and is exemplified by the emplacement of
granodiorite, dacite porphyry, and diorite porphyry. The second
event at 150 Ma–145 Ma started with the emplacement of quartz
porphyry followed by syenite porphyry and monzonite porphyry.

6.2. Genetic classification of granitoid intrusions

Investigations of the Late Jurassic to Early Cretaceous granites in
the Great Xing’an Range area have shown that many of them are A-
type granite. For example, fine-grained granite (zircon U-Pb age
145.2 ± 0.5 Ma) in Taolaituo, K-feldspar granite and granite por-
phyry in the Huanggang (zircon U-Pb age 136.7 ± 1.1 Ma and
136.8 ± 0.57 Ma, respectively) were classified as A-type granites
(Jahn et al., 2001; Wu et al., 2002; Zhou et al., 2012, 2015). How-
ever, recent studies also found that I-type granitoids are present
in the Great Xing’an Range, including the Aobaotu (zircon U-Pb
age of 139.1 ± 0.5 Ma), Yiershi (zircon U-Pb age of 137 ± 2 Ma;
Rb-Sr isochron age of 143 ± 5 Ma) and Lamashan (whole-rock Rb-
Sr isochron age of 154 ± 3 Ma) plutons (Wu et al., 2003a,b; Zhou
et al., 2015).

Strontium and neodymium isotopic data can be very useful to
discriminate I-type from S-type and M-type granitoid. Evidence
of crust-mantle interaction is demonstrated by Sr-Nd isotope sys-
tematics (Fig. 13). Besides, S-type granitiods have relatively high
initial 87Sr/86Sr values (>0.70900) and low eNd value (�6 to �10)
compared to I-type granitoids (King et al., 1997). Therefore, intru-
sions of both Indosinian and Yanshanian in Jiawula are considered
not to be S- or M-type granitoids.



Fig. 11. Cathodoluminescence images of zircons with laser spots and ages in Ma. (a)
to (c): Late Permian to Early Triassic (Indosinian); (d) to (f): Late Jurassic
(Yanshanian) intrusions.
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The intrusions in Jiawula show a depletion of HFSEs (e.g. Ta, Nb,
P, and Ti) and are enriched in LILEs (e.g. Rb), similar to I-type gran-
itoids (Fig. 6b) (King et al., 1997; Wu et al., 2002). Furthermore, the
low contents of Ga, Zr, Nb, and Zn indicate that the Jiawula intru-
sions represent fractionated I-type granitoids. This is confirmed by
the fact that the Indosinian and some of the Yanshanian intrusions
in Jiawula show typical geochemical characteristics of I-type gran-
ites (Fig. 7) (Whalen et al., 1987).

One issue that cannot be ignored is the fact that Late Jurassic
Intrusions in Jiawula show transitional geochemical features
(Fig. 7a, c, d), similar to the Late Jurassic Lamashan and Yuershi
plutons in the Great Xing’an Range (location shown on Fig. 1b)
(Wu et al., 2003a,b). Even though they are all considered to be I-
type granites, the geochemical differences of the Late Jurassic
intrusions in Jiawula are apparent. They are characterized by a
much lower Ga/Al mass ratio which resulted from a higher content
of aluminum in comparison to the Lamashan and Yuershi intru-
sions. The higher content of aluminum in the intrusions in Jiawula
compared to those in Lamashan and Yuershi might indicate more
involvement of continental crustal component. High Ga/Al mass
ratios appear to be typical of A-type granites (Whalen et al.,
1987). Late Jurassic intrusions in Jiawula cannot be considered to
be A-type because of the low Ga/Al values and they should rather
be classified as a fractionated I-type.

6.3. Geodynamics and origin of the magma

It has been proposed that the Erguna block collided with the
Xing’an block during the Early Paleozoic (Zhang and Tang, 1989;
Ge et al., 2005; Zheng et al., 2013). The final closure of the Paleo-
Asian Ocean is thought to have occurred during the Late Permian
to the Early Triassic at �250 Ma along the Xar Moron-Changchun
suture progressively from west to east (Xiao et al., 2003; Xu
et al., 2009; Wu et al., 2011). However, it is believed that the Early
Mesozoic igneous rocks were not closely related to the Paleo-Asian
tectonic regime but rather to the Mongol-Okhotsk plate tectonic
environment (Tang et al., 2014, 2016). The subduction of the
Mongol-Okhotsk oceanic plate towards the south beneath the
Erguna massif is the main plate tectonic event during the early
Mesozoic (Tang et al., 2016). The I-type characteristics of the ca.
254–247 Ma intrusions in Jiawula suggest an active continental
margin setting related to the southward subduction of the
Mongol-Okhotsk oceanic plate.

During the Mesozoic, the Xing’an Mongolia Orogenic Belt was
affected by the widespread emplacement of Late Mesozoic volcanic
and granitic rocks (Lin et al., 2004; Ge et al., 2005; Zhang et al.,
2011; Wu et al., 2011). The Mongol-Okhotsk Ocean closure in the
Middle Jurassic exerted some influence on the Great Xing’an Range
area (Kravchinsky et al., 2002; Tomurtogoo et al., 2005). The sub-
duction direction of the Paleo-Pacific plate changed to the north
or northwest at �140 Ma (Maruyama et al., 1997; Mao et al.,
2005), causing large-scale delamination of the thickened continen-
tal crust and upwelling of the asthenosphere (Wang et al., 2006).
The enrichment of U, Th, and K in ca. 154–147 Ma intrusions of Jia-
wula can be recognized as the evidence of the thickened continen-
tal crust before delamination (Sylvester, 1998; Zhu et al., 2009).
The �150 Ma magmatic episode in Jiawula happened after the clo-
sure of the Mongol-Okhotsk Ocean and before large-scale delami-
nation of the thickened continental crust. This suggests the post-
orogenic extensional geochemical A-type characteristics and the
possible partial melting of the lower crust substance exemplified
by typical I-type geochemical features.

The granitoids have negative eNd(t) values of �3.4 to �1.5,
implying that the Jiawula Jurassic granitoids incorporated a rela-
tively older crust component in contrast to the other intrusions
in the Great Xing’an Range area which show positive eNd(t) values
(Fig. 13). In addition, the majority of samples in both Xing’an and
Songliao blocks show model ages younger than 1000 Ma and many
of them even younger than 800 Ma (Wu et al., 2003b). Jurassic



Table 7
SHRIMP Th-U-Pb zircon data for samples from the intrusions of the Jiawula deposit, NE China.

Spot 206Pbc % U
ppm

Th
ppm

232Th/
238U

206Pb⁄
ppm

206Pb/238U
Age

208Pb/
232Th
Age

Total
238U/
206Pb

±% Total
207Pb/
206Pb

±% 238U/
206Pb⁄

±% 207Pb⁄/
206Pb⁄

±% 207Pb⁄/
235U

±% 206Pb⁄/
238U

±% err
corr

JWL45
45-1 0.54 508 183 0.37 18.1 260.3 ±3.3 240 ±15 24.14 1.3 0.0515 2.6 24.27 1.3 0.0471 5.8 0.268 6.0 0.04120 1.3 .219
45-2 0.88 436 175 0.41 15.2 255.1 ±4.1 200 ±16 24.56 1.6 0.0554 2.7 24.78 1.6 0.0483 6.4 0.269 6.6 0.04036 1.6 .245
45-3 0.13 554 284 0.53 18.9 251.2 ±3.8 239.1 ±6.5 25.14 1.5 0.0535 2.5 25.17 1.5 0.0525 2.7 0.2875 3.1 0.03973 1.5 .493
45-4 – 474 186 0.41 16.4 255.8 ±3.2 273.6 ±7.8 24.83 1.3 0.0525 2.7 24.71 1.3 0.0567 2.5 0.3162 2.8 0.04048 1.3 .456
45-5 0.78 415 176 0.44 14.2 249.4 ±3.3 221 ±14 25.16 1.3 0.0550 2.7 25.36 1.3 0.0488 6.2 0.265 6.3 0.03944 1.3 .214
45-6 0.19 839 452 0.56 29.5 258.3 ±3.0 246.9 ±5.1 24.41 1.2 0.0540 1.9 24.46 1.2 0.0525 2.1 0.2960 2.4 0.04088 1.2 .495
45-7 0.49 554 241 0.45 19.1 252.6 ±3.2 242 ±14 24.90 1.3 0.0524 2.4 25.03 1.3 0.0485 6.2 0.267 6.3 0.03996 1.3 .206
45-8 0.93 410 164 0.41 14.0 248.8 ±4.0 227 ±17 25.18 1.6 0.0568 2.8 25.42 1.6 0.0494 7.0 0.268 7.2 0.03935 1.6 .228
45-9 0.38 316 163 0.53 11.0 255.1 ±3.6 263 ±13 24.68 1.4 0.0592 3.1 24.77 1.4 0.0562 5.9 0.313 6.0 0.04037 1.4 .238
45-10 0.78 436 229 0.54 15.0 251.6 ±3.4 224 ±16 24.92 1.3 0.0520 2.8 25.12 1.4 0.0457 9.1 0.251 9.2 0.03981 1.4 .152
45-11 0.42 591 261 0.46 20.2 250.7 ±3.1 238.1 ±9.8 25.11 1.3 0.0571 2.3 25.21 1.3 0.0537 4.0 0.294 4.2 0.03966 1.3 .302
45-12 0.57 285 162 0.59 10.1 258.7 ±3.9 235 ±19 24.28 1.4 0.0564 3.3 24.42 1.5 0.0519 9.9 0.293 10 0.04095 1.5 .154

JWL12
12-1 1.56 312 237 0.78 10.7 248.4 ±3.6 216 ±13 25.06 1.4 0.0562 3.2 25.46 1.5 0.0436 11 0.236 11 0.03928 1.5 .138
12-2 1.32 404 295 0.75 14.1 252.5 ±3.5 215 ±11 24.70 1.3 0.0582 2.8 25.03 1.4 0.0475 7.6 0.262 7.8 0.03994 1.4 .179
12-3 0.53 1004 1649 1.70 34.4 250.6 ±2.9 233.4 ±3.7 25.09 1.2 0.05381 1.8 25.22 1.2 0.0496 2.7 0.2711 2.9 0.03964 1.2 .406
12-4 0.33 1443 1478 1.06 50.5 256.5 ±2.9 238.1 ±3.5 24.55 1.1 0.05233 1.5 24.63 1.1 0.04972 1.6 0.2783 2.0 0.04059 1.1 .580
12-5 0.58 644 299 0.48 21.7 247.0 ±3.1 235 ±10 25.45 1.2 0.0550 2.3 25.60 1.3 0.0504 4.7 0.271 4.8 0.03906 1.3 .261
12-6 0.73 265 173 0.67 9.54 262.8 ±3.9 248 ±16 23.86 1.4 0.0571 3.6 24.03 1.5 0.0513 9.5 0.294 9.6 0.04161 1.5 .156
12-7 0.28 2264 680 0.31 83.1 269.1 ±3.0 231.6 ±6.7 23.39 1.1 0.05252 1.1 23.46 1.1 0.05031 1.9 0.2957 2.2 0.04263 1.1 .515
12-8 1.62 184 159 0.89 6.50 255.7 ±4.0 255 ±14 24.31 1.5 0.0678 3.6 24.71 1.6 0.0548 9.0 0.306 9.1 0.04047 1.6 .176

JWL1302
1302-1 0.27 680 274 0.42 22.8 246.0 ±3.1 234 ±14 25.64 1.2 0.0538 2.6 25.71 1.3 0.0516 5.8 0.277 5.9 0.03889 1.3 .214
1302-2 0.24 1750 352 0.21 59.4 249.4 ±2.9 220.4 ±7.5 25.29 1.2 0.05116 1.6 25.35 1.2 0.04927 1.8 0.2680 2.2 0.03945 1.2 .541
1302-3 0.55 240 155 0.67 15.0 451.9 ±6.6 418 ±22 13.70 1.4 0.0602 2.5 13.77 1.5 0.0557 6.7 0.558 6.9 0.0726 1.5 .219
1302-5 0.38 315 157 0.51 20.0 458.0 ±8.2 415 ±23 13.53 1.8 0.0579 2.4 13.58 1.9 0.0548 5.6 0.557 5.9 0.0736 1.9 .316
1302-7 0.13 1379 615 0.46 88.0 461.3 ±5.1 456.8 ±8.5 13.46 1.1 0.05697 1.1 13.48 1.1 0.05588 1.5 0.571 1.9 0.07417 1.1 .597

JWL1209
1209-1 1.95 396 505 1.32 7.93 145.7 ±3.3 138 ±10 42.90 1.9 0.0646 5.4 43.7 2.3 0.049 23 0.155 23 0.02286 2.3 .102
1209-2 – 128 179 1.45 2.49 148.8 ±5.2 167 ±21 44.08 2.0 0.0783 6.0 42.8 3.6 0.100 22 0.323 23 0.02335 3.6 .157
1209-3 – 79 59 0.76 1.56 158.5 ±6.8 296 ±53 43.8 2.6 0.067 17 40.2 4.4 0.131 21 0.449 21 0.0249 4.4 .205
1209-4 2.28 86 122 1.47 1.89 159.9 ±4.3 178 ±15 38.91 2.3 0.1163 7.1 39.8 2.7 0.099 14 0.344 15 0.02511 2.7 .186
1209-5 2.30 273 421 1.60 5.50 146.2 ±3.2 141 ±11 42.59 1.6 0.0778 3.9 43.60 2.2 0.060 22 0.189 22 0.02294 2.2 .103
1209-6 – 369 479 1.34 7.45 150.2 ±2.2 164.1 ±4.8 42.56 1.4 0.0780 6.0 42.43 1.5 0.0803 6.3 0.261 6.5 0.02357 1.5 .226
1209-7 32.96 310 317 1.06 9.51 152.5 ±8.6 185 ±63 28.00 2.7 0.335 7.4 41.8 5.7 0.083 64 0.28 64 0.0239 5.7 .089
1209-8 – 350 432 1.28 6.78 144.8 ±2.2 140.1 ±5.1 44.35 1.5 0.0556 4.1 44.02 1.5 0.0615 6.7 0.193 6.9 0.02272 1.5 .222
1209-9 4.86 120 138 1.19 2.53 149.4 ±5.4 143 ±26 40.59 2.0 0.105 12 42.7 3.6 0.068 40 0.219 40 0.02344 3.6 .091
1209-10 5.16 250 337 1.39 5.39 151.5 ±3.7 159 ±15 39.88 1.6 0.1178 6.6 42.0 2.5 0.078 22 0.257 22 0.02378 2.5 .114
1209-11 7.45 37 52 1.44 0.815 151 ±14 167 ±62 39.1 3.2 0.168 13 42.2 9.4 0.113 61 0.37 62 0.0237 9.4 .152

JWL1321
1321-1 2.84 109 118 1.11 2.20 145.0 ±3.2 128 ±10 42.71 2.1 0.0641 6.4 43.96 2.2 0.0413 19 0.129 19 0.02275 2.2 .116
1321-2 0.96 108 84 0.80 2.17 147.0 ±3.1 165 ±11 42.95 2.1 0.0790 8.0 43.37 2.2 0.0716 11 0.228 12 0.02306 2.2 .187
1321-3 – 272 332 1.26 5.25 144.1 ±2.3 143.1 ±4.7 44.52 1.6 0.0534 6.8 44.23 1.6 0.0585 6.2 0.183 6.4 0.02261 1.6 .249
1321-4 0.00 188 251 1.38 3.87 152.7 ±3.4 148.0 ±5.5 41.73 2.3 0.0595 6.0 41.73 2.3 0.0595 6.0 0.197 6.4 0.02396 2.3 .356
1321-5 1.83 195 313 1.66 4.00 149.3 ±2.8 141.5 ±6.3 41.91 1.8 0.0568 6.0 42.69 1.9 0.0422 15 0.136 15 0.02343 1.9 .129
1321-6 2.25 88 109 1.29 1.80 149.0 ±3.6 143 ±15 41.79 2.2 0.0691 6.3 42.8 2.4 0.0512 18 0.165 18 0.02339 2.4 .133
1321-7 5.05 56 88 1.62 1.11 139.3 ±4.6 125 ±14 43.5 2.7 0.0736 8.5 45.8 3.4 0.033 54 0.098 54 0.02184 3.4 .062
1321-8 3.22 42 59 1.44 0.877 148.6 ±4.8 137 ±14 41.5 3.0 0.109 9.6 42.9 3.3 0.085 18 0.273 18 0.02332 3.3 .181
1321-9 3.62 56 52 0.97 1.13 144.2 ±5.6 145 ±27 42.6 3.6 0.0798 8.9 44.2 3.9 0.051 30 0.159 30 0.02263 3.9 .131
1321-10 1.07 317 430 1.40 6.06 140.3 ±2.2 129.4 ±5.9 44.96 1.5 0.0603 4.4 45.44 1.6 0.0519 10 0.157 10 0.02200 1.6 .151
1321-11 0.36 278 430 1.60 5.45 144.7 ±3.2 135.1 ±4.5 43.88 2.2 0.0566 4.3 44.04 2.2 0.0537 5.7 0.168 6.2 0.02271 2.2 .362
1321-12 10.80 13 11 0.90 0.313 160 ±15 158 ±94 35.5 4.9 0.181 19 39.8 9.3 0.100 70 0.35 71 0.0251 9.3 .132

JWL1220
1220-1 – 107 154 1.49 2.20 159.0 ±5.1 208 ±20 41.81 2.0 0.1076 5.3 40.0 3.2 0.139 13 0.479 14 0.02498 3.2 .235
1220-2 0.37 448 269 0.62 9.33 154.0 ±2.1 182.0 ±8.3 41.22 1.3 0.0782 3.0 41.37 1.4 0.0753 5.2 0.251 5.3 0.02417 1.4 .262
1220-3 3.69 565 424 0.77 12.0 152.1 ±2.5 168 ±16 40.35 1.3 0.1003 3.8 41.89 1.7 0.0718 13 0.236 13 0.02387 1.7 .126
1220-4 7.19 772 467 0.62 17.0 151.1 ±2.8 178 ±24 39.12 1.2 0.1262 3.8 42.15 1.8 0.070 17 0.231 17 0.02372 1.8 .110
1220-5 6.82 616 718 1.20 13.0 146.5 ±3.0 131 ±13 40.55 1.5 0.1017 2.7 43.52 2.1 0.047 24 0.150 24 0.02298 2.1 .084
1220-6 10.47 290 371 1.32 6.44 147.5 ±4.6 145 ±22 38.68 1.7 0.149 10 43.2 3.2 0.067 40 0.215 40 0.02315 3.2 .080
1220-7 2.14 366 484 1.37 7.55 149.8 ±3.5 145 ±14 41.62 1.5 0.0810 3.2 42.53 2.3 0.064 23 0.208 23 0.02351 2.3 .103
1220-8 2.55 540 439 0.84 11.0 146.8 ±2.4 134 ±13 42.32 1.3 0.0715 4.6 43.42 1.7 0.0513 18 0.163 18 0.02303 1.7 .093
1220-9 14.84 418 308 0.76 9.66 146.1 ±4.4 122 ±40 37.16 1.3 0.174 6.1 43.6 3.1 0.057 44 0.180 44 0.02292 3.1 .069
1220-10 – 745 636 0.88 15.0 150.9 ±2.3 158.7 ±6.9 42.60 1.5 0.0628 2.6 42.23 1.5 0.0695 5.4 0.227 5.6 0.02368 1.5 .271
1220-11 10.38 395 262 0.69 8.57 144.5 ±3.7 119 ±35 39.54 1.4 0.1339 7.4 44.1 2.6 0.052 41 0.161 41 0.02267 2.6 .064

Errors are 1-sigma; Pbc and Pb⁄ indicate the common and radiogenic portions, respectively.
Error in Standard calibration was 0.26% (not included in above errors but required when comparing data from different mounts).
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Fig. 12. Zircon U–Pb concordia diagrams of the different intrusions from the Jiawula deposit. (a) to (c) Late Permian to Early Triassic (Indosinian); (d) to (f) Late Jurassic
(Yanshanian) intrusions.
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intrusions in Jiawula, on the other hand, show model ages older
than 1000 Ma, which indicates the presence of relatively older
crust among the more juvenile crust in this area.

The intermediate-felsic rocks in the Great Xing’an Range falling
close to the ‘‘mantle array” might have originated from mantle-
derived magma and are consist with the tendency of the juvenile
lower crust (Wu et al., 2003b). For the Jiawula deposit, the source
of magma may have been sourced from the juvenile lower crust
and the weakly enriched mantle. As part of circum Pacific tectonic
domain and significant topographic boundary in east China, the
Taihang-Great Xing’an Range tectonomagmatic belt is of great geo-
logical significance with the abrupt change in crustal thickness and



Table 8
Sr-Nd isotopic analyses for the intrusive rocks in the Jiawula deposit.

Sample
No.

Rb
(ppm)

Sr
(ppm)

(87Rb/
86Sr)m

(87Sr/
86Sr)m

Sm
(ppm)

Nd
(ppm)

(147Sm/
144Nd)m

(143Nd/
144Nd)m

(87Sr/
86Sr)i

(143Nd/
144Nd)i

t
(Ma)

eNd
(t)

TDM T2DM fSm/Nd

1220 346 83.6 11.9729 0.730767 6.15 36.4 0.1020 0.512372 0.70522 0.512272 150 -3.4 1064 1216 �0.48
1209 195 204 2.7736 0.711032 15.4 84.9 0.1098 0.512478 0.70520 0.512372 148 -1.5 988 1060 �0.44
1321 262 201 3.7688 0.712366 14.7 81.3 0.1096 0.512461 0.70458 0.512357 145 -1.8 1011 1087 �0.44
1302 55.7 560 0.2880 0.705663 6.6 34.4 0.1158 0.512496 0.70465 0.512308 248 -0.2 1021 1038 �0.41

Values with subscript m stand for measured values and those with i are initial.

Fig. 13. Initial 143Nd/144Nd vs. initial 87Sr/86Sr correlation diagrams of Yanshanian
intrusions from the Taihang Mountains, Great Xing’an Range and the Jiawula
deposit. Data of Songliao Block and Xing’an Block are fromWu et al. (2003b); data of
Taihang are from Cai et al. (2004). DMM: depleted MORB mantle; EM-I: enriched
mantle I; EM-II: enriched mantle II. End-members are defined by Hart, 1984;
Zindler and Hart, 1986; Wu et al., 2000, 2003b).
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gravity anomaly, where Mesozoic magmatic activities widely
occurred (Deng et al., 1996, 2004; Chen and Zhai, 2003; Luo
et al., 2008). The source of magma in the Taihang Mountains might
be related to materials from the EM-I enriched mantle reservoir.
The involvement of the ancient lower crustal components in the
North China Craton can be related to the Early Cretaceous litho-
sphere thinning and crust-mantle decoupling (Li and Santosh,
2014; Li et al., 2013, 2015, 2016). Thus, the characteristics of litho-
sphere mantle beneath the Taihang Mountains and the Great Xin-
g’an Range are diverse within this important tectono-magmatic
belt.
6.4. Implications of the magmatism on mineralization

The intrusions in the two episodes show a close spatial relation-
ship with ore bodies in the Jiawula deposit (Fig. 1c). Nevertheless,
the ca. 254 Ma–247 Ma intrusions did not contribute to mineral-
ization in Jiawula because of the nearly 100 Ma gap between
emplacement and mineralization. On the other hand, the interme-
diate to felsic hypabyssal intrusions formed at ca. 150 Ma–145 Ma
just before Pb-Zn mineralization at 142.7 ± 1.3 Ma (Li et al., 2014b).
Thus, the Late Jurassic magmatic event presents very close spatio-
temporal relationship to the mineralization in Jiawula.

If we compare the two magmatic episodes, they can provide us
helpful clues on the mineralization significance of the magmatism.
As for the series of the granitoids, the ca. 150 Ma–145 Ma intru-
sions show more transitional geochemical features between I-
type and A-type than the ca. 254 Ma–247 Ma granitoids although
both of them are classified as I-type. These transitional features
during late Jurassic can be explained by the reactivation of lower-
most crust which happened in eastern China during Yanshanian
with Mesozoic metallogenic explosion in east China (Mao et al.,
2003; Pirajno et al., 2009; Li et al., 2014a,c). The Yanshanian intru-
sions show more striking negative anomaly in Eu, Sr, P, and Ti in
the spidergrams (Fig. 6b), which suggests a stronger fractionation
processes of plagioclase, K-feldspar, apatite, rutile, etc. during Late
Jurassic. Another remarkable point is that barium is moderately
depleted in the Yanshanian intrusions, which might be due to
the behavior of this element in K-feldspar (Mittlefehldt and
Miller, 1983; Bonin, 1990) and can be regarded as additional evi-
dence for stronger fractionation during late Jurassic.

According to the classification of Nachit et al. (2005), the biotite
in diorite porphyry (247.8 ± 4.1 Ma) crystallized as a primary mag-
matic mineral whereas biotite re-equilibration took place in the
monzonite (145.3 ± 1.9 Ma) and syenite porphyry
(148.8 ± 2.2 Ma) (Fig. 8b). It is proposed that for the phenocrysts
in feldspar porphyry during the ca. 150 Ma–145 Ma magmatic
event, re-equilibration might have happened between the late-
magmatic and hydrothermal stages. The results of the two-
feldspar geothermometry, the temperature gap from about 600–
470 �C provides additional evidence of this re-equilibration event,
which might represent the beginning of the alteration process
prior to the mineralization.

The hornblende in monzonite porphyry and diorite porphyry
crystallized at early stage at a high temperature (830–900 �C)
(Fig. 10a). The oxygen fugacity calculated from the hornblende in
monzonite porphyry and diorite porphyry differs distinctly
(Fig. 10b). A high oxygen fugacity is thought to be favorable for
the transport of some metals from magma to ore-forming fluid
(Mungall, 2002; Sun et al., 2013, 2015). The oxygen fugacity
appears to be higher in the monzonite porphyry (145.3 ± 1.9 Ma)
than that in diorite porphyry (247.8 ± 4.1 Ma), which supports
the preference of relatively higher oxygen fugacity for Pb-Zn min-
eralization in Jiawula.

The quartz porphyry (emplaced at 150.1 ± 1.8 Ma) is slightly
older than the 142.7 ± 1.3 Ma mineralization event and shows
quartz crystallization temperatures of ranging between 850 and
600 �C with most temperatures in the 750–600 �C interval. This
temperature range is more constrained than that of the
145.3 ± 1.9 Ma monzonite porphyry, which has the closest tempo-
ral relationship with the mineralization and shows two tempera-
ture intervals for feldspar crystallization: 450–395 �C and 830–
623 �C. This temperature gradient may have been favorable for
metal precipitation (Heinrich et al., 1999; Zhao et al., 2014).

7. Conclusions

(1) Two magmatic episodes are recorded in the Jiawula deposit.
The ca. 254–247 Ma intrusions are composed of granodiorite
(254 ± 2 Ma), dacite porphyry (252.9 ± 4.8 Ma), and diorite
porphyry (278 ± 4.1 Ma), while the ca.150–145 Ma grani-
toids are made up of quartz porphyry (150.1 ± 1.8 Ma), syen-
ite porphyry (148.8 ± 2.2 Ma), and monzonite porphyry
(145.3 ± 1.9 Ma). The metallogenic event is slightly younger
than this Late Jurassic magmatic event.
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(2) The two magmatic events in Jiawula are fractionated I-type
granitoids and originated from juvenile lower crust and
weakly enriched mantle. The ca. 254–247 Ma magmatic epi-
sode in Jiawula is associated with the southward subduction
of the Mongol-Okhotsk oceanic plate, and the I-type charac-
teristics indicate an active continental margin setting. The
ca. 150–145 Mamagmatic episode occurred after the closure
of the Mongol-Okhotsk Ocean and before large-scale delam-
ination of the thickened continental crust.

(3) Comparison of the intrusions in the Jiawula deposit with
regards to crystallization temperatures, fractionation, and
oxygen fugacity shows that Pb-Zn mineralization is closely
related with high oxygen fugacities and decreasing temper-
atures, which are most likely associated with the magmatic-
hydrothermal transition.
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