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A B S T R A C T

The Dasuji Mo deposit is located in the northern margin of the North China Block (NCB). In this paper, we
present the whole-rock major and trace elements and the Sr–Nd isotopic data, zircon U–Pb and Hf isotopic data,
and molybdenite Re–Os data for the units associated with the deposit. Laser ablation inductively coupled plasma
mass spectrometry (LA–ICP–MS) dating of zircons from the granite porphyry yielded an age of 220.3 ± 0.7Ma,
which was interpreted to be the emplacement age of this intrusion. The molybdenite Re–Os dating yielded model
ages of 219.9–217.4 Ma, an isochron age of 222.1 ± 4.7Ma, and a weighted mean model age of
218.9 ± 1.6Ma, representing the timing of the formation of the Mo mineralization. The Dasuji granite porphyry
contains high-K calc-alkaline and peraluminous rocks and is characterized by relatively high LREEs and low
HREEs; depleted Ba, Sr, P and Ti; and negative Eu anomalies and are of highly fractionated I-type granitoids. The
whole-rock εNd(t) and zircon εHf(t) values for the granite porphyry range from −13.9 to −12.8 and −16.4 to
−7.3, respectively, indicating that the magma was generated by the partial melting of ancient lower crust
materials. The Dasuji Mo deposit may have formed in a post-collisional extensional setting.

1. Introduction

The North China Block (NCB) is one of the oldest cratons in the
world (Fig. 1a, Liu et al., 1992; Zheng et al., 2013), and experienced a
very complicated evolutionary history of geological events (Zhai, 2010;
Zhai and Santosh, 2013; Yang and Santosh, 2017). Metallogenesis was
closely related to the major geological events, and the multiple geolo-
gical events recorded in this area generated significant numbers of
mineral deposits, making this region one of the most important areas in
the polymetallic metallogenic belt in China for REEs, Mo, Pb, Zn, and
Au (Zhai, 2010; Zhang et al., 2016a). Five episodes of mineralization
are recognized in this region (Zhai and Santosh, 2013): late
Neoarchean, Paleoproterozoic, Mesoproterozoic, Paleozoic and Meso-
zoic. As an important metallogenic belt, the abundant deposits have
been the focus of many studies, especially the numerous new dis-
coveries of Mo deposits (Zhang et al., 2010a; Zeng et al., 2011a, 2012a,
2013a; Chen et al., 2012, 2016; Shu et al., 2014, 2015, 2016; Wu et al.,
2017).

This study focuses on central Inner Mongolia, which is located
within the NCB and is an area that contains numerous Au, Pb, Zn, and
Mo deposits (Fig. 2); recent discoveries in this area include the giant
sized Caosiyao and the large sized Dasuji Mo deposits. The Dasuji Mo
deposit is located in the central segment of the northern margin of the
NCB and was discovered and delineated during the 2000s. Previous
research has focused on the geology, and geochronology of the deposit
(Yu et al., 2008; Zhang et al., 2009a; Li, 2012; Nie et al., 2012; Wu,
2015). However, the mineralization age and the ore-related intrusions
remain unclear. The mineralization formed during the Yanshanian (Yu
et al., 2008; Li, 2012) and Indosinian periods (Zhang et al., 2009a; Wu,
2015); the ore-related intrusions are syenogranite (Li, 2012), syeno-
granite and quartz porphyry (Yu et al., 2008), and granite porphyry
(Wu, 2015). To understand the metallogenesis of the Mo deposit and its
genetic relationship to the host granites, we present new geological,
zircon U–Pb and molybdenite Re–Os geochronological, geochemical,
and Sr, Nd, and Hf isotopic data for the granite porphyry associated
with the Dasuji Mo deposit. Combined with previously published data,
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we use these data to determine the Mo mineralization and granite
porphyry formation ages in this area and to elucidate the characteristics
of the source region for the magmas, petrogenesis, and tectonic setting.

2. Geological setting

The study area is located in the central segment of the northern
margin of the NCB, which has experienced multiple stages of tectonism
and magmatism. and Five major tectonic events are recognized in this
region (Zhai, 2010; Zhai and Santosh, 2011, 2013; Santosh et al., 2012,
2013; Zheng et al., 2013; Qiu et al., 2016; Wu et al., 2018): Neoarchean
crustal growth and stabilization, Paleoproterozoic rifting–subductio-
n–accretion–collision, and late Paleoproterozoic–Neoproterozoic mul-
tistage rifting. From the Paleozoic to the Mesozoic, this area was sig-
nificantly affected by the evolution and final closure of the Paleo–Asian
Ocean. After the closure of the Paleo–Asian Ocean, this area was
overprinted and modified during the subduction of the Pacific Plate
(Xiao et al., 2003; Miao et al., 2008; Wu et al., 2011; Meng et al., 2011;

Xu et al., 2013). This tectonic complexity, combined with the multiple
stages of tectonism and magmatism, makes this region well-endowed
with large-scale endogenic mineralization. The exposed strata in our
study area are mainly the Paleoarchean Xinghe Group, Mesoarchean
Jining Group, Neoarchean Seertengshan Group, Palaeoproterozoic Er-
daoao Group, and Proterozoic, Paleozoic, Mesozoic, and Cenozoic
strata (Inner Mongolia Autonomous Region Bureau of Geology and
Mineral Resource, 1991). The structure of the area is dominated by the
E–W– trending Guyang–Wuchuang–Shangyi, and the NEE– trending
Linhe–Baotou–Hohhot–Jining faults. The intrusions contain tonalite,
granite porphyry, quartz porphyry, and syenogranite-porphyry.

3. Geology of the Dasuji Mo deposit

The Dasuji Mo deposit is located 26 km southeast of Zhuozi County,
Inner Mongolia; it is a large porphyry Mo deposit containing 149,358
tons of Mo at 0.03%–0.30% grade (Zhang et al., 2009a; Wu, 2015). The
exposed strata in the Dasuji Mo deposit is dominated by the

Fig. 1. Sketch geological map of northeast China showing the distribution of the Mo deposits and their associated granitoids. The data sources and deposit numbers
are listed in Supplementary Table 1.
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Mesoarchean Jining Group and Quaternary sediments (Fig. 3). The
Jining Group is composed of plagioclase gneiss and garnet-bearing
leucogranulitite. The intrusions include tonalite, quartz porphyry, sye-
nogranite porphyry, and granite porphyry. The Mo mineralization oc-
curs as disseminations, stockworks, and veinlets within the intrusive
body, which occur as disseminations and stockworks in the granite
porphyry (Fig. 4a, b) and as stockworks and veinlets in the quartz
porphyry (Fig. 4c) and syenogranite porphyry. The granite porphyry is
gray colored, porphyritic, and massive. The phenocrysts are mainly
quartz, K-feldspar, and plagioclase and the matrix is composed of
quartz, K-feldspar, and plagioclase, with minor accessory magnetite,
zircon, and apatite. The content of the phenocryst in the rocks is ap-
proximately 25% and the content of the matrix is approximately 75%.
Quartz mainly occurs as phenocrysts and groundmass, and the pheno-
crysts are characterized as subhedral and granular. The plagioclase
phenocrysts are subhedral, tabular grains and have been altered to
sericite. K–feldspar mainly occurs as phenocrysts and groundmass, and
the phenocrysts are subhedral tabular and characterized by kaoliniza-
tion. The orebodies in the Dasuji Mo deposit is asymmetrically lenti-
cular (Fig. 5), strike nearly E-W with a length of 1100m and a width of
360–450m, and dip to the south at 40°–45° (Zhang et al., 2009a; Nie

et al., 2012; Wu, 2015). The dominant ore minerals in the Dasuji Mo
deposits are molybdenite (Fig. 4d–e) and pyrite (Fig. 4f), with lesser
amounts of magnetite, galena, and sphalerite. The gangue minerals are
quartz, feldspar (Fig. 4g), sericite (Fig. 4h), and calcite (Fig. 4i), with
minor fluorite, muscovite, and kaolinite. Hydrothermal alteration is
well developed in the mining area, including silicification, K–feld-
spathization, sericitization, chloritization, epidotization, and carbona-
tization. Mineralization is spatially associated with silicification and
sericitization and is not well-developed in the alteration zone (Nie
et al., 2012). Mineralization has been divided into three paragenetic
stages: (1) an early quartz–K–feldspar–pyrite–magnetite stage, (2) a
middle quartz–molybdenite–pyrite stage, and (3) a late quartz–carbo-
nate–pyrite–galena–sphalerite stage (Wu, 2015).

4. Samples and analytical methods

4.1. Samples

All representative samples of the granite porphyry were collected
from an outcrop in the Dasuji Mo deposit. The whole-rock major and
trace elements and the Sr–Nd isotopic compositions of four samples

Fig. 2. Geological sketch map and distribution of the Mo deposits in central Inner Mongolia (after Wu, 2015).

Fig. 3. Geological map of the Dasuji Mo deposit (after Wu, 2015).
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Fig. 4. Representative photographs of rock and ore samples from the Dasuji deposit. Qtz= quartz; Mo=molybdenite; Py=pyrite; Ser= sericite; Kfs= K-feldspar;
Cal= calcite.

Fig. 5. Geological cross-section along the exploration line No. 0 of the Dasuji deposit (IMNMGEB, 2013).
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were determined (DSJ-1a, DSJ-1b, DSJ-1c, DSJ-1d); one granite por-
phyry sample (DSJ-1a) was used for zircon U–Pb dating and Hf isotopic
analysis. The Re–Os isotopic compositions of five molybdenite samples
from thin mineralized granite porphyry (DSJ-3, DSJ-4 and DSJ-15) and
quartz-molybdenite veins (DSJ-11 and DSJ-18) were determined.

4.2. Major and trace element determinations

Major and trace element analyses were carried out at the National
Research Center for Geoanalysis, Beijing. The major elements were
analyzed by X–ray fluorescence (XRF) spectrometry, with analytical
uncertainties ≤5%. Ferric and ferrous iron measurements were de-
termined by wet chemical analyses (titration). The analytical precision
for the major oxides was based on certified standards (GSR–1 and
GSR–3). Trace elements were determined by solution ICP–MS per-
formed at the ICP–MS Laboratory of the National Research Center for
Geoanalysis, Beijing. The detailed sample preparation, instrument op-
erating conditions and calibration procedures followed Grégoire
(2000).

4.3. LA–ICP–MS zircon U–Pb dating

Zircon grains were separated from the bulk samples using conven-
tional techniques of density and magnetic separation. Representative
zircon grains were handpicked under a binocular microscope, mounted
in epoxy resin, polished, coated with gold, and mounted. Transmitted
light and reflected–light images were taken under an optical micro-
scope. The U–Pb isotopic analyses were performed using an Agilent
7700e mass spectrometer connected to a 193 nm ArF excimer laser
ablation system at the Wuhan Sample Solution Analytical Technology
Co., Ltd, Wuhan, China. Zircon 91,500 and glass NIST610 were used as
external standards for U-Pb dating and trace element calibration, re-
spectively. Both standard and unknown zircon analyses were measured
with a 32 μm ablation spot size. Detailed operating conditions for the
laser ablation system, the LA–ICP–MS instrument, and data reduction
were described by Zong et al. (2017). Errors of individual analyses by
LA–ICP–MS are quoted at the 1σ level, whereas errors on pooled ages
are quoted at the 95% confidence level. The data were processed using
the GLITTER and ISOPLOT (Ludwig, 2003) programs.

4.4. Molybdenite Re–Os dating

Molybdenite samples were collected from the Dasuji Mo deposit.
Gravity and magnetic separation techniques were applied to crushed
samples, and molybdenite grains were handpicked under a binocular
microscope (purity> 99%). Re–Os isotope analyses were performed at
the Re–Os Laboratory, National Research Center of Geoanalysis,
Chinese Academy of Geological Sciences, Beijing, China. The chemical
procedure followed Li et al. (2010). The model ages were calculated as

follows: t= (ln (1+ 187Os/187Re))/λ, where λ is the decay constant of
187Re, 1.666× 10−11/yr−1 (Smoliar et al., 1996).

4.5. Zircon Lu–Hf isotope analyses

In situ zircon Hf isotope analyses were performed using a NewWave
UP193FX laser–ablation microprobe attached to a Neptune multi-
collector ICP–MS at the State Key Laboratory for Mineral Deposits
Research, Nanjing University, Nanjing. Hf isotope analysis was per-
formed directly on top of the U–Pb laser ablation sites. The instrumental
conditions and data acquisition were comprehensively described by Wu
et al. (2006), Hou et al. (2007) and Geng et al. (2017). The 176Hf/177Hf
ratios obtained for standard zircon MT is 0.282504 ± 14 (2σ) in this
study. The present 176Hf/177Hf and 176Lu/177Hf ratios of chondrite and
depleted mantle are 0.282772 and 0.0332, and 0.28325 and 0.0384,
respectively (Blichert-Toft and Albarède, 1997; Griffin et al., 2000).
λ=1.865×10−11 year−1 (Scherer et al., 2001). The Hf model ages
were calculated as described in Nowell et al. (1998), Amelin et al.
(2000) and Griffin et al. (2000).

4.6. Sr and Nd isotope analyses

The samples selected for Sr and Nd isotopic analyses were ground
with an agate mill, and the powders were spiked with mixed isotope
tracers, dissolved in Teflon capsules with HF+HNO3+HClO4 acid,
and separated by conventional cation–exchange techniques with di-
luted HBr as an eluent. The isotopic measurements were performed on a
Finnigan MAT–262 mass spectrometer at the China National Nuclear
Corporation Beijing Research Institute of Uranium Geology. The mass
fractionation corrections for the Sr and Nd isotopic ratios were based on
86Sr/88Sr= 0.1194 and 146Nd/144Nd=0.7219. Repeat analyses
yielded a 87Sr/86Sr ratio of 0.710250 ± 7 for the NBS–987 Sr standard
and a 143Nd/144Nd ratio of 0.512118 ± 3 for the JNdi–1 Nd standard.

5. Results

5.1. Zircon LA–ICP–MS U–Pb geochronology

The separated zircons are euhedral or subhedral, colorless and
transparent and show oscillatory zoning (Fig. 6a). The results of the
zircon LA–ICP–MS U–Pb dating undertaken during this study are given
in Table 1. The majority of these analyses are concordant or nearly
concordant (Fig. 6b). The zircons from the granite porphyry sample
DSJ-1 yielded 206Pb/238U ages from 218.4 to 222.4Ma, with a weighted
mean 206Pb/238U age of 220.3 ± 0.7Ma (n=20; mean squared
weighted deviation (MSWD)=0.39; Fig. 6b).

Fig. 6. Cathodoluminescence images of zircons (a) and U–Pb concordia diagram of zircons (b) of the granite porphyry.
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5.2. Molybdenite Re–Os geochronology

The Re–Os isotopic data during this study are given in Table 2, with
-the molybdenite Re–Os isochron and weighted mean model age shown
in Fig. 7. These five molybdenite samples yielded model ages of
217.4–219.9Ma, with a well-defined 187Re–187Os isochron age of
222.1 ± 4.7Ma (MSWD=0.20; Fig. 7a) and a weighted mean model
age of 218.9 ± 1.6Ma (Fig. 7b). These samples have initial 187Os
concentrations of −0.41 ± 0.56 ppb, and the nearly identical ages
yielded by both isochron and model approaches indicate that these
results are reliable.

5.3. Major and trace element geochemistry

The whole-rock major and trace element compositions of the granite
porphyry are listed in Table 3. All of the analyzed samples are classified
as subalkaline series (Fig. 8a; Irvine and Baragar, 1971) peraluminous

rocks (Fig. 8b; Maniar and Piccoli, 1989). The granite porphyry con-
tains 76.15–77.97 wt% SiO2, 12.11–12.40 wt% Al2O3, 0.11–0.37 wt%
CaO, 2.32–2.78 wt% Na2O, 4.71–5.03 wt% K2O, and 7.35–7.49 wt%
Na2O+K2O. Plotting the data for these samples in a K2O vs. SiO2

diagram indicates that they are high-K calc-alkaline series rocks
(Fig. 8c; Peccerillo and Taylor, 1976).

The chondrite-normalized rare earth element (REE) compositions of
the samples analyzed during this study are shown in Fig. 9a. All of these
samples are enriched in the light REEs (LREEs) and are depleted in the
heavy REEs (HREEs), with total REE concentrations of
87.89–103.83 ppm and strong negative Eu anomalies
(δEu=0.21–0.28). Plotting the data for these granite porphyry samples
on a primitive-mantle-normalized multielement variation diagram in-
dicates that they are all enriched in Rb, Th, U, Zr, and Hf and depleted
in Ba, P, and Ti (Fig. 9b).

Table 1
Zircon U-Pb data from the Dasuji Mo deposit.

NO. Th (ppm) U (ppm) Th/U 207Pb/206Pb 1σ 207Pb/235U 1σ 206 Pb/238U 1σ 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U (Ma) 1σ

DSJ-1-1 298 179 1.7 0.050374 0.0030 0.243051 0.0145 0.034783 0.0005 213.0 132.4 220.9 11.9 220.4 3.3
DSJ-1-2 723 355 2.0 0.050551 0.0020 0.24308 0.0093 0.034941 0.0004 220.4 90.7 220.9 7.6 221.4 2.3
DSJ-1-3 282 233 1.2 0.051266 0.0037 0.242307 0.0159 0.034803 0.0007 253.8 168.5 220.3 13.0 220.5 4.3
DSJ-1-4 672 315 2.1 0.050915 0.0057 0.242478 0.0268 0.034743 0.0010 235.3 240.7 220.4 21.9 220.2 6.0
DSJ-1-5 339 286 1.2 0.050836 0.0020 0.242592 0.0097 0.034768 0.0004 231.6 92.6 220.5 7.9 220.3 2.3
DSJ-1-6 753 351 2.1 0.05101 0.0031 0.242976 0.0141 0.034689 0.0005 242.7 137.9 220.9 11.5 219.8 3.3
DSJ-1-7 481 248 1.9 0.050983 0.0026 0.242791 0.0120 0.034757 0.0005 239.0 114.8 220.7 9.8 220.2 2.9
DSJ-1-8 495 204 2.4 0.050588 0.0026 0.242687 0.0126 0.034787 0.0005 220.4 121.3 220.6 10.3 220.4 3.2
DSJ-1-9 253 175 1.4 0.050937 0.0057 0.241054 0.0264 0.034774 0.0009 239.0 237.0 219.3 21.6 220.4 5.6
DSJ-1-10 404 271 1.5 0.050247 0.0018 0.243349 0.0090 0.034987 0.0004 205.6 83.3 221.2 7.4 221.7 2.5
DSJ-1-11 169 126 1.3 0.051765 0.0037 0.242058 0.0161 0.034721 0.0006 276.0 164.8 220.1 13.2 220.0 3.9
DSJ-1-12 426 285 1.5 0.050247 0.0018 0.242332 0.0089 0.034774 0.0004 205.6 83.3 220.3 7.3 220.4 2.6
DSJ-1-13 162 81 2.0 0.050203 0.0045 0.242859 0.0223 0.035094 0.0007 211.2 255.5 220.8 18.2 222.4 4.1
DSJ-1-14 366 264 1.4 0.050619 0.0018 0.242297 0.0088 0.034651 0.0004 233.4 83.3 220.3 7.2 219.6 2.6
DSJ-1-15 259 196 1.3 0.050318 0.0028 0.242789 0.0140 0.034709 0.0005 209.3 136.1 220.7 11.4 220.0 3.0
DSJ-1-16 418 303 1.4 0.051249 0.0199 0.243223 0.0096 0.035068 0.0004 222.3 223.7 222.8 24.6 222.2 4.7
DSJ-1-17 155 112 1.4 0.051073 0.0030 0.243549 0.0137 0.034777 0.0005 242.7 135.2 221.3 11.2 220.4 3.3
DSJ-1-18 236 326 0.7 0.051019 0.0020 0.243278 0.0096 0.034545 0.0004 242.7 90.7 218.6 7.9 218.4 2.8
DSJ-1-19 255 433 0.6 0.050709 0.0016 0.24263 0.0076 0.034677 0.0003 227.8 75.9 218.1 6.2 219.3 2.2
DSJ-1-20 157 256 0.6 0.050545 0.0023 0.241538 0.0111 0.034579 0.0005 220.4 99.1 219.7 9.1 219.1 3.0

Table 2
Results of Re-Os isotopic analyses of molybdenite from the Dasuji Mo deposit.

Sample no. Re (μg.g−1) 187Re (μg.g−1) 187Os (ng.g−1) Model age (Ma)

DSJ-3 9.23 0.07 5.802 0.046 21.05 0.16 217.4 3.2
DSJ-4 17.56 0.16 11.039 0.099 40.51 0.29 219.8 3.3
DSJ-11 10.00 0.16 6.286 0.100 23.01 0.16 219.3 4.4
DSJ-15 9.86 0.07 6.200 0.046 22.62 0.26 218.6 3.7
DSJ-18 17.97 0.22 11.294 0.140 41.45 0.36 219.9 4.0

Fig. 7. Re–Os isotopic isochron (a) and the weighted mean ages (b) for the molybdenite separated from the Dasuji Mo deposit.
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5.4. Sr–Nd isotope composition

The Sr–Nd isotope compositions of the analyzed samples are shown
in Table 4. The initial isotopic ratios of the granite porphyry are cal-
culated based on the zircon U–Pb ages. The granite porphyry has initial
87Sr/86Sr ratios of 0.70516–0.70784, εNd(t) values from −13.9 to
−12.8 (Fig. 10a), and Paleoproterozoic whole-rock εNd model ages of
2125–2033Ma, with an average age of 2100Ma.

5.5. Zircon Lu–Hf isotope data

The Lu–Hf isotopic compositions of a total of 10 zircons from sample
DSJ-1 were determined during this study (Table 5) and yielded
176Hf/177Hf ratios and εHf(t) values of 0.282175–0.282236 and −16.4
to −7.3, respectively. These zircons yielded two-stage model ages
(TDM2) of 2293–17616Ma, with an average age of 2149Ma (Fig. 10b).

Table 3
Major (wt%) and trace elements (ppm) data of the granite porphyry.

Sample DSJ-1a DSJ-1b DSJ-1c DSJ-1d Sample DSJ-1a DSJ-1b DSJ-1c DSJ-1d

SiO2 77.97 76.15 77.35 77.95 Ga 24 23 22.9 24.6
Al2O3 12.21 12.4 12.39 12.11 Y 18.6 32.5 30.8 18.4
TiO2 0.08 0.08 0.07 0.08 La 23.2 24.3 26.2 24
TFe2O3 0.96 1.71 1.18 1.14 Ce 36.8 41.2 43.8 40.1
CaO 0.11 0.37 0.25 0.13 Pr 4.01 4.25 4.55 4.11
MgO 0.12 0.16 0.13 0.13 Nd 11.1 12 12.5 11.5
K2O 4.94 4.71 4.97 5.03 Sm 1.86 2.16 2.12 1.87
Na2O 2.52 2.78 2.48 2.32 Eu 0.12 0.17 0.19 0.13
MnO 0.06 0.13 0.05 0.06 Gd 1.62 1.99 2.04 1.64
P2O5 0.01 0.01 0.01 0.01 Tb 0.34 0.43 0.43 0.33
LOI 2.58 3.39 2.82 2.47 Dy 2.2 3.07 3.06 2.2
Mg# 0.71 0.65 0.69 0.70 Ho 0.55 0.79 0.77 0.54
Ba 139 384 156 139 Er 1.91 2.76 2.69 1.95
Hf 6.32 5.95 5.8 6.3 Tm 0.38 0.53 0.51 0.36
Ta 8.24 7.62 8 8.27 Yb 3.25 4.39 4.27 3.28
Pb 73.4 60.7 41.1 98.5 Lu 0.55 0.73 0.7 0.54
Th 52.3 53.7 56 52 ΣREE 87.89 98.77 103.83 92.55
U 9.05 10.2 9.53 9.48 LREE 77.09 84.08 89.36 81.71
Rb 379 367 392 397 HREE 10.80 14.69 14.47 10.84
Sr 66.2 42.1 57.8 65.3 LREE/HREE 7.14 5.72 6.18 7.54
Zr 98.3 96.3 100 103 LaN/YbN 5.12 3.97 4.40 5.25
Nb 131 144 150 131 δEu 0.21 0.25 0.28 0.22

Fig. 8. (a) SiO2 versus (Na2O+K2O) plot (Middlemost, 1994), (b) A/NK (Al2O3/(Na2O+K2O)) vs. A/CNK (Al2O3/(CaO+Na2O+K2O)) diagram (Maniar and
Piccoli, 1989), (c) SiO2 versus K2O plot of granites (Peccerillo and Taylor, 1976), (d) Major element discrimination of granites (Sylvester 1989).
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Fig. 9. Chondrite–normalized REE patterns (a, normalized values are from Boynton, 1984) and primitive mantle–normalized trace element patterns (b, normalized
values are from Sun and McDonough, 1989) of the granite porphyry.

Table 4
Sr–Nd isotopic compositions of the granite porphyry.

Sample Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr (87Sr/86Sr)i Sm Nd 147Sm/144Nd 143Nd/144Nd (143Nd/144Nd)i εNd(t) TDM2

DSJ-1a 379 66.2 16.566 0.7592 0.70733 1.86 11.1 0.1013 0.5118 0.511644 -13.9 2124
DSJ-1b 367 42.1 25.225 0.7857 0.70682 2.16 12 0.1088 0.5119 0.511701 -12.8 2033
DSJ-1c 392 57.8 19.624 0.7666 0.70516 2.12 12.5 0.1026 0.5118 0.511647 -13.8 2119
DSJ-1d 397 65.3 17.592 0.7629 0.70784 1.87 11.5 0.0983 0.5118 0.511643 -13.9 2125

Notes: 87Rb decay λ=1.42×10−11year−1; 147Sm decay λ=6.54×10−12 year−1; The 143Nd/144Nd and 147Sm/144Nd ratios of chondrite and depleted mantle at
present day are 0.512638 and 0.1967, 0.51315 and 0.2137, respectively (Jacobsen and Wasserburg, 1980).

Fig. 10. Variations in (87Sr/86Sr)i versus εNd (t) (a, Jahn et al., 1999) and εHf(t) versus the crystallization age of the zircons (b, Yang et al., 2006) for the Dasuji
granite porphyry. The Hf isotopic evolution line of the Archean average crust with 176Lu/177Hf=0.015 is after Griffin et al. (2000). The fields for the East Xing–Meng
(Xing’an–Mongolian Orogenic Belt) and Yanshan igneous rocks are from Yang et al. (2006).

Table 5
Zircon Hf isotopic compositions of the granite porphyry.

Spot no. Age (Ma) 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2σ εHf(0) εHf(t) TDM1(Ma) TDM2(Ma) fLu/Hf

1 220.4 0.022777 0.000811 0.282200 0.000020 −20.2 −15.5 1475 2236 −0.98
2 221.4 0.028979 0.000993 0.282255 0.000022 −18.3 −13.6 1406 2116 −0.97
3 220.5 0.098732 0.003419 0.282229 0.000030 −19.2 −14.9 1541 2195 −0.90
4 220.2 0.039701 0.001427 0.282267 0.000021 −17.8 −13.2 1405 2092 −0.96
5 220.3 0.036011 0.001479 0.282436 0.000017 −11.9 −7.3 1168 1716 −0.96
6 219.8 0.029090 0.001099 0.282235 0.000024 −19.0 −14.3 1438 2162 −0.97
7 220.2 0.110618 0.003657 0.282208 0.000021 −19.9 −15.6 1583 2243 −0.89
8 220.4 0.039606 0.001369 0.282202 0.000020 −20.2 −15.5 1495 2237 −0.96
9 220.4 0.025398 0.000902 0.282175 0.000021 −21.1 −16.4 1514 2293 −0.97
10 221.7 0.040966 0.001383 0.282217 0.000021 −19.6 −15.0 1474 2202 −0.96
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Fig. 11. (a–g) Selected oxide and trace element plots for the granite porphyry in the Dasuji Mo deposit. (h) Sr versus Ba plots for the granite porphyry (Li et al.,
2017a). The symbols are the same as in Fig. 8. PlAn50, plagioclase (An=50); PlAn15, plagioclase (An=15); Kfs, K-feldspar; Amp, amphibole; Grt, garnet; Ms,
muscovite; Bt, biotite.
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6. Discussion

6.1. Magmatism and mineralization timing

Numerous Mo deposits have been discovered in the northern margin

of the NCB, for which isotopic age data have been published, and the
timing of formation of the Mo deposits in the study area occurred in
three main stages: late Permian–Triassic, Jurassic, and Cretaceous Mo
metallogeny that generated abundant Jurassic and the Cretaceous Mo
deposits (Zhang et al., 2010a; Liu et al., 2010; Zeng et al., 2011, 2012a,
2012b, 2012c, 2013; Chen et al., 2012, 2016; Sun et al., 2012; Shu
et al., 2014; 2015, 2016; Zhao, 2016; Wu et al., 2008, 2017). The ages
for the Dasuji Mo deposit have been reported in a number of other
studies, including Yu et al. (2008) and Li (2012), who suggested that
the Mo mineralization occurred during the Yanshanian based on in-
trusions in the deposit. Zhang et al. (2009a) reported a molybdenite
Re–Os isochron age of 222.5 ± 3.2Ma, which suggests that the deposit
formed during the Late Triassic. Wu (2015) obtained LA–ICP–MS U–Pb
ages of 234 ± 3Ma, 230 ± 5Ma, and 224 ± 4Ma for the quartz
porphyry, syenogranite porphyry, and granite porphyry, respectively,
and a molybdenite Re–Os isochron age of 223.5 ± 5.5Ma, which
suggests that the deposit formed in the Late Triassic. Our new zircon
U–Pb data suggest that the crystallization age of the granite porphyry is
220.3 ± 0.7Ma, and the molybdenite Re–Os isochron age is
218.9 ± 1.6Ma, which suggests that the Dasuji Mo mineralization and
magmatism occurred during the Late Triassic rather than the Yan-
shanian (Yu et al., 2008; Li, 2012), which is consistent with the timing
of magmatism in the northern margin of the NCB (Zhang et al., 2010b).
Therefore, combining the existing dates with our new U–Pb and Re–Os
ages indicates that mineralization and magmatism were con-
temporaneous during the formation of the Dasuji porphyry Mo deposit
and that Mo mineralization occurred during the Late Triassic.

Numerous Mo deposits have been discovered in northeast China, for
which isotopic age data have been reported by other workers

Fig. 12. Petrogenetic diagrams for the granite porphyry. (a) Th vs. Th/Ti diagram (Schiano et al., 2010). (b) La/Sm vs. La diagram (Cocherine, 1986). The inset is a
schematic CI versus CI/CC diagram (CI, incompatible element concentration, and CC, compatible element concentrations). The symbols are the same as in Fig. 8.

Fig. 13. R1–R2 tectonic discrimination diagram of the granite porphyry
(Batchelor and Bowden, 1985). R1= 4Si-11(Na+K)- 2(Fe+Ti);
R2= 6Ca+2Mg+Al. The symbols are the same as in Fig. 8.

Fig. 14. Genetic model for the Dasuji Mo deposit (after Shu et al., 2016; Gao et al., 2017).
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(Supplement Table 1). The Mo deposits in this region formed between
476 and 111Ma during the Ordovician (∼476Ma), Triassic
(250–203Ma), Jurassic (200–140Ma), and Cretaceous (139–111Ma)
periods. Large-scale Mo mineralization occurred during the Jurassic but
numerous Triassic Mo deposits have been discovered in the NCB in
recent years, which indicate that the Triassic Mo mineralization has a
huge exploration potential in this region.

6.2. Petrogenesis of the ore-bearing granite porphyry

Correctly identifying the genetic types of magmatic rocks is sig-
nificant for understanding the magma source regions and tectonic set-
tings (Pearce et al., 1984; Sylvester, 1989; Barbarin, 1999; Yang et al.,
2015a). Fractionated I-type granites are difficult to distinguish from A-
type granites, and the extremely felsic A-type granites (SiO2 > 72%)
have the same chemical and mineralogical characteristics as felsic,
fractionated I-type granites (King et al., 1997). However, some different
characteristics of A-type granites and fractionated I-type granites have
been previously identified (Whalen et al., 1987; King et al., 1997; Wang
et al., 2000; Yang et al., 2015b). The granite porphyry is highly silic-
eous (up to 76.2%), and amphibole and muscovite are absent. The data
obtained in this study indicate that the granites samples are alkali rich
and have high SiO2, and the differentiation index ranges from 93 to 95;
the samples are plotted in the highly fractionated calc-alkaline granites
field (Fig. 8d). Negative correlations are presented between P2O5 and
SiO2 (Fig. 11a). Moreover, the calculated zircon saturation tempera-
tures (TZr) of the granite porphyry are 762–774 °C (average 768 °C); the
calculation values are comparatively inconsistent with the fractionated
I-type granite (764 °C, King et al., 1997; Qiu and Deng, 2017). There-
fore, we suggest that the Mo mineralization–related granites are the
highly fractionated I-type.

The granite porphyry is characterized by negative ɛNd(t) values and
old Nd two-stage model ages, which is different from the Phanerozoic
granites in NE China (Wu et al., 2000; Fig. 10a). The zircon εHf(t)
values are also similar; the rocks show negative ɛHf(t) values, and in the
εHf(t) vs. age diagram (Fig. 10b), the samples plot in the Yanshan Fold
and Thrust Belt (YFTB) field (Yang et al., 2006). All these data points
show a spread of ɛHf(t) values that plot near but slightly higher than the
∼2.5 Ga evolution line of the lower crust of the NCB, which indicates
that the magma sources were mainly derived from the ancient lower
crust, although mantle material melts into the lower crust cannot be
ruled out. The Sr-Nd-Hf data indicate that the granite porphyry was
derived from the partial melting of ancient lower crust, which is con-
sistent with the Mo deposits in the northern margin of the NCB
(Fig. 10), and thus suggests that they have similar magma sources (Wu
et al., 2016; Qiu et al., 2017). Therefore, we suggest that the parental
magma of the Dasuji granite porphyry predominantly originated from
ancient lower crust materials.

The Dasuji granite porphyry displays linear correlations between
SiO2 and other major and trace element concentrations (Castillo et al.,
1999; Qiu et al., 2018; Fig. 11a–g), which indicates that these magmas
most likely fractionate minerals such as plagioclase, potassium feldspar,
hornblende, and various accessory minerals during magma evolution.
All of these samples have strongly negative Eu anomalies
(δEu=0.21–0.28), which indicates the fractional crystallization of
feldspar (Fig. 11h). Moreover, the data for these samples define a cur-
ving array on the Th/Ti vs. Th diagram (Schiano et al., 2010; Fig. 12a),
and the La/Sm vs. La diagram shows that the granite porphyry samples
are distributed along the fractional crystallization line (Fig. 12b), which
suggests that the dominant control on their compositions was fractional
crystallization.

6.3. Geodynamic setting

The northern margin of the NCB is located between the NCB and the
Central Asian Orogenic Belt (CAOB); this area was significantly affected

by the evolution and final closure of the Paleo–Asian Ocean. However,
the timing of the final closure of the Paleo-Asian ocean is still con-
troversial, with a suggested timing of the Late Devonian to early
Carboniferous (Tang, 1990; Xu et al., 2013; Zhao et al., 2013; Zhao and
Zhai, 2013), the middle Permian (Li et al., 2014) and the middle Pa-
leozoic to Early Triassic (Xiao et al., 2003; Li et al., 2006; Zhang et al.,
2009d; Wilde, 2015). However, based on regional chronology and
petrology information, the Later Triassic magmatic belt was formed in
NE China and is represented by the ultramafic–syenitic complex, the
alkaline complex, A-type granites and A-type rhyolites (Han et al.,
2004; Wu et al., 2004; Xu et al., 2009, Zhang et al., 2009e; Zhu et al.,
2016; Niu et al., 2012, 2017), which defines the closure of the Paleo-
Asian Ocean followed by post–collisional extension (Shao et al., 2000;
Zhao et al., 2010; Zhang et al., 2009e, 2010b; Chen et al., 2013; Qiu
et al., 2014). In addition, molasse sequences have been identified to the
east of the NCB, which indicates that final closure of the Paleo-Asian
Ocean took place before the Late Triassic (Li et al., 2017b, Xin et al.,
2011; Wang et al., 2016b). In this study, the U–Pb and Re–Os ages
indicate that granite porphyry (220Ma) and molybdenite (219Ma) in
the Dasuji Mo deposit formed in the Late Triassic. We plotted the
geochemical data in an R1–R2 diagram (Fig. 13; Batchelor, 1985).
Fig. 13 shows that the Dasuji granite porphyry samples plot in the post-
orogenic granite field. These data suggest that the mineralization-re-
lated granite porphyry was emplaced in a post-collisional setting, which
is consistent with the tectonic setting of the mineralization-related
granites associated with the Mo deposits of the NCB district (Zhang
et al., 2010a; Zeng et al., 2012c; Duan et al., 2015; Shu et al., 2016; Gao
et al., 2017). Therefore, during the Late Triassic and under post-colli-
sional extension conditions, underplating magma not only triggered the
partial melting of lower crust but also injected mantle melts into the
lower crust melts, which resulted in magmatism and Mo mineralization.
As mentioned above, the Late Triassic hydrothermal activity and mi-
neralization in this region was triggered by the post–collisional exten-
sional regime (Fig. 14).

7. Conclusions

Based on the zircon U–Pb, molybdenite Re–Os, geochemical, Sr–Nd
isotope and zircon Hf isotope analyses of the granite porphyry of the
Dasuji Mo deposit, we summarize our conclusions as follows:

(1) Zircon grains from the granite porphyry yield a 206Pb/238U mean
age of 220.3Ma, which is similar to the molybdenite Re–Os
weighted mean model age of 218.9 ± 1.6Ma. These data indicate
that magmatism and mineralization occurred during the late
Triassic.

(2) The granite porphyry is compositionally characterized by high SiO2

and Na2O+K2O contents, depletion of Ba, Sr, P and Ti, and en-
richment in Rb, Th, U, Zr, and Hf. εNd(t) and εHf(t) values are
strongly negative, which indicates that the magma was generated
by the partial melting of ancient lower crust materials.

(3) The Late Triassic magmatism and mineralization within the Dasuji
Mo deposit formed in a post-collisional extensional setting.
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