
Geological Magazine

www.cambridge.org/geo

Original Article

Cite this article: XieW, Zeng Q-D, Yang J-H, Li R,
Zhang Z, Wang R-L, and Wu J-J (2022)
Petrogenesis, W metallogenic and tectonic
implications of granitic intrusions in the
southern Great Xing’an RangeW belt, NE China:
insights from the Narenwula Complex.
Geological Magazine 159: 593–627. https://
doi.org/10.1017/S0016756821001175

Received: 16 May 2021
Revised: 25 September 2021
Accepted: 19 October 2021
First published online: 10 January 2022

Keywords:
zircon U–Pb ages; Hf isotopes; geochemistry;
Narenwula complex; Great Xing’an Range;
NE China

Author for correspondence:
Qing-Dong Zeng,
Email: zengqingdong@mail.iggcas.ac.cn

© The Author(s), 2022. Published by Cambridge
University Press.

Petrogenesis, W metallogenic and tectonic
implications of granitic intrusions in the
southern Great Xing’an Range W belt, NE China:
insights from the Narenwula Complex

Wei Xie1,2,3 , Qing-Dong Zeng1,2,3, Jin-Hui Yang2,3,4, Rui Li2,3,4, Zhuang Zhang5,

Rui-Liang Wang6 and Jin-Jian Wu1,2,3

1Key Laboratory of Mineral Resources, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing
100029, China; 2Innovation Academy for Earth Science, Chinese Academy of Sciences, Beijing 100029, China;
3College of Earth and Planetary Sciences, University of Chinese Academy of Sciences, Beijing 100049, China;
4State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of
Sciences, Beijing 100029, China; 5Chifeng Chaihulanzi Gold Mining Co. Ltd, Chifeng 024000, China and 6Faculty
of Geosciences and Resources, China University of Geosciences (Beijing), Beijing 100083, China

Abstract

Extensive magmatism in NE China, eastern Central Asian Orogenic Belt, has produced multi-
stage granitic plutons and accompanying W mineralization. The Narenwula complex in the
southwestern Great Xing’an Range provides important insights into the petrogenesis, geody-
namic processes and relationship with W mineralization. The complex comprises granodio-
rites, monzogranites and granite porphyry. Mafic microgranular enclaves are common in
the granodiorites, and have similar zircon U–Pb ages as their host rocks (258.5–253.9 Ma),
whereas the W-bearing granitoids yield emplacement ages of 149.8–148.1 Ma. Permian grano-
diorites are I-type granites that are enriched in large-ion lithophile elements and light rare earth
elements, and depleted in high field strength elements and heavy rare earth elements. Both the
mafic microgranular enclaves and granodiorites have nearly identical zircon Hf isotopic
compositions. The results suggest that the mafic microgranular enclaves and granodiorites
formed by the mixing of mafic and felsic magmas.W-bearing granitoids are highly fractionated
A-type granites, enriched in Rb, Th, U and Pb, and depleted in Ba, Sr, P, Ti and Eu. They have
higher W concentrations and Rb/Sr ratios, and lower Nb/Ta, Zr/Hf and K/Rb ratios than the
W-barren granodiorites. These data and negative ϵHf(t) values (–6.0 to –2.1) suggest that they
were derived from the partial melting of ancient lower crust and subsequently underwent
extreme fractional crystallization. Based on the regional geology, we propose that the granodi-
orites were generated in a volcanic arc setting related to the subduction of the Palaeo-Asian
Ocean, whereas the W-bearing granitoids and associated deposits formed in a post-orogenic
extensional setting controlled by the Mongol–Okhotsk Ocean and Palaeo-Pacific Ocean
tectonic regimes.

1. Introduction

NE China, previously tectonically referred to as the Xing-Meng Orogenic Belt (XMOB),
comprises the main part of the eastern segment of the Central Asian Orogenic Belt (CAOB)
and is one of the most important polymetallic metallogenic regions in China (Zeng et al.
2012, 2015a; Ouyang et al. 2015; Wang et al. 2021) (Fig. 1). Numerous W deposits have been
discovered in NE China, demonstrating the significant W metallogenic potential of this region
(Ouyang et al. 2015; Zeng et al. 2015b; Liu et al. 2016; Wang et al. 2017; Zhang, X. B. et al. 2017;
Gao et al. 2019; Wang, R. L. et al. 2020; Xie et al. 2021). At present, NE China is known to host
4 large, 18 medium and 17 small W deposits (Fig. 1c). Three W belts can be distinguished
according to the distribution of the W deposits: the northern and central Great
Xing’an Range W belt (NCGB), southern Great Xing’an Range W belt (SGB) and Lesser
Xing’an–Zhangguangcai Range W belt (LXZB) (Xie et al. 2021) (Fig. 1c).

The SGB, situated in the southwestern part of NE China, hosts voluminous Mesozoic W
deposits (Fig. 1c). All of these W deposits are spatially and genetically related to granitic intru-
sions (Xie et al. 2021). Although some studies have been conducted on the petrogenesis of these
W-related granitic plutons, the petrogenesis of the these granitoids remains controversial
(Mei et al. 2015; Zeng et al. 2015b; Wang et al. 2017; Gao et al. 2019; Yang et al. 2019). In addi-
tion, the distribution of W-related and W-barren granitoids commonly overlaps. However,
because of the paucity of detailed comparative studies, the geochemical difference between
the W-related and W-barren granitoids is not clear, which limits our understanding of the
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Fig. 1. (Colour online) (a) simplified tectonic map of the Central Asian Orogenic Belt (modified from Liu, Y. J. et al. 2017; Feng et al. 2019). (b) schematic tectonic map of NE China
(modified from Wu et al. 2011). (c) distribution of major tungsten deposits in NE China (modified from Zeng et al. 2012). The black solid circles mark the sampling locations of the
previously published geochronological data for W-related granitoids in NE China, which are in online Supplementary Material Table S1. Deposit locations: 1 – Narenwula;
2 –Baishitouwa; 3 – Shazigou; 4 – Tianbaogou; 5 – Shalahada; 6 – Sansheng; 7 –Halihaitu; 8 – Chamuhan; 9 – Xiaolaogualinzi; 10 –Baiyinhan; 11 –Weilasituo; 12 –Wulegeerjidaban;
13 – Dongshanwan; 14 – Daolundaba; 15 – Xiaohaiqing; 16 – Huanggang; 17 – Xiaodonggou; 18 – Wurinitu; 19 – Shamai; 20 – Dayana; 21 –Bayandulan; 22 – Weilianhe;
23 – Honghuaerji; 24 – Zishi; 25 – Guanniaohe; 26 – Weijiang; 27 – Cuihongshan; 28 – Gongpengzi; 29 – Yangbishan; 30 – Xin’antun; 31 – Baishilizi; 32 – Yangjingou;
33 – Wudaogou; 34 – Liudaogou; 35 – Xinglong; 36 – Sanjiazi. Abbreviations: NCGB – northern and central Great Xing’an Range W belt; SGB – southern Great Xing’an Range
W belt; LXZB – Lesser Xing’an–Zhangguangcai Range W belt.
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genetic mechanism between granitic magmatism and Wminerali-
zation. Moreover, the tectonic evolution of the SGB was essential
for the spatial and temporal distribution of W-related granitoids
and related deposits. Romer & Kroner (2016) highlighted that
different tectonic settings may have led to the input of mantle melt
or the emplacement of ultrahigh-temperature metamorphic rocks,
which were crucial for metal extraction from the source rocks, thus
playing a critical role in controlling the discontinuous distribution
of W mineralization within the belt. However, the overprinting of
the Palaeo-Asian Ocean (PAO), Mongol–Okhotsk Ocean (MOO)
and Palaeo-Pacific Ocean (PPO) tectonic regimes had significant
influence on the SGB during late Mesozoic time, which has led to
disagreements on the interpretation of the deep geodynamic proc-
esses and limited our understanding of regional W-related granitic
magmatism and W mineralization. Several models have been
proposed for the SGB tectonic setting during late Mesozoic time,
including (a) upwelling of a mantle plume (Wang, T. et al. 2015),
(b) post-orogenic gravitational collapse and/or subduction-
induced back-arc extension related to the closure of the MOO
(Wang, Z. H. et al. 2015; Fritzell et al. 2016; Guan et al. 2018;
Ji et al. 2018, 2020; Han et al. 2021; Shi et al. 2020; Wei et al.
2021), (c) arc/back-arc extension and asthenosphere upwelling
induced by subduction of the PPO (Ji et al. 2019; Li, S. Z. et al.
2019; Suo et al. 2019; He et al. 2020; Sun et al. 2020; Wang, L
et al. 2020; Wei et al. 2020; Jing et al. 2021), and (d) compositional
effects resulting from the closure of the MOO and subduction of
the PPO (Ouyang et al. 2015; Liu, C. F. et al. 2017; Liu et al. 2020;
Pang et al. 2020; Zhang, C. et al. 2020; Mi et al. 2021). Additionally,
although researchers generally agree that the disappearance of the
PAO occurred along the Solonker–Xar Moron–Changchun Fault
(SXCF), the closure time of the PAO remains ambiguous (Liu,
Y. J. et al. 2017). There are two different models: one popularmodel
suggests that the closure occurred during late Permian to Early
Triassic times (Chen et al. 2000; Zhai & Santosh, 2013; Ju &
Hou, 2014; Xiao & Santosh, 2014; Han et al. 2015; Liu &
Nie, 2015; Wilde, 2015), while another model dates the closure to
the pre-Permian period (Zhang, X. H. et al. 2008; Shi et al. 2010;
Xu, B. et al. 2013, 2015; Xu, W. L. et al. 2013; Li, Y. L. et al. 2014).

The Narenwula complex is situated in the southwestern section
of the SGB and is adjacent to the boundary between the XMOB and
the North China Craton (NCC) (Fig. 1c), comprising granodiorite,
monzogranite and granite porphyry. The monzogranite and
granite porphyry areW-bearing granitoids, while the granodiorites
are W-barren granitoids. Therefore, the Narenwula complex
provides an excellent opportunity to understand the genesis and
geochemical differences between W-related and W-barren gran-
itoids, andmore importantly, the link between graniticmagmatism
andWmineralization. It also provides an avenue to investigate the
tectonic evolution and geodynamic setting for the formation of the
W-related granitoids and associated deposits in the SGB, which
have great significance for the further exploration of W deposits
in this region. In this paper, we report field and petrographic obser-
vations, zircon U–Pb dating, whole-rock geochemistry and zircon
Hf isotopic data for the mafic microgranular enclaves (MMEs),
their host granodiorites and W-bearing granitoids from the
Narenwula complex. We use these data to constrain the petrogen-
esis and geochemical differences of the granodiorites and
W-bearing granitoids, as well as their relationship to W minerali-
zation. The findings provide insights into the tectonic evolution of
the SGB during late Permian and Late Jurassic times and advance
our understanding of the regional W-related tectonic–magmatic–
metallogenic mechanism.

2. Geological background and sampling

Tectonic components of the XMOB include the Erguna Block (EB),
Xing’an Block (XB), Songliao–Xilinhot Block (SXB), Khanka–
Jiamusi Block (KJB) (from NW to SE) and Liaoyuan Terrane
(LT) in the south (Wu et al. 2011; Liu, Y. J. et al. 2017)
(Fig. 1b). The Xinlin–Xiguitu Fault (XXF) represents the boundary
between the EB and XB, the Hegenshan–Heihe Fault (HHF) sepa-
rates the XB and SXB, the Mudanjiang Fault (MF) represents the
boundary between the SXB and KJB, and the SXCF is the boundary
between the SXB and LT (Wu et al. 2011; Liu, Y. J. et al. 2017)
(Fig. 1c). Throughout the Phanerozoic Eon, the XMOB underwent
a complex tectonomagmatic evolution involving multiple stages of
accretion and collision (Sengör et al. 1993). During the Palaeozoic
Era, the XMOB was controlled by the PAO tectonic regime, which
led to the amalgamation of several micro-continental blocks,
multi-arc systems and accretionary complexes (Wu et al. 2011;
Xiao & Santosh, 2014). Since the Mesozoic Era, the XMOB has
been affected mainly by the closure of the MOO and subduction
of the PPO, leading to the widespread occurrence of Mesozoic
volcanic rocks and coeval granitic intrusions (Wu et al. 2011).

The SGB, located in the southwestern part of NEChina, extends
north to Heilongjiang and Jilin provinces, and east to the Songliao
Basin. This area is tectonically bordered by the HHF to the north,
the Chifeng–Kangbao Fault (CKF) to the south and the Nenjiang–
Balihan Fault (NBF) to the east (Xie et al. 2021) (Fig. 1c). The oldest
formation in this region is a Palaeozoic medium- to high-grade
metamorphic complex, dominantly composed of amphibolite
gneiss, granite gneiss and mica schist. Several Ordovician–
Silurian, Devonian and Carboniferous detrital metasedimentary
units, carbonate rocks and volcanic formations occur in this
region. Permian volcano-sedimentary formations, consisting of
carbonaceous clastic rocks, carbonate rocks and mafic to inter-
mediate–acidic volcanic rocks, are also abundant and act as the
host rocks for many of the mineral deposits (Ouyang et al.
2015). Voluminous late Palaeozoic to Mesozoic granitic plutons
intrude the Palaeozoic strata, which are overlain by Mesozoic
volcano-sedimentary sequences. Recent geochronological data
suggest that granitic magmatic events within the SGB can be subdi-
vided into two stages: during the first stage, late Palaeozoic intru-
sions comprising diorite, tonalite and granodiorite were mainly
distributed throughout the western part of the region and
emplaced from 321 to 250 Ma based on the zircon U–Pb ages
(Fig. 1c); during the second stage, Mesozoic granites, composed
of granodiorite, monzonitic granite, granite porphyry and syenog-
ranite, were emplaced from 150 to 131 Ma based on zircon U–Pb
ages (Wu et al. 2011; Wan et al. 2019).

The Narenwula region in the southwestern SGB features large-
scale W polymetallic mineralization (Fig. 2). This region has local
exposures of Proterozoic–early Palaeozoic leptite, granulite,
metasandstone, slate, phyllite, schist and crystalline limestone.
The widely exposed lower Permian and Jurassic strata consist of
intermediate–acid volcanic rocks, volcaniclastic rocks and sedi-
mentary clastic rocks (IMBGMR, 1991). The intrusive rocks
mainly include late Permian, Triassic, Early–Middle Jurassic and
Late Jurassic granitic intrusions (Fig. 2). The widespread late
Permian felsic intrusive rocks intrude into the Proterozoic–lower
Palaeozoic strata. The rock types mainly include granodiorite and
quartz diorite. A Triassic granitic pluton is locally exposed in the
southwestern part of this region, related to theWmineralization in
the Tantoushan deposit (unpub. data). Early–Middle Jurassic
granitoids mainly occur in the western part of the region, with
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minor occurrences in the eastern part, comprising fine-grained
and minor biotite granite. Late Jurassic granitoids are common
in the central and western parts of this region, mainly composed
of monzogranite and granite porphyry (IMBGMR, 1991) (Fig. 2).

The Narenwula quartz-vein type W polymetallic deposit
(42° 25 0 N, 114° 31 0 E) is situated in the southwestern part of the
SGB (Fig. 2). This deposit has estimated reserves of 89 950 t
WO3 with a grade of 0.776 %. The strata exposed in the mining
area are mainly the lower Permian Sanmianjing and Erlitu forma-
tions and Quaternary sediments (Fig. 3). The Sanmianjing
Formation contains tuff, silt-slate, sandstone and conglomerate.
The Erlitu Formation consists of andesite, tuff and sedimentary
tuff (IMBGMED, 2016). These rocks are intruded by the
Narenwula complex (Fig. 3). The orebodies mainly occur as veins
in the monzogranite and granite porphyry (Fig. 3b, c).

The granodiorite unit (samples WL-28, WL-29, WL-30,
WL-31, WL-32-2 andWL-32-3) is grey-white to pale red in colour
and shows a hypidiomorphic granular texture, with a massive
structure (Fig. 4a–c). It contains plagioclase (0.5–2 mm;
60–65 %), quartz (0.5–1 mm; ~20–25 %), hornblende (0.4–1 mm;
~10 %), biotite (0.8–1.5 mm; 5–10 %) and alkali feldspar
(~0.5 mm; < 5 %). MMEs are common in the granodiorites from
the complex. The MME samples (samples WL-33-2, WL-34 and
WL-34-2) are dark grey in colour and exhibit a porphyritic or
hypidiomorphic granular texture (Fig. 4d, e). The phenocrysts
(15–25 % rock mass) comprise plagioclase (0.5–3 mm;
~25–45 %), biotite (0.5–3.5 mm; ~25–35 %) and a low proportion
of hornblende (0.5–1.5 mm; ~20 %). The matrix is mainly
composed of hornblende, plagioclase, biotite, minor pyroxene,
aphanitic minerals and magnetite.

Fig. 2. (Colour online) Simplified geological map of the Narenwula region (after IMBGMR, 1991).
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The monzogranite and granite porphyry are the ore-bearing
rocks (Fig. 3b, c). The monzogranite unit (samples WL-5, WL-
19, WL-23, WL-24, WL-25, WL-26-1 and WL-27) is red in colour
and displays a hypidiomorphic granular texture, with a massive

structure (Fig. 4f–i). It consists of quartz (1–2.5 mm; 30–40 %),
alkali feldspar (1.5–2.5 mm; 25–35 %), plagioclase (0.8–1.5 mm;
15–20 %) and biotite (1–1.5 mm; < 5 %), along with accessory
minerals. The granite porphyry unit (samples WL-6, WL-7-2,

Fig. 3. (Colour online) (a, b) Geological map of the Narenwula deposit showing the sampling locations. (c) Schematic geological cross-section of no. 07 exploration line
(after IMBGMED, 2016).
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WL-8-2, WL-16, WL-17, WL-18 and WL-26-2) is pale red in
colour with a porphyritic texture (Fig. 4j–l). The phenocrysts are
mainly anhedral quartz (0.5–2 mm; ~15–20 %), subhedral to
euhedral alkali feldspar (1–2.5 mm; ~15–20 %) and plagioclase
(0.5–1 mm; ~5–10 %). The groundmass (~50 %) consists of quartz,
plagioclase, alkali feldspar and biotite.

Eighty-five orebodies have been discovered in the mining
district. NE-trending faults mainly control the orebodies
(Fig. 3b), which dip to the SE at an angle of 30–48°. The individual
orebodies have a length of 300–1010 m, thickness of 1.00–5.35 m
and slope depth of 100–636 m. The ore structures are massive,
disseminated and in the form of veinlets. The ore minerals are
mainly wolframite, bismuthinite, cassiterite and pyrite, with minor
amounts of sphalerite, galena, chalcopyrite, argentite and pyrrho-
tite. The gangue minerals are predominantly quartz with varying
amounts of muscovite, biotite, apatite, plagioclase, K-feldspar,
sericite and carbonate. Wall-rock alteration consists of silicifica-
tion, sericitization, K-feldspathization, greisenization, chloritiza-
tion, epidotization and kaolinization.

3. Analytical methods

3.a. Zircon U–Pb dating

Zircons from four representative granitoid samples and one MME
sample from the Narenwula complex were analysed using
laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) U–Pb dating. Figure 3a shows the sampling loca-
tions. The samples were analysed at the mineral separation labo-
ratory at the Regional Geology Minerals Investigation Research
Institute, Hebei Province, China. Zircon grains were collected
using conventional density and magnetic separation techniques

before handpicking under a binocular microscope. Transmitted
and reflected microscopy images were then collected to examine
the exterior structures while cathodoluminescence (CL) images
were collected to examine the internal textures in the zircon to
identify and select points on each grain suitable for U–Pb analyses.

LA-ICP-MS U–Pb dating analyses were conducted at the
Institute of Geology and Geophysics, Chinese Academy of
Sciences. The operating conditions for the laser ablation system
and ICP-MS instrument, including the data reduction methods,
are similar to those reported by Liu et al. (2010). Laser sampling
was performed using a GeoLasPro laser coupled with an Agilent
7700e ICP-MS instrument. A laser spot size of 32 μm and a laser
repetition rate of 6 Hz were used during the analyses. Quantitative
calibration for the trace-element analyses and U–Pb dating was
performed using the ICPMSDataCal software (Liu et al. 2010).
Zircon 91500 was used as the external U–Pb dating standard
and analysed twice every five analyses. The single point analytical
error for the isotopic ratios and ages is reported at the 1σ level.
Concordia diagrams were constructed using the ISOPLOT
software (Ludwig, 2003).

3.b. In situ zircon Hf isotope analyses

In situ zircon Hf isotopic analyses were conducted at Beijing
Createch Testing Technology Co., Ltd, Beijing, China, using
a Thermo Scientific Neptune (Plus) multi-collector-ICP-MS
(MC-ICP-MS) coupled to a New Wave 213 nm solid-state laser
ablation system. The analyses were conducted on the same zircon
grains that were previously analysed for U–Pb isotopes. The laser
ablation beam was 35 μm in diameter, with a 10 Hz laser repetition
rate and laser energy of 10–11 J cm−2. Ablated material was
injected into the MC-ICP-MS with a high-purity He carrier gas.

Fig. 4. (Colour online) Lithologic characteristics and representative photographs (crossed-polarized light) of granitoids and MMEs from the Narenwula complex.
(a–c) Granodiorite. (d, e) Mafic microgranular enclaves in granodiorite. (f–i) Monzogranite. (j–l) Granite porphyry. Abbreviations: Pl – plagioclase; Kfs – potassium feldspar;
Hbl – hornblende; Qtz – quartz; Bt – biotite. Length of hammer for scale is ~330 mm.
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Details on the instrumental conditions and data acquisition proto-
cols are reported by Hou et al. (2007). The 176Hf/177Hf ratio was
normalized to 179Hf/177Hf= 0.7325. Hafnium isotopic data were
age-corrected using a 176Lu decay constant of 1.867 × 10–11 a–1

(Söderlund et al. 2004). The ϵHf(t) values and Hf model ages were
calculated using the methods reported by Bouvier et al. (2008) and
Griffin et al. (2002), respectively.

3.c. Major- and trace-element analyses

After combining samples from the hand-picked specimens with
those selected for microscopic photography, weathered surfaces
were removed and the samples were ground in an agate mill to
200-mesh. Concentrations of the major (ME-XRF26d analytical
package) and trace (ME-MS81 analytical package) elements were
determined at ALS Chemex, Guangzhou, China. Major-element
analyses were performed using X-ray fluorescence (XRF) with a
PANalytical PW2424 instrument. Approximately 0.5 g of crushed
whole-rock power were dissolved using LiNO3, and a glass bead
was then produced after fusion. According to the measured values
of the GSR-1 standard, uncertainties were less than 5 %. Trace-
element concentrations were determined using a Perkin Elmer
Elan 9000 ICP-MS instrument. Approximately 50 mg of crushed
whole-rock powder were dissolved using a LiBO2/Li2B4O7 mixture
at ~1025 °C. The solution was then extracted after cooling and
diluted with HF, HCl and HNO3 before measurement. External
standards BHVO-1 and G-2 were used to monitor drift in the mass
response during measurement. The precision was generally better
than 10 % for most trace elements.

4. Results

4.a. Zircon U–Pb ages

The dating results for four granitic samples and oneMME from the
Narenwula complex are listed in Table 1. Figure 5 shows represen-
tative CL images of the zircon grains. These samples contain some
fine-grained colourless-to-light yellow zircon crystals with an
adamantine lustre. The grains commonly occur as short columns,
with a small portion exhibiting elliptical or irregular shapes, with
sizes ranging from 80 to 200 μm and length-to-width ratios of 1–3.
Most of the zircon grains exhibit growth zoning without a core–
rim structure, as shown in the CL images (Fig. 5). All zircons have
high Th/U ratios (0.51–2.09), indicating a magmatic origin
(Belousova et al. 2002).

For granite porphyry sampleWL-16, with three grains showing
206Pb–238U age outliers (155.4 Ma for WL-16-1, 156.7 Ma for
WL-16-4 and 143.9 Ma for WL-16-18), 15 analytical spots showed
a tight concordant grouping, yielding a weighted mean 206Pb–238U
age of 149.8 ± 2.7 Ma (1σ, MSWD= 0.23), which is the crystalliza-
tion age of the granite porphyry (Fig. 6a).

One analysis result was excluded from the mean calculations
owing to the discordant values for monzogranite sample WL-24.
The remaining 14 points plot along a Concordia line with
206Pb–238U ages between 143.5 and 153.8 Ma, yielding a weighted
mean 206Pb–238U age of 148.1 ± 2.1 Ma (1σ, MSWD= 0.35), which
can be interpreted as the magmatic crystallization age of the
monzogranite (Fig. 6b).

For granodiorite sample WL-28, all 18 analytical spots exhibit
a tight concordant grouping with 206Pb–238U ages ranging from
252 to 267Ma, yielding a weighted mean 206Pb–238U age
of 258.5 ± 1.9 Ma (1σ, MSWD= 0.23), interpreted as the crystalli-
zation age of the granodiorite (Fig. 6c).

For granodiorite sample WL-31, with two grains showing
206Pb–238U age outliers (281.2 Ma for WL-31-1 and 264.8 Ma
for WL-31-10), 20 analytical spots showed a tight concordant
grouping, defining a weighted mean 206Pb–238U age of
254.7 ± 2.1 Ma (1σ, MSWD= 1.2), interpreted as the crystalliza-
tion age of the granodiorite (Fig. 6d).

The result of one zircon was excluded from the age calculation
owing to the discordant values for the MME sample WL-34. The
remaining 20 points plot along a Concordia line with 206Pb–238U
ages varying from 248.5 to 260.8 Ma, yielding a weighted mean
206Pb–238U age of 253.9 ± 2.7 Ma (1σ), which is interpreted as
the MME emplacement age. This crystallization age is identical,
within acceptable error, to that of the host granodiorites obtained
in this study (Fig. 6e).

4.b. In situ zircon Hf isotopes

Table 2 lists the zircon Hf isotope data for the Late Jurassic
W-bearing granitoids (samples WL-16 and WL-24), late
Permian barren granitoids (samples WL-28 and WL-31) and
MMEs (sample WL-34). The results show that zircon grains
from the Late Jurassic W-bearing granitoids (WL-16 and
WL-24) have relatively consistent Hf isotopic compositions, with
initial 176Hf/177Hf ratios ranging from 0.282512 to 0.282618, ϵHf(t)
values from –6.0 to –2.1, and two-stage model ages (TDM2) varying
from 1338 to 1583Ma. The zircon grains separated from the late
Permian barren granitoids (samples WL-28 and WL-31) yielded
176Hf/177Hf values of 0.282631–0.282711, corresponding to ϵHf(t)
values between þ0.4 and þ3.6 and TDM2 ages of 1067–1256Ma.
The initial 176Hf/177Hf ratios of zircon from the MMEs (sample
WL-34) vary from 0.282623 to 0.282720. The calculated ϵHf(t)
values range from þ0.1 to þ3.5, with corresponding TDM1 and
TDM2 ages of 778–903Ma and 1061–1272Ma, respectively. On a
ϵHf(t) versus age diagram (Fig. 7), all analysed spots from the
Late Jurassic W-bearing granitoids plot below the chondritic
uniform reservoir (CHUR) line. In contrast, samples from the late
Permian barren granitoids all extend between the depleted mantle
and CHUR line, similar to zircons from the Phanerozoic igneous
rocks found in the eastern CAOB. TheMME samples conformably
plot between the depleted mantle and CHUR line.

4.c. Whole-rock major- and trace-element compositions

Table 3 lists the whole-rock major- and trace-element data for the
late Permian barren granodiorite and hosting MMEs, as well as the
Late Jurassic W-bearing monzogranite and granite porphyry
samples.

The late Permian barren granodiorites have the following
major elemental concentrations: SiO2= 67.24–70.72 wt %,
Al2O3= 14.30–15.46 wt %, total alkalis (K2OþNa2O)=
5.91–6.45 wt %, Fe2O3

T= 3.08–4.41 wt %, CaO= 2.65–3.98
wt %, P2O5= 0.08–0.11 wt % and TiO2= 0.29–0.38 wt %. Their
MgO content is 1.06–1.60 wt %, with Mg no. values of 40.54–
41.82. Comparatively, the MMEs in the granodiorite have the
following major elemental concentrations: SiO2= 55.53–58.03
wt %, Al2O3= 16.76–17.08 wt %, total alkalis (K2OþNa2O)=
5.96–6.57 wt %, Fe2O3

T= 8.21–9.16 wt %, CaO= 5.04–5.33
wt %, P2O5= 0.23–0.25 wt % and TiO2= 0.77–0.97 wt %. The
MMEs have high MgO contents of 3.27–3.66 wt % and Mg no.
values of 44.10–44.18. The Late Jurassic W-bearing monzogranite
and granite porphyry have the following major elemental concen-
trations: SiO2= 73.73–75.65 wt %, Al2O3= 12.86–13.82 wt %, total
alkalis (K2OþNa2O)= 8.40–9.14 wt %, Fe2O3

T= 1.08–1.46 wt %,
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Table 1. Zircon LA-ICP-MS U–Pb dating data for the Narenwula complex and MMEs

Th U Pb 207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb–206Pb 207Pb–235U 206Pb–238U

Sample No. (ppm) (ppm) (ppm) Th/U Ratio 1σ Ratio 1σ Ratio 1σ Ages (Ma) 1σ Ages (Ma) 1σ Ages (Ma) 1σ

Granite porphyry

WL-16-01 493.7 332.3 23.0 1.49 0.04626 0.00673 0.15028 0.02177 0.02440 0.00057 13.1 314.8 142.2 19.2 155.4 3.6

WL-16-02 188.2 231.3 10.4 0.81 0.04685 0.00755 0.14892 0.02407 0.02325 0.00056 42.7 344.4 141.0 21.3 148.1 3.5

WL-16-03 753.1 360.9 33.4 2.09 0.04664 0.00834 0.14847 0.02649 0.02370 0.00045 31.6 381.4 140.6 23.4 151.0 2.8

WL-16-04 271.4 382.7 15.7 0.71 0.05562 0.00298 0.18598 0.00929 0.02461 0.00050 438.9 115.7 173.2 8.0 156.7 3.1

WL-16-05 244.8 275.2 13.6 0.89 0.04955 0.00311 0.15911 0.00981 0.02356 0.00045 172.3 150.9 149.9 8.6 150.1 2.8

WL-16-06 238.9 454.0 15.8 0.53 0.05350 0.00256 0.17543 0.00798 0.02402 0.00046 350.1 107.4 164.1 6.9 153.0 2.9

WL-16-07 398.1 774.1 25.5 0.51 0.04876 0.00188 0.15852 0.00614 0.02350 0.00036 200.1 95.4 149.4 5.4 149.7 2.3

WL-16-08 367.6 447.1 19.7 0.82 0.05204 0.00282 0.16626 0.00833 0.02356 0.00048 287.1 119.4 156.2 7.3 150.1 3.0

WL-16-09 216.2 185.0 11.3 1.17 0.05437 0.00482 0.17314 0.01332 0.02398 0.00065 387.1 201.8 162.1 11.5 152.8 4.1

WL-16-10 136.0 188.2 8.0 0.72 0.04952 0.00435 0.15921 0.01201 0.02338 0.00056 172.3 192.6 150.0 10.5 149.0 3.5

WL-16-11 276.8 255.5 14.8 1.08 0.05232 0.00361 0.16756 0.00953 0.02332 0.00047 298.2 125.0 157.3 8.3 148.6 3.0

WL-16-12 319.7 362.7 17.8 0.88 0.05030 0.00291 0.16222 0.00862 0.02392 0.00045 209.3 130.5 152.6 7.5 152.4 2.8

WL-16-13 261.4 396.8 15.4 0.66 0.04958 0.00230 0.16032 0.00748 0.02350 0.00046 176.0 107.4 151.0 6.5 149.7 2.9

WL-16-14 326.2 424.4 18.9 0.77 0.04897 0.00245 0.15834 0.00761 0.02358 0.00040 146.4 113.9 149.3 6.7 150.2 2.5

WL-16-15 192.0 291.5 12.4 0.66 0.05364 0.00295 0.17653 0.00902 0.02444 0.00044 366.7 124.1 165.1 7.8 155.7 2.8

WL-16-16 205.8 271.6 11.8 0.76 0.05224 0.00304 0.17368 0.00916 0.02429 0.00052 294.5 133.3 162.6 7.9 154.7 3.3

WL-16-17 233.0 295.0 13.5 0.79 0.04719 0.00274 0.15295 0.00864 0.02350 0.00045 57.5 133.3 144.5 7.6 149.7 2.9

WL-16-18 208.8 179.3 10.4 1.16 0.05395 0.00444 0.16729 0.01182 0.02258 0.00053 368.6 185.2 157.1 10.3 143.9 3.3

Monzogranite

WL-24-01 558.6 727.3 32.4 0.77 0.05105 0.00227 0.16242 0.00676 0.02328 0.00038 242.7 71.3 152.8 5.9 148.4 2.4

WL-24-02 615.6 425.8 32.7 1.45 0.05314 0.00295 0.17716 0.00932 0.02366 0.00044 344.5 123.1 165.6 8.0 150.7 2.8

WL-24-03 423.2 677.0 24.6 0.63 0.05182 0.00206 0.16811 0.00668 0.02359 0.00039 276.0 90.7 157.8 5.8 150.3 2.5

WL-24-04 342.3 517.6 19.5 0.66 0.05003 0.00241 0.16057 0.00748 0.02334 0.00040 194.5 112.9 151.2 6.5 148.8 2.5

WL-24-05 517.4 278.4 22.8 1.86 0.04886 0.00338 0.15313 0.01057 0.02306 0.00048 142.7 151.8 144.7 9.3 147.0 3.0

WL-24-06 297.7 261.9 15.2 1.14 0.04697 0.00336 0.15309 0.01017 0.02345 0.00042 55.7 153.7 144.6 9.0 149.4 2.7

WL-24-07 198.7 172.2 9.6 1.15 0.05258 0.00515 0.17006 0.01303 0.02325 0.00057 309.3 221.3 159.5 11.3 148.1 3.6

WL-24-08 227.7 251.8 12.4 0.90 0.05333 0.00382 0.16285 0.01066 0.02331 0.00053 342.7 162.9 153.2 9.3 148.6 3.4

WL-24-09 542.0 822.4 30.3 0.66 0.05171 0.00195 0.15876 0.00568 0.02215 0.00032 272.3 91.7 149.6 5.0 141.2 2.0

WL-24-10 351.8 343.9 17.7 1.02 0.04739 0.00274 0.15383 0.00786 0.02335 0.00044 77.9 133.3 145.3 6.9 148.8 2.8

WL-24-11 318.0 539.5 17.9 0.59 0.04442 0.00199 0.14253 0.00630 0.02332 0.00036 309.3 221.3 135.3 5.6 148.6 2.2

WL-24-12 223.7 272.8 13.1 0.82 0.04835 0.00423 0.14890 0.01215 0.02322 0.00049 116.8 192.6 140.9 10.7 148.0 3.1

(Continued)
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Table 1. (Continued )

Th U Pb 207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb–206Pb 207Pb–235U 206Pb–238U

Sample No. (ppm) (ppm) (ppm) Th/U Ratio 1σ Ratio 1σ Ratio 1σ Ages (Ma) 1σ Ages (Ma) 1σ Ages (Ma) 1σ

WL-24-13 287.4 213.7 15.1 1.34 0.05124 0.00535 0.16911 0.01621 0.02415 0.00064 250.1 225.9 158.6 14.1 153.8 4.0

WL-24-14 693.2 812.7 35.4 0.85 0.04675 0.00468 0.14273 0.01389 0.02251 0.00036 35.3 225.9 135.5 12.3 143.5 2.2

WL-24-15 552.7 543.6 28.3 1.02 0.04614 0.00513 0.14624 0.01663 0.02280 0.00038 400.1 146.3 138.6 14.7 145.3 2.4

Granodiorite

WL-28-01 338.4 420.7 33.0 0.80 0.05461 0.00223 0.30548 0.01222 0.04036 0.00061 398.2 92.6 270.7 9.5 255.0 3.8

WL-28-02 208.0 333.8 24.4 0.62 0.05612 0.00261 0.32324 0.01352 0.04201 0.00062 457.5 108.3 284.4 10.4 265.3 3.8

WL-28-03 252.7 410.2 26.8 0.62 0.05541 0.00229 0.30384 0.01176 0.03987 0.00070 427.8 86.1 269.4 9.2 252.0 4.4

WL-28-04 280.2 409.6 28.6 0.68 0.04933 0.00284 0.28482 0.01518 0.04018 0.00079 164.9 133.3 254.5 12.0 253.9 4.9

WL-28-05 165.4 276.8 19.0 0.60 0.05230 0.00287 0.31329 0.01555 0.04172 0.00075 298.2 125.9 276.7 12.0 263.5 4.7

WL-28-06 273.4 353.1 26.8 0.77 0.05296 0.00291 0.29248 0.01476 0.04030 0.00072 327.8 128.7 260.5 11.6 254.7 4.4

WL-28-07 288.2 413.3 29.5 0.70 0.05402 0.00268 0.30403 0.01327 0.04099 0.00063 372.3 111.1 269.5 10.3 259.0 3.9

WL-28-08 353.2 505.7 35.0 0.70 0.05401 0.00186 0.30659 0.01002 0.04066 0.00060 372.3 77.8 271.5 7.8 256.9 3.7

WL-28-09 151.1 278.9 16.2 0.54 0.05170 0.00247 0.28841 0.01296 0.04019 0.00074 272.3 111.1 257.3 10.2 254.0 4.6

WL-28-10 241.9 344.6 23.4 0.70 0.05199 0.00233 0.29416 0.01325 0.04039 0.00070 283.4 97.2 261.8 10.4 255.3 4.4

WL-28-11 234.2 375.7 24.6 0.62 0.04913 0.00243 0.27428 0.01253 0.04033 0.00061 153.8 114.8 246.1 10.0 254.9 3.8

WL-28-12 214.6 339.1 22.2 0.63 0.05334 0.00238 0.30313 0.01313 0.04097 0.00066 342.7 101.8 268.8 10.2 258.8 4.1

WL-28-13 198.2 327.1 19.7 0.61 0.05280 0.00234 0.29391 0.01196 0.04054 0.00069 320.4 100.0 261.6 9.4 256.2 4.3

WL-28-14 170.8 287.1 18.4 0.59 0.05354 0.00237 0.30574 0.01396 0.04102 0.00067 353.8 97.2 270.9 10.9 259.1 4.2

WL-28-15 242.9 348.9 24.4 0.70 0.05318 0.00202 0.30269 0.01106 0.04099 0.00055 344.5 82.4 268.5 8.6 259.0 3.4

WL-28-16 220.2 319.4 23.2 0.69 0.05404 0.00273 0.31075 0.01478 0.04165 0.00065 372.3 114.8 274.8 11.4 263.1 4.1

WL-28-17 199.4 314.2 22.1 0.63 0.05470 0.00242 0.32086 0.01434 0.04228 0.00068 398.2 98.1 282.6 11.0 267.0 4.2

WL-28-18 182.2 294.4 19.5 0.62 0.05495 0.00244 0.31144 0.01298 0.04149 0.00067 409.3 98.1 275.3 10.1 262.0 4.1

WL-31-01 251.1 341.0 29.0 0.74 0.05509 0.00240 0.33844 0.01417 0.04458 0.00084 416.7 93.5 296.0 10.7 281.2 5.2

WL-31-02 417.6 561.2 44.6 0.74 0.05502 0.00203 0.31974 0.01062 0.04246 0.00073 413.0 83.3 281.7 8.2 268.0 4.5

WL-31-03 282.9 426.0 28.1 0.66 0.05438 0.00182 0.31139 0.00960 0.04156 0.00061 387.1 75.9 275.3 7.4 262.5 3.8

WL-31-04 372.2 470.1 36.7 0.79 0.05322 0.00206 0.29645 0.01120 0.04007 0.00052 338.9 88.9 263.6 8.8 253.3 3.3

WL-31-05 318.0 381.4 30.2 0.83 0.05470 0.00231 0.29514 0.01113 0.03954 0.00064 466.7 99.1 262.6 8.7 250.0 4.0

WL-31-06 159.1 277.6 17.4 0.57 0.05660 0.00276 0.31513 0.01467 0.04070 0.00068 476.0 112.0 278.2 11.3 257.2 4.2

WL-31-07 143.2 247.0 17.7 0.58 0.05381 0.00308 0.29315 0.01515 0.03961 0.00073 361.2 129.6 261.0 11.9 250.4 4.5

WL-31-08 271.1 358.8 26.1 0.76 0.05127 0.00197 0.28218 0.01125 0.03961 0.00065 253.8 88.9 252.4 8.9 250.4 4.0

WL-31-09 339.7 398.7 33.0 0.85 0.05116 0.00206 0.28564 0.01082 0.04066 0.00068 255.6 92.6 255.1 8.5 256.9 4.2

WL-31-10 156.8 247.8 16.6 0.63 0.05187 0.00325 0.29473 0.01440 0.04193 0.00098 279.7 144.4 262.3 11.3 264.8 6.0

WL-31-11 250.1 338.8 23.3 0.74 0.05268 0.00232 0.28961 0.01303 0.03970 0.00068 322.3 100.0 258.2 10.3 251.0 4.2
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Table 1. (Continued )

Th U Pb 207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb–206Pb 207Pb–235U 206Pb–238U

Sample No. (ppm) (ppm) (ppm) Th/U Ratio 1σ Ratio 1σ Ratio 1σ Ages (Ma) 1σ Ages (Ma) 1σ Ages (Ma) 1σ

WL-31-12 210.2 323.4 22.2 0.65 0.05312 0.00245 0.29517 0.01355 0.04032 0.00071 344.5 100.9 262.6 10.6 254.8 4.4

WL-31-13 231.1 325.0 23.2 0.71 0.05755 0.01410 0.31316 0.07378 0.04004 0.00424 522.3 453.7 276.6 57.1 253.1 26.3

WL-31-14 368.3 509.2 37.1 0.72 0.05710 0.01208 0.32558 0.06628 0.04152 0.00380 494.5 411.1 286.2 50.8 262.3 23.5

WL-31-15 130.5 237.3 14.4 0.55 0.05472 0.01003 0.30587 0.05407 0.04053 0.00318 466.7 299.7 271.0 42.0 256.1 19.7

WL-31-16 255.5 348.8 24.5 0.73 0.05415 0.00824 0.29514 0.04302 0.04005 0.00257 376.0 311.1 262.6 33.7 253.2 15.9

WL-31-17 212.0 334.9 22.2 0.63 0.05113 0.00620 0.28424 0.03364 0.03989 0.00206 255.6 250.0 254.0 26.6 252.1 12.8

WL-31-18 260.4 366.6 24.3 0.71 0.05654 0.00230 0.31198 0.01216 0.03996 0.00060 472.3 86.1 275.7 9.4 252.6 3.7

WL-31-19 198.5 322.9 21.8 0.61 0.05326 0.00260 0.30904 0.01331 0.04150 0.00071 338.9 111.1 273.4 10.3 262.1 4.4

WL-31-20 197.0 322.5 20.0 0.61 0.05644 0.00253 0.31122 0.01447 0.03959 0.00064 477.8 98.1 275.1 11.2 250.3 4.0

WL-31-21 405.5 454.1 38.1 0.89 0.05443 0.00218 0.30040 0.01168 0.03998 0.00067 387.1 90.7 266.7 9.1 252.7 4.2

WL-31-22 193.2 284.7 19.8 0.68 0.05084 0.00270 0.28096 0.01456 0.03983 0.00065 235.3 122.2 251.4 11.5 251.8 4.0

MMEs

WL-34-01 238.8 336.9 24.7 0.71 0.05215 0.00229 0.29899 0.01132 0.04078 0.00063 300.1 101.8 265.6 8.9 257.7 3.9

WL-34-02 298.9 426.5 30.7 0.70 0.05071 0.00230 0.28551 0.01270 0.04064 0.00062 227.8 103.7 255.0 10.0 256.8 3.8

WL-34-03 500.1 520.3 44.1 0.96 0.05160 0.00202 0.28960 0.01087 0.04054 0.00061 333.4 88.9 258.2 8.6 256.1 3.8

WL-34-04 163.0 222.4 17.2 0.73 0.05152 0.00277 0.28464 0.01324 0.04065 0.00071 264.9 91.7 254.3 10.5 256.9 4.4

WL-34-05 391.3 457.1 36.4 0.86 0.05033 0.00192 0.28227 0.01039 0.04040 0.00055 209.3 88.9 252.5 8.2 255.3 3.4

WL-34-06 316.9 394.2 31.6 0.80 0.05023 0.00214 0.27965 0.01169 0.04010 0.00064 205.6 100.0 250.4 9.3 253.5 3.9

WL-34-07 324.9 408.7 33.9 0.79 0.05226 0.00299 0.28905 0.01336 0.03920 0.00157 298.2 129.6 257.8 10.5 247.9 9.7

WL-34-08 689.9 705.6 61.2 0.98 0.04803 0.00175 0.26529 0.00960 0.03955 0.00051 101.9 85.2 238.9 7.7 250.0 3.2

WL-34-09 347.0 408.9 32.9 0.85 0.05246 0.00431 0.27897 0.01970 0.03931 0.00069 305.6 188.9 249.8 15.6 248.5 4.3

WL-34-10 653.2 588.2 61.8 1.11 0.05081 0.00210 0.28118 0.01084 0.03987 0.00061 231.6 62.0 251.6 8.6 252.0 3.8

WL-34-11 119.2 216.7 15.2 0.55 0.04938 0.00269 0.27053 0.01417 0.03952 0.00075 164.9 125.9 243.1 11.3 249.8 4.7

WL-34-12 274.2 397.5 28.2 0.69 0.05060 0.00201 0.28147 0.01097 0.03992 0.00056 233.4 97.2 251.8 8.7 252.3 3.5

WL-34-13 292.0 381.3 28.8 0.77 0.05052 0.00223 0.27931 0.01189 0.03988 0.00063 220.4 97.2 250.1 9.4 252.1 3.9

WL-34-14 203.0 401.9 25.3 0.51 0.05457 0.00353 0.29951 0.01182 0.04109 0.00076 394.5 178.7 266.0 9.2 259.6 4.7

WL-34-15 402.7 428.8 39.3 0.94 0.05143 0.00209 0.29453 0.01153 0.04126 0.00064 261.2 92.6 262.1 9.0 260.6 4.0

WL-34-16 362.0 424.2 34.9 0.85 0.05040 0.00252 0.28288 0.01511 0.03998 0.00055 213.0 112.0 252.9 12.0 252.7 3.4

WL-34-17 175.4 267.9 18.2 0.65 0.05166 0.00334 0.28512 0.01826 0.03982 0.00065 333.4 145.4 254.7 14.4 251.7 4.0

WL-34-18 229.5 315.9 22.0 0.73 0.05307 0.00229 0.29677 0.01208 0.04054 0.00064 331.5 98.1 263.9 9.5 256.2 4.0

WL-34-19 649.7 680.6 60.2 0.95 0.05164 0.00186 0.28793 0.01059 0.03988 0.00053 333.4 83.3 256.9 8.3 252.1 3.3

WL-34-20 129.9 223.0 14.1 0.58 0.05439 0.00244 0.30934 0.01410 0.04091 0.00074 387.1 100.0 273.7 10.9 258.5 4.6

WL-34-21 224.8 283.8 23.7 0.79 0.05620 0.00224 0.32031 0.01233 0.04128 0.00072 461.2 88.9 282.1 9.5 260.8 4.5
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CaO= 0.46–0.79 wt %, P2O5= 0.02–0.05 wt % and TiO2= 0.09–
0.15 wt %. They have low MgO contents of 0.12–0.21 wt % and
Mg no. values of 18.04–22.17.

On a total alkalis versus SiO2 diagram (Middlemost, 1994),
most monzogranite and granite porphyry samples plot in the
granite field (Fig. 8a). The granodiorite samples plot in the gran-
odiorite field, while theMMEs plot in the diorite andmonzodiorite
fields (Fig. 8a). On a K2O versus SiO2 diagram (Peccerillo & Taylor,
1976), the MMEs and granodiorite plot in the calc-alkaline
field while the monzogranite and granite porphyry plot in the
high-K calc-alkaline to shoshonite fields (Fig. 8b). On an A/NK
(molar Al2O3/(Na2Oþ K2O)) versus A/CNK (molar Al2O3/
(CaOþNa2Oþ K2O)) diagram (Maniar & Piccoli, 1989),
all MME samples can be classified as metaluminous rocks, with
A/CNK ratios of 0.91–0.92 (Fig. 8c). Comparatively, most grano-
diorite sample spots plot near the weakly peraluminous field,
with A/CNK ratios of 0.99–1.12 (Fig. 8c). All monzogranite and
granite porphyry samples plot in the weakly peraluminous field,
with A/CNK ratios of 1.03–1.11 (Fig. 8c).

On a chondrite-normalized rare earth element (REE) diagram,
all MMEs, granodiorite, monzogranite and granite porphyry
samples exhibit light REE (LREE) enrichment and heavy
REE (HREE) depletion, with (La/Yb)N ratios of 5.59–6.19,
11.67–14.03, 6.79–16.56 and 9.65–14.99, respectively (Fig. 9a;
Table 3). The granodiorites show slight negative Eu anomalies
(Eu/Eu* = 0.87–0.98) while the MMEs have moderate negative
Eu anomalies (Eu/Eu* = 0.66). Comparatively, the monzogranite
and granite porphyry display significant negative Eu anomalies

(Eu/Eu* = 0.28–0.52) (Fig. 9a; Table 3). On a primitive-
mantle-normalized trace-element diagram (Sun & McDonough,
1989), all granodiorite and MME samples are characterized by
enrichment in large-ion lithophile elements (LILEs; e.g. Rb, Th,
K and Pb), and depletion in high field strength elements (HFSEs;
e.g. Nb, Ta, P and Ti) (Fig. 9b). Comparatively, most monzogranite
and granite porphyry samples exhibit stronger negative Ba, Sr,
P and Ti anomalies than the granodiorite and MMEs (Fig. 9b).

5. Discussion

5.a. Timing of magmatism and associated W mineralization

Constraints on the timing and duration of ore-related magmatic
events are crucial for understanding ore deposit formation, from
both academic and economic viewpoints (Stein, 2014). In the study
area, the barren granodiorites, which yield emplacement ages of
258.5–254.7 Ma (late Permian), record a pre-mineralization
magmatic event. The W-bearing monzogranite and granite
porphyry were emplaced after the barren granodiorite, yielding
zircon U–Pb ages of 148.1 ± 2.1 Ma and 149.8 ± 2.7 Ma, respec-
tively. Considering the Mesozoic extensive and intense W miner-
alization event in NE China, W mineralization at Narenwula was
not an isolated event. Previous geochronological studies reported a
wide range of ages for the W-related granitic intrusions in NE
China. The LXZB experienced widespreadW-related tectonomag-
matic events during Early Triassic and Early and Middle Jurassic
times, with the emplacement of granitoids such as the Yangjingou

Fig. 5. (Colour online) CL images of selected zircons from the representative granitic intrusions andMMEs from theNarenwula complex. Red solid circles are the locations of U–Pb
analyses and dashed circles are the locations of Hf analyses.
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Fig. 6. (Colour online) (a–e) Zircon U–Pb Concordia diagrams for the granitoids and MMEs from the Narenwula complex. (f) Histogram and probability plot of the zircon
U–Pb ages of W-related granitoids in NE China. Abbreviations: NCGB – northern and central Great Xing’an Range belt; SGB – southern Great Xing’an Range belt;
LXZB – Lesser Xing’an–Zhangguangcai Range belt. Data sources are listed in online Supplementary Material Table S1.
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Table 2. Hf isotopic compositions of zircons from the Narenwula complex and MMEs

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

Granite porphyry

WL-16-01 0.282587 0.000018 0.001136 0.000011 0.035439 0.000226 155 −6.5 −3.2 944 1409 −0.97

WL-16-02 0.282588 0.000014 0.000660 0.000011 0.022137 0.000353 148 −6.5 −3.3 931 1409 −0.98

WL-16-03 0.282577 0.000014 0.001099 0.000036 0.037884 0.001370 151 −6.9 −3.7 957 1434 −0.97

WL-16-04 0.282568 0.000019 0.000824 0.000013 0.026219 0.000298 157 −7.2 −3.9 964 1451 −0.98

WL-16-05 0.282512 0.000021 0.001248 0.000010 0.040115 0.000279 150 −9.2 −6.0 1054 1583 −0.96

WL-16-06 0.282574 0.000015 0.001047 0.000009 0.031898 0.000252 153 −7.0 −3.7 960 1439 −0.97

WL-16-07 0.282577 0.000012 0.000995 0.000011 0.033832 0.000206 150 −6.9 −3.7 956 1436 −0.97

WL-16-08 0.282536 0.000015 0.001184 0.000018 0.039218 0.000492 150 −8.4 −5.2 1019 1529 −0.96

WL-16-09 0.282602 0.000014 0.000732 0.000010 0.024861 0.000207 153 −6.0 −2.7 914 1376 −0.98

WL-16-10 0.282544 0.000013 0.000664 0.000006 0.022223 0.000057 149 −8.1 −4.9 993 1508 −0.98

WL-16-11 0.282592 0.000014 0.000875 0.000007 0.030374 0.000214 149 −6.4 −3.2 931 1402 −0.97

WL-16-12 0.282556 0.000014 0.000797 0.000005 0.028506 0.000239 152 −7.6 −4.4 980 1480 −0.98

WL-16-13 0.282536 0.000014 0.000926 0.000021 0.027896 0.000577 150 −8.4 −5.2 1011 1527 −0.97

WL-16-14 0.282594 0.000018 0.001121 0.000034 0.035098 0.001121 150 −6.3 −3.1 934 1398 −0.97

WL-16-15 0.282552 0.000013 0.000931 0.000016 0.030224 0.000324 156 −7.8 −4.4 988 1487 −0.97

WL-16-16 0.282618 0.000012 0.000751 0.000005 0.025482 0.000242 155 −5.4 −2.1 891 1338 −0.98

WL-16-17 0.282582 0.000011 0.000874 0.000017 0.027749 0.000475 150 −6.7 −3.5 945 1423 −0.97

WL-16-18 0.282616 0.000018 0.001099 0.000011 0.034897 0.000212 144 −5.5 −2.5 903 1352 −0.97

Monzogranite

WL-24-01 0.282603 0.000016 0.001605 0.000024 0.051525 0.000714 148 −6.0 −2.9 934 1382 −0.95

WL-24-02 0.282574 0.000015 0.001262 0.000021 0.040957 0.000399 151 −7.0 −3.8 966 1442 −0.96

WL-24-03 0.282557 0.000013 0.000748 0.000012 0.024942 0.000255 150 −7.6 −4.4 977 1478 −0.98

WL-24-04 0.282534 0.000012 0.001025 0.000012 0.034762 0.000472 149 −8.4 −5.2 1016 1532 −0.97

WL-24-05 0.282556 0.000019 0.001615 0.000012 0.053315 0.000307 147 −7.6 −4.6 1000 1487 −0.95

WL-24-06 0.282540 0.000013 0.001129 0.000004 0.039516 0.000147 149 −8.2 −5.0 1011 1519 −0.97

WL-24-07 0.282617 0.000015 0.001346 0.000039 0.045183 0.001165 148 −5.5 −2.4 907 1348 −0.96

WL-24-08 0.282556 0.000013 0.000693 0.000008 0.022284 0.000337 149 −7.6 −4.4 977 1481 −0.98

WL-24-09 0.282578 0.000012 0.000764 0.000005 0.026004 0.000290 141 −6.9 −3.8 948 1437 −0.98

WL-24-10 0.282542 0.000014 0.001063 0.000027 0.036070 0.000719 149 −8.1 −5.0 1006 1514 −0.97

WL-24-11 0.282589 0.000013 0.000763 0.000011 0.025341 0.000262 149 −6.5 −3.3 933 1408 −0.98

WL-24-12 0.282558 0.000014 0.000840 0.000006 0.028411 0.000241 148 −7.6 −4.4 978 1478 −0.97

WL-24-13 0.282598 0.000015 0.001211 0.000025 0.038446 0.000541 154 −6.2 −2.9 931 1388 −0.96
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Table 2. (Continued )

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

WL-24-14 0.282571 0.000016 0.001781 0.000036 0.058475 0.001116 144 −7.1 −4.1 984 1456 −0.95

WL-24-15 0.282587 0.000017 0.001107 0.000011 0.034888 0.000617 145 −6.6 −3.5 944 1417 −0.97

Granodiorite

WL-28-01 0.282640 0.000014 0.001104 0.000008 0.033456 0.000190 255 −4.7 0.8 869 1231 −0.97

WL-28-02 0.282670 0.000014 0.001350 0.000015 0.036784 0.000211 265 −3.6 2.0 832 1161 −0.96

WL-28-03 0.282659 0.000014 0.001127 0.000005 0.034719 0.000147 252 −4.0 1.3 843 1192 −0.97

WL-28-04 0.282662 0.000016 0.001163 0.000006 0.033037 0.000153 254 −3.9 1.5 839 1183 −0.96

WL-28-05 0.282711 0.000016 0.001120 0.000008 0.030681 0.000189 264 −2.1 3.4 768 1067 −0.97

WL-28-06 0.282672 0.000016 0.001172 0.000010 0.031812 0.000253 255 −3.5 1.9 825 1161 −0.96

WL-28-07 0.282631 0.000013 0.001638 0.000053 0.043024 0.001370 259 −5.0 0.4 895 1256 −0.95

WL-28-08 0.282673 0.000013 0.001376 0.000032 0.042425 0.000901 257 −3.5 1.9 828 1159 −0.96

WL-28-09 0.282680 0.000015 0.001874 0.000042 0.054084 0.000874 254 −3.2 2.0 829 1151 −0.94

WL-28-10 0.282643 0.000012 0.001314 0.000007 0.039848 0.000214 255 −4.5 0.8 869 1226 −0.96

WL-28-11 0.282670 0.000014 0.000844 0.000008 0.022550 0.000296 255 −3.6 1.9 820 1161 −0.97

WL-28-12 0.282674 0.000013 0.000952 0.000003 0.027064 0.000123 259 −3.5 2.1 818 1152 −0.97

WL-28-13 0.282670 0.000014 0.001066 0.000008 0.031243 0.000204 256 −3.6 1.8 825 1163 −0.97

WL-28-14 0.282680 0.000014 0.001178 0.000022 0.032892 0.000600 259 −3.2 2.3 814 1140 −0.96

WL-28-15 0.282673 0.000014 0.001189 0.000006 0.033387 0.000111 259 −3.5 2.0 825 1157 −0.96

WL-28-16 0.282654 0.000019 0.001046 0.000008 0.028031 0.000181 263 −4.2 1.4 848 1195 −0.97

WL-28-17 0.282655 0.000015 0.001307 0.000043 0.035385 0.000934 267 −4.1 1.5 852 1194 −0.96

WL-28-18 0.282646 0.000014 0.000858 0.000007 0.023770 0.000124 262 −4.4 1.2 855 1211 −0.97

WL-31-01 0.282708 0.000014 0.001473 0.000006 0.044045 0.000116 281 −2.3 3.6 781 1069 −0.96

WL-31-02 0.282670 0.000013 0.001620 0.000021 0.049011 0.000862 268 −3.6 2.0 838 1162 −0.95

WL-31-03 0.282674 0.000012 0.001365 0.000019 0.040909 0.000519 263 −3.5 2.1 827 1154 −0.96

WL-31-04 0.282696 0.000015 0.001191 0.000016 0.033086 0.000573 253 −2.7 2.7 791 1107 −0.96

WL-31-05 0.282689 0.000014 0.001223 0.000012 0.034687 0.000318 250 −2.9 2.4 802 1126 −0.96

WL-31-06 0.282681 0.000017 0.001247 0.000007 0.033087 0.000308 257 −3.2 2.2 814 1140 −0.96

WL-31-07 0.282661 0.000013 0.000740 0.000004 0.020608 0.000149 250 −3.9 1.4 832 1185 −0.98

WL-31-08 0.282695 0.000015 0.001357 0.000024 0.039155 0.000557 250 −2.7 2.6 796 1113 −0.96

WL-31-09 0.282688 0.000017 0.001230 0.000014 0.034462 0.000516 257 −3.0 2.5 804 1124 −0.96

WL-31-10 0.282649 0.000014 0.001023 0.000017 0.029160 0.000442 265 −4.3 1.3 854 1204 −0.97

WL-31-11 0.282695 0.000018 0.001358 0.000009 0.033470 0.000224 251 −2.7 2.5 797 1114 −0.96

WL-31-12 0.282689 0.000015 0.001194 0.000016 0.032133 0.000168 255 −2.9 2.5 801 1122 −0.96
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Table 2. (Continued )

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

WL-31-13 0.282649 0.000012 0.001102 0.000003 0.032040 0.000132 253 −4.3 1.0 856 1212 −0.97

WL-31-14 0.282687 0.000013 0.001461 0.000011 0.043236 0.000296 262 −3.0 2.5 811 1127 −0.96

WL-31-15 0.282679 0.000013 0.001113 0.000029 0.031476 0.000657 256 −3.3 2.1 814 1144 −0.97

WL-31-16 0.282677 0.000017 0.001324 0.000008 0.033071 0.000160 253 −3.3 2.0 821 1151 −0.96

WL-31-17 0.282658 0.000012 0.001443 0.000010 0.043991 0.000333 252 −4.0 1.3 852 1198 −0.96

WL-31-18 0.282677 0.000014 0.001248 0.000008 0.037857 0.000136 253 −3.4 2.0 820 1152 −0.96

WL-31-19 0.282679 0.000013 0.001169 0.000005 0.031721 0.000146 262 −3.3 2.3 816 1142 −0.96

WL-31-20 0.282649 0.000013 0.001352 0.000026 0.035732 0.000487 250 −4.3 0.9 862 1217 −0.96

WL-31-21 0.282692 0.000013 0.001480 0.000012 0.041203 0.000330 253 −2.8 2.5 803 1120 −0.96

WL-31-22 0.282684 0.000013 0.000948 0.000005 0.027820 0.000082 252 −3.1 2.3 803 1133 −0.97

MMEs

WL-34-01 0.282648 0.000013 0.001323 0.000010 0.040541 0.000396 258 −4.4 1.1 862 1214 −0.96

WL-34-02 0.282651 0.000015 0.001228 0.000003 0.035421 0.000207 257 −4.3 1.2 856 1208 −0.96

WL-34-03 0.282653 0.000014 0.001310 0.000012 0.035929 0.000337 256 −4.2 1.2 856 1205 −0.96

WL-34-04 0.282623 0.000013 0.001089 0.000012 0.033216 0.000465 257 −5.3 0.2 893 1269 −0.97

WL-34-05 0.282649 0.000016 0.001300 0.000013 0.036705 0.000509 255 −4.4 1.0 861 1214 −0.96

WL-34-06 0.282659 0.000013 0.001111 0.000007 0.032179 0.000104 253 −4.0 1.4 842 1191 −0.97

WL-34-07 0.282650 0.000021 0.001431 0.000016 0.035557 0.000394 248 −4.3 0.9 863 1218 −0.96

WL-34-08 0.282663 0.000016 0.001317 0.000016 0.035851 0.000238 250 −3.9 1.4 841 1186 −0.96

WL-34-09 0.282669 0.000015 0.001476 0.000019 0.039930 0.000217 249 −3.6 1.6 836 1175 −0.96

WL-34-10 0.282671 0.000014 0.001223 0.000008 0.034173 0.000344 252 −3.6 1.8 827 1165 −0.96

WL-34-11 0.282660 0.000012 0.001105 0.000013 0.032854 0.000365 250 −4.0 1.3 841 1191 −0.97

WL-34-12 0.282659 0.000015 0.001238 0.000004 0.035580 0.000116 252 −4.0 1.3 845 1192 −0.96

WL-34-13 0.282703 0.000014 0.001318 0.000006 0.039490 0.000365 252 −2.5 2.9 785 1095 −0.96

WL-34-14 0.282668 0.000014 0.001390 0.000013 0.040759 0.000518 260 −3.7 1.8 836 1169 −0.96

WL-34-15 0.282720 0.000019 0.002195 0.000028 0.058585 0.000988 261 −1.8 3.5 778 1061 −0.93

WL-34-16 0.282698 0.000015 0.001049 0.000012 0.027791 0.000181 253 −2.6 2.8 786 1102 −0.97

WL-34-17 0.282641 0.000015 0.001097 0.000002 0.030705 0.000147 252 −4.6 0.7 867 1232 −0.97

WL-34-18 0.282624 0.000017 0.001572 0.000022 0.044525 0.000459 256 −5.2 0.1 903 1272 −0.95

WL-34-19 0.282671 0.000015 0.001908 0.000006 0.055827 0.000315 252 −3.6 1.7 843 1172 −0.94

WL-34-20 0.282664 0.000013 0.000875 0.000004 0.025140 0.000118 258 −3.8 1.7 830 1174 −0.97

WL-34-21 0.282629 0.000012 0.001226 0.000005 0.034199 0.000171 261 −5.1 0.5 887 1255 −0.96
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scheelite deposit (249.4 Ma) (Zhao, 2014), Cuihongshan
W–Mo–Pb–Zn–(Fe–Cu) ore district (199.8–172.3 Ma) (Liu,
2009; Shao et al. 2011; Hu et al. 2014; Fei et al. 2018),
Gongpengzi Cu–Zn–W polymetallic ore district (173.28 and
173.46Ma) (Li, Y. S. et al. 2019), Xing’antun W–Mo ore district
(195.4 Ma) (Wang et al. 2019), Sanjiazi scheelite ore
district (172.4 Ma) (Ren et al. 2009) and Baishilizi W ore district
(198.3 Ma) (Zhao, 2014). The W-related intrusive rocks in the
NCGB mainly have Early–Middle Jurassic and Late Jurassic –
Early Cretaceous ages, including granitoids dominated by
monzogranite, quartz monzonite and biotite granite from the
Honghuaerji W polymetallic ore district (179.4–178.6 Ma)
(Xiang et al. 2014; Guo et al. 2015), biotite granite and biotite
monzogranite from the Shamai W ore district (153.0–139.1 Ma)
(Jiang et al. 2016; Li et al. 2016), granite from the Weilianhe
region (143Ma) (Xiang et al. 2018), fine-grained granite,
granite porphyry and monzogranite from the Wurinitu region
(139.7–131.9 Ma) (Liu et al. 2011; Yang et al. 2016; Zhang et al.
2016), and biotite monzogranite and quartz porphyry from the
Dayana W–Mo ore district (135–130Ma) (Xiang et al. 2016).
The timing of the late Mesozoic W-related granitic magmatism
in the SGB mainly indicates a Late Jurassic – Early Cretaceous
age, including granitoids dominated by granite porphyry from
the Dongshanwan Mo–W ore district (142.2 and 151.4 Ma)
(Zeng et al. 2015b; Zhang, X. B. et al. 2017), granite from the
Xiaodonggou Mo–W ore district (142Ma) (Qin et al. 2009;
Zeng et al. 2010), quartz porphyry, monzogranite and granite from
the Weilasituo Sn–W–Cu–Zn ore district (140–135.7 Ma) (Liu
et al. 2016, 2018; Zhai et al. 2016; Zhu et al. 2016; Yang et al.
2019), and granite from the Sansheng W–Mo ore district
(136 Ma) (Zhou, 2013) and the Daolundaba Cu–W–Sn ore district
(135 Ma) (Chen et al. 2018).

To obtain a more comprehensive understanding of W-related
granitic magmatism in NE China, we integrated the results
obtained in this study with previously published zircon U–Pb ages
to distinguish three periods of W-related granitic magmatism:
Early Triassic, Early–Middle Jurassic and Late Jurassic – Early
Cretaceous (online Supplementary Material Table S1; Fig. 6f).
Early Triassic W-related granitoids, with isotopic ages of
250–245Ma, rarely occur in the LXZB. Early–Middle Jurassic

W-related granitoids are widely distributed in the LXZB and scat-
tered throughout the NCGB, ranging in age from 200 to 170Ma.
Late Jurassic – Early Cretaceous W-related granitoids are widely
exposed in the SGB, whereas there are minor occurrences in the
NCGB, with ages ranging from 155 to 125 Ma (Figs 1c, 6f). The
Late Jurassic granitic magmatism and W mineralization in
Narenwula are consistent with the regional Late Jurassic to
Early Cretaceous W-related tectonomagmatic–hydrothermal
events.

5.b. Petrogenesis of the MMEs and host granodiorite

5.b.1. MMEs
MMEs are commonly observed in calc-alkaline granitic plutons,
and can provide crucial insights into the petrogenesis of the host
plutons (Didier, 1973; Chappell, 1996; Barbarin, 2005; Li, R. et al.
2021). Four models have been proposed to interpret the genesis of
MMEs in granitoids: (a) recrystallized and residual phase assemb-
lages (Chappell et al. 1987; Chen et al. 1989; Chappell & White,
1992; White et al. 1999); (b) xenoliths of the surrounding rock
(Maas et al. 1997; Bonin, 2004); (c) cognate mafic accumulation
in the felsic host magma (Tindle & Pearce, 1983; Clemens &
Wall, 1988; Dodge & Kistler, 1990; Collins et al. 2006), and
(d) products of magma mixing between mafic components and
felsic magma (Yang et al. 2004; Barbarin, 2005; Clemens &
Stevens, 2012).

TheMMEs from the granodiorite display a porphyritic or hypi-
diomorphic granular texture without metamorphic or sedimentary
textures (Fig. 4d, e). All MMEs contain the same mineral assemb-
lages as the host granodiorites, but with increased mafic and
plagioclase components relative to other felsic components
(Fig. 4d, e). These textual features and identical zircon U–Pb ages
between the MMEs and host granodiorites provide evidence
against a residual or xenolith origin. Additionally, the lack of
cumulate textures in the MMEs indicates that they are not mafic
mineral cumulates (Didier, 1973; Vernon, 2014). The MMEs show
complex and diverse shapes: many are irregularly ellipsoidal with
sharp contacts with the host granitoids, and show ductile deforma-
tion (Fig. 4a). This phenomenon can imply significant contrasts in
both temperature and viscosity between the injected mafic and

Fig. 7. (Colour online) ϵHf(t) versus age (t) diagrams for granitic intrusions and MMEs from the Narenwula complex. Abbreviations: CAOB – Central Asian Orogenic Belt;
YFTB – Yanshan Fold and Thrust Belt (Yang et al. 2006).
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Table 3. Major (wt %) and trace-element (ppm) compositions of the Narenwula complex and MMEs

Age (Ma) 148.1 148.1 148.1 148.1 148.1 148.1 149.8 149.8 149.8 149.8 149.8 149.8 258.5 258.5 254.7 254.7 253.9 253.9

Sample WL-5 WL-19 WL-23 WL-25 WL-26-1 WL-27 WL-6 WL-7-2 WL-8-2 WL-17 WL-18 WL-26-2 WL-29 WL-30 WL-32-2 WL-32-3 WL-33-2 WL-34-2

Lithology Monzogranite Granite porphyry Granodiorite MMEs

SiO2 74.55 73.77 74.78 73.73 75.65 75.48 75.03 74.97 74.65 74.32 74.89 74.55 70.72 68.32 67.24 68.43 58.03 55.53

Al2O3 13.64 13.64 13.52 13.82 12.86 12.92 13.14 13.16 13.52 13.64 13.42 13.58 14.30 15.02 15.46 15.00 16.76 17.08

Fe2O3
T 1.32 1.37 1.26 1.46 1.08 1.14 1.16 1.18 1.27 1.35 1.22 1.30 3.08 3.93 4.41 3.98 8.21 9.16

FeOT 1.19 1.23 1.13 1.31 0.97 1.03 1.04 1.06 1.14 1.21 1.10 1.17 2.77 3.54 3.97 3.58 7.39 8.24

CaO 0.66 0.74 0.62 0.79 0.46 0.56 0.59 0.6 0.65 0.72 0.61 0.66 2.78 3.23 3.98 2.65 5.33 5.04

MgO 0.18 0.19 0.16 0.21 0.12 0.14 0.14 0.15 0.17 0.18 0.16 0.17 1.06 1.38 1.60 1.42 3.27 3.66

K2O 5.05 5.49 5.21 5.39 4.87 4.76 4.94 5.09 5.09 4.99 4.98 4.97 3.10 2.64 2.40 3.15 1.96 2.48

Na2O 3.48 3.65 3.56 3.73 3.67 3.65 3.53 3.39 3.31 3.55 3.44 3.57 3.35 3.30 3.51 3.14 4.00 4.09

TiO2 0.13 0.14 0.12 0.15 0.09 0.09 0.09 0.09 0.12 0.14 0.10 0.13 0.29 0.36 0.38 0.34 0.77 0.97

MnO 0.04 0.04 0.04 0.03 0.05 0.05 0.03 0.04 0.03 0.05 0.04 0.04 0.07 0.09 0.09 0.08 0.19 0.21

P2O5 0.03 0.04 0.02 0.05 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.08 0.09 0.11 0.10 0.23 0.25

Mg no. 21.27 21.55 20.10 22.17 18.04 19.57 19.29 20.12 20.96 20.89 20.62 20.57 40.54 41.02 41.82 41.41 44.10 44.18

σ 2.31 2.71 2.42 2.71 2.23 2.18 2.24 2.25 2.23 2.33 2.22 2.31 1.50 1.39 1.44 1.56 2.36 3.44

A/NK 1.22 1.14 1.18 1.15 1.14 1.16 1.18 1.19 1.23 1.21 1.21 1.21 1.61 1.81 1.85 1.75 1.93 1.81

A/CNK 1.10 1.03 1.07 1.03 1.06 1.06 1.07 1.08 1.11 1.09 1.10 1.09 1.03 1.06 0.99 1.12 0.91 0.92

Na2O/K2O 0.69 0.66 0.68 0.69 0.75 0.77 0.71 0.67 0.65 0.71 0.69 0.72 1.08 1.25 1.46 1.00 2.04 1.65

Na2Oþ K2O 8.53 9.14 8.77 9.12 8.54 8.41 8.47 8.48 8.40 8.54 8.42 8.54 6.45 5.94 5.91 6.29 5.96 6.57

LOI 0.82 0.88 0.72 0.80 0.53 0.70 0.79 0.88 0.93 0.77 1.00 0.83 0.89 1.35 0.73 1.28 0.99 1.17

Total 100.05 100.08 99.96 99.74 99.73 97.79 99.91 100.13 99.92 99.87 100.19 98.33 99.35 99.27 98.87 100.94 100.70 100.53

La 39.30 39.70 40.70 47.10 33.70 44.70 28.80 31.40 23.40 34.50 34.60 26.20 23.30 23.40 27 20.50 20.90 23.90

Ce 84.80 73.70 80.50 92.20 66.30 88.30 63.30 69.30 53.50 78.30 73.80 54.90 47.00 48.40 52.50 38.40 49.20 56.50

Pr 7.72 7.43 7.82 9.94 6.67 8.83 5.49 6.80 4.51 7.67 7.54 5.85 3.97 4.44 4.97 3.98 6.22 6.59

Nd 24.40 22.30 24.40 31.00 20.30 27.10 16.20 21.60 14.80 25.40 24.50 18.20 12.30 14.30 15.70 13.10 23.10 24.10

Sm 4.65 3.70 4.65 5.94 3.93 5.38 2.81 4.84 3.41 5.26 5.06 4.27 2.42 2.66 2.92 2.54 5.24 5.51

Eu 0.46 0.47 0.49 0.61 0.41 0.45 0.42 0.45 0.29 0.39 0.40 0.36 0.62 0.76 0.75 0.68 1.06 1.11

Gd 3.38 2.38 3.31 3.97 3.52 4.62 2.13 3.64 2.54 3.51 3.27 3.15 1.95 2.13 2.36 2.14 4.66 4.82

Tb 0.57 0.37 0.54 0.65 0.63 0.82 0.38 0.62 0.41 0.53 0.50 0.51 0.33 0.35 0.39 0.36 0.76 0.79

Dy 3.16 1.99 2.91 3.19 3.77 4.79 2.17 3.00 2.19 2.78 2.61 2.77 1.88 2.04 2.23 1.99 4.32 4.52

Ho 0.71 0.41 0.59 0.63 0.83 1.02 0.50 0.57 0.40 0.55 0.52 0.54 0.39 0.43 0.46 0.41 0.92 0.93

Er 2.17 1.26 1.80 1.86 2.70 3.07 1.63 1.67 1.09 1.68 1.56 1.57 1.14 1.22 1.35 1.20 2.59 2.63

Tm 0.36 0.23 0.30 0.33 0.48 0.50 0.29 0.27 0.17 0.29 0.25 0.24 0.19 0.19 0.21 0.18 0.42 0.41

Yb 2.59 1.72 2.12 2.40 3.56 3.42 2.14 1.86 1.12 2.08 1.88 1.65 1.30 1.26 1.38 1.26 2.68 2.77

Lu 0.47 0.31 0.38 0.42 0.66 0.56 0.40 0.31 0.20 0.37 0.34 0.28 0.24 0.21 0.23 0.21 0.47 0.48

Y 22.60 15.20 21.20 24.40 31.90 33.40 15.80 19.00 13.20 19.30 17.70 19.50 13.30 13.30 15.00 13.70 29.20 29.70

Rb 342.00 345.00 298.00 349.00 326.00 300.00 297.00 305.00 318.00 329.00 312.00 336.00 113.00 96.00 73.10 113.50 130.00 158.00
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Table 3. (Continued )

Age (Ma) 148.1 148.1 148.1 148.1 148.1 148.1 149.8 149.8 149.8 149.8 149.8 149.8 258.5 258.5 254.7 254.7 253.9 253.9

Sample WL-5 WL-19 WL-23 WL-25 WL-26-1 WL-27 WL-6 WL-7-2 WL-8-2 WL-17 WL-18 WL-26-2 WL-29 WL-30 WL-32-2 WL-32-3 WL-33-2 WL-34-2

Lithology Monzogranite Granite porphyry Granodiorite MMEs

Sr 74.30 89.60 84.70 78.50 76.90 73.80 94.70 110.50 96.50 99.60 96.90 105.50 271.00 327.00 343.00 317.00 320.00 298.00

Ba 280.00 342.00 315.00 320.00 269.00 250.00 337.00 341.00 308.00 335.00 303.00 308.00 815.00 803.00 720.00 1145.00 676.00 858.00

U 6.16 3.92 5.27 2.99 10.40 34.60 7.29 3.36 3.56 3.49 3.39 17.95 1.10 0.85 0.68 0.58 1.23 1.93

Th 37.20 35.20 36.40 38.70 36.80 40.10 36.80 41.50 31.50 41.20 34.40 39.30 12.80 9.93 9.59 6.99 7.70 6.55

Nb 33.20 25.10 24.90 27.20 28.80 24.40 24.90 20.50 17.60 28.30 25.20 20.00 6.20 5.70 5.90 5.80 9.90 12.80

Ta 3.81 2.08 2.94 2.83 3.10 2.35 2.01 2.60 2.59 2.80 2.54 3.26 0.59 0.44 0.45 0.42 0.66 0.78

Zr 153.00 123.00 158.00 125.00 141.00 146.00 155.00 114.00 107.00 137.00 126.00 111.00 115.00 133.00 139.00 106.00 125.00 139.00

Hf 5.40 4.10 5.10 4.20 4.80 4.60 5.00 3.90 3.50 4.80 4.70 3.80 3.10 3.30 3.40 2.60 3.20 3.40

Li 20.70 25.60 25.80 22.20 53.00 39.90 24.90 27.20 34.10 38.20 51.90 29.30 23.10 27.90 29.40 44.00 48.10 60.10

V 9.00 7.00 10.00 11.00 7.00 9.00 8.00 14.00 8.00 8.00 7.00 6.00 64.00 90.00 108.00 98.00 223.00 257.00

Cr 20.00 20.00 30.00 20.00 30.00 30.00 20.00 10.00 10.00 20.00 10.00 20.00 20.00 30.00 30.00 30.00 10.00 20.00

Co 1.60 0.80 1.10 1.00 0.70 0.70 1.40 1.00 1.30 1.00 1.00 0.80 6.40 8.70 9.90 8.90 19.80 24.20

Ni 2.10 1.00 1.20 4.20 1.40 1.10 1.90 1.60 1.90 1.80 1.60 0.70 3.90 5.00 5.80 6.50 7.00 8.10

Ga 21.60 20.80 20.70 21.80 20.50 20.50 20.10 20.20 18.70 21.00 20.60 20.30 15.20 15.30 16.10 15.20 19.30 20.40

Cs 11.40 11.15 9.61 8.86 11.85 8.84 11.00 26.60 18.95 18.00 15.00 21.70 4.67 5.24 3.71 12.30 9.89 11.45

Ag 0.24 0.09 0.03 0.06 0.03 0.09 0.11 0.03 0.07 0.08 0.03 0.03 0.07 0.49 0.04 0.04 0.03 0.01

Cu 5.00 0.40 0.90 5.50 1.50 0.60 1.10 1.20 1.40 1.70 0.90 0.60 14.00 100.50 15.70 28.90 45.10 52.40

Fe 1.02 0.97 0.93 0.86 0.89 0.93 0.75 0.88 0.81 0.82 0.85 0.77 2.12 2.74 3.03 2.62 5.35 6.00

Mn 309.00 259.00 290.00 165.00 293.00 350.00 222.00 248.00 226.00 326.00 248.00 292.00 469.00 643.00 649.00 551.00 1320.00 1420.00

Mo 2.95 1.72 2.38 2.28 4.07 2.84 1.60 1.10 1.15 2.06 1.09 1.89 0.91 1.45 1.01 0.96 0.52 0.53

Pb 24.90 28.80 20.20 50.10 19.30 22.10 24.50 35.00 46.30 34.80 39.40 39.50 11.80 12.10 12.10 14.80 12.40 13.10

W 7.00 6.00 12.00 7.00 8.00 10.00 11.00 13.00 14.00 11.00 22.00 32.00 1.00 1.00 0.50 1.00 1.00 1.00

Zn 21.00 196.00 14.00 178.00 15.00 75.00 24.00 51.00 304.00 27.00 36.00 465.00 32.00 57.00 48.00 47.00 89.00 104.00

∑REE 174.74 155.97 170.51 200.24 147.46 193.56 126.66 146.33 108.03 163.31 156.83 120.49 97.03 101.79 112.45 86.95 122.54 135.06

LREE/HREE 12.03 16.99 13.27 13.89 8.13 9.30 12.14 11.26 12.30 12.85 13.35 10.25 12.08 12.00 12.06 10.22 6.29 6.78

(La/Yb)N 10.88 16.56 13.77 14.08 6.79 9.38 9.65 12.11 14.99 11.90 13.20 11.39 12.86 13.32 14.03 11.67 5.59 6.19

δEu 0.35 0.48 0.38 0.38 0.34 0.28 0.52 0.33 0.30 0.28 0.30 0.30 0.87 0.98 0.87 0.89 0.66 0.66

Sr/Y 3.29 5.89 4.00 3.22 2.41 2.21 5.99 5.82 7.31 5.16 5.47 5.41 20.38 24.59 22.87 23.14 10.96 10.03

Th/Yb 14.36 20.47 17.17 16.13 10.34 11.73 17.20 22.31 28.13 19.81 18.30 23.82 9.85 7.88 6.95 5.55 2.87 2.36

Ta/Yb 1.47 1.21 1.39 1.18 0.87 0.69 0.94 1.40 2.31 1.35 1.35 1.98 0.45 0.35 0.33 0.33 0.25 0.28

Nb/Yb 12.82 14.59 11.75 11.33 8.09 7.13 11.64 11.02 15.71 13.61 13.40 12.12 4.77 4.52 4.28 4.60 3.69 4.62

Lu/Yb 0.18 0.18 0.18 0.18 0.19 0.16 0.19 0.17 0.18 0.18 0.18 0.17 0.18 0.17 0.17 0.17 0.18 0.17

Rb/Sr 4.60 3.85 3.52 4.45 4.24 4.07 3.14 2.76 3.30 3.30 3.22 3.18 0.42 0.29 0.21 0.36 0.41 0.53

La/Sm 8.45 10.73 8.75 7.93 8.58 8.31 10.25 6.49 6.86 6.56 6.84 6.14 9.63 8.80 9.25 8.07 3.99 4.34

Zr/Hf 28.33 30.00 30.98 29.76 29.38 31.74 31.00 29.23 30.57 28.54 26.81 29.21 37.10 40.30 40.88 40.77 39.06 40.88

(Continued)
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host melts that may have been caused by the rapid cooling of the
mafic melt (Sarjoughian et al. 2012). Plagioclase with a sieve
texture was also observed in the MMEs (Fig. 4e), which is thought
to be the result of the partial melting of feldspar after it entered the
mafic magma at a higher temperature (Castro et al. 1999). Hence,
we suggest that the petrogenesis of the MMEs involved a magma
mixing process.

Although magma mixing (as well as fractionation)
processes compositionally modified the injected mafic melts, their
geochemistry and zircon Hf isotope compositions can still
provide constraints on their origin. The MMEs have lower SiO2

(55.53–58.03 wt %), but higher MgO (3.27–3.66 wt %) and
Fe2O3

T (8.21–9.16 wt %) contents, as well as Mg no. values
(44.10–44.18), than common crust-derived melts (Rapp &
Watson, 1995; Patiño Douce, 1999), demonstrating that the
parental mafic melts were unequivocally derived from an ultra-
mafic mantle. The MMEs are characterized by enrichment in
LREEs and LILEs (Rb, Th, K and Pb), but depletion in HREEs
and HFSEs (Nb, Ta, P and Ti) (Fig. 9a, b). The MMEs have high
Y (29.20–29.70 ppm) and YbN (15.76–16.29) concentrations,
whereas they have low Sr/Y (10.03–10.96) and (La/Yb)N
(5.59–6.19) ratios (Fig. 8e, f). Additionally, these MMEs have
uniform zircon Hf isotopic compositions, with positive ϵHf(t)
values fromþ0.1 toþ3.5 (Fig. 7). These characteristics are similar
to those of normal arc magmas (Defant & Drummond, 1990;
McDonough & Sun, 1995), indicating an isotopically enriched
lithospheric mantle source modified by fluid/melt-related metaso-
matism associated with subduction. Furthermore, the metasoma-
tism was likely dominated by slab-derived fluids rather than
sediments and associated melts, as indicated by the high
Ba/Th (87.79–130.99) and Ba/La (32.34–35.90), and low Th/Nb
(0.51–0.78) and Th/Yb (2.36–2.87) ratios (Ribeiro et al. 2013).
In summary, we suggest that the Narenwula MMEs likely formed
as the products of mixed mafic and felsic magmas. The mafic
magmas may have been derived from the partial melting of an
enriched lithospheric mantle metasomatized by slab-derived
fluids.

5.b.2. Host granodiorites
We propose that the host granodiorites are I-type granitoids
(Chappell & White, 1992) based on the following observations:
(1) they contain minerals typical of I-type granitoids (e.g. horn-
blende and biotite) (Fig. 4b, c); (2) they are metaluminous to
weakly peraluminous with A/CNK ratios of 0.99–1.12 (Fig. 8c)
and have high CaO contents (2.65–3.98 wt %) (Chappell, 1999;
Frost et al. 2001); (3) their low Rb/Sr (0.21–0.42) and Rb/Ba
(0.10–0.14), but high K/Rb ratios (227.73–230.39) are similar to
those of I-type granites and inconsistent with those of S-type gran-
ites (Whalen et al. 1987); (4) 10 000 Ga/Al ratios (1.92–2.01;
Fig. 10) are less than 2.6, and the ZrþNbþCeþ Y contents of
the samples (163.90–212.40) are less than 350 ppm (Whalen
et al. 1987); and (5) the TZr of the samples is estimated at
776–785 °C, much lower than that of A-type granitoids in this
study (Watson & Harrison, 1983). According to the above
evidence, we propose that the host granodiorites of the
Narenwula complex are I-type granitoids.

The granodiorite samples are enriched in LREEs and LILEs
(Rb, Th, K and Pb) but depleted in HREEs and HFSEs (Nb, Ta,
P and Ti) (Fig. 9a, b). They have high Y (13.30–15.00 ppm) and
YbN (7.41–8.12) concentrations, but low Sr/Y (20.38–24.59)
and (La/Yb)N (11.67–14.03) ratios (Fig. 8e, f). These geochemical
characteristics are identical to those of normal arc magmasTa
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Fig. 8. (Colour online) (a) TAS (total alkali silica) diagram (after Middlemost, 1994). (b) K2O versus SiO2 diagram (after Peccerillo & Taylor, 1976). (c) A/NK versus A/CNK diagram
(after Maniar & Piccoli, 1989). (d) Rb–Ba–Sr diagram (after El Bouseily & El Sokkary, 1975). (e) Sr/Y versus Y diagram (after Defant & Drummond, 1990). (f) (La/Yb)N versus YbN
diagram (after Defant & Drummond, 1990). Abbreviations: HFGs – highly fractionated granites; NGs – normal granites.
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(Defant & Drummond, 1990). The granodiorite samples have
higher MgO (1.06–1.60 wt %) and Fe2O3

T (3.08–4.41 wt %)
contents, as well as Mg no. values (40.54–41.82), compared to
common crustal-derived melts (Rapp & Watson, 1995; Patiño
Douce, 1999). Moreover, geochemical evidence suggests the
mixing of mantle- and crustal-derived components. The Nb/Ta,
Zr/Hf and Rb/Sr ratios of these granodiorite samples vary from
10.51 to 13.81, 37.10 to 40.88, and 0.21 to 0.42, respectively, which
are between those of the crust (Nb/Ta= 11.4, Zr/Hf = 33.0 and
Rb/Sr> 0.5) and mantle (Nb/Ta = 17.8, Zr/Hf= 37 and Rb/
Sr= 0.03–0.047) (McDonough & Sun, 1995; Taylor & McLennan,
1995; Rudnick & Gao, 2003). The geochemical data for the host
granodiorites and MMEs also support a magma mixing origin
(Fig. 11). The samples define hyperbolic mixing arrays in
the MgO/Al2O3 versus SiO2/CaO diagram (Fig. 11a). The
Fe2O3

T/SiO2 versus CaO/SiO2 diagram (Fig. 11b) also exhibits
an array suggesting that the mixing of distinct magma occurred
during the evolution of the samples. In the Fe2O3

T versus
MgO diagram (Fig. 11c), the samples do not plot along the
fractional crystallization trend but near the mixing line between
mantle and crustal magmas. These trends are consistent with
two-component mixing and are in accordance with field and
petrographic evidence (e.g. the chilled margin and plagioclase
with sieve texture). The granodiorite samples have positive and
homogeneous zircon ϵHf(t) values (þ0.4 to þ3.6) with two-stage
model ages of 1067–1256Ma, indicating its derivation from
Mesoproterozoic juvenile lower crust. However, large volumes
of the c. 1.3–1.0 Ga crust have not been reported beneath the
Narenwula area or the northern NCC. The identification of spinel
lherzolite in the lithospheric mantle beneath the northern NCC,
distinct from the cratonic lithospheric mantle, indicates that the
ancient cratonic lithospheric mantle was partially modified before
or at 1.3 Ga and transferred as a part of a relatively young, fertile,
thin and hot lithospheric mantle (Klemme & O’Neill, 2000). Thus,
the granodiorites were mostly generated by the partial melting of
the Mesoproterozoic juvenile lower crust with varying contribu-
tions from mantle-derived magmas. Notably, the zircon grains
from the MMEs have a similar morphology and ϵHf(t) values
(þ0.1 toþ3.5) to those of zircon grains from the host granodiorites
(ϵHf(t) from þ0.4 to þ3.6), indicating the isotopic equilibrium

between them due to the magma mixing processes (Vernon,
1984; Vernon et al. 1988; Elburg, 1996; Barbarin, 2005) (Figs 5,
7). On a Rb–Ba–Sr diagram (El Bouseily & El Sokkary, 1975), most
granodiorite samples plot in the normal granite field (Fig. 8d), indi-
cating that limited fractional crystallization occurred during the
formation of the granodiorites. Moreover, in the primitive
mantle-normalized trace-element diagrams (Fig. 9b), the negative
Nb, Ta, P and Ti values may reflect the separation of Ti-bearing
minerals and apatite. In summary, the host granodiorites and
MMEs formed by the mixing of felsic (derived from the partial
melting of the juvenile lower crust) and mafic melts (derived from
the partial melting of the mantle that had been metasomatized by
slab-derived fluids), while these hybrid magmas subsequently
underwent limited fractional crystallization.

5.c. Petrogenesis of the W-bearing monzogranite
and granite porphyry

We propose that the W-bearing monzogranite and granite
porphyry are A-type granitoids based on the following observa-
tions: (1) the lower P2O5 concentration (0.02–0.05 wt %) and
absence of phosphate minerals (King et al. 1997; Bonin, 2007);
(2) the high K2OþNa2O contents (8.40–9.14 wt %), Ga concen-
trations (18.70–21.80 ppm) (Fig. 10a; Table 3), ∑REE and Ga/Al
ratios (2.61–3.01), and low Eu, Ba, Sr, P and Ti contents
(Fig. 9a, b); (3) the plotting of most samples in the A-type granite
field (Fig. 10b–f) on the discrimination diagrams (Whalen et al.
1987); (4) their moderate Al2O3 contents, while their A/CNK
values mainly range from 1.03 to 1.11, showing a weakly peralumi-
nous nature (Fig. 8c); and (5) the TZr of the samples is 812–822 °C,
much higher than that of I-type granitoids (TZr= 764–781 °C) but
similar to that of A-type granitoids (TZr= 839 °C) (Watson &
Harrison, 1983).

Although A-type granites are commonly associated with exten-
sional tectonic settings, their origin remains controversial. Several
models have been proposed to decipher the origin of A-type gran-
ites: (a) direct fractionation of mantle-derived alkaline basalts
(Turner et al. 1992, 1996; Mushkin et al. 2003), (b) mixing between
crust-derived granitic magmas and mantle-derived mafic magmas
(Bedard, 1990; Kerr & Fryer, 1993; Mingram et al. 2000), and

Fig. 9. (Colour online) (a) Chondrite-normalized REE patterns and (b) primitive-mantle-normalized trace-element spider diagrams for the granitic intrusions and MMEs from the
Narenwula complex (normalization values are from Sun & McDonough, 1989).
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(c) partial melting of crust-sourced rocks (Collins et al. 1982;
Clemens et al. 1986; Skjerlie & Johnston, 1993; King et al. 1997).

Experimental studies indicate that mantle melting cannot
directly produce silica-rich magmas; that is, only small quantities

of silica-rich rocks can be generated by the differentiation of mafic
mantle-derived magmas (Hirose, 1997). Current researchers have
come to a consensus that if a granitic magma is generated by direct
fractional crystallization of a mantle-derived magma, it should be

Fig. 10. (Colour online) (a) (Na2Oþ K2O–CaO) versus SiO2 diagram (after Frost et al. 2001). (b) K2Oþ Na2O, (c) (K2Oþ Na2O)/CaO, (d) FeOT/MgO, (e) Ce and (f) Nb versus
10 000 × Ga/Al discrimination diagrams of Whalen et al. (1987).

614 W Xie et al.

https://doi.org/10.1017/S0016756821001175 Published online by Cambridge University Press

https://doi.org/10.1017/S0016756821001175


possible to observe a complete evolutionary sequence from mafic
to felsic rocks (e.g. Turner et al. 1992; Mushkin et al. 2003;
Litvinovsky et al. 2015). However, intermediate–felsic and felsic
rocks are more widespread than mafic rocks in the Narenwula

region (Fig. 2). Therefore, we can exclude the scenario where
W-bearing granitoids originated from the direct fractionation of
mantle-derived alkaline basalts. Furthermore, the absence of
MMEs and mafic compositions precludes the magma mixing
scenario between crust- and mantle-derived magmas, which indi-
cates a crustal source genesis for A-type granites.

The W-bearing granitoids are enriched in LREEs and LILEs
(Rb, Th, U, K and Pb), depleted in HREEs, Ba, Sr and HFSEs
(Nb, Ta, P and Ti), and show significantly negative Eu anomalies
(0.28–0.52). All these characteristics are likely derived from the
continental crust (Harris et al. 1986; Sun & McDonough, 1989).
They have high Y (13.20–33.40 ppm) and YbN (6.59–20.94)
concentrations, but low Sr/Y (2.21–7.31) and (La/Yb)N
(6.79–16.56) ratios, consistent with arc rocks (Fig. 8e, f). They
contain a SiO2 content of 73.73–75.65 wt %, with lower Mg no.
values (18.04–22.17) than those of mantle-generated magma
(Mg no.> 70) (Rudnick & Gao, 2003); however, these values are
consistent with those of crust-derived melts (Mg no.< 40)
(Rapp & Watson, 1995). Additionally, the Ti/Zr and Ti/Y ratios
are 3.48–7.19 and 16.15–55.22, respectively, consistent with those
of crust-derived rocks (Ti/Zr< 20 and Ti/Y< 200) (Wedepohl,
1995). The Th/Ce, Th/La, Lu/Yb and Rb/Sr ratios are 0.42–0.72,
0.82–1.50, 0.16–0.19 and 2.76–4.60, respectively, which are
significantly higher than the values of primitive mantle
(Th/Ce = 0.02–0.05, Th/La= 0.12, Lu/Yb = 0.14–0.15 and
Rb/Sr= 0.03–0.047) (Sun & McDonough, 1989), but similar to
those of crustal rocks (Th/Ce> 0.15, Th/La> 0.30, Lu/Yb =
0.16–0.18 and Rb/Sr> 0.5) (Sun & McDonough, 1989;
Rudnick & Gao, 2003; Plank, 2005). Moreover, the Nb/Ta,
Zr/Hf and Ta/U ratios are 6.13–12.39, 26.81–31.74 and
0.07–0.95, respectively, which are closer to the values of the crust
(Nb/Ta= 11.4, Zr/Hf = 33.0 and Ta/U= ~1.1) (Sun &
McDonough, 1989; Taylor & McLennan, 1995) than those of
primitive mantle (Nb/Ta= 17.8, Zr/Hf = 37.0 and Ta/U= ~2.7)
(McDonough & Sun, 1995), indicating a crustal component in
the magma source. The negative ϵHf(t) values (–6.0 to –2.1), with
old two-stage model ages (1338–1583Ma), indicate that the partial
melting of the ancient lower crust predominantly generated these
rocks, supported by the findings of Zhao et al. (2005) and Zhang
et al. (2012). Zhao et al. (2005) argued that the Archaean
continental crust in the northern NCC was rejuvenated by the
underplating of mafic magmas at c. 1.8–1.6 Ga. The highly
depleted zircon ϵHf(t) values of the c. 1.3 Ga diabase in northern
NCC indicate that depleted lithospheric mantle sources were
involved (Zhang et al. 2012). Yang et al. (2017) recognized that
the O–Hf isotopic variations of zircons from late Mesozoic alkaline
A-type granites in NE China can be explained by the melting of a
hybrid source consisting of different proportions of altered oceanic
crust and enriched mantle components. Thus, Yang et al. (2017)
concluded that the recycling of subducted oceanic crust represents
a novel exotic source for the origin of alkaline A-type granites in
intraplate extensional settings. More evidence is needed to affirm
the incorporation of subducted oceanic crust in the source of the
lateMesozoic A-type granitoids; for example, obtaining the oxygen
isotopic ratio would be beneficial (Yang et al. 2017). However,
certain geochemical characteristics of the Late Jurassic A-type
granitoids in the present study are inconsistent with those of
alkaline A-type granitoids reported by Yang et al. (2017), including
(1) the Ti and Ni contents of the Jurassic A-type granitoids are
lower (0.09–0.15 wt % and 0.70–4.2 ppm, respectively) than those
reported by Yang et al. (2017) (0.13–0.7 wt % and 3.4–8.9 ppm,
respectively); (2) the Nb/Ta ratios of these A-type granitoids are

Fig. 11. (Colour online) Element correlation diagrams of mafic microgranular
enclaves and host granodiorites from the Narenwula complex (after Zorpi et al.
1989; Berzina et al. 2014; Yang et al. 2015).
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6.1–12.4, while those reported by Yang et al. (2017) range from 9.8
to 16.4 (mostly > 13), which demonstrates the continental source
nature of our samples compared to the mantle affinity of the
samples described by Yang et al. (2017); and (3) the negative
ϵHf(t) values. The combination of these features led us to conclude
that a significant contribution of a hybrid source (altered oceanic
crust and enriched mantle-derived mafic rocks) in the granite
genesis can be excluded.

Advanced fractional crystallization occurred during the forma-
tion of the Late Jurassic W-bearing granitic intrusions, where the
monzogranite and granite porphyry samples plot in the highly
fractionated granite field based on their Rb, Sr, and Ba concentra-
tions (Fig. 8d). In the chondrite-normalized REE patterns,
significantly negative Eu anomalies (Eu/Eu* = 0.28–0.52) reflect
the fractional crystallization of plagioclase and/or K-feldspar
(Fig. 9a). In the primitive mantle-normalized trace-element
diagrams (Fig. 9b), pronounced depletions in Ba, Sr, P and Ti
may reflect the separation of plagioclase, K-feldspar, Ti-bearing
minerals and apatite. This evidence indicates that the parent
magmas of W-bearing granitoids underwent extensive fractional
crystallization. In summary, we propose that the W-bearing gran-
itoids from the Narenwula complex are highly fractionated A-type
granitoids, which were derived from the partial melting of ancient
lower crust and subsequently underwent a high degree of fractional
crystallization.

5.d. Genetic link between the Narenwula complex
and W mineralization

Generally, W mineralization is associated with highly fractionated
granites, as demonstrated by numerous cases worldwide (Singh &
Singh, 2001; Fogliata et al. 2012; Mao et al. 2013; Huang & Jiang,
2014; Zhang, Y. et al. 2017; Cao et al. 2018, 2020; Jiang et al. 2018;
Yuan et al. 2018; Steiner, 2019; Li, J. et al. 2021; Xie et al. 2021).
It has been proposed that ore-forming elements may be concen-
trated during multiple stages of magmatic activity and then
extracted by magmatic fluids (Che et al. 2013; Harlaux et al.
2018) or leached from granitoids and/or metamorphic rocks
and transported by external (metamorphic or meteoric) fluids
(Linnen & Williams-Jones, 1995; Vindel et al. 1995; Vallance
et al. 2001). Xie et al. (2021) systematically collected the published
geochemical data of W-barren and W-mineralized granitoids in
NE China, and concluded that the late Mesozoic W-mineralized
granitoids have higher Rb/Sr and U/Th, but lower (La/Yb)N,
LREE/HREE, Eu/Eu*, K/Rb, Zr/Hf, Nb/Ta and Y/Ho ratios than
contemporary W-barren granitoids. The K/Rb, Zr/Hf and
Nb/Ta ratios are considered to be ‘geochemical twin’ elemental
ratios because they have the same charge and ionic radius. They
have similar geochemical properties and are not expected to frac-
tionate during most geological processes (Green, 1995). Previous
studies have suggested that these ‘geochemical twin’ elemental
ratios in granites decrease because of fractional crystallization
(Bau, 1996; Linnen & Keppler, 1997, 2002; Dostal & Chatterjee,
2000; Claiborne et al. 2006; Deering & Bachmann, 2010; Dostal
et al. 2015; Ballouard et al. 2016). In present study, the W-bearing
granitoids had higher Rb/Sr, and lower Nb/Ta, Zr/Hf and K/Rb
ratios than the W-barren granodiorites (Fig. 12a–d). Moreover,
the W-bearing granitoids all plot in the field of W-mineralized
granitoids proposed by Xie et al. (2021) (Fig. 12a–d). In contrast,
the W-barren granodiorites from the Narenwula complex plot in
the field of W-barren granitoids (Fig. 12a–d). In addition, the
W-bearing granitoids have higher W concentrations than the

W-barren granodiorites and the average continental crust
(Fig. 12e, f). Combined with the published geochemical data for
late Mesozoic W-mineralized granitoids, we noted that the
W concentrations of W-mineralized granitoids increased with
an increasing Rb/Sr ratio (Fig. 12e) and decreased with an
increasing K/Rb ratio (Fig. 12f), suggesting that fractional crystal-
lization of the W-mineralized granitic magma was beneficial for
the concentration of W. Using Rb/Sr as a parameter for the extent
of fractionation, Lehmann (1987) and Lehmann et al. (1990)
demonstrated that extreme fractional crystallization may result
in both very high Rb/Sr ratios and enhanced W concentrations,
necessary for W mineralization. Additionally, many studies have
confirmed that the enrichment in W and related incompatible
elements during magmatic fractionation is an essential requirement
for W mineralization (Webster et al. 2004; Breiter et al. 2005;
Thomas et al. 2005; Zhang, Y. et al. 2017; Cao et al. 2018;
Yuan et al. 2018; Li, J. et al. 2021). Relatively low ratios of
‘geochemical twin’ elements suggest that the W-bearing granitoids
are more fractionated than the W-barren granodiorites, and that
the extreme fractional crystallization process is favourable for
W enrichment.

Based on the geological, geochronological and geochemical
features of the Narenwula complex in NE China, an integrated
model of granitic magmatism and W mineralization in the
Narenwula ore district can be proposed as follows. First, during late
Permian time, mantle-derived mafic magmas successively under-
plated beneath the juvenile lower crust and induced extensive
crustal melting, which produced a deep hot zone and generated
felsicmagmas. Themantle-derivedmaficmagmas halted as a result
of obstruction by the deep hot zone and rarely passed through the
zone (Annen et al. 2006), which may explain why contempora-
neous mafic rocks are rarely exposed in this area. However, when
small amounts of mantle-derived mafic magmas passed through
the zone and mixed with felsic magmas in deeper magma cham-
bers, hybrid magmas were generated. The hybrid magmas
subsequently underwent limited fractional crystallization and
formed the MMEs and host granodiorite. Second, during Late
Jurassic time, the parental magmas for the W-bearing granitoids
were mainly derived from the partial melting of ancient lower
crustal rocks. W is a lithophile element, so it is generally enriched
in the crust, but depleted in the mantle (Rudnick & Gao, 2003;
Arevalo & McDonough, 2008). Therefore, the ancient lower crust
beneath the Narenwula area may show significant potential for W
mineralization. Continual fractional crystallization appears to have
been the dominant process that further enriched W in the granitic
magmas. Previous studies have demonstrated the importance of
magmatic differentiation in the formation of W deposits, where
ore metals (W) and volatiles (F and Li) become enriched in highly
evolved magma, followed by their accumulation in the residual
liquid (Thomas et al. 2005; Romer et al. 2014; Li, J. et al. 2021).
Therefore, the highly fractionated A-type granitoids in the
Narenwula area contributed to the W enrichment. Third, in the
late stages of magma evolution, the volatile-rich fluids exsolved
and segregated from the melt. Their subsequent liquid–vapour
phase separation could have changed the physical and chemical
conditions of the magmatic–hydrothermal system (Li, J. et al.
2021). The post-magmatic fluids became enriched in F and Cl,
significantly enhancing the solubility of W (Webster &
Holloway, 1988; Keppler & Wyllie, 1991; Schaller et al. 1992;
Signorelli & Carroll, 2000; Zajacz et al. 2008; Yuan et al.
2019). Previous studies have shown that W can be strongly
partitioned from the melt to the fluid (Gibert et al. 1992;

616 W Xie et al.

https://doi.org/10.1017/S0016756821001175 Published online by Cambridge University Press

https://doi.org/10.1017/S0016756821001175


Wood & Samson, 2000). Under the effect of temperature and pres-
sure gradients, the ore-bearing hydrothermal fluid would have risen
along a series of NE-trending faults. Infiltration and metasomatism

occurred continuously between the W-bearing hydrothermal fluids
and wall-rock, finally leading to the precipitation of W due to the
variation in physical and chemical conditions.

Fig. 12. (Colour online) Discrimination diagrams of W-mineralized and W-barren granitoids. Field for average continental crust (ACC) is from Rudnick & Gao (2003), and fields for
W-mineralized and W-barren granitoids are from Xie et al. (2021).
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5.e. Tectonic implications

During late Permian and Late Jurassic – Early Cretaceous times,
NE China experienced the overprinting of the PAO, MOO and
PPO tectonic regimes; the tectonomagmatic evolution of NE
China is therefore complicated, with substantial long-term debates
(Wu et al. 2011; Liu, Y. J. et al. 2017; Guo et al. 2019). Our inter-
pretations and previous studies provide some evidence that can
elucidate the tectonic evolution of the SGB during late Permian
and Late Jurassic – Early Cretaceous times.

5.e.1. Late Permian (260–250 Ma)
Although the disappearance of the PAO occurred along the SXCF,
the closure time of the PAO remains ambiguous (Eizenhöfer et al.
2014; Liu, Y. J. et al. 2017). Liu, Y. J. et al. (2017) systematically
summarized the available reported data and different models for
the Palaeozoic tectonic evolution of the easternmost CAOB,
concluding that the final closure of the PAO occurred along the
SXCF with a scissor-style closure from late Permian – Early
Triassic times in the west to late Permian – Middle Triassic times
in the east (Fig. 13a). The presence of collision-related granites
(Chen et al. 2009), the Xilingol Complex and terrestrial Linxi
Formation deposition provide evidence for these conclusions
(Li, Y. L. et al. 2014). In addition, middle Permian – Early
Triassic syncollisional granitoids in the eastern Jilin belt
(Cao et al. 2013) and Triassic mafic volcanic rocks and lacustrine
molasses in the SGB (Zhang, J. H. et al. 2008) have been discovered.

These findings, combined with the late Permian I-type granitoids
along the SXCF, granodiorites in the Baiyinnuoer area (SGB;
245 Ma) (Jiang et al. 2017), Early–Middle Triassic syncollisional
S-type granitoids in Linxi (SGB) and Horqin Right-Wing
Middle Banner (CGB), and synchronous adakitic plutons in the
Yanbian fold belt (251−240Ma) (Ma et al. 2017) suggest that
the parental magmas of the granitoids in this area formed via
the melting of a thickened lower crust as a result of the amalgama-
tion of the NE China block and NCC during the subduction of the
PAO (Fig. 13a). The late Permian I-type granodiorites from the
Narenwula complex show normal arc magma characteristics,
derived from the mixing of mantle-derived mafic melts and
crust-derived felsic melts, and may have formed under a volcanic
arc setting triggered by the subduction of the PAO plate (Fig. 13a).
Shang (2004) reported radiolarians found in the argillite bed of the
Zhesi Formation from the middle Permian in the Zhesi and
Xilinhot areas. This indicates that deep marine sedimentary facies
persisted during middle Permian time and suggests that the ocean
between the NCC and Siberian Craton (SC), probably extending
along the Linxi ophiolite belt, was not closed until late
Guadalupian time (~270–250Ma). Han et al. (2015) reported a
youngest detrital zircon U–Pb age of 238 Ma from the Linxi
Formation in the Linxi area (Fig. 1c), indicating that the final
closure of the PAO occurred in Early Triassic time. Detrital zircon
U–Pb dating of the Xingfuzhilu Formation in southern Inner
Mongolia suggested that a closing remnant ocean basin or narrow
seaway possibly existed in middle Permian time immediately prior

Fig. 13. (Colour online) Simplified cartoon showing tectonic evolution of NE China during late Permian and Late Jurassic – Early Cretaceous times, and the genetic model
of the Narenwula complex (after Han et al. 2021). Abbreviations: SC – Siberian Craton; EB – Erguna Block; XB – Xing’an Block; SXB – Songliao–Xilinhot Block; LT – Liaoyuan
Terrane; NCC – North China Craton; LXZR – Lesser Xing’an–Zhangguangcai Range; PAO – Palaeo-Asian Ocean; MOO – Mongol–Okhotsk Ocean; PPO – Palaeo-Pacific Ocean;
MOF – Mongolia–Okhotsk Fault; XXF – Xinlin–Xiguitu Fault; HHF – Heganshan–Heihe Fault; NBF – Nenjiang–Balihan Fault; CKF – Chifeng–Kangbao Fault.
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to the final collision of the CAOB and closure of the PAO (Li, S.
et al. 2014). TheWudaoshimen ophiolite in Keshenketengqi (SGB)
composed of pillow basalt yielded a concordant age of 277 Ma
(Wang et al. 2014), indicating that an open ocean still existed in
the north of the NCC. Reported palaeomagnetic data provide
further constraints on the final closure of the PAO. According
to the palaeomagnetic data, Li et al. (2006) concluded that the
SC began to drift southwards rapidly in early Permian time and
collided with the NCC at the end of the Permian period (c.
250Ma). Rock magnetic and palaeomagnetic studies of the
Permian sandstone from the Taohaiyingzi area in Inner
Mongolia indicated that the area amalgamated with the NCC in
late Permian time (Qin et al. 2013).

The studies above clearly indicate that the PAO closure had a
long history throughout Palaeozoic time until early Mesozoic time,
which involved subduction/accretion processes on the northern
margin of the NCC and the southern margin of the SGB during
Palaeozoic time and a final collision along the SXCF during late
Permian – Early Triassic times in the west.

5.e.2. Late Jurassic – Early Cretaceous (155–125 Ma)
Romer & Kroner (2016) concluded that the occurrence of Sn and/
or W mineralization is the result of a sequence of processes, i.e.
source enrichment, source accumulation and metal extraction. In
the process of metal extraction, different tectonic settings may have
led to the input of mantle melt or the emplacement of ultrahigh-
temperature metamorphic rocks, which were essential for metal
extraction from the source rocks. These factors played an important
role in controlling the discontinuous distribution of W mineraliza-
tion within the belt. Therefore, understanding the tectonic setting
and deep geodynamic processes is crucial for deciphering the W
mineralization mechanisms in the Narenwula area and the SGB.

It is generally accepted that the SGB and all of NE China was
under an extensional setting during Late Jurassic – Early
Cretaceous times (Wu et al. 2011; Ouyang et al. 2015; Mao
et al. 2020; Wei et al. 2021; Zhang, G. L. et al. 2020; Jing et al.
2021). The widespread metamorphic core complexes (Wang
et al. 2011, 2012) combined with the occurrence of bimodal rock
suites, A-type granites (Gou et al. 2019; Han et al. 2021; Zhang, C.
et al. 2020), alkaline rhyolites, extensional basins and some
Au–Mo–REE mineralization in the SGB (Wu et al. 2005; Guo
et al. 2017; Li et al. 2017) also indicate a Late Jurassic – Early
Cretaceous extensional setting. Some geophysical data also provide
constraints for the extensional setting. Shao et al. (2005) reported
electromagnetic anomalies in the SGB and revealed two low-resis-
tivity layers in the crust, at depths of ~10 and 30 km. Seismic
tomography studies indicated the existence of an ~100–500 km
thick low-velocity block at a depth of ~50–100 km beneath the
SGB, broadly coincident with the electromagnetic data (Huang
& Zhao, 2006), which can be interpreted as upwelling astheno-
sphere. Several high-velocity blocks have been found beneath a
depth of 400 km (one as deep as 1000 km), and a low-velocity
atypical plume-like block was identified rising from below
800–1000 km (Shao et al. 2005). These findings provided evidence
of the occurrence of lithospheric delamination and asthenospheric
upwelling beneath the SGB (Wan et al. 2019). However, the deep
geodynamic processes that led to the widespread extension and
abundant W-related granitic magmatism remain contentious.

A mantle plume model was initially proposed to explain the
extensive late Mesozoic magmatism (Ge et al. 1999). However, this
model was later abandoned because late Mesozoic magmatism in
the Great Xing’an Range (GXR) lasted for a relatively long period

of time (40Ma), distinguishing it from the short-lived intense period
of magmatic eruption expected to result from a mantle plume (Wu
et al. 2011).More recent studies have suggested a genetic relationship
between the lateMesozoic magmatism in NEChina and the subduc-
tion of the PPO (Ji et al. 2019; Li, S. Z. et al. 2019; Suo et al. 2019;
He et al. 2020; Sun et al. 2020; Wang, L. et al. 2020; Wei et al.
2020; Jing et al. 2021). However, this scenario can be precluded
because (1) late Mesozoic SGB magmatism likely occurred far from
(> 2000 km) the PPO subduction front, whereas the maximum
extent of the PPO plate subduction is evaluated as 1300 km (Wan
et al. 2019); (2) seismological studies suggest that back-arc extension
led by the PPO subduction did not reach the late Mesozoic SGB (
Li et al. 2017); and (3) during Late Jurassic time, igneous rocks were
mainly distributed in the GXR and absent in other regions of NE
China, indicating that the PPO plate was rotating and undergoing
oblique subduction beneath the Eurasian continent during this time
(Maruyama et al. 1997; Xu, W. L. et al. 2013).

In this study, we favour the pattern that the SGB was affected by
the combined effects resulting from the closure of the MOO and
subduction of the PPO during late Mesozoic time (Ouyang et al.
2015; Liu, C. F. et al. 2017; Liu et al. 2020; Pang et al. 2020;
Zhang, C. et al. 2020; Mi et al. 2021). A series of strike-slip faults
developed along the Eurasian plate boundaries during Late Jurassic
and Early Cretaceous times (Khanchuk, 2001). A simultaneous
quiescence in volcanism at 160−140Ma in the KJB (Xu, W. L.
et al. 2013; Ma et al. 2017) implies N-dipping subduction of the
PPOplate (Fig. 13b) (Abrajevitch et al. 2012). In addition, the south-
eastward younging trend of volcanic rocks in NE China, from Late
Jurassic time (160 Ma) to Late Cretaceous time (80 Ma), indicates
that Early Cretaceous rocks are related to the rollback of the
subducted PPO plate (Wang et al. 2006). Furthermore, a change
in the PPO plate subduction direction towards the NNW occurred
at 140Ma (Fig. 13b) (Maruyama et al. 1997;Ma et al. 2017), together
with the rollback of the subducting plate (Ji et al. 2020). Tang et al.
(2019) suggested that the force resulting from the southward
subduction of the MOO plate and subsequent asthenosphere
upwelling could be the dynamic mechanisms that initiated the roll-
back of the PPO plate. The rollback likely caused large-scale litho-
sphere delamination and asthenosphere upwelling (Fig. 13b), which
consequently caused large-scale magmatic activity, ore mineraliza-
tion and lithospheric thinning in NE China (Ouyang et al. 2015).

The MOO formed between the SC and NCC in late Palaeozoic
time (Tomurtogoo et al. 2005). At that time, the SC rotated clock-
wise relative to Mongolia, which resulted in the closure of the
MOO and the formation of the MO suture belt (Zorin, 1999).
The western part of the ocean was closed during Triassic time,
and the central part closed during Early–Middle Jurassic time
(Li et al. 2015). However, the exact closure time of the eastern part
of the ocean remains controversial, with suggestions including
Early–Middle Jurassic (Zorin, 1999; Tomurtogoo et al. 2005),
Late Jurassic – Early Cretaceous (Kravchinsky et al. 2002) and
Early Cretaceous (Ren et al. 2016). Regardless of the timing of
closure, a substantial number of studies have indicated that the late
Mesozoic extensional setting in the SGB is related to post-orogenic
gravitational collapse and/or subduction-induced back-arc exten-
sion related to the closure of the MOO (Wang, Z. H. et al. 2015;
Fritzell et al. 2016; Guan et al. 2018; Ji et al. 2018, 2020; Han
et al. 2021; Shi et al. 2020; Wei et al. 2021). On Rb versus
(YþNb) and (Ybþ Ta) diagrams, most Late Jurassic W-bearing
granitoids in this study and late Mesozoic W-related granitoids
from previous studies plot in the post-collision granite field
(Fig. 14a, b). On an R2 versus R1 diagram (Fig. 14c) as well as
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Fig. 14. (Colour online) (a) Rb versus (Yþ Nb) diagram (after Pearce et al. 1984). (b) Rb versus (Ybþ Ta) diagram (after Pearce et al. 1984). (c) R2 versus R1 diagram (after
Batchelor & Bowden, 1985). (d) Rb/30–Hf–3Ta discrimination diagram (after Harris et al. 1986). (e) Nb–Y–3Ga discrimination diagram (after Eby, 1992). (f) Nb–Y–Ce discrimination
diagram (after Eby, 1992). Abbreviations: VAG – volcanic arc granite; ORG – ocean ridge granite; WPG – within-plate granite; Syn-COLG – syncollision granite; Post-COLG –
post-collision granite; A1 – anorogenic A-type granites; A2 – post-collisional A-type granites. Data for the late Mesozoic W-related granitoids in the southern Great Xing’an
Range belt from other studies are listed in online Supplementary Material Table S2.
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on the Rb/30–Hf–3Ta diagram (Fig. 14d), most samples plot in the
post-collisional A-type granite field. Similarly, on Nb–Y–3Ga/Ce
diagrams (Eby, 1992), most samples plot in the A2-type granite
field, representing post-collisional A-type granites (Fig. 14e, f).
Collectively, we suggest that the Late Jurassic W-bearing granitoids
from the Narenwula complex and lateMesozoicW-related granitoids
in the SGBwere emplaced under a post-collisional setting instead of a
subduction-dominated setting. Furthermore, this evidence indicates
that the MOO tectonic regime played a critical role in the formation
of the late Mesozoic W-related granitoids in the SGB.

During late Mesozoic time, a plate tear developed because the
MOO plate could not subduct owing to its older age, as predicted
by the petrological and geochemical constraints (Ouyang et al.
2015). In contrast, when the young PPO plate subducted, a long
segment of the plate was temporarily stagnant in the transition
zone between the upper and lower mantle (Liu & Stegman,
2012). The juxtaposition of the cold PPO plate against the hot
mantle generated small-scale thermal upwelling along the edges
of the plate (Liu & Stegman, 2012). Owing to the forces generated
by the MOO plate break-off and subsequent asthenospheric
upwelling, the PPO plate began to roll back, rather than continuing
to subduct (Ouyang et al. 2015). Consequently, theMOO plate tear
in Late Jurassic time resulted in rapid asthenospheric upwelling
and lithospheric thinning. The continuous rollback of the PPO
plate, induced by the MOO plate tear, also triggered large-scale
upwelling of the asthenosphere, lithospheric thinning and delami-
nation, and back-arc spreading (Fig. 13b). These resulted in the
generation of large-scale post-orogenicW-related granitic magmas
and associated W deposits in the SGB during this period.

In summary, we suggest that the late Mesozoic W-related
granitoids and associated W deposits in the SGB formed in a
post-orogenic extensional setting induced by the closure of the
MOO and rollback of the PPO plate.

6. Conclusions

(1) Our new LA-ICP-MS zircon U–Pb ages indicate that
the MMEs and host granodiorites are coeval, with similar
late Permian crystallization ages of 258.5–253.9 Ma, while
W-bearingmonzogranite and granite porphyry formed during
Late Jurassic time, dated at 149.8–148.1 Ma.

(2) The latePermiangranodiorites exhibit the characteristics of I-type
granite. TheMMEs and host granodiorites formed by themagma
mixing ofmafic and felsicmagmas. The felsicmagmawas derived
from the partial melting of juvenile lower crust, while the mafic
magmawas derived from the partial melting of an enriched litho-
spheric mantle metasomatized by slab-derived fluids.

(3) The Late JurassicW-bearing granitoids are highly fractionated
A-type granites, mainly derived from the partial melting
of an ancient lower crust that subsequently underwent extreme
fractional crystallization processes.

(4) In contrast to the W-barren granodiorite, the W-bearing gran-
itoids are characterized by high W concentrations and Rb/Sr
ratios, and low Nb/Ta, Zr/Hf and K/Rb ratios. Extreme frac-
tional crystallization is critical for W enrichment in the granitic
magma. The granodiorites did not induce W mineralization,
likely attributable to their low fractionated signatures.

(5) The late Permian granodiorites formed in a volcanic arc setting
related to the southward subduction of the PAO, whereas the
Late Jurassic W-bearing granitoids and related W deposits
formed in a post-orogenic extensional setting related to the
MOO closure and rollback of the PPO plate.

Supplementary material. To view supplementary material for this article,
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