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Abstract

The Xiong'ershan area is the third largest gold-producing district in China. The Late Jurassic to
Early Cretaceous magmatism in the Xiong'ershan area can be divided into two episodes: early
(165-150 Ma) and late (138-113 Ma). Laser ablation — inductively coupled plasma — mass spec-
trometry (LA-ICP-MS) zircon U-Pb dating yields ages of 160.7 + 0.6 Ma and 127.2 + 1.0 Ma
for the Wuzhangshan and Huashan monzogranites in the Xiong'ershan area, respectively,
representing the two magmatic episodes. The Wuzhangshan monzogranites exhibit adakite-like
geochemical features (e.g. high Sr/Y ratios, low Yb and Y contents). Their Sr-Nd-Hf isotopic
compositions are consistent with those of the amphibolites of the Taihua Group, indicating that
the Wuzhangshan monzogranites were formed from partial melting of the Taihua Group meta-
morphic rocks. Compared to the Wuzhangshan rocks, the Huashan monzogranites have higher
MgO, Cr, Co and Ni contents, but lower St/Y and Fe**/Fe?". All the samples from the Huashan
monzogranites plot in the area between the Taihua Group amphibolite rocks and the mantle rocks
in the (¥7Sr/*Sr)t vs eNd(¢) and age vs eHf(f) diagrams, suggesting that the Huashan monzo-
granites were probably generated by mixing of mantle-derived magmas and the Taihua
Group metamorphic basement melts. The gold mineralization (136-110 Ma) is coeval with the
emplacement of the late-episode magmas, implying that crustal-mantle mixed magma might be a
better target for gold mineralization compared to the ancient metamorphic basement melt. The
data presented in this study further indicate that the transformation of the lithosphere from thick-
ening to thinning in the Xiong'ershan area probably occurred between ~160 Ma and ~127 Ma, and
that the gold mineralization in this area was probably related to lithospheric thinning.

1. Introduction

Although magmas in intracontinental environments represent a volumetrically minor compo-
nent of the global magmatic budget (Kuritani et al. 2009), they are of considerable geologic
interest and have attracted considerable attention (e.g. Gao et al. 2004; Van der Meer et al.
2017; and references therein), because of their critical geochemical features that distinguish
them from ‘normal’ mid-ocean ridge and arc magmas, but also because they are associated with
many world-class ore deposits (e.g. Cr, Ni, Mo and Au deposits, Naldrett, 1999, 2004; Pirajno
et al. 2004). Intracontinental magmatism occurring in different tectonic settings has been
attributed to several possible processes, such as deep mantle plumes, back-arc spreading,
continental rifting, stagnant slab, and lithospheric thinning (e.g. Gao et al. 2004, 2014;
Kuritani et al. 2009, 2017; Zhao et al. 2012; Van der Meer et al. 2017). This suggests that
the origins of intracontinental magmatism require detailed investigations in each individual
setting (Kuritani et al. 2009).

The Qinling orogenic belt (QOB), suturing the North China Craton (NCC) to the north and
the Yangtze Craton to the south (Fig. 1a, b), is an important collisional orogen in eastern Asia
(Zhang et al. 1996; Mao et al. 2002). The final collision between the Yangtze and North China
cratons occurred between 250 and 210 Ma (e.g. Ratschbacher ef al. 2003; Dong & Santosh, 2016;
Tang et al. 2019; and references therein), and then the tectonic regime of the QOB transformed
into a post-collisional extensional environment between 210 and 200 Ma (e.g. Dong & Santosh,
2016; Tang et al. 2019). This was accompanied by distinct pulses of Triassic magmatism in
volcanic arc, syn-collisional and post-collisional settings (e.g. Dong & Santosh, 2016; Tang
et al. 2019). In addition to the Triassic magmatism, the southern margin of the NCC in the
QOB also records intensive intracontinental tectonic-magmatic activity during the Late
Jurassic to Early Cretaceous, with widely exposed igneous rocks (e.g. Mao et al. 2010;
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Zhao et al. 2012; Gao et al. 2014; Gao & Zhao, 2017) and many world-
class Mo-Au-Ag-Pb-Zn ore deposits (e.g. Mao et al. 2002, 2011;
Chen et al. 2008; Tang et al. 2013; Tang, 2014; Bao et al. 2017; Tian
et al. 2017). It has been generally considered that the generation of
the Late Jurassic to Early Cretaceous magmatism in the southern
margin of the NCC is controlled by intraplate processes — craton
destruction (the process of decratonization) and lithospheric thin-
ning — triggered by the far-field effect of the subduction of the
Palaeo-Pacific Plate beneath the NCC (e.g. Lapierre et al. 1997;
Mao et al. 2002, 2010, 2011; Ratschbacher et al. 2003; Windley
et al. 2010). Therefore, the Late Jurassic to Early Cretaceous
magmas in the southern margin of the NCC along the QOB are
of considerable geologic interest, not only because they are associ-
ated with one of the most important gold polymetallic metallogenic
belts in China, but also because of their geodynamic context and
likely relationship to craton destruction (Zhao et al. 2012).

Late Jurassic to Early Cretaceous granites along the southern
margin of the NCC have been extensively studied in the past dec-
ades, but there is still considerable uncertainty about key issues
related to these magmatic rocks, such as (1) the petrogenesis of
these rocks: these granites have been proposed to be derived from
partial melting of ancient crystalline basement of the NCC, which
mixed with mantle-derived melts (e.g. Li et al. 2012; Gao et al. 2014;
Gao & Zhao, 2017), or from the subducted continental crust of the
northern margin of the Yangtze Craton (e.g. Bao et al. 2014, 2017);
(2) the link between the magmatism and gold: some researchers
suggest that gold mineralization has resulted from Late Jurassic
to Early Cretaceous magmatic-hydrothermal processes (e.g. Yao
et al. 2009; Tang et al. 2013; Tian et al. 2017), but other researchers
classified these gold deposits as orogenic type (e.g. Goldfarb et al.
1998; Mao et al. 2002; Chen et al. 2008) or greenstone type (e.g. Li
et al. 1996), assigning the metamorphic rocks as the main source
for the metallic ores (e.g. Li ef al. 1996; Li & Santosh, 2017); (3) the
timing of lithospheric thinning: the age estimates for this event
given by previous studies are variable, ranging from 159 Ma to
108 Ma (e.g. Gao et al. 2004; Mao et al. 2010; Li et al. 2012;
Zhao et al. 2012). Recently, the Late Jurassic to Early Cretaceous
intrusions in the southern margin of the NCC were recognized
as the products of two magmatic stages: 160-135 Ma and
135-110 Ma (Mao et al. 2010; Gao & Zhao, 2017). The intrusions
in these two stages show different chemical and isotopic composi-
tions (Gao & Zhao, 2017), implying different magmatic sources
in potentially distinct tectonic settings. Identification of the two
magmatic intervals in the in the southern margin of the NCC is
important for evaluating the geodynamics of this region and
understanding the genesis of magmatic rocks and associated ore
deposits.

The Xiong'ershan area, a representative region for the south mar-
gin of the NCC, QOB, exposes several Late Jurassic to Early
Cretaceous granitic plutons and hosts numerous Au, Mo, Pb, Zn
and Ag deposits (Fig. 1c), and ranks as the third largest gold concen-
tration in China (Mao et al. 2002; Deng et al. 2014). The
Wuzhangshan and Huashan plutons are the two largest batholiths
in the Xiong’ershan area. New high-precision zircon U-Pb dates pre-
sented in this study indicate that the Wuzhangshan and Huashan
monzogranites were emplaced at c. 160 Ma and 127 Ma, respectively,
suggesting that they preserve the imprints of two magmatic episodes
during the Late Jurassic to Early Cretaceous in the south margin of the
NCC, respectively. Furthermore, we provide new petrographic
observations, whole-rock major and trace element geochemistry,
laser ablation - inductively coupled plasma — mass spectrometry
(LA-ICP-MS) zircon U-Pb ages, and Sr-Nd-Hf isotopes for the
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Wuzhangshan and Huashan monzogranites, to constrain their
petrogenesis, geodynamics setting and relationship with gold
deposits in the southern margin of the NCC.

2. Geological setting

The Qinling orogenic belt is bound by the Lingbao-Lushan-Wuyang
fault with the NCC to the north, and the Mianlue suture zone
with the Yangtze Craton to the south (Fig. 1b). The belt can be sub-
divided into three tectonic units from north to south (Zhang
et al. 1996): the southern margin of the NCC, the North and
South Qinling belts (Fig. 1b). The Luonan-Luanchuan regional
fault separates the southern margin of the NCC and the North
Qinling belt, whereas the North and South Qinling belts are
separated by the Shangdan suture zone.

The Xiong’ershan area is located in the south margin of the
North China Craton, QOB (Fig. 1b). Basement rocks of this
region are Neoarchaean to Palaeoproterozoic Taihua group
(c. 2.84-2.26 Ga, Xu et al. 2009; Huang et al. 2012) that consist
of biotite—plagioclase gneiss, plagioclase—amphibole gneiss and
amphibolite, all belonging to tonalite-trondhjemite-granodiorite
(TTG) suites (Huang et al. 2012). These rocks are discordantly
overlain by the Mesoproterozoic Xiong’er group (c. 1.80-1.75 Ma,
Zhao et al. 2004), a low-grade volcanic succession ranging from
3.0 to 7.6 km in thickness, covering an area of >6000 km?
(Zhao et al. 2004). It consists mainly of basaltic andesite and
andesite, with minor dacite and rhyolite (Zhao et al. 2004).
These rocks are characterized by large-ion lithophile elements
and light rare earth elements (LREE) enrichments and high-
field-strength elements (HFSE) depletion, indicating hydrous
melting of a mantle wedge in a subduction zone (He et al.
2010). The Xiong’er Group is discordantly overlain by Meso- to
Neo-proterozoic littoral facies clastic—carbonate rocks and alkaline
volcanic rocks of the Guandaokou and Luanchuan groups.

The Mesozoic magmatic rocks in the Xiong'ershan area mainly
formed in two periods: Triassic and Late Jurassic to Early
Cretaceous. The Triassic magmatic rocks sporadically occur in the
Xijong'ershan area. The Late Jurassic to Early Cretaceous magmatic
rocks are widespread in the Xionglershan area and occur as large
batholiths (e.g. Huashan and Wuzhangshan) or small porphyritic
bodies (e.g. Qiyugou, Lemengou and Banzhusi) (Fig. 1c). These rocks
are composed of biotite amphibole granite, biotite granite, monzo-
granite and syenogranite (Gao et al. 2014; Nie et al. 2015).

3. Samples and analytical techniques
3.a. Sampling and petrography

Geochemical and zircon U-Pb dating samples were collected from
the Wuzhangshan and Huashan batholiths. The Wuzhangshan
pluton, covering an area of ~60 km? (Nie et al. 2015), intruded into
metamorphic rocks of the Taihua Group in the north and volcanic
rocks of the Xiong’er Group in the south (Fig. 1c). The rocks are
generally reddish, medium- to coarse-grained porphyritic mon-
zogranites (Fig. 2a, b; Fig. S1 in Supplementary Material available
online at https://doi.org/10.1017/S0016756819000888), consisting
of 3-6 % phenocrysts (mainly plagioclase, with lesser K-feldspar)
in a medium-grained granular matrix of K-feldspar (25-30 %),
plagioclase (30-35 %), quartz (20-25 %), amphibole (5-10 %)
and minor biotite (Fig. 2c); accessory minerals include zircon,
titanite, magnetite and apatite. Feldspars are mainly platy, up to
1.5 cm in diameter (Fig. 2a). Amphiboles are euhedral to subhedral
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Fig. 1. (Colouronline) (a) Simplified structural map of China showing the major tectonic subdivisions of China and the location of Qinling Orogenic Belt (modified from Tang et al.
2019). (b) Tectonic framework of the Qinling Orogenic Belt (modified after Zhang et al. 1996). (c) Geology and the distribution of the gold deposits in the Xiong’ershan area

(modified after Tang et al. 2019).

(Fig. 2¢) and exhibit no alteration, with a grain size of 0.2-2 mm.
Quartz shows granular shape, with a grain size of 20-800 pm
(Fig. 2b, ¢). The Wuzhangshan monzogranites contain sporadic
xenoliths of the basement rocks, most of which are amphibolites
of the Taihua Group, and have sharp boundaries.

The Huashan pluton intruded into the metamorphic rocks of
the Taihua Group and covers an area of 300 km? (Nie et al.
2015). The pluton contains a small amount of mafic magmatic
enclaves, which are ellipsoidal to spherical in shape, and have sharp
or blurred boundaries with their host rocks (Nie et al. 2015). Rocks
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from the Huashan pluton are mainly composed of medium- to
fine-grained monzogranites and porphyritic monzogranites
(Fig. S1 in Supplementary Material at https://doi.org/10.1017/
S0016756819000888). The medium- to fine-grained monzogran-
ites (Fig. 2d) are located at the north part of the pluton with an
outcrop area of ~100 km?. They are light grey in colour and contain
K-feldspar (25-30 %), plagioclase (30-35 %), quartz (20-25 %),
biotite (5-8 %) and local amphibole (0-2 %), and accessory zircon,
titanite, magnetite and apatite (Fig. 2e, f). The porphyritic monzo-
granites are located at the southern part of the pluton with an
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Fig. 2. (Colour online) Photographs of representative samples from the Wuzhangshan and Huashan monzogranites. (a, b) The Wuzhangshan monzogranites show porphyritic
texture with euhedral phenocrysts of plagioclase. (c) The medium-grained granular matrix of the Wuzhangshan monzogranite, showing a mineral assemblage of K-feldspar +
plagioclase + quartz + amphibole. (d) The medium- to fine-grained monzogranite of the Huashan pluton. (e, f) Photomicrographs of the Huashan medium- to fine-grained
monzogranites, showing a mineral assemblage of K-feldspar + plagioclase + quartz + amphibole + biotite. (g) Porphyritic monzogranite of the Huashan pluton. (h, i) The
medium-grained granular matrix of the Huashan porphyritic monzogranites, showing a mineral assemblage of K-feldspar + plagioclase + quartz + biotite + amphibole.

Pl - plagioclase; Kf - K-feldspar; Q - quartz; Amp - amphibole; Bi - biotite; Tit - titanite.

outcrop area of ~200 km?. They are light grey to pink and show
porphyritic textures. The phenocrysts are mainly K-feldspar with
a grain size of 0.5-3 cm (Fig. 2g). The matrix displays medium- to
fine-grained texture, consisting of K-feldspar (30-35 %), plagio-
clase (25-30 %), quartz (20-25 %), biotite (5-8 %) and local
amphibole (1-3 %) (Fig. 2h, i). Accessory minerals include apatite,
zircon, magnetite and titanite.

3.b. In situ zircon U-Pb dating and Hf isotopes

About 5 kg of each sample was crushed and sieved for separating
zircon grains using standard magnetic and heavy liquid separation
procedures. About 80-150 grains were mounted in epoxy and then
polished to expose crystal mid-sections. Photographs in polarized
and reflected light and cathodoluminescence (CL) images were
prepared to examine the internal structures and to select points
for analysis.
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In situ zircon U-Pb dating was conducted using LA-ICP-MS at
the Institute of Geology, Chinese Academy of Geological Sciences,
Beijing, China, following the procedures in Hou et al. (2009). The
ablation system operated at a wavelength of 193 nm using a spot
diameter of ~32 pm. The data were calibrated according to the
M127 reference zircon (U: 923 ppm; Th: 439 ppm; Th/U: 0.475,
Nasdala et al. 2008). The zircon GJ-1 with an age of 599.8 + 1.7
Ma (Jackson et al. 2004) and Plesovice with an age of 337.13 +
0.37 Ma (Slama et al. 2008) were used as reference standards.
Data processing was conducted using the ICPMSDataCal pro-
grams. Common Pb corrections were made following methods
of Anderson (2002). The analytical data are summarized in
Table 1 and graphically presented on concordia diagrams with a
1o error. The ages are weighted means with 2c errors that were
calculated using Isoplot 3.0 at 95 % confidence levels. LA-ICP-MS
zircon U-Pb dating yields ages of 336.8 + 1.0 Ma (n = 6) for
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Table 1. LA-ICP-MS zircon U-Pb analyses for the Wuzhangshan and Huashan monzogranites in the Xiong’ershan area
207Pb/206Pb 207Pb/235U ZOGPb/Z38U ZOYPb/ZDGPb 207Pb/235U ZOGPb/238U
Spots Th/U Ratio lo Ratio 1o Ratio lo Ma 1o Ma 1o Ma 1o
WZS03 monzogranite of the Wuzhangshan pluton
WZS03-1 0.29 0.05135 0.00120 0.17819 0.00383 0.02518 0.00019 257 35 167 3 160 1
WZS03-2 0.25 0.05477 0.00138 0.18971 0.00442 0.02513 0.00020 403 38 176 4 160 1
WZS03-3 0.24 0.06693 0.00176 0.23339 0.00567 0.02530 0.00022 836 36 213 5 161 1
WZS03-4 0.69 0.04996 0.00108 0.17378 0.00343 0.02524 0.00018 193 33 163 3 161 1
WZS03-5 0.99 0.05020 0.00925 0.17560 0.03192 0.02538 0.00080 204 311 164 28 162 5
WZS03-6 0.35 0.04995 0.00089 0.17500 0.00275 0.02542 0.00017 193 24 164 2 162 1
WZS03-7 0.68 0.04993 0.00266 0.17393 0.00897 0.02527 0.00032 192 96 163 8 161 2
WZS03-8 0.33 0.06191 0.00138 0.21460 0.00436 0.02515 0.00019 671 30 197 4 160 1
WZS03-9 0.27 0.07047 0.00147 0.24752 0.00463 0.02548 0.00019 942 26 225 4 162 1
WZS03-10 0.22 0.05378 0.00114 0.18640 0.00360 0.02514 0.00018 362 31 174 3 160 1
WZS03-11 0.44 0.05063 0.00272 0.17638 0.00920 0.02528 0.00031 224 98 165 8 161 2
WZS03-12 0.32 0.06402 0.00121 0.22185 0.00369 0.02514 0.00018 742 23 203 3 160 1
WZS03-13 0.24 0.04942 0.00153 0.17217 0.00503 0.02527 0.00022 168 52 161 4 161 1
WZS03-14 0.29 0.05089 0.00091 0.17684 0.00278 0.02521 0.00017 236 24 165 2 160 1
WZS03-15 0.28 0.05184 0.00124 0.18108 0.00399 0.02534 0.00019 278 37 169 3 161 1
WZS03-16 0.32 0.06755 0.00134 0.24210 0.00425 0.02600 0.00019 855 24 220 3 165 1
WZS03-17 0.36 0.05084 0.00121 0.17803 0.00391 0.02540 0.00019 234 37 166 3 162 1
WZS03-18 0.26 0.04944 0.00106 0.17241 0.00338 0.02530 0.00018 169 32 162 3 161 1
WZS03-19 0.24 0.05070 0.00131 0.17530 0.00432 0.02508 0.00019 227 61 164 4 160 1
WZS03 inherited zircons
WZS03-LHO1 0.37 0.12522 0.00297 4.32315 0.09416 0.25047 0.00268 2032 24 1698 18 1441 14
WZS03-LH02 0.36 0.16092 0.00169 10.2153 0.06856 0.46053 0.00281 2465 5 2454 6 2442 12
WZS03-LH03 0.48 0.11729 0.00272 1.10155 0.02394 0.06811 0.00055 1915 43 754 12 425 3
HS09 monzogranite of the Huashan pluton
HS09-01 0.95 0.04906 0.00036 0.13806 0.00318 0.02040 0.00045 150 31 131 3 130 3
HS09-02 0.91 0.04898 0.00045 0.13523 0.00259 0.02002 0.00037 146 22 129 2 128
HS09-03 0.86 0.04950 0.00058 0.13594 0.00336 0.01991 0.00039 172 42 129 3 127 2
HS09-04 0.90 0.04864 0.00044 0.13064 0.00236 0.01948 0.00036 132 114 125 2 124 2
HS09-05 1.13 0.05036 0.00064 0.13947 0.00306 0.02010 0.00049 213 14 133 3 128 3
HS09-06 1.05 0.05178 0.00086 0.14204 0.00524 0.01985 0.00047 276 39 135 5 127 3
HS09-07 1.02 0.05486 0.00166 0.14975 0.00768 0.01970 0.00050 406 67 142 7 126 3
HS09-08 0.94 0.04925 0.00048 0.13922 0.00252 0.02051 0.00038 167 22 132 2 131 2
HS09-09 1.02 0.04839 0.00046 0.13293 0.00264 0.01992 0.00034 117 22 127 2 127 2
HS09-10 0.98 0.04928 0.00048 0.13494 0.00290 0.01985 0.00036 161 22 129 3 127 2
HS09-11 0.76 0.05396 0.00057 0.14410 0.00356 0.01936 0.00039 369 22 137 3 124 2
HS09-12 0.97 0.05033 0.00111 0.14162 0.00467 0.02038 0.00034 209 50 134 4 130 2
HS09-13 0.86 0.05266 0.00133 0.14705 0.00721 0.02019 0.00058 322 56 139 6 129 4
HS09-14 0.79 0.04858 0.00040 0.13516 0.00259 0.02017 0.00035 128 119 129 2 129 2
HS09-15 0.99 0.04871 0.00031 0.13158 0.00213 0.01959 0.00028 200 17 126 125 2
HS09-16 1.02 0.04959 0.00093 0.13639 0.00391 0.01993 0.00032 176 44 130 4 127 2
(Continued)
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Table 1. (Continued)

Z Pang et al.

207Pb/208Pb 207Pb/235U 206Pb/238u 207Pb/208Pb 207Pb/235U 206Pb/238U
Spots Th/U Ratio lo Ratio 1o Ratio 1o Ma lo Ma lo Ma lo
HS09-17 0.90 0.05245 0.00110 0.14782 0.00526 0.02040 0.00044 306 31 140 5 130 3
HS09-18 0.82 0.04873 0.00037 0.13456 0.00264 0.02003 0.00039 200 17 128 2 128 2
HS09-19 0.73 0.04865 0.00036 0.13296 0.00232 0.01982 0.00033 132 114 127 2 127 2
HS09-20 0.79 0.04985 0.00047 0.13416 0.00250 0.01952 0.00035 187 8 128 2 125 2

the Plesovice zircon during our analyses, completely consistent
with the recommended ages (337.13 + 0.37 Ma, Slama et al. 2008).

In situ zircon Hf isotope measurements were subsequently
taken on the same spots previously analysed for U-Pb dating.
Zircon Hf isotopes were analysed using a GeoLasPro 193 nm
laser ablation microprobe that was attached to a Neptune multi-
collector ICP-MS at the Institute of Geology, Chinese Academy
of Geological Sciences, Beijing, China. The instrumental condi-
tions and data acquisition were similar to those described by
Zhao et al. (2012). A 44 pm laser beam was used for in situ Hf iso-
tope analysis. Helium was used as a carrier gas in the ablation cell.
The 76Lu/!7°Lu ratio of 0.02655 (Vervoort et al. 2004) and 7°Yb/
173Yb ratio of 0.796218 (Chu et al. 2002) were used to correct the
isobaric interferences of 7*Lu and 17°Yb on 7SHf. Yb isotope ratios
were normalized to a 172Yb/!73Yb ratio of 1.35274 (Chu et al. 2002)
and Hf isotope ratios to a 7?Hf/1”’Hf ratio of 0.7325 (Wu et al.
2006) for instrumental mass bias correction. Zircon GJ1 was used
as the reference standard during our routine analyses, with a
weighted mean Y°Hf/'’Hf ratio of 0.282007 * 0.000007
(26, n = 36) (the recommended value is 0.282000 + 0.000005,
Morel et al. 2008). A decay constant value of 1.867 x 107! a~!
for 17°Lu (Soderlund et al. 2004), the present-day chondritic ratios
of 76Hf/ 77Hf = 0.282785 and 7°Luw/ "’Hf = 0.0336 (Bouvier
et al. 2008) were adopted to calculate ¢Hf values. The depleted
mantle Hf model age (single-stage model age, Tpyy;) was calculated
in reference to the depleted-mantle source with the present-day
176Hf/V77Hf ratio of 0.28325 and 7°Lu/V’Hf of 0.0384 (Griffin
et al. 2000). The ‘crust’ Hf model age (two-stage model, Tpn,)
was calculated with respect to the average continental crust with
a 7SLu/Y7Hf value of 0.015 (Griffin et al. 2002).

3.c. Whole-rock geochemistry

On the basis of the petrographical studies, 16 of the freshest rep-
resentative rock samples from the Wuzhangshan and Huashan
intrusions were selected for whole-rock major-, trace- and rare
earth element (REE) analyses. Rock samples were crushed in steel
crushers and grinded in an agate mill to a grain size of <200 mesh.
Major elements were analysed using standard X-ray fluorescence
(XREF), except for the FeO content analysed with the potassium
bichromate titrimetric method (Andrade et al. 2002), at the
Analytical Laboratory of Beijing Research Institute of Uranium
Geology, Beijing. Accuracies of XRF analyses are better than
2 %. Trace elements and REE were determined by ICP-MS at
the Analytical Laboratory of Beijing Research Institute of
Uranium Geology, Beijing, following digestion of sample powder
(~0.05 g) in an HF 4+ HNOj (8:3) solution, drying and second dis-
solution in 3 mL HNOj;. Rh was used as an internal standard to
monitor signal drift during counting. The analytical precision of
ICP-MS analyses is better than 5 % with internal standards.

https://doi.org/10.1017/S0016756819000888 Published online by Cambridge University Press

3.d. Whole-rock Sr-Nd isotopes

The whole rock Rb-Sr and Sm-Nd isotopic analyses were measured
using an IsoProbe-T TI Mass Spectrometer at the Analytical
Laboratory of the Beijing Research Institute of Uranium
Geology, Beijing, China, following procedures similar to those of
Zhao et al. (2012). Samples of ~100 mg were spiked and dissolved
in screw-top Teflon containers with HF and HNO;. Mass fractiona-
tion corrections for Sr and Nd isotopic ratios were based on values of
86Sr/38Sr = 0.1194 and "“*Nd/"*Nd = 0.7219 (Rasskazov et al. 2010).
During a long period of analysis, the 8Sr/*Sr ratio of the Sr NBS-987
standard and the **Nd/'**Nd ratio of the Nd La Jolla standard were
0.710215 £ 11 (20, n = 22) (the literature value is 0.710215, Nyquist
et al. 1994) and 0.511852 + 4 (20, n = 24) (the literature value is
0.511860, Nyquist et al. 1994), respectively. Decay constant values
0f1.393 x 10~ a~! for ’Rb (Nebel et al. 2011) and 6.54 x 10~ 22!
for Sm (Lugmair & Marti, 1978), the present-day chondritic ratios
of ¥Sm/"*Nd = 0.1967 (Jacobsen & Wasserburg, 1980) and the
present day depleted-mantle ratios of **Nd/"*Nd = 0.513151 and
47Sm/*4Nd = 0.2136 (Liew & Hofmann, 1988) were adopted to
calculate (¥Sr/3%6Sr)t and Nd model ages.

4. Results
4.a. Zircon U-Pb geochronology

Two samples from the Wuzhangshan and Huashan plutons were
chosen for LA-ICP-MS zircon U-Pb dating. The results are listed
in Table 1. Representative CL images of the zircons in this study are
shown in Figure S2 and S3 (in Supplementary Material at https://
doi.org/10.1017/S0016756819000888) and the age data are plotted
in Figure 3.

Sample WZS03 (34°12/28” N, 111°41'50” E) is a porphyritic
monzogranite collected from the Wuzhangshan pluton. Zircon
grains from this sample are light yellow to colourless, euhedral
and short prismatic shape, with a length of 100-300pm and a
length-to-width ratio of 1.5:1 to 3:1 (Fig. S2 in Supplementary
Material at https://doi.org/10.1017/S0016756819000888). Most
grains show obvious oscillatory zoning in CL images and have high
Th/U ratios ranging from 0.22 to 0.99 (Table 1), indicating mag-
matic origin. Thirteen of nineteen spots have concordant ages
between 160 Ma and 162 Ma (Fig. 3a, b), with a weighted mean
206pb/238Y age of 160.7 + 0.6 Ma (n = 13, MSWD = 0.52), which
is interpreted to be the crystallization age. Some zircons contain an
inner core (Fig. S2 in Supplementary Material at https://doi.org/10.
1017/S0016756819000888). Three spots are analysed from the core
domains (WZS-LHO1, 02, 03) and yield old 2”Pb/2%Pb ages of
2465 = 5 Ma, 1915 + 43 Ma, 2032 + 24 Ma, respectively, which
are interpreted as inherited zircons.

Sample HS09 (34°21'45”N, 111°35’16"E) is a porphyritic mon-
zogranite collected from the Huashan pluton. Zircon grains from
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Fig. 3. (Colour online) Zircon U-Pb concordia and average age diagrams for sample WZS03 from the Wuzhangshan pluton (a, b) and sample HS09 from the Huashan pluton (c, d).

this sample are colourless, transparent and euhedral, with a
length of 60-200 pm and a length-to-width ratio of 2:1 to 3:1
(Fig. S3 in Supplementary Material at https://doi.org/10.1017/
S0016756819000888). They show pyramid termination with clear
oscillatory growth zoning and have high Th/U ratios (0.72-1.13,
Table 1), suggesting a magmatic origin. All 20 zircon crystals from
sample HS09 are concordant with 2°°Pb/?*8U ages ranging from
123.6 + 2.5 Ma to 130.9 + 2.4 Ma (Fig. 3¢, d), giving a weighted
mean 2Pb/2*8U age of 127.2 + 1.0 Ma (n = 20, MSWD = 0.74).

4.b. Whole-rock geochemistry

Representative major and trace element concentrations of the
Wuzhangshan and Huashan intrusive rocks are listed in Table 2.
The Wuzhangshan intrusive rocks have a narrow range of SiO,,
ranging from 68.3 to 71.6 wt % (Fig. 4a; Table 2), and low MgO con-
tents ranging from 0.15 to 0.55 wt %. They are slightly peraluminous
rocks with ACNK values (molar Al,O5/(CaO + Na,O + K,0))
varying from 1.00 to 1.10 (Fig. 4b). All samples lie within
the high-K calcalkaline to shoshonite fields (Fig. 4c). The
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Wuzhangshan monzogranites are characterized by high Sr
(904-1487 ppm) but low Y (12.2-18.9ppm) and Yb (1.5-2.2ppm)
contents, with elevated Sr/Y (56.5-97.8) and (La/Yb)y (11.8-19.1)
ratios, indicative of apparent adakitic characteristics (Fig. 4d).
The rocks are strongly enriched in large-ion lithophile elements
(e.g. Rb, K, Ba and Sr), and relatively depleted in HFSEs (e.g. Nb,
Ta, P and Ti) (Fig. 5). They have total REE concentrations with
>YREE ranging from 112 ppm to 184 ppm, and are strongly enriched
in LREEs and relatively depleted in heavy rare earth elements
(HREEs), with LREE/HREE ratio of 11.2-14.0, displaying right-
inclined patterns (Fig. 6). The pluton has negligible to slightly
positive Eu anomalies (Eu/Eu* = 1.0-1.4) and shows more pro-
nounced fractionation in LREEs than in HREEs with (La/Sm)y
and (Dy/Yb)y ratios of 5.5-8.0 and 0.8-1.0, respectively.

Similar to the Wuzhangshan monzogranites, the Huashan mon-
zogranites are also slightly peraluminous (ACNK = 1.00-1.10) and
high-K calcalkalic to shoshonitic (K,O = 3.75-5.62) (Fig. 4b, c).
Rocks from the Huashan pluton are also characterized by strong
enrichment of light REEs over heavy REEs (LREE/HREE =
12.1-27.2 and (La/Yb)y = 14.8-42.9), weakly differentiated heavy
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Fig. 4. (Colour online) Geochemistry diagrams for the Wuzhangshan and Huashan monzogranites. (a) SiO, vs (N,0 + K,0) classification diagram (after Middlemost, 1994). (b) A/
CNK vs A/NK diagram (after Maniar & Piccoli, 1989). (c) SiO, vs K,O classification diagram (after Peccerillo & Taylor, 1976). (d) Sr/Y vs Y diagram showing adakitic characteristics

(after Defant & Drummond, 1990).

REEs ((Dy/Yb)y = 0.90-1.50), pronounced negative anomalies
in HFSEs (e.g. Nb, Ta, P and Ti) and remarkable enrichment
in large-ion lithophile elements (e.g. Rb, K and Ba) (Fig. 5).
However, compared to the Wuzhangshan rocks, the Huashan
monzogranites have a wider range of SiO,, ranging from 63.7 to
75.0 wt %, and higher MgO, Cr, Co and Ni contents, but lower
Sr/Y (21.3-76.5) and Fe**/Fe** (0.64-1.12) (Fig. 7¢). Binary element
and ratio vs SiO, variation diagrams (Fig. 7d, e, f) show linear trends.
The Huashan monzogranites have zero to weak negative Eu anoma-
lies (Ew/Eu* = 0.6-1.0, except for two samples) and elevated
10,000*Ga/Al values. In Figure 8, more than half of the samples from
the Huashan monzogranites plot in the ‘A-type granites™ field,
and the remaining samples fall near the contact line between the
I- and S-type granites field and the ‘A-type granite’ field.

4.c. Zircon Hf isotopes

In situ zircon Hf analyses of samples from the Wuzhangshan and
Huashan plutons are listed in Table 3 and shown in Figure 9.
Zircons from the Wuzhangshan pluton have 7Lu/Y7Hf ratios
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of 0.001451 to 0.003028 and '7Hf/'”’Hf ratios of 0.281639 to
0.281973. These results yield eHf (¢) values of —37.12 to —25.35,
with a mean of —28.14, corresponding to two-stage Hf model ages
of 3502 Ma to 2773 Ma (mostly between 2931 Ma and 2773 Ma).
One inherited zircon grain shows much lower signature with
176H£/177Hf ratios of 0.281189, and eHf (t = 2465 Ma) value of
—1.8, which is consistent with that of the TTG gneisses of the
Taihua Group (Fig. 9). The calculated single-stage and two-stage
model ages of the inherited zircon grain are 2857 Ma and 3903
Ma, respectively, which is close to the 2”Pb/2%Pb age of the ana-
lysed inherited zircon. Zircons from the Huashan pluton show
homogeneous 7°Hf/'77Hf ratios of 0.282345 to 0.282426, and have
eHf () values ranging from —12.79 to —9.91, which yield two-stage
model ages of 1961 Ma to 1781 Ma.

4.d. Whole-rock Sr-Nd isotopes

Samples from the Wuzhangshan pluton have #Rb/3Sr ratios of
0.2628-0.4547 and %Sr/*¢Sr ratios of 0.7077-0.7086, which
correspond to (¥Sr/%6Sr)t values ranging from 0.7068 to 0.7076
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Table 2. Major (wt %) and trace element (ppm) concentrations of the Wuzhangshan and Huashan plutons in the Xiong’ershan area
Huashan
Wuzhangshan monzogranites monzogranites
Samples WZS01 WZS02 WZS03 WZS04 WZS05 WZS06 WZS07 WZS08 WZS09 WZS10 WZSTO01 WZST02 HS01 HS03  HS09
SiO, 69.17 69.42 71.20 69.71 68.28 69.63 69.02 69.49 69.52 71.59 70.25 69.04 67.14 71.61 7159
TiO, 0.33 0.29 0.21 0.28 0.29 0.29 0.30 0.26 0.28 0.19 0.26 0.31 0.55 0.20 0.21
Al,O3 15.24 15.88 15.19 15.64 15.84 15.40 15.52 15.77 15.75 14.95 15.48 14.92 1486 14.27 14.35
Fe,05" 2.65 2.17 1.70 1.97 2.20 1.84 2.25 1.79 2.13 1.50 2.50 2.83 4.14 1.67 1.63
MnO 0.07 0.07 0.05 0.06 0.06 0.04 0.06 0.06 0.05 0.06 0.07 0.08 0.09 0.06 0.07
MgOo 0.50 0.28 0.26 0.32 0.34 0.24 0.28 0.40 0.21 0.15 0.44 0.55 1.35 0.43 0.34
Ca0o 2.09 1.75 1.58 1.72 2.05 1.54 1.99 2.02 1.84 1.25 1.93 2.39 2.85 1.63 1.00
Na,0 4.55 4.88 4.48 4.80 5.08 5.20 4.78 4.95 4.96 4.76 4.70 4.66 3.81 4.15 4.15
K,0 491 4.83 477 5.07 5.15 4.93 4.95 4.74 5.06 5.16 4.23 4.58 4.36 4.85 5.35
P,0s5 0.10 0.08 0.05 0.08 0.07 0.08 0.07 0.09 0.07 0.04 0.10 0.14 0.26 0.09 0.07
LOI 0.38 0.35 0.49 0.35 0.59 0.76 0.75 0.42 0.13 0.32 0.23 0.48 0.54 0.48 0.65
Total 99.98 100.00 99.99 99.99 99.96 99.95 99.96 99.99 99.99 99.97 100.19 99.98 99.95 99.44 99.42
FeO 0.96 0.93 0.63 0.56 0.80 0.46 0.71 0.90 0.47 0.47 1.08 1.11 191 0.91 0.81
Cr 1.43 8.11 0.81 3.26 4.90 1.51 3.14 0.98 0.87 1.07 4.36 4.70 4.91 211 1.25
Co 3.10 2.00 1.34 2.22 1.89 1.62 1.93 1.71 1.52 1.08 331 3.95 9.47 2.47 1.25
Ni 2.37 2.16 1.35 2.05 2.10 1.89 1.98 1.88 153 1.37 2.23 2.53 2.93 111 0.71
Ba 2199 2572 2186 2793 3030 3023 2916 2429 2617 2504 2268 2352 974 764 1136
Rb 142 137 142 144 135 114 143 133 144 152 121 123 161 246 242
Th 26.30 15.40 16.40 15.10 12.50 22.20 17.00 20.10 20.90 21.40 17.15 13.05 16.50 18.00 17.30
Nb 19.50 19.70 19.30 16.60 18.60 18.70 19.70 18.60 17.70 18.40 20.35 20.46 2120 16.00 33.80
Ta 0.79 0.82 0.87 0.68 0.75 0.74 0.78 0.75 0.75 0.74 0.80 0.84 1.32 1.12 1.92
Sr 1212 1303 904 1238 1487 1115 1287 1211 1247 1193 1106 1182 551 329 275
Y 16.90 16.90 16.00 15.80 16.70 15.40 17.50 15.40 16.60 12.20 16.25 18.96 21.80 9.40 8.77
Ga 17.10 16.30 15.80 15.60 15.30 16.00 15.50 15.30 16.00 14.60 17.28 17.31 18.80 17.40 23.30
La 49.20 36.70 34.40 47.30 35.50 37.70 38.20 34.00 44.30 31.00 33.96 47.74 50.90 26.50 52.60
Ce 72.10 58.20 55.60 64.50 55.30 57.10 60.80 54.00 63.00 46.70 59.27 79.40 85.10 41.80 90.80
Pr 7.52 6.40 6.02 6.85 6.09 6.23 6.69 5.92 6.89 5.03 6.46 8.33 9.46 4.20 9.43
Nd 26.00 22.30 21.00 23.50 21.90 22.40 23.60 20.70 23.80 17.30 22.42 29.45 34.90 14.40 31.90
Sm 3.97 3.74 3.38 3.88 3.69 3.75 3.93 3.43 3.90 3.62 3.57 4.49 5.84 2.33 4.37
Eu 1.38 1.38 1.14 1.42 1.40 1.37 1.48 1.30 141 1.10 1.29 1.48 1.40 0.63 0.86
Gd 3.36 3.01 2.84 3.17 3.12 3.14 3.26 2.83 3.14 2.23 BYG 4.07 4.97 1.95 3.27
Tb 0.53 0.50 0.47 0.51 0.51 0.49 0.57 0.47 0.51 0.35 0.48 0.59 0.82 0.34 0.45
Dy 2.77 2.64 2.50 2.65 2.65 2.52 2.86 2.40 2.59 1.79 2.59 3.17 4.01 1.54 1.81
Ho 0.55 0.53 0.51 0.52 0.55 0.49 0.58 0.48 0.53 0.37 0.53 0.62 0.76 0.32 0.30
Er 1.66 1.68 1.59 1.55 1.69 1.51 1.74 151 1.67 1.14 1.59 1.76 2.00 0.83 0.77
Tm 0.30 0.29 0.31 0.28 0.29 0.28 0.32 0.28 0.30 0.22 0.32 0.34 0.34 0.16 0.13
Yb 1.98 2.03 2.10 1.78 1.94 1.88 2.15 1.97 2.03 1.50 2.00 2.22 2.33 1.14 0.88
Lu 0.31 0.32 0.36 0.28 0.31 0.30 0.33 0.32 0.33 0.25 0.32 0.36 0.35 0.19 0.13
ZREE 171.6 139.7 132.2 158.2 134.9 139.2 146.5 129.6 154.4 111.6 138.0 184.0 203.2 963 197.7
LREE/HREE 13.98 11.71 11.40 13.73 11.21 12.11 11.41 11.63 12.91 13.23 11.52 13.02 12.05 1391 24.52
(La/Yb)N 17.82 12.97 11.75 19.06 13.13 14.38 12.74 12.38 15.65 14.82 12.18 15.43 15.67 16.67 4292
(Continued)
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Table 2. (Continued)

Huashan
Wuzhangshan monzogranites monzogranites
Samples WZS01 WZS02 WZS03 WZS04 WZS05 WZS06 WZS07 WZS08 WZS09 WZS10 WZSTO01 WZST02 HS01 HS03  HS09
(La/Sm)N 8.00 6.33 7.87 6.21 6.49 6.28 6.40 6.57 7.33 5.53 6.14 6.86 5.63 7.34 .77
(Dy/Yb)N 0.94 0.87 1.00 0.91 0.90 0.89 0.82 0.80 0.85 0.80 0.87 0.96 1.15 0.90 1.38
SEu 1.13 122 1.09 1.20 1.23 1.19 1.23 1.24 1.19 1.36 1.14 1.04 0.77 0.87 0.67
Sr/Y T1.7 77.1 56.5 78.4 89.0 72.4 73.5 78.6 75.1 97.8 68.1 62.3 253 35.0 314
Fe3t/Fe?t 1.47 1.09 2.15 1.46 2.59 1.84 0.78 1.42 3.07 1.86 1.07 1.28 0.94 0.64 0.80
ANK 1.19 1.20 1.17 1.14 1.11 1.17 1.19 121 1.16 111 1.26 1.18 1.35 1.18 1.14
ACNK 1.04 1.07 1.05 1.00 1.01 1.03 1.04 1.09 1.03 1.03 1.10 1.01 1.09 1.05 1.06
Huashan monzogranites
Samples HS11 HS12 HS16 HSTO1 HSTO02 HSTO3 HST04 HSTO5 HSTO6 HSTO7 HST08 HST09 HST10 HST11
SiO, 63.73 67.98 69.79 70.99 66.74 68.05 71.75 69.65 68.46 68.07 75.04 72.56 72.40 71.56
TiO, 0.52 0.27 0.29 0.50 0.27 0.35 0.30 0.25 0.33 0.40 0.16 0.22 0.23 0.20
Al,O3 16.81 16.42 15.71 12.69 17.28 15.51 13.49 14.97 15.32 15.22 13.37 13.99 14.33 14.80
Fe,05" 4.43 2.11 2.35 4.01 2.29 2.99 2.56 2.14 2.36 3.55 1.50 1.62 1.83 1.62
MnO 0.09 0.07 0.07 0.08 0.05 0.07 0.07 0.07 0.07 0.07 0.05 0.06 0.07 0.05
MgO 1.57 0.36 0.40 1.30 0.79 0.96 0.81 0.45 0.85 1.09 0.31 0.38 0.39 0.35
Ca0 Bi59 2.15 2.18 2.57 2.70 241 1.85 191 2.11 2.36 0.92 1.06 1.07 1.14
Na,0 4.23 4.84 4.61 3.42 4.64 4.30 3.76 4.72 3.97 3.84 3.90 4.08 4.17 4.35
K,0 4.20 4.87 4.24 3.75 5.17 4.91 4.58 4.48 5.54 5.62 5.02 5.32 5.28 5.39
P,05 0.28 0.09 0.09 0.24 0.17 0.21 0.17 0.13 0.18 0.24 0.07 0.11 0.11 0.09
LOI 0.52 0.29 0.22 0.35 0.54 0.48 0.56 1.00 0.79 0.49 0.89 0.76 0.40 0.57
Total 99.96 99.45 99.95 99.90 100.6 100.2 99.90 99.77 99.98 101.0 101.2 100.2 100.3 100.1
FeO 2.38 0.89 1.25 1.90
Cr 5.96 1.70 1.81 6.25 2.57 3.06 2.82 0.81 3.71 3.13 0.36 0.93 0.82 1.32
Co 9.10 1.90 1.93 7.04 4.32 8.63 3.84 2.38 4.07 6.71 0.96 1.14 1.37 1.24
Ni 3.07 0.98 0.94 341 1.72 1.50 1.57 0.71 1.89 1.77 0.56 0.56 0.27 0.24
Ba 1170 2144 1801 877 1608 928 677 1462 1075 1433 705 1072 1088 1113
Rb 136 167 139 162 167 186 257 182 227 199 207 217 224 219
Th 9.11 10.30 13.70 20.32 15.54 22.70 29.90 13.63 19.50 15.87 26.02 20.66 21.82 21.61
Nb 14.70 20.90 24.80 19.47 15.59 16.86 22.45 18.78 15.11 15.48 26.04 31.63 36.00 33.96
Ta 0.75 0.88 1.03 1.39 1.44 1.18 1.60 0.86 0.87 0.92 1.29 1.59 2.18 1.74
Sr 718 918 844 441 788 509 352 645 499 588 213 314 318 334
Y 15.60 12.00 12.20 20.74 11.60 15.04 14.35 13.11 12.75 15.56 8.14 11.10 11.09 11.99
Ga 19.20 20.70 19.80 16.80 20.12 18.72 18.78 22.21 19.46 19.09 22.71 24.22 24.17 25.53
La 40.20 47.10 52.10 50.39 24.61 37.21 38.43 39.62 49.51 30.17 41.50 53.87 54.45 52.78
Ce 62.70 79.80 87.20 90.35 43.76 63.43 63.94 70.49 66.31 59.45 73.55 96.18 99.49 94.37
Pr 6.56 8.61 9.36 9.98 4.67 6.50 6.38 7.42 5.97 6.44 6.98 9.64 10.07 9.49
Nd 23.20 30.40 33.50 36.23 16.53 23.27 22.34 26.61 20.64 23.03 23.04 31.42 33.99 31.50
Sm 3.67 4.30 4.85 5.86 2.75 3.89 3.52 3.84 331 3.88 2.64 4.22 4.52 4.50
Eu 1.02 1.21 1.29 1.25 1.02 1.01 0.88 1.00 1.04 1.14 0.56 0.82 0.88 0.92
Gd 3.17 3.58 3.78 4.69 2.24 3.05 2.77 3.02 2.85 3.23 2.14 3.10 3.26 3.26
Tb 0.50 0.50 0.54 0.71 0.32 0.45 0.41 0.39 0.38 0.46 0.28 0.41 0.42 0.43
Dy 245 2.17 2.28 3.73 1.89 244 2268 2.14 2.00 2.52 1.19 1.97 191 2.09
(Continued)
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Table 2. (Continued)
Huashan monzogranites
Samples HS11 HS12 HS16 HSTO1 HST02 HST03 HST04  HSTO5 HST06 HSTO07 HSTO08 HST09 HST10 HST11
Ho 0.47 0.39 0.37 0.72 0.36 0.47 0.44 0.40 0.38 0.47 0.24 0.34 0.35 0.36
Er 133 1.01 0.98 2.04 1.00 1.29 1.29 1.04 1.01 1.28 0.63 0.98 0.93 1.02
m 0.22 0.15 0.15 0.35 0.16 0.21 0.21 0.17 0.17 0.19 0.10 0.14 0.14 0.15
Yb 1.63 1.00 1.02 2.48 1.19 1.46 1.61 113 1.22 1.42 0.75 1.07 1.08 1.03
Lu 0.26 0.15 0.14 0.36 0.19 0.26 0.29 0.18 0.19 0.22 0.13 0.16 0.18 0.15
ZREE 147.7 180.4 197.6 209.1 100.7 144.9 144.8 157.5 155.0 133.9 153.7 204.3 211.7 202.1
LREE/HREE 13.73 19.15  20.33 12.87 12.70 14.05 14.49 17.59 17.90 12.68 27.16 24.01 24.59 22.80
(La/Yb)N 17.69 33.89 36.64 14.57 14.83 18.28 17.12 25.15 29.11 15.24 39.69 36.11 36.16 36.76
(La/Sm)N 7.07 7.07 6.93 5.55 5.78 6.18 7.05 6.66 9.66 5.02 10.15 8.24 7.78 7.57
(Dy/Yb)N 1.01 1.46 1.50 1.01 1.06 1.12 0.97 1.27 1.10 1.19 1.06 1.23 1.18 1.36
SEu 1.15 0.92 0.89 0.71 1.22 0.86 0.83 0.87 1.01 0.96 0.70 0.66 0.67 0.70
Sr/Y 46.0 76.5 69.2 21.26 67.93 33.84 24.53 49.20 39.14 37.79 26.17 28.29 28.67 27.86
Fe3t/Fe?* 0.66 112 0.68 0.89
ANK 146 124 1.29 131 131 1.25 1.21 1.19 1.22 1.23 1.13 1.12 1.14 1.14
ACNK 1.14 1.08 111 1.06 1.10 1.06 1.05 1.04 1.06 1.05 1.05 1.04 1.06 1.06
A/CNK = molar Al,03/(Ca0 + Na,0 + K,0); A/NK = molar Al,03/(Na,0 + K,0); 8Eu = o(Eu)y/[(1/2)(0(Sm)y + @(Gd)y)]; data of WZST01-02 and HST01-11 are from Han et al. (2007) and Xiao et al.
(2012).
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Wuzhangshan and Huashan monzogranites in
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(Table 4). The samples show ¥7Sm/!#4Nd ratios of 0.0915—0.1019
and "®*Nd/'**Nd ratios of 0.5115-0.5116, which yield eNd(¢) values
ranging from —21.0 to —19.1, and two-stage Nd model ages of
2491-2646 Ma. The felsic rocks coeval with Huashan monzogran-
ite in the Xiong’ershan and its adjacent areas have (*’Sr/%Sr)t val-
ues ranging from 0.7070 to 0.7138 and eNd(¢) values from —16.4 to
—7.8, with two-stage Nd model ages of 2268-1549 Ma (Gao et al.
2010, 2014; Cao et al. 2016).
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Tb Y Tm Yb from Sun & McDonough (1989).

7. Discussion

7.a. Multiple stages of magmatism during Late Jurassic to
Early Cretaceous in the Xiong’ershan area

The Wuzhangshan and Huashan plutons have different zircon
U-Pb ages, major and trace elemental and Sr-Nd-Hf isotopic
compositions, indicating that they were generated from different
magmatic sources and potentially in different tectonic


https://doi.org/10.1017/S0016756819000888

Z Pang et al.

- The Wuzhangshan monzogranite

—— The Huashan monzogranite

446
1000

(7]

(]

=

= 100

© X

c

o

=

o

~

(7]

K4

S

@ 10
Fig. 6. (Colour online) Chondrite-normalized
rare earth element patterns for the
Wuzhangshan and Huashan monzogranites in , ,
the Xiong’ershan area. Chondrite values from 1
Sun & McDonough (1989). La Ce Pr

environments (Pearce, 1996). Identification of multiple stages of
magmatism in the Xiong’ershan area is important for evaluating
the geodynamics of this region and understanding the genesis of
magmatic rocks and associated ore deposits. In order to further
identify magmatic stages during the Late Jurassic to Early
Cretaceous in the Xiong’ershan area, published zircon U-Pb ages
for the plutons in this region from the recent literature are col-
lected and listed in Table S1 in the Supplementary Material at
https://doi.org/10.1017/S0016756819000888. Our new data, in
combination with these available data, suggest that the late
Mesozoic magmatic event in the Xiong’ershan area mainly took
place in 165-113 Ma, lasting for nearly 50 Ma. These zircon U-Pb
ages (Fig. 10) also indicate that the magmatism during the Late
Jurassic to Early Cretaceous in the Xiong'ershan area can be
divided into at least two episodes: 165-150 Ma (early episode)
and 138-113 Ma (late episode). The Wuzhangshan and
Huashan plutons are the two largest batholiths in the
Xiong’ershan area (Fig. 1c). New high-precision zircon U-Pb
dates obtained from these two batholiths indicate that the
Wuzhangshan and Huashan monzogranites were emplaced at
c. 160 Ma and 127 Ma, respectively. These features indicate that
the monzogranites from the Wuzhangshan and Huashan prob-
ably preserve the imprints of the two magmatic episodes during
the Late Jurassic to Early Cretaceous in the Xiong'ershan area,
respectively.

7.b. Petrogenesis of the magmas and their signatures

The geochemical characteristics of the Wuzhangshan monzogran-
ites (e.g. enrichment in LREE with high Sr/Y and La/Yb ratios and
without negative Eu anomalies) are similar to those of adakites or
adakitic-like rocks. Theories to account for the origin of adakites
and adakitic-like rocks include (1) partial melting of a subducting
slab (e.g. Defant & Drummond, 1990; Martin et al. 2005); (2)
crustal assimilation and fractional crystallization (AFC) processes
from parental basaltic magmas (e.g. Castillo et al. 1999; Du et al.
2018); (3) partial melting of mafic rocks in the lower part of a
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thickened crust (e.g. Petford & Atherton, 1996; Tang et al.
2017); (4) partial melting of delaminated lower crust (e.g. Gao
et al. 2004; Wang et al. 2006).

As there is little geodynamic evidence for the existence of con-
temporaneous subduction in the wider region around the
Xiong'ershan area, combined with the observation that the
Wuzhangshan monzogranites have negative eNd(t) and eHf{(t) val-
ues with Archaean-Palaeoproterozoic model ages (Tables 3, 4), we
conclude that the Wuzhangshan monzogranites are unlikely to
have been produced by partial melting of subducted crust.
Crustal AFC processes from contemporaneous basaltic magma
also seem unlikely to produce the Wuzhangshan monzogranites
because no coeval basaltic rocks (165-150 Ma) have been found
in the Xiong’ershan area. No changes in Sr, Sr/Y and SEu values
as Si0O, increases (Fig. 7d, e, f) suggests that the adakitic geochemi-
cal characteristics of the Wuzhangshan monzogranites are prob-
ably inherited from the magmatic source, and are not produced
by fractional crystallization. On a plot of the La/Yb vs Yb
(Fig. 11), the data from the Wuzhangshan pluton are consistent
with a partial melting trend (White, 2013). Moreover, the
Wuzhangshan pluton has a wide variety of chemical composition
but a very narrow range in Sr-Nd-Hf isotopes (Figs 9, 12). These
features not only provide further support for the idea that AFC
processes could not have produced the geochemical variation
within the Wuzhangshan monzogranites, but also indicate that
partial melting of mafic rocks in the lower part of a thickened crust
or delaminated lower crust may be the most likely interpretation
for the origin of the Wuzhangshan monzogranites (Van der
Meer et al. 2018). It is generally believed that the adakitic magmas
derived from partial melting of mafic rock in the lower crust should
have relatively low MgO, Cr, Co and Ni contents (e.g. Petford &
Atherton, 1996; Tang et al. 2017), whereas the adakitic magmas
produced by dehydration melting of delaminated crustal rocks
in the mantle should have elevated MgO, Cr, Co and Ni contents
(e.g. Rapp et al. 1999; Gao et al. 2004; Wang et al. 2006), due to the
reaction between pure adakitic melts and the mantle peridotite as
the pure melts pass through the mantle. The Wuzhangshan
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rocks contemporaneous with Huashan monzogranite in the Xiong’ershan are from Yao et al. (2009) and Cao et al. (2016).

plutonic rocks show low MgO, Cr, Co and Ni contents, and all  or eclogite at the pressure of 1.0-4.0 GPa in the SiO, vs MgO dia-
samples fall in the field of adakite-like rocks derived from partial ~ gram (Fig. 7a). These features, together with relatively homo-
melting of thick lower crust and experimental melts of metabasalt ~ geneous elemental and isotopic compositions (Tables 1-4),
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indicate that the Wuzhangshan magma came directly from a thick
lower-crust source, e.g. newly underplated basaltic lower crust or
ancient basement rocks. The newly underplated basaltic lower
crust is not considered to be a potential magma source area for
the Wuzhangshan pluton because these rocks have negative
eNd(t) and eHf(t) values. The oldest basement rocks in the
Xiong'ershan area are metamorphosed rocks of the Taihua
Group, which formed in the Neoarchaean to Palaeoproterozoic
(2.84-2.26 Ma) and strongly deformed and metamorphosed at
2.1-1.8 Ga (Xu et al. 2009; Huang et al. 2012). Another widespread
ancient rock in the region is volcanic rocks of the Xiong’er Group
that formed at 1.80-1.75 Ga (Zhao et al. 2004). The two-stage Nd
and Hf model ages of the Wuzhangshan monzogranites range from
2646 to 2491 Ma and from 2931 to 2773 Ma (except one spot),
respectively, similar to the forming ages of the Taihua Group.
The Sr-Nd isotopic compositions of the Wuzhangshan monzog-
ranites are consistent with those of the amphibolites of the
Taihua Group, but are obviously different from those of the vol-
canic rocks of the Xiong’er Group (Fig. 13). On the ¢Hf(f)-age dia-
gram (Fig. 9), all spots of the Wuzhangshan monzogranites lie in
the evolution zone of the Taihua Group amphibolites. Moreover,
the CL images and LA-ICP-MS study have identified many
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inherited zircon grains in the Wuzhangshan monzogranites.
Three of them are analysed in this study, and yield old 2*’Pb/
205} ages of 2465-1915 Ma with eHf() values of —1.8, consistent
with those of the Taihua Group (Fig. 9). Based on these lines of
evidence, we conclude that the Wuzhangshan monzogranites were
formed directly from partial melting of the Neoarchaean to
Palaeoproterozoic Taihua Group metamorphic basement rocks,
presumably due to heating from a basaltic melt that underplated
the continent.

The Huashan and Wuzhangshan monzogranites share many
geochemical features, e.g. they are both slightly peraluminous
and high-K calcalkalic to shoshonitic rocks, and have adakitic
affinities. These features invite speculation that the Huashan mon-
zogranites may also have occurred due to partial melting of the
Taihua Group metamorphic basement rocks. Nevertheless, the
Huashan monzogranites have a wider range of SiO,, and higher
MgO, Cr, Co and Ni, but lower Sr/Y, Fe**/Fe*™ and Sr, relative
to the Wuzhangshan monzogranites (Fig. 7), suggesting that these
basement rocks cannot be solely responsible for the magma source
of the Huashan pluton. Furthermore, two-stage Hf and Nd model
ages (1961-1781 Ma and 2268-1549 Ma, respectively) of the
Huashan pluton and contemporaneous felsic rocks in the
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Table 3. LA-ICP-MS in situ analysis of zircon Lu-Hf isotopic composition of the Wuzhangshan and Huashan monzogranites in the Xiong’ershan area

Age 1T6yh/ATTHE 176 AT HE 16 /LTTHE TDM1  TDM2
Spots E Ratio 26 Ratio 26 Ratio 26 (LT8HE/ATTHE) eHf(0) eHf(t) Ma Ma
WZS03 monzogranite of the Wuzhangshan

pluton
WZS03-2 160 0.090882 0.001575 0.002071 0.000026 0.281930 0.000023 0.281924 -30.22 —26.89 1911 2869
WZS03-4 161 0.101208 0.001567 0.002211 0.000035 0.281943 0.000028 0.281936 —29.79 —26.45 1901 2842
WZS03-6 162 0.152204 0.001163 0.003028 0.000021 0.281953 0.000021 0.281943 —29.44 -26.17 1929 2825
WZS03-8 160 0.118103 0.002731 0.002662 0.000050 0.281917 0.000025 0.281909 —30.70 —27.43 1961 2902
WZS03-10 160 0.137700 0.001076 0.002919 0.000019 0.281973 0.000020 0.281964 —28.72 —25.48 1894 2781
WZS03-11 161 0.110338 0.002735 0.002436 0.000049 0.281961 0.000018 0.281954 —29.14 —25.83 1886 2803
WZS03-13 161 0.073566 0.000698 0.001451 0.000005 0.281639 0.000025 0.281634 —40.53 -37.12 2286 3504
WZS03-14 160 0.116784 0.002232 0.002569 0.000031 0.281914 0.000027 0.281906 —30.80 —27.53 1961 2908
WZS03-16 165 0.078451 0.000423 0.001686 0.000005 0.281917 0.000024 0.281912 —30.69 -27.22 1910 2893
WZS03-18 161 0.125605 0.002753 0.002734 0.000053 0.281904 0.000027 0.281896 -31.16 —27.89 1985 2931
WZS03-19 160 0.070582 0.000527 0.001524 0.000008 0.281972 0.000021 0.281967 —28.76 —25.35 1825 2773
Average 0.106857 0.001589 0.002299 0.000027 0.281911 0.000024 0.281904 —31.48 —28.14 1950 2947
WZS03 Inherited
zircon

WZS03-LH02 2465 0.042201 0.000483 0.000786 0.000006 0.281189 0.000021 0.281152 —56.43 -1.79 2857 3093
HS09 monzogranite of the Huashan pluton
HS09-01 130 0.026728 0.000218 0.000915 0.000004 0.282397 0.000016 0.282394 —13.73 -10.92 1206 1846
HS09-02 128 0.025812 0.000351 0.000984 0.000010 0.282381 0.000019 0.282379 —14.29 —11.53 1230 1883
HS09-03 127 0.021430 0.000285 0.000874 0.000006 0.282364 0.000018 0.282362 —14.88 =122,13 1249 1920
HS09-04 124 0.030709 0.000099 0.001068 0.000002 0.282414 0.000016 0.282411 —13.12 —10.45 1186 1812
HS09-05 128 0.027924 0.000159 0.000953 0.000003 0.282426 0.000016 0.282424 —12.68 -9.91 1165 1781
HS09-06 127 0.021641 0.000072 0.000894 0.000003 0.282355 0.000016 0.282353 -15.21 —12.48 1263 1941
HS09-07 126 0.020401 0.000137 0.000757 0.000003 0.282389 0.000015 0.282388 =13 ) —11.26 1211 1864
HS09-08 131 0.028921 0.000145 0.001004 0.000004 0.282415 0.000017 0.282412 —13.09 —10.27 1183 1806
HS09-09 127 0.016621 0.000402 0.000660 0.000012 0.282345 0.000015 0.282344 —15.55 -12.79 1269 1961
Average 0.024465 0.000207 0.000901 0.000005 0.282387 0.000016 0.282385 —14.07 -11.31 1218 1869

Xiong’ershan and its adjacent areas are much younger than the
Taijhua Group. The Huashan monzogranites and contemporane-
ous felsic rocks have higher eNd(t) and eHf(f) values than those
of the Taihua Group, and all the samples plot in the area between
the Taihua Group amphibolite rocks and the 122 Ma diorite that
was derived from a relatively juvenile mantle source (Gao et al.
2014) in the age vs eHf (¢) and (¥Sr/*Sr)t vs eNd (f) diagrams
(Figs 9 and 12). These geochemical data indicate that the man-
tle-derived magmas with depleted Nd and Hf isotopic composition
must have been involved in the petrogenesis of the Huashan mon-
zogranites. Generally, the crust-derived granite containing mantle
component in non-arc setting is believed to come from mixing of
mantle- and crust-derived melts (e.g. Griffin et al. 2002; Barbarin,
2005) or the partial melting of delaminated lower crust (e.g. Rapp
et al. 1999; Wang et al. 2006). Many samples of the Huashan pluton
have a lower Sr content and Sr/Y ratio than those of the
Wuzhangshan pluton (Figs 4d, 7d, e, f), and show negative Sr
and Eu anomalies (Figs 5, 6), suggesting that the Huashan
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monzogranites were probably not generated by partial melting
of delaminated lower crust. However, mafic microgranular
enclaves with ellipsoidal to spherical shapes are enclosed within
the Huashan pluton (Nie ef al. 2015), which has been generally
interpreted as evidence of mixing between mafic and felsic magmas
(e.g. Perugini et al. 2003; Barbarin, 2005). Moreover, sporadic
mafic magmatic rocks in the Xiong’ershan and its adjacent areas
have been reported in the last decade (Gao & Zhao, 2017). The
mafic magmatic rocks which have zircon U-Pb ages of 148-117
Ma, with peak ages of 129-117 Ma (Xie et al. 2007; Bao et al.
2009; Gao et al. 2014), are contemporary with the Huashan mon-
zogranites, indicating that crust-mantle interaction likely occurred
in this region. High SiO, samples of the Huashan pluton have more
evolved isotopic compositions (Fig. 12), indicative of the mixing
between a mafic melt and a crustal component (Van der Meer
et al. 2018). The above evidence, together with elemental and isotopic
composition and model ages, suggests that the Huashan monzogran-
ites were probably generated by mixing of mantle-derived magmas
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Table 4. Whole-rock Sr-Nd isotopic compositions of the Wuzhangshan monzogranites in the Xiong’ershan area
Samples Rb  Sr  87Rb/%sr &7Sr/%6sr 26 (®'Sr/%8sr)t - Sm Nd  #7Sm/**Nd  43Nd/*4Nd 26 (**Nd/***Nd)t  eNd(t) Tpum, (Ma)
WZsS01 142 1212 0.339183 0.708009 0.000008 0.707237 3.97 26.0 0.092303  0.511479 0.000006 0.511382 —20.49 2609
WZS02 137 1303 0.304386 0.708043 0.000013 0.707351 3.74 22.3  0.101383  0.511551 0.000006 0.511445 —19.27 2509
WZS03 144 1238 0.336737 0.707868 0.000009 0.707102 3.88 235 0.099807  0.511494 0.000006 0.511390 —20.35 2596
WZS04 135 1487 0.262828 0.707863 0.000013 0.707265 3.69 21.9  0.101854  0.511513 0.000005 0.511406 —20.02 2569
WZS05 114 1115 0.295991 0.708137 0.000010 0.707464 3.75 224  0.101200 0.511562 0.000009 0.511456 —19.05 2491
WZS06 143 1287 0.321667 0.708156 0.000017 0.707424 3.93 23.6 0.100665  0.511525 0.000009 0.511420 —19.76 2549
WZsS07 133 1211 0.317948 0.708327 0.000008 0.707604 3.43 20.7 0.100166  0.511463 0.000006 0.511358 —20.96 2646
WZS08 142 904 0.454746 0.708638 0.000013 0.707604 3.38 21.0  0.097296  0.511498 0.000007 0.511396 —20.22 2586
WZS09 144 1247 0.334306 0.708235 0.000011 0.707475 3.90 23.8  0.099057  0.511478 0.000009 0.511374 —20.64 2620
WZS10 152 1193 0.368852 0.707662 0.000016 0.706823 2.62 17.3  0.091549  0.511545 0.000008 0.511449 —19.18 2504

and melts generated through the reworking of the Taihua Group
metamorphic basement rocks.

7.c. Implication for gold mineralization in the Xiong’ershan
area

The gold deposits in the Xiong'ershan area, the third largest gold
concentration in China (Mao et al. 2002), have been extensively
studied in recent decades (e.g. Mao et al. 2002; Chen et al. 2008;
Tang et al. 2013; Tang, 2014; Tian et al. 2017), but their origins
remain debated and not well understood. Several contrasting
genetic models have been proposed, including (1) the gold deposits
are considered as greenstone type (Li et al. 1996), assigning the
metamorphic rocks as the source for the metallic ores (Li &
Santosh, 2017); (2) they are orogenic gold deposits formed during
the Mesozoic continental collision regime, suggesting the ore-
forming materials derived from the Taihua Group metamorphic
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rocks and/or late Mesozoic magmatic rocks (e.g. Goldfarb et al.
1998; Mao et al. 2002; Chen et al. 2008); and (3) a late
Mesozoic magma-related hydrothermal origin (e.g. Yao et al.
2009; Zhai et al. 2011; Tang et al. 2013; Tian et al. 2017). The
focuses of the debate are on the source of ore-forming materials,
and the key factor controlling the formation of gold deposits in
the Xiong'ershan area: the ancient metamorphic basement (e.g.
Taihua Group) or late Mesozoic magmatism?

In fact, there is almost a two-billion-year time gap between
metamorphism and gold mineralization in the Xiong'ershan area
(Li & Santosh, 2017); and the tectonic environment, metamorphic
setting and mineralogical characteristics of the gold deposits are
different from the accepted models of global orogenic gold deposits
(Groves et al. 1998). Conversely, the gold deposits in the
Xiong'ershan area are mainly distributed around the Huashan
and Heyu plutons (Mao et al. 2002) and several small granite stocks
(Fig. 1c), and their mineralogical characteristics and fluid
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geochemistry are consistent with those of the magma-related
hydrothermal gold deposits (e.g. Yao et al. 2009; Zhai et al.
2011; Tang et al. 2013; Tian et al. 2017). Moreover, the sulphur,
lead, hydrogen and oxygen isotope data of the gold deposits in
the Xiong’ershan area favour a possible magmatic derivation for
the gold ores (e.g. Tang et al. 2013; Tang, 2014; Tian et al. 2017;
Li et al. 2018). Consequently, most researchers accept that no mat-
ter what kind of ore genesis, the gold mineralization in the
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Xiong'ershan area has a close connection with late Mesozoic
magmatism.

Identification of two magmatic episodes during the Late
Jurassic to Early Cretaceous in the Xiong'ershan area, combined
with recent reported high-precision chronological data for the timing
of mineralization and associated alteration and magmatic rocks,
enable us to further explore the link between gold mineralization
and late Mesozoic magmatism. Previous Re-Os and *°Ar/*Ar
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dating indicates that the Qianhe, Miaoling, Qiyugou and
Gongyu gold deposits formed between 135 and 115 Ma (Yao
et al. 2009; Zhai et al. 2011; Tang et al. 2013; Tang, 2014). More
recently, Deng et al. (2014) and Cao et al. (2017) provided a com-
prehensive geochronological study of major gold deposits in the
Xiong’ershan area, bracketing their formation mainly in the range
of 136-110 Ma except for a few Triassic gold deposits (e.g.
Shanggong and Yaogou). These ages are reasonably consistent with
the ages of the late-episode (138-113 Ma) magmatic rocks, indicat-
ing the gold mineralization was contemporaneous with emplace-
ment of the late-episode magmas during the Late Jurassic to
Early Cretaceous in the Xiongershan area. The data presented
in this study suggest that the early-episode intrusions were formed
directly from partial melting of the Neoarchaean to
Palaeoproterozoic Taihua Group metamorphic basement rocks,
whereas the late-episode intrusions were produced by mixing of
crustal- and mantle-derived magmas. Therefore, the gold minerali-
zation coeval with the emplacement of the late-episode magmas
implies that crustal-mantle mixed magma might be a better target
for gold mineralization compared to the ancient metamorphic
basement melt. This invites a reasonable speculation that injection
of mantle-derived magmas into a felsic magma chamber is likely to
be a key factor controlling the formation of gold deposits in the
Xiong’ershan area. The contribution of mantle components to
the ore-forming materials was also indicated by mineralogical
characteristics and isotope composition of the gold deposits in this
region. For example, many deposits (e.g. the Qiyugou,
Huanxiangwo gold deposits) in the Xiong’ershan area comprise
several telluride, selenide and stibnide minerals (Li & Santosh,
2017). Because of the affinity of Te with refractory (mafic) materi-
als (Salters & Stracke, 2004), the coexistence of Te and Au in the
gold deposits is considered as an indication for mantle (Li &
Santosh, 2017). The Sr isotopic compositions of sulphides in the
Dianfang gold deposit are higher than the value of mantle but
lower than that of continental crust, suggesting the metals in this
deposit may have been derived from the mixture of crustal and
mantle materials (Tian et al. 2017). The Pb isotopic results from
the Dianfang and Luyuangou gold deposits also display a mixed
signature from the mantle and lower crust (Tian et al. 2017; Li
et al. 2018). The Re-Os and He-Ar isotopes from the pyrite of
the gold systems in this region provide further evidence that at least
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a part of the ore-forming fluids was from the mantle (e.g. Yao et al.
2009; Tang, 2014). Additionally, Li & Santosh (2017) found that
the gold ore districts (including the Xiong'ershan area) in the
southern margin of the NCC are all located at the centres of high
heat flow fields that are mainly controlled by the upwelling
asthenosphere, reflecting the close relationship between mantle
upwelling and gold mineralization.

In summary, all the mineralogical, chronological and isotopic
data from igneous rocks and ore minerals suggest that the mantle
source plays a crucial role in the gold mineralization of the
Xiong'ershan area, although ore-forming components are hypoth-
esized to have multiple sources.

7.d. Implications for the geodynamics

The continental collision between the North China Craton and the
Yangtze Craton in the Qinling Orogenic Belt occurred during the
early Mesozoic (c. 250-210 Ma), resulting in the lithosphere being
markedly compressed, shortened and thickened (Zhang et al.
1996). During the late Mesozoic, the tectonic systems of the
Qingling Qrogenic Belt were shifted from a palaeo-Tethys regime
to a palaeo-Pacific regime (Mao et al. 2010). At this time, the NCC
was undergoing craton destruction and lithospheric thinning (e.g.
Lapierre et al. 1997; Mao et al. 2002, 2010; Windley et al. 2010; Gao
& Zhao, 2017). Therefore, it has been widely accepted that the Late
Jurassic to Early Cretaceous magmatism in the southern margin of
the NCCis related to the lithospheric thinning (e.g. Mao et al. 2010;
Zhao et al. 2012; Gao et al. 2014). However, previous age estimates
for this event vary widely and are not consistent. Gao et al. (2004)
and Tian et al. (2017) suggested the lithospheric delamination and
thinning in the southern margin of the NCC were initiated by the
Late Jurassic (159-146 Ma). Gao et al. (2010, 2014) and Li et al.
(2012) considered that the transformation of the lithosphere from
thickening to thinning in the southern margin of the NCC
occurred during 148-135 Ma. Other researchers conclude that
intensive removal of the thickened lower crust occurred during
the Early Cretaceous, such as 130-126 Ma (Hou et al. 2007),
135-108 Ma (Mao et al. 2010), and after 130 Ma (Zhao et al.
2012) or 127 Ma (Gao & Zhao, 2017).

The Wuzhangshan and Huashan monzogranites preserve the
imprints of the two magmatic episodes during the Late Jurassic
to Early Cretaceous in the Xiong’ershan area, respectively. Thus,
the two monzogranites can be used to estimate the tectonic evolu-
tion of the southern margin of the NCC, especially the timing of
lithospheric thinning. The Wuzhangshan monzogranites exhibit
typical geochemical features of adakites, and are formed from par-
tial melting of the Taihua Group metamorphic basement rocks.
The flat patterns in heavy REEs with Y/Yb = 7.6—8.9 and (Dy/
Yb)n = 0.8—1.0, indicate that the amphibole should be the most
important residual mineral in the Wuzhangshan monzogranite
source because garnet is strongly compatible for HREEs but the
amphibole is compatible for MREEs and Y (Defant &
Drummond, 1990; Du et al. 2018). Generally, garnet is preferential
retention of Lu over Hf, and thus, the presence of garnet in a restite
could trigger decoupling of Hf-Nd evolution (Vervoort et al.
2000). The Wuzhangshan monzogranites show eHf(¢) and
eNd(f) mean values of —28.1 and —20.0, and display slight diver-
sion from the terrestrial Hf-Nd array (Fig. 14), suggesting that
their source also contains minor residual garnet. Additionally, pla-
gioclase is inferred to be not a residual phase in the source region,
as indicated by the negligible to slightly positive Eu anomalies
(Table 2; Fig. 6) and obviously positive Sr anomalies (Fig. 5) of
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the Wuzhangshan monzogranites. Experimental studies (e.g. Sen
& Dunn, 1994; Rapp et al. 1999, 2002, 2003) indicate that when
mafic rocks are partially melted, garnet becomes stable at pressures
equivalent to crustal thickness of >40-50 km (~1.2-1.5 GPa); pla-
gioclase becomes unstable at depths greater than c¢. 50 km (1.5
GPa). Therefore, the residual phases include amphibole and minor
garnet but no plagioclase, indicating the crustal thickness in the
Xiong’ershan area must have been at least 50 km when the
Wuzhangshan monzogranites were formed. This is consistent with
crustal thickness estimation from the Mesozoic lower crust mafic
xenoliths (~160 Ma) in Xinyang, southern margin of the NCC
(Zheng et al. 2003).

Geochemical characteristics of the Huashan monzogranites,
such as enrichment of LREE and flat HREE patterns, negative
Eu anomalies and the depletion in Sr with low Sr/Y ratio (Figs
4d, 5, 6), indicate that their parental magmas were generated under
lower pressure than that of the Wuzhangshan monzogranites, and
amphibole and plagioclase were important residual phases in the
source region (e.g. Martin et al. 2005). Consequently, the crustal
thickness in the Xiong’ershan area must have been less than 40
km when the Huashan monzogranites were formed. This is also
consistent with the results of other studies. Based on the xenoliths
studies, Zheng et al. (2003) suggested that the Cenozoic lithosphere
was significantly thinner than the Mesozoic, and up to 10 km of
lowermost crust was delaminated. Several other studies show that
the present crust thickness in the Xiong’ershan area is only ~35 km
(Sun & Toksoz, 2006), and less than 5 km thickness of the upper
crust has been eroded since the Early Cretaceous (Zhao et al. 2012).
Therefore, the continental crust in the Xiong’ershan area must
have undergone some thinning after the formation of the
Wuzhangshan monzogranites (~160 Ma) but before the emplace-
ment of the Huashan monzogranites (~127 Ma). This further indi-
cates that the gold metallogenic and late-episode magmatic
activities occurring during the Late Mesozoic in the Xiong’ershan
area were probably associated with the lithospheric thinning.

More than half of the samples from the Huashan monzogran-
ites exhibit geochemical characteristics of A-type granites (Fig. 8).
The emplacement of the Huashan A-type granites is coeval with
the exhumation of metamorphic core complexes and the forma-
tion of several deformed basins (Xie et al. 2007; Mao et al.
2010), indicative of lithospheric extension that dominated the
southern margin of the NCC during the emplacement of the
Huashan magmas. This, in combination with the lack of magmatic
rocks derived from the delaminated lower crust, implies that the
crustal thinning during the late Mesozoic in the Xiong’ershan area
may be caused by the lithospheric extension, similar to that of SE
China (Wang et al. 2004).

As discussed above, the evolution from the Wuzhangshan to
Huashan monzogranites marks a change of tectonic regime into
an extensional setting, and the lithosphere transformed from thick-
ening to thinning in the Xiong’ershan area, southern margin of the
NCC. Lithospheric thinning triggered asthenospheric upwelling,
mafic magma underplating, partial melting of the lower crust,
and crust-mantle magma mixing. The underplated mantle-
derived basaltic magmas supplied both energy and materials for
the formation of the late-episode magmatic rocks and gold deposits
in the Xiong’ershan area.

8. Conclusions

(1) Two episodes of magmatism (165-150 Ma and 138-113 Ma)
are recognized in the Xiong’ershan area. Zircon LA-ICP-MS
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U-Pb dating for the Wuzhangshan and Huashan monzogran-
ites yields ages of 160.7 + 0.6 Ma and 127.2 + 1.0 Ma, respec-
tively, representing the two magmatic episodes.

(2) The Wuzhangshan monzogranites were derived directly from
partial melting of the Neoarchaean to Palaeoproterozoic
Tajhua Group metamorphic basement rocks (especially the
mafic amphibolites), whereas the Huashan monzogranites
were probably generated by mixing of mantle-derived mag-
mas and melts generated through the reworking of the
Taihua Group metamorphic basement rocks.

(3) All the mineralogical, chronological and isotopic data from
igneous rocks and ore minerals suggest that the mantle source
plays a crucial role in the gold mineralization of the
Xiong’ershan area.

(4) The gold metallogenic and late-episode magmatic activities
during the Late Jurassic to Early Cretaceous in the
Xiong’ershan area were probably related to the lithospheric
thinning. The transformation of the lithosphere from thicken-
ing to thinning in the Xiong’ershan area, southern margin of
the NCC probably occurred between ~160 Ma and ~127 Ma,
and was witnessed by the evolution from the Wuzhangshan to
Huashan monzogranites.
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