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Multiphase Late Mesozoic magmatism is clearly recorded at the Xiaokelehe porphyry Cu\\Mo deposit in NE
China, including the syn-ore granodiorite porphyry, and post-ore diorite, gabbro, monzonite (porphyry), and
granite porphyry. In this study, we present new geological, LA-ICP-MS zircon U\\Pb geochronological and geo-
chemical data on these intrusive units to unravel the tectonic evolution of the Late Mesozoic Great Xing'an
Range (GXR). Zircon U\\Pb dating indicates that the multiphase magmatism extended from the Late Jurassic
to Early Cretaceous, i.e., 149.4± 4.0Ma (diorite), 148.9±1.4Ma (granodiorite porphyry), 146.9±4.1Ma (mon-
zonite), 140.6 ± 3.8 Ma (gabbro), and 139.9 ± 4.3 Ma (monzonite porphyry).
Geochemical data indicate that the syn-ore granodiorite porphyry is adakie-like, featured by relatively LILE-
enrichments (Rb, Ba, K, Pb, LREEs), high Sr contents (1065–1130 ppm), and elevated Sr/Y (129.9–171.8) and
(La/Yb)N (35.12–47.07) ratios, but with HFSE-depletions (Nb, Ta, Ti, HREEs), low Y (6.2–8.7 ppm) and Yb
(0.48–0.67) contents. The granodiorite porphyry has relatively higher Mg# values (41–47), depletion of Nb
and Ta, low Cr (29.0–31.0 ppm) and Ni contents (9.4–12.6 ppm), as well as enriched Sr\\Nd isotope features, in-
dicating that the granodiorite porphyry was derived from an enriched mantle (garnet-bearing) refertilized by
subduction-related melts in a post-collision setting, and the magmas were subsequently fractionated during
their ascent. The diorite and gabbromay have also derived from the refertilized lithosphericmantle (but without
garnet), whereas themonzonite and its porphyrywere derived from the lower crust at >40 and< 40 kmdepths,
respectively. Meanwhile, fractionation and crustal assimilation have been important for the diorite, gabbro, and
monzonite (porphyry) formation. Combined our studywith published ones, we concluded that: (1) theMongol-
Okhotsk Oceanwas finally closed in the GXR before the Late Jurassic; and (2) LateMesozoicmagmatism and por-
phyry Cu\\Mo mineralization in the GXR likely occurred in the compressive-to-extensional transition after the
collision between the Mongol-SinoKorea and Siberia plates.

© 2020 Published by Elsevier B.V.
1. Introduction

The Great Xing'an Range (GXR) is located in the eastern Central
Asian Orogenic Belt (CAOB), and contains voluminous Mesozoic mag-
matic rocks and their associated porphyry-type deposits (Chen et al.,
2017). The GXR therefore provides a window to investigate the petro-
genesis, geodynamic setting, and mineralization of the eastern CAOB.
Despite many previous studies on the geology, geochronology, geo-
chemistry and mineralization relations of these Mesozoic rocks in the
GXR (Dai et al., 2020; Deng et al., 2019a, 2019b; Shu et al., 2016; Tang
et al., 2016; Wang et al., 2006, 2015; Xu et al., 2013; Yang et al., 2015),
considerable debate still remains on the LateMesozoic petrogenetic set-
ting, including partial melting of the (1) subducted Paleo-Pacific slab
(Shu et al., 2016); (2) subducted Mongol-Okhotsk oceanic plate (Deng
et al., 2019a, 2019b; Donskaya et al., 2013); (3) lower crust or an
enriched mantle in a post-collision setting (Liu et al., 2013; Sorokin
et al., 2020; Tang et al., 2016; Xu et al., 2013; Yang et al., 2015), and
(4) ancient hydrous slab of the already-closed Paleo-Asian Ocean
(i.e., deep-sourced water-fluxed melting model) (Li et al., 2017a,
2017b). The debate was partly caused by different sample locations
and limited Late Mesozoic igneous outcrops in the GXR.

The GXR contains many porphyry-type deposits, and are mostly Mo-
only or Mo-dominated. The few Cu-dominated ones include the
Duobaoshan, Tongshan (506 ± 14 Ma; Chen et al., 2017; Cai et al.,
2020), Wunugetushan (180.5 ± 2.0 Ma; Wang et al., 2015), Fukeshan
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(148.7±0.8Ma; Deng et al., 2019a), and Xiaokelehe (150Ma; Feng et al.,
2019). Occurrence of the Wunugetushan, Fukeshan and Xiaokelehe de-
posits suggests substantial LateMesozoic porphyryCu(\\Mo)mineraliza-
tion potential in the GXR. The Xiaokelehe deposit is a newly-discovered
large Cu\\Mo deposit (Feng et al., 2019). A total of 42 holes have been
drilled (total core length: 45000 m), which intersect various types of
Late Mesozoic magmatic rocks that are not encountered on surface out-
crops, and makes Xiaokelehe an ideal site to study the geology and tec-
tonic setting of the Late Mesozoic GXR. Deng et al. (2019b) has obtained
zircon U\\Pb ages for the rhyolite (152.5 ± 1.7 Ma), granodiorite por-
phyry (150.0 ± 1.6 Ma), diorite porphyry (147.9 ± 1.3 Ma) and granite
porphyry (123.2 ± 1.7 Ma) at Xiaokelehe, yet Shang (2017) reported a
different zircon U\\Pb age for the granodiorite porphyry ore host
(~142 Ma). This shows a prolonged or multiphase magmatism that ex-
tended from the Late Jurassic to the Early Cretaceous. Based on geochem-
ical evidence, granodiorite porphyry was interpreted to be related to the
Mongol-Okhotsk Ocean subduction (Deng et al., 2019b). However, an
earlier rhyolite suite was identified as A-type (Deng et al., 2019b), sug-
gesting an extensional setting instead of a compressive continental arc
setting (Xu et al., 2013). Besides, the various types of dykes (e.g., diorite,
monzonite (porphyry), gabbro) intersected in the drill holes at
Xiaokelehe have not been studied in detail, which limits our understand-
ing of themagmatic-metallogenic evolution at Xiaokelehe, and in theGXR
as a whole.

Therefore, we conducted systematic analyses on the geology, age
and geochemical features of the granodiorite porphyry, diorite, monzo-
nite (porphyry), and gabbro atXiaokelehe. Our results elucidate thepet-
rogenesis of these intrusive bodies, and their implications on the
tectono-metallogenic evolution of the Late Mesozoic GXR.

2. Geological setting

The GXR is situated in the eastern CAOB that lies between the Siberian
plate in the north and the SinoKorean-Tarim plate in the south (Fig. 1a).
Fig. 1. (a) Simplifiedmap showing the location of the Great Xing'an Range in the eastern Centra
Xiaokelehe Cu\\Mo deposit (modified after Chen et al., 2017).
The GXR was evolved from the closure of the Paleo-Asian and Mongol-
Okhotsk Oceans, as well as the subduction of the Paleo-Pacific oceanic
plate, accompanied by multiple terrane accretion and continental crust
growth that lasted from the Paleozoic to Cenozoic (e.g., Chen et al.,
2017; Dai et al., 2020). This current GXR consists of a tectonic collage of
micro-continental blocks/slivers, arc terranes and ophiolite belts of vary-
ing ages.Major tectonic terranes in theGXR (fromnorth to south) include
the Erguna, Hingan and Xilinhot, which are bordered by the Derbugan
and Hegenshan-Heihe faults, respectively (Fig. 1b; e.g., Chen et al.,
2017). The NNE-trending Derbugan Fault (900 km long, 10–30 km
wide) extends fromMongolia, through the GXR to the Russia Far East. Re-
gional stratigraphy in the GXR comprises Precambrian to Paleozoic,
Jurassic-Cretaceous and Cenozoic sequences. Precambrian metamorphic
basement (meta-volcanic-sedimentary) rocks were reported mainly in
the eastern Erguna terrane (and sporadically in the NW Hingan terrane)
(Chen et al., 2017; Shang, 2017). The Lower Paleozoic rocks are only ex-
posed in the Hingan terrane, and are composed of terrigenous (volcani)
clastic rocks and marine carbonates (Shang, 2017). The Upper Paleozoic
rocks outcrop mainly in the Hingan terrane, and are dominated by low-
grade metamorphosed volcanic-sedimentary rocks (Shang, 2017).
Jurassic-Cretaceous terrigenous (volcanic) clastic rocks are widespread
across the whole GXR (Deng et al., 2018a, 2018b; Deng and Li, 2019),
whilst Cenozoic terrigenous clastic sediments are mainly exposed in the
eastern Hingan terrane (Chen et al., 2017). Regional tectonomagmatic
events in the GXR fall into four episodes: (1) Paleozoic continental arc
magmatism associated with the subduction of Paleo-Asia Ocean (Li et al.,
2013a; Liu et al., 2020; Xu et al., 2013); (2) Early-Middle Triassic and
(3) Late Triassic and Early Jurassic continental arc magmatism related to
the subduction of Mongol-Okhotsk Ocean (mainly in the northern GXR)
(Li et al., 2013a; Xu et al., 2013) and/or post-collisional extension after
the Paleo-Asia Ocean closure (mainly in the southern GXR) (Li et al.,
2013a); (4) Middle-Late Jurassic and Cretaceous continental-arc
magmatism associated with subduction of the Mongol-Okhotsk Ocean
(Deng et al., 2019a, 2019b), or post-collisionmagmatism after the closure
l Asian Orogenic Belt; (b) Geologicmap of the Great Xing'an Range, showing the location of
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of the Mongol-Okhotsk Ocean (Sorokin et al., 2020; Zhang, 2014) or the
Paleo-Asia Ocean (Li et al., 2017a, 2017b). Such multistage Mesozoic
tectono-magmatic activities also inducedwidespread porphyry-typemin-
eralization (mostly Mo with minor Cu\\Mo) (Chen et al., 2017).

The Xiaokelehe Cu\\Mo deposit lies in the eastern Hingan terrane,
about 25 km northeast of the Tayuan city (Fig. 2a). Local stratigraphy
comprises Neoproterozoic and Late Jurassic volcanic-sedimentary
units (Shang, 2017). The Neoproterozoic rocks are widely exposed at
Xiaokelehe, and comprisemainlymeta-sandstones, slate, phyllite, schist
and marble. The Late Jurassic rocks are exposed in the southern and
western Xiaokelehe, and are dominated by dacitic-rhyolitic lava and
tuff (Shang, 2017). These Neoproterozoic and Upper Jurassic wallrocks
around the granodiorite porphyry are mildly Cu\\Mo mineralized. The
NE-trending Xiaokelehe and NW-trending Dawusu faults dissected the
Neoproterozoic rocks and controlled the distribution of the Mesozoic
magmatism and associated mineralization (Shang, 2017). The highly-
fractured granodiorite porphyry may have also facilitated the quartz-
sulfides stockwork mineralization. Late Mesozoic igneous rocks are
extensively developed at Xiaokelehe, and include Late Jurassic
volcaniclastic rocks, granodiorite porphyry, diorite (porphyry), monzo-
nite (porphyry) and gabbro, togetherwith Early Cretaceous granite por-
phyry (Fig. 2b). These rock types are similar to those reported outside
Xiaokelehe in the Mesozoic GXR.

3. Petrography

Based on ourfield observations,we have divided themagmatic rocks
at Xiaokelehe into syn-ore and post-ore ones, and their contact relation-
ships and petrographic characteristics are presented in Figs. 3 and 4.

3.1. Syn-ore magmatic rocks

The syn-ore granodiorite porphyry outcrop covers about 4.5 km2 at
Xiaokelehe (Fig. 2a), and intruded into the Neoproterozoic metamor-
phosed clastic rocks and the Late Jurassic volcanic rocks (Fig. 2b).
These rocks are grayish-white (Fig. 4a), and have phenocrysts of quartz
(25–30 vol%), plagioclase (~40 vol%), biotite (10–15 vol%), and minor
hornblende (<5 vol%) and K-feldspar (<10 vol%), with grain sizes of
2.0–8.0 mm. The groundmass is composed of quartz, plagioclase and
K-feldspar. Accessory minerals (<5 vol%) include magnetite, apatite
Fig. 2. (a) Geologic map of the Xiaokelehe ore district, showing locations of drill holes an
and zircon (Figs. 4b-c). As the main ore host, the granodiorite porphyry
is pervasively altered and mineralized, with the sodic-calcic, potassic,
chlorite-illite and phyllic alterations centered on the granodiorite por-
phyry, and the Cu\\Mo mineralization occurs mainly in the potassic
zone, as described in detail by Feng et al. (2019).
3.2. Post-ore magmatic rocks

Diorite occurs as dykes and intruded into the granodiorite porphyry
(along sharp intrusive contact), the Neoproterozoic metamorphosed
clastic rocks and the Late Jurassic volcanic rocks, with width of ca.
1–10 m (Fig. 2a). Diorite dykes crosscut also the quartz-sulfide ore
veins in the granodiorite porphyry, suggesting that they are post-ore
(Fig. 3a). These rocks are greenish-gray, weakly chlorite-altered and
medium-fine grained (<1–4 mm) (Fig. 4d). The diorite is made up of
plagioclase (70 vol%), K-feldspar (10 vol%), pyroxene (10 vol%), horn-
blende (5 vol%) and quartz (5 vol%). Accessory minerals (<5 vol%) in-
clude magnetite, apatite and zircon (Fig. 4e-f).

Monzonite occurs as dykes or stocks with widths of 1 to 110 m and
intruded the granodiorite porphyry along sharp baked/chilled contact
(Fig. 2b). Meanwhile, intense potassic alteration occurs in the granodio-
rite porphyry along the granodiorite-monzonite contact (Fig. 3b),which
is likely caused by the monzonite intrusion. These rocks are greenish-
gray, weakly-altered and fine-grained (0.05–0.3 mm) (Fig. 4g). The
monzonite contains mainly plagioclase (45 vol%), K-feldspar (40 vol
%), pyroxene (5 vol%), hornblende (<5 vol%) and quartz (<5 vol%). Ac-
cessory minerals (<5 vol%) include magnetite, apatite and zircon
(Fig. 4h-i).

Gabbro is found only locally at Xiaokelehe, and occurs as dykes in-
truding all the Neoproterozoic and Late Jurassic wallrocks, granodiorite
porphyry, diorite, and monzonite along sharp contacts (Figs. 2b, 3c-d).
Local breccias of Neoproterozoic wallrocks are concentrated around
the gabbroic dykes. The gabbro is greenish-gray, weakly chlorite-
altered, fine-grained (0.1–3 mm), and mainly contains plagioclase
(60 vol%), pyroxene (25 vol%) and K-feldspar (10 vol%) (Fig. 4j-l).
Accessory minerals (<5 vol%) include magnetite, apatite and zircon.
The subhedral pyroxene grains are included in euhedral plagioclase.

Monzonite porphyry occurs as dykes (1–10 m wide) intruding the
Neoproterozoic and Late Jurassic wallrocks, granodiorite porphyry,
diorite, and monzonite along sharp baked/chilled contact (Figs. 2b
d the CC’ profile, (b) Geological cross-section CC’ (modified after Feng et al., 2019).



Fig. 3. Photographs showing the crosscutting relations between themajor magmatic units at Xiaokelehe. (a) Rhyolite (in contact with granodiorite porphyry) is intensely phyllic altered;
(b) Sharp intrusive contact between granodiorite porphyry and diorite. Sulfides-bearing veins in the granodiorite porphyry also cut by the diorite; (c) Diorite porphyry intruded
granodiorite porphyry with sharp chilled/baked margin; (d) Sharp intrusive contact between granodiorite porphyry and monzonite, with quartz-sulfides breccias in the monzonite
close to the contact; (e) Gabbro intruded granodiorite porphyry along sharp contact, with the latter being intensely K-feldspar altered locally; (f) Gabbro intruded monzonite along
sharp contact; (g) Monzonite porphyry intruded granodiorite porphyry along sharp contact. Quartz veins in the granodiorite porphyry cut by the monzonite porphyry; (h) Monzonite
intruded by monzonite porphyry along sharp contact with intense K-feldspar alteration; (i) Granite porphyry intruded granodiorite porphyry along sharp contact.
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and 3e-f). Quartz-sulfides veins were cut by monzonite porphyry
dykes (Fig. 3g), indicating a post-ore origin for the latter. These
rocks are grayish in color and weakly-altered (Fig. 4m). The pheno-
crysts comprise plagioclase (20 vol%) and pyroxene (10 vol%), with
grain sizes from 0.5 to 5 mm. The groundmass is microcrystalline
and consists of mostly feldspar and minor quartz. Accessory min-
erals (<5 vol%) include magnetite, apatite and zircon (Fig. 4n-o).

4. Sampling and methods

Asmentioned above, controversies exist on the formation ages of the
granodiorite porphyry, and no ages were reported on the newly-
identified diorite, monzonite (porphyry) and gabbro. Therefore, in this
study, we conducted LA-ICP-MS zircon U\\Pb dating and major/trace
element compositions of the least-altered granodiorite porphyry,
diorite, monzonite (porphyry) and gabbro samples at Xiaokelehe. The
sampling locations and lithologies of the magmatic rocks analyzed are
presented in Table 1.

One sample each from the Xiaokelehe granodiorite porphyry
(ZK6280-1-3), diorite (ZK6280-1-2), monzonite (ZK6280-1-1), gabbro
(ZK6260-5-1) and monzonite porphyry (ZK6240-1-1) were chosen for
zircon U\\Pb dating. Zircon grains were separated from samples using
conventional heavy liquids and magnetic separation techniques, and
handpicked under a binocular microscope. Zircon CL images were ob-
tained using a TESCAN MIRA3 field-emission scanning electron micro-
probe (FE-SEM) at the Testing Center, Tuoyan Analytical Technology
Co. Ltd. (Guangzhou, China). Working conditions of the CL imaging
were described in detail by Zhang et al. (2019). The LA-ICP-MS zircon
U\\Pb dating and trace element analyses were determined at the Key
Laboratory of Marine Resources and Coastal Engineering, Sun Yat-sen



Fig. 4. Hand-specimen photos and thin-section microphotographs of the major magmatic units at Xiaokelehe. (a-c) Chlorite-illite- and phyllic-altered granodiorite porphyry. Chlorite
altered from biotite and replaced by muscovite, plagioclase and K-feldspar altered to clay minerals; (d-f) Weakly-altered diorite containing hornblende, pyroxene,
plagioclase and K-feldspar; (g-i) Weakly-altered monzonite containing mainly pyroxene, plagioclase and K-feldspar, and minor quartz; (j-l) Weakly-altered gabbro
containing mainly pyroxene, plagioclase and K-feldspar; (m-o)Weakly-altered monzonite porphyry containing mainly pyroxene, plagioclase and K-feldspar, and minor quartz.
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Table 1
Sample location and features of the main magmatic rocks at Xiaokelehe.

Sample no. Drilling Lithology Location

Easting Northing Depth

ZK6280-1-80 ZK6280-1 Granodiorite
porphyry

21606143.8 5729303.9 83.6

ZK6280-1-84 ZK6280-1 Granodiorite
porphyry

21606143.8 5729303.9 54.6

ZK6280-1-77 ZK6280-1 Diorite 21606143.8 5729303.9 103.6
ZK6280-1-99 ZK6280-1 Diorite 21606143.8 5729303.9 −48.4
ZK6280-1-117 ZK6280-1 Monzonite 21606143.8 5729303.9 −175.4
ZK6280–1-120 ZK6280-1 Monzonite 21606143.8 5729303.9 −195.4
ZK6280-1-121 ZK6280-1 Monzonite 21606143.8 5729303.9 −204.4
ZK6260-5-122 ZK6260-5 Gabbro 21606153.8 5729101.4 −242.3
ZK6260-5-123 ZK6260-5 Gabbro 21606153.8 5729101.4 −251.3
ZK6260-5-133 ZK6260-5 Gabbro 21606153.8 5729101.4 −321.3
ZK6280-1-53 ZK6280-1 Monzonite

porphyry
21606143.8 5729303.9 272.6

ZK6240-1-14 ZK6240-1 Monzonite
porphyry

21606145.2 5728902.9 553.6

ZK6160-1-88 ZK6160-1 Monzonite
porphyry

21606149.8 5728095.5 28.6

ZK6160-1-94 ZK6160-1 Monzonite
porphyry

21606149.8 5728095.5 −7.4
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University. The analyses were conducted using 193 nm ArF excimer
laser ablation system (GeoLasPro) coupled with an Agilent 7700x ICP-
MS. A 60 μm spot size was used with an energy density of 5 J/cm2 and
a repetition rate of 5 Hz. Zircon 91,500 and glass NIST610 were used
as external standards for U\\Pb dating and trace element calibration, re-
spectively (Li et al., 2019). An Excel-based software ICPMSDataCal was
used to perform off-line selection and integration of background and
analyzed signals, time-drift correction and quantitative calibration for
trace element analysis and U\\Pb dating (Liu et al., 2010). Concordia di-
agrams and weighted mean calculations were created using Isoplot/
Ex_ver3 (Ludwig, 2003).

Major and trace elements analyses were conducted at the ALS Min-
eral/ALS Chemex Co. Ltd. (Guangzhou, China). Major oxide contents
were determined by XRF spectrometry. Fused glass disks with Lithium
Borate were used and the analytical precisions were better than ±0.1%,
based on repeated analyses of the standards GSR-2 and GSR-3. Trace ele-
ment concentrationswere determined by ICP-MS. Analyses of USGS rocks
standards (BCR-2, BHVO-1 andAGV-1) reveal that theprecision andaccu-
racywere better than±5% for the trace elements studied.Detailed analyt-
ical method and procedure were given in Zhang et al. (2019).
5. Results

5.1. Zircon U\\Pb age

The results of zircon U\\Pb dating of five samples are listed in Sup-
plementary Appendix 1. Representative CL images of the analyzed zir-
cons and zircon U\\Pb concordia diagrams are illustrated in
Supplementary Appendix 2 and Fig. 5. Regardless of the rock types, all
the zircons analyzed are euhedral-subhedral, and show fine-scale oscil-
latory igneous growth zoning in CL images.

5.1.1. Granodiorite porphyry
The oscillatory zoning and elevated Th/U ratios (0.60–1.20) suggest

an igneous origin for the zircons (Hoskin and Schaltegger, 2003). The
206Pb/238U ages of 18 analysis spots range from 144.2 ± 2.3 Ma to
153.9 ± 3.2 Ma, yielding a weighted mean 206Pb/238U age of 148.9 ±
1.4 Ma (MSWD = 0.59, n = 18) (Fig. 5a).

5.1.2. Diorite
The oscillatory zoning and elevated Th/U ratios (0.61–1.32) of the

zircons reflect an igneous origin. The 206Pb/238U ages of 8 analysis
spots range from 143.4± 2.8Ma to 155.1±2.4Ma, yielding aweighted
mean 206Pb/238U age of 149.4 ± 4.0Ma (MSWD= 2.1, n=6) (Fig. 5b).
Two inherited zircons of 176.2 ± 5.4 Ma and 315.9 ± 6.9 Ma are also
identified.

5.1.3. Monzonite
The oscillatory zoning and elevated Th/U ratios (0.46–2.46) reflect

an igneous origin for the zircons. The 206Pb/238U ages of 11 analysis
spots are from 143.7 ± 3.8 Ma to 323.1 ± 6.8 Ma, yielding three groups
of weighted mean ages of 146.9 ± 4.1 Ma (MSWD = 1.06, n = 2),
191.8 ± 3.4 Ma (MSWD = 0.62, n = 6) and 309 ± 22 Ma (MSWD =
3.8, n= 3) (Fig. 5c). The youngest age (146.9 Ma) is recognized to rep-
resent the crystallization age of the monzonite.

5.1.4. Gabbro
The oscillatory zoning and elevated Th/U ratios (0.26–2.87) of the

zircons reflect an igneous origin. The 206Pb/238U ages of six analysis
spots are from 137.5 ± 3.6 Ma to 237.6 ± 4.1 Ma, yielding two groups
with weighted mean ages of 140.6 ± 3.8 Ma (MSWD = 0.77, n = 3)
and 234.3 ± 4.5 Ma (MSWD = 0.98, n = 3) (Fig. 5d). The younger
age is considered to represent the monzonite formation age. Moreover,
four inherited zircons (1860.5 ± 20.7 Ma, 1980.1 ± 19.3 Ma, 2337.2 ±
22.7 Ma and 2433.8 ± 42.7 Ma) are identified.

5.1.5. Monzonite porphyry
The oscillatory zoning and elevated Th/U ratios (0.26–1.81) of the

zircons reflect an igneous origin. The 206Pb/238U ages of two analysis
spots are of 136.1 ± 3.8 Ma and 141.8 ± 2.6 Ma, yielding a weighted
mean age of 139.9 ± 4.3 Ma (MSWD = 1.5, n = 2) (Fig. 5e). Besides,
three inherited zircons (176.1 ± 3.6 Ma, 295.1 ± 7.6 Ma and 2425 ±
23.6 Ma) are identified.

5.2. Major and trace element compositions

Whole-rock geochemical data of two granodiorite porphyry, two di-
orite, two monzonite, three gabbro and four monzonite porphyry sam-
ples are listed in Supplementary Appendix 3. The results show that all
samples have low LOI (0.74–3.28), and are plotted within “the least al-
tered field” in the alteration box (Fig. 6a; Large et al., 2001). Thus, geo-
chemical influenced by hydrothermal alteration in the studied
samples is likely insignificant (Asadi et al., 2014).

5.2.1. Granodiorite porphyry
The samples have SiO2 = 63.68–67.55 wt% (avg. 65.62 wt%), Total

Fe2O3 = 3.63–4.46 wt% (avg. 4.05 wt%), and Mg# = 41–47 (avg. 44).
In the TAS diagram (Fig. 6b; Irvine and Baragar, 1971) and K2O vs.
SiO2 diagram (Fig. 6c; Peccerillo and Taylor, 1976), the granodiorite por-
phyries are plotted in the subalkaline and high-K calc-alkaline fields.
Their A/CNK values (0.90–1.00) suggest a metaluminous nature
(Fig. 6d; Maniar and Piccoli, 1989). The TFe2O3, MgO, Al2O3, TiO2, CaO
and P2O5 contents are negatively correlated with the SiO2 contents,
whereas K2O contents show an opposite trend (Fig. 7). Meanwhile,
the granodiorite porphyry samples are enriched in LREEs [(La/Yb)N =
35.12–47.07], LILEs (Rb, Ba, K and Pb) and Sr contents
(1065–1130 ppm), and depleted in HREEs, HFSEs (Nb, Ta and Ti), Cr
(29.0–31.0 ppm), Ni (9.4–12.6 ppm) and Y contents (6.2–8.7 ppm)
(Fig. 8a-b). The rocks are featured by high Sr/Y ratios (63.6–73.6) and
no Eu anomaly (δEu = 0.95–1.02), suggesting an adakitic affinity
(Fig. 8c-d).

5.2.2. Diorite
The samples have SiO2 = 54.83–56.04 wt% (avg. 55.44 wt%), Total

Fe2O3 = 7.24–7.73 wt% (avg. 7.49 wt%), and Mg# = 50–52 (avg. 51).
The rocks are (high-K) calc-alkaline (Figs. 6b-c). Their A/CNK values
vary from 0.87 to 0.93, indicating that the diorite is metaluminous
(Fig. 6d). Correlation are subtle between the TFe2O3, MgO, Al2O3, TiO2,



Fig. 5. Zircon U\\Pb Concordia diagrams and relative probability plot for the granodiorite porphyry (a), diorite (b), monzonite (c), gabbro (d) andmonzonite porphyry (e) at Xiaokelehe.
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CaO, Na2O, K2O and P2O5 contents and the SiO2 contents (Fig. 7). These
rocks are characterized by relatively enriched LREEs [(La/Yb)N =
13.56–13.78] and LILEs, but depleted HFSEs (incl. HREEs) and no Eu
anomaly (δEu = 0.93–1.02) (Fig. 8a-b).
5.2.3. Monzonite
The rocks contain SiO2 = 55.30–55.67 wt% (avg. 55.44 wt%), Total

Fe2O3 = 6.44–6.68 wt% (avg. 6.54 wt%), and Mg# = 40–41 (avg. 41).
The samples are high-K calc-alkaline or shoshonite (Fig. 6b-c), and
their A/CNK values (0.87–0.89) suggest that they are metaluminous
(Fig. 6d). Meanwhile, their TFe2O3, MgO, TiO2 and P2O5 contents show
negative correlations with the SiO2 contents (Fig. 7). The monzonite
samples are enriched in LREEs [(La/Yb)N = 11.03–11.60], LILEs (Rb,
Ba, K and Pb) and Sr (1160–1450 ppm), but depleted in HFSEs
(HREEs, Nb, Ta and Ti), Cr (4.0–7.0 ppm), Ni (2.5–3.2 ppm) and Y con-
tents (18.2–19.7 ppm), with lower Sr/Y ratios (63.6–73.6) and no obvi-
ous Eu anomaly (δEu = 0.89–0.92) (Fig. 8a-b).
5.2.4. Gabbro
The rocks have SiO2 = 51.73–52.13 wt% (avg. 51.96 wt%), Total

Fe2O3 = 8.48–8.71 wt% (avg. 8.63 wt%), and Mg# = 50–51 (avg. 51).
The gabbros are high-K calc-alkaline (Figs. 6b-c) andmetaluminous (A/
CNK=0.85–0.91) (Fig. 6d). There are no clear correlations between the
TiO2, Al2O3, MgO, TFe2O3, CaO, Na2O, K2O and the SiO2 contents (Fig. 7).
The gabbros are featured by enrichments in LREEs [(La/Yb)N =
9.13–10.31], LILEs (Rb, Ba, K and Pb) and Sr contents (1270–1330 ppm),
but depletions in HFSEs (HREEs, Nb, Ta and Ti), Cr (16.0–18.0 ppm), Ni
(8.8–10.3 ppm) and Y (16.5–17.6 ppm), and with no Eu anomaly
(δEu=0.93–1.01) (Fig. 8a-b).

5.2.5. Monzonite porphyry
The rocks have SiO2 = 60.37–60.90 wt% (avg. 60.59 wt%), Total

Fe2O3 = 5.20–5.42 wt% (avg. 5.35 wt%), and Mg# = 39–41 (avg. 40).
The monzonite porphyry samples are classified as high-K calc-alkaline
or shoshonite and metaluminous (A/CNK = 0.92–0.98) (Fig. 6a-c).



Fig. 6. Alteration box plot showing the major magmatic units in the Xiaokelehe Cu\\Mo deposit (a, Large et al., 2001), plots of SiO2 vs. (Na2O + K2O) (b, Baragar, 1971), SiO2 vs.
K2O (c, Peccerillo and Taylor, 1976) and A/CNK vs. A/NK (d, Maniar and Piccoli, 1989) for the major magmatic units at Xiaokelehe.
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There are no clear correlations between the TiO2, Al2O3, MgO, TFe2O3,
CaO, Na2O, K2O and the SiO2 contents (Fig. 7). Additionally, these
rocks are typically enriched in LREEs [(La/Yb)N = 11.19–14.58], LILEs
(Rb, Ba, K and Pb) and Sr contents (540–1035 ppm), but depleted in
HFSEs (HREEs, Nb, Ta and Ti), Cr (3.0–4.0 ppm), Ni (0.9–1.3 ppm) and
Y contents (22.7–24.1 ppm), with weak Eu negative anomaly (δEu =
0.77–0.83) (Fig. 8a-b) and low Sr/Y ratios (21.5–43.9).

6. Discussion

6.1. Geochronological framework of Mesozoic magmatism in the GXR

As previous studies suggested, magmatism was widespread in the
GXR from the Paleozoic to the Mesozoic, with abundant emplacement
of granitoids (incl. granodiorite (porphyry), monzonite (porphyry),
syenogranite, A-type rhyolite and alkaline granite) (Chen et al., 2017;
Xu et al., 2013). These magmatic activities displayed a close space-
time relationship with the regional Mesozoic porphyry-type minerali-
zation, which was the most important porphyry-type mineralization
episode in the GXR. Among the many porphyry-type deposits reported
in the GXR, most were formed in theMesozoic andminor formed in the
Early Paleozoic (Chen et al., 2017). The Ordovician Duobaoshan and
Tongshan porphyry Cu deposits (PCDs) (granodiorite = 479.5 ±
4.5 Ma; Chen et al., 2017) are the only few examples of the Paleozoic
PCDs discovered in the GXR. In contrast, the many Mesozoic examples
reported include the Wunugetushan PCD (180.5 ± 2.0 Ma; Wang
et al., 2015), Taipingchuan PCD (202 ± 5.7 Ma, Chen et al., 2017),
Chalukou porphyry Mo deposit (148 ± 1 Ma; Liu et al., 2013) and
Fukeshan PCD (148.0 ± 2.8 Ma; Deng et al., 2019a). The ore-causative
granitoids of these Mesozoic porphyry-type deposits were considered
to be related to the subduction of the Mongol-Okhotsk oceanic plate
(Deng et al., 2019a, 2019b; Wang et al., 2015) or post-collisional exten-
sion (Liu et al., 2013; Xu et al., 2013).

Compiling our zircon U\\Pb ages with previous published data
(Deng et al., 2019b), we suggested that Mesozoic magmatism at
Xiaokelehe occurred intermittently at around 150 Ma, 146 Ma,
140 Ma and 123 Ma. The rhyolite (152.5 ± 1.7 Ma; Deng et al.,
2019b) represents the earliest magmatic activity at Xiaokelehe
and the main volcanic rock type in the area. For the ore-causative
granodiorite, our zircon U\\Pb data (148.9 ± 1.4 Ma) suggest that
its emplacement was coeval with the mineralization within analyt-
ical uncertainties (molybdenite Re\\Os age: 148.5 ± 1.5 Ma; Feng
et al., 2020). Although the diorite (149.4 ± 4.0 Ma) and diorite por-
phyry (147.9 ± 1.3 Ma; Deng et al., 2019b) ages are similar to that
of the granodiorite porphyry (within error), crosscutting relation-
ships in drill cores suggest that the diorite (porphyry) was
emplaced after the granodiorite porphyry (Fig. 3b-c). This is also
true for the monzonite (146.9 ± 4.1 Ma), which is found intruding
into the granodiorite porphyry (Fig. 3d). The gabbro (140.6 ±
3.8 Ma) and monzonite porphyry (139.9 ± 4.3 Ma) constitute the
next magmatic phase, which agrees with the crosscutting relations
that they intruded all the granodiorite porphyry, diorite and mon-
zonite (Fig. 3e-f). Different from the granodiorite porphyry, diorite
(porphyry) and monzonite, the gabbro and monzonite porphyry



Fig. 7. Harker diagrams of the major magmatic units at Xiaokelehe.
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have Precambrian inherited zircons, which were likely derived
from the Xinghuadukou Group (Shang, 2017). The Xinghuadukou
Group is considered to be the basement of the GXR. It is locally dis-
tributed in the Erguna and Xing'an terranes, and consists of schist
and meta-plutonic rocks (Deng et al., 2019b). These inherited zir-
cons suggest significant involvement of the Xinghuadukou Group
in the magma evolution.

The ~123Ma granite porphyry represents the latest magmatic activ-
ity at Xiaokelehe (123.2 ± 1.7 Ma; Deng et al., 2019b), as also demon-
strated by that it intruded all other rock types in the area (Fig. 3i).
Previous studies have identified four Mesozoic magmatic phases in
the northern GXR: ca. 186–182 Ma (peak 183 Ma), 166–156 Ma (peak
163 Ma), 145–138 Ma (peak 143 Ma) and 128–106 Ma (peak 125 Ma)
(Xuet al., 2013). At Xiaokelehe, the ~146Ma and ~ 140Mamagmatic ac-
tivities fall inside the regional 145–138 Ma phase, whilst the ~128 Ma
magmatic activities fall inside the regional 128–106 Ma phase (Fig. 9).
The ~150 Ma magmatic activities at Xiaokelehe lie outside the four
GXR magmatic phases. Yet magmatic rocks in the “156–145 Ma mag-
matic gap” were also reported at the Fukeshan PCD (148.7 ± 0.8 Ma;
Deng et al., 2019a) and Chalukou Mo\\Cu deposit (147.0 ± 0.8 Ma;
Liu et al., 2013), probably indicating an unidentified new magmatic-
metallogenic epoch in the GXR.
6.2. Petrogenesis of Late Mesozoic magmatism at Xiaokelehe

6.2.1. Granodiorite porphyry
As mentioned above, the granodiorite porphyry has adakite-like

geochemical signatures. The term “adakite” was first proposed by
Defant and Drummond (1990) to describe an unusual type of andesite
that originated from partial melting of subducted oceanic plate. How-
ever, subsequent studies have shown that many igneous rocks with
adakite-like geochemical features can be produced by other processes,
including (1) partial melting of a peridotitic mantle that has been mod-
ified by slab melts (Martin et al., 2005), (2) delaminated mafic lower
crust (Kay and Kay, 1993), (3) melting of thickened lower crust
(Chung et al., 2003), (4) mixed origin (Li et al., 2013a; Zhou et al.,
2015) and (5) fractional crystallization of mantle-derived magmas
(Macpherson et al., 2006).

Previous studies have proposed that theMongol-OkhotskOceanwas
closed in theMiddle-Late Jurassic (Ren et al., 2016; Tang et al., 2016; Xu
et al., 2013), which is also supported by our data (to be discussed
below). Hence, the granodiorite porphyry was unlikely to be produced
by partial melting of the subducting slab. Melts of the delaminated
lower crust would likely interact and equilibrate with the mantle peri-
dotite during they ascent, resulting in significantly elevated contents



Fig. 8. Chondrite-normalized REE pattern (a, normalizing values from Sun andMcDonough, 1989), primitivemantle-normalized trace elements web diagram (b, normalizing values from
Sun and McDonough, 1989), plots of (La/Yb)N vs. YbN (c) and Sr/Y vs. Y (d) for the major magmatic units at Xiaokelehe.

Fig. 9. Histogram of ages of Mesozoic igneous rocks in the GXR (Xu et al., 2013).
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of MgO, Cr and Ni (Rapp et al., 1999). However, the lower Cr
(29.0–31.0 ppm) and Ni (9.4–12.6 ppm) contents in the granodiorite
porphyry are incompatible with this view. The granodiorite porphyry
has higher MgO and Mg# values than those of experimental melts by
the partial melting of metabasalt and eclogite (Wang et al., 2006), in-
consistent with the adakite derived from partial melting of the thick-
ened lower crust (Rapp et al., 1999). As previous studies suggested,
fractionation of mantle-derived basaltic melts could only form small
volume of felsic magma (Zheng et al., 2015). Thus, large volume of
basalts or gabbros is required to form the granodiorite porphyry at
Xiaokelehe, which is not found in the outcrops or drill holes. At
Xiaokelehe, mafic microgranular enclaves (MMEs) and zoned minerals
(e.g., pyroxene, amphibole and plagioclase) are absent in the granodio-
rite porphyry. The granodiorite porphyry has relatively high (87Sr/86Sr)i
ratios (0.7055–0.7057), low εNd(t) values (−1.2 to −0.3) and young
TDM model ages (0.83–0.90 Ga) (Deng et al., 2019b), indicating that
they were derived from mantle-derived juvenile components without
significant ancient crustal involvement. This is also supported by the
lack of inherited zircons in the rocks (Fig. 5b). Therefore, a mixed
magma source can be excluded.

Exclusions of the other possibilities lead to the conclusion that the
Xiaokelehe granodiorite porphyry was formed by partial melting of
the slabmelt-modified peridotitic mantle. It is noted that the granodio-
rite porphyry samples have negative Nb\\Ta anomalies (Fig. 8b), which
are common in subduction-related (Sajona et al., 1993) or enriched sub-
continental lithospheric mantle (SCLM)-derived (Whalen et al., 1996)
magmas. Absence of arc magmatism at/around Xiaokelehe indicate
that the observed Nb\\Ta anomalies are most likely associated with
an enriched SCLM source that reacted with subduction-related melts
and/or fluids. The U\\Th and Pb\\Ce contents of the granodiorite por-
phyry (Figs. 10a-b) suggest that the mantle source was likely
metasomatized by melts from the ancient-subducted slab and its sedi-
ments (Hawkesworth et al., 1997; Li et al., 2013b; Othman et al.,
1989). The granodiorite porphyry has relatively high (87Sr/86Sr)i ratios
(0.7055–0.7057) and low εNd(t) values (−1.2 to −0.3) (Deng et al.,
2019b), indicating significant sediment input via crustal assimilation
during the melt ascent or the above-mentioned metasomatism (Li et al.,
2013b). As presented above, crustal contamination was likely unimpor-
tant for the granodiorite porphyry. Hence, we infer that the relatively



Fig. 10. Plots of (a)U/Th vs. Th (modified after Hawkesworth et al., 1997), (b) Pb/Ce vs. Pb (modified afterOthman et al., 2006), (c) Ni vs. Ba, (d) Ni vs. Rb (modified afterWang et al., 2006),
(e) (La/Sm)N vs. (Sm/Yb)N and (f) Ba/Rb vs. Rb/Sr for the Xiaokelehe magmatic rocks.
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high Sr and low Nd isotope values of the granodiorite porphyry are gen-
erated in the magma source. This is supported by the contemporaneous,
enriched mantle-derived basalts and andesites ((87Sr/86Sr)i =
0.705624–0.726886; εNd(t) = −1.83–0.69) in the northern GXR (Wu,
2006). Direct partial melts of an enriched mantle would be of basaltic
composition with high Mg# values (70–80, Li et al., 2009), and thus the
granodiorite porphyry (with high SiO2 (63.68–67.55 wt%) and low Mg#

(41–47)) cannot represent primary melts. Instead, the granodiorite por-
phyry was likely formed by fractionation (e.g., olivine) of the paren-
tal basaltic magma in depth. This model is consistent with those
proposed for the granitoids at Tonglushan (Zhang et al., 2018),
Daye (Li et al., 2009), Tongshankou, Chengmenshan, Wushan,
Dongleiwan and Dengjiashan porphyries (Li et al., 2013b), and for
the shoshonitic rocks at Luzong, Eastern China (Wang et al., 2006).
Adakitic signatures (e.g., low HREE contents) were generally consid-
ered to be related to the presence of residual garnet in the magma
source, as the garnet is the major host of HREEs (Defant and
Drummond, 1990; Zheng et al., 2015).

In the Harker-type diagrams (Fig. 7), the negative correlations be-
tween SiO2 and contents of TFe2O3, Al2O3, TiO2, CaO, P2O5 and MgO in-
dicate fractionation of hornblende, ilmenite, titanite and apatite. As
expected, the relatively incompatible K increases with increasing SiO2.
There is no Na2O vs. SiO2 correlation or significant Sr and Eu anomalies,
which indicate no major plagioclase fractionation or accumulation.

6.2.2. Diorite
The samples have chondrite-normalized REE and the primitive

mantle-normalized trace element patterns similar to those of the grano-
diorite porphyry (Fig. 8a-b). This, and the close space-time relations be-
tween the diorite and granodiorite porphyry, suggest a possible genetic
link. This implies that the dioritic magma was also evolved from the
magma produced by partial melting of the lithospheric mantle



12 Y. Feng et al. / Lithos 374–375 (2020) 105713
refertilized by slab-derived melts. Comparing to the granodiorite por-
phyry, the diorite is less HREE-depleted and less LREE/HREE fraction-
ated, suggesting that the magma source has little residual garnet.
Meanwhile, low Cr and Ni contents of the diorite indicate olivine frac-
tionation at depth. The non-adakitic diorite has in general an order of
magnitude higher Y contents and lower Sr contents than those of the
adakite-like granodiorite porphyry (Fig. 8c-d), which was interpreted
to be led by more plagioclase but less hornblende fractionation.

In the Ni vs. Ba and Ni vs. Rb diagrams (Fig. 10c-d), two diorite sam-
ples are plotted along the fractional crystallization trend, suggesting
that fractionation had played an important role in the magmatic evolu-
tion. Two inherited zirconswere found in the sample, possibly reflecting
that crustal assimilation had occurred.

6.2.3. Monzonite and monzonite porphyry
The similarity in chondrite-normalized REE and the primitive

mantle-normalized trace element patterns (Fig. 8a-b), together with
the close spatial relations between the monzonite/monzonite porphyry
and the granodiorite porphyry indicate possible genetic link between
the former two. However, the low Mg#, Cr and Ni contents of the mon-
zonite (porphyry) are not what would be expected if they were derived
from the mantle (Martin et al., 2005). Hence, we infer that they were
derived from partial melting of the lower crust. Comparing to the mon-
zonite, themonzonite porphyry has lower Sr but higher HREE contents,
together with negative Eu anomalies and weaker LREE/HREE fraction-
ation (Fig. 8a-b). This suggests more plagioclase residue in the magma
source for themonzonite porphyry compared to themonzonite. As pre-
vious studies suggested, plagioclase residue in the magma source sug-
gest a magma formation depth of around 40 km (<1.2 GPa) (Rapp
and Watson, 1995). Therefore, we consider that the monzonite was
probably derived from partial melting of the thickened lower crust at
>40 km,whist that for themonzonite porphyrywas probably shallower
(<40 km depth). Compared to typical adakitic rocks, both the monzo-
nite and its porphyry have higher HREE and Y contents, but lower Sr
and Sr/Y and weaker LREE/HREE fractionation, which indicate that no
garnets were residual in the magma source.

In the Harker diagrams (Fig. 7), there are negative correlations be-
tween TFe2O3, TiO2, P2O5 and MgO and SiO2 contents of the monzonite
(porphyry), suggesting the fractionation of pyroxene, ilmenite and apa-
tite. Themonzonite (porphyry) samples contain some inherited zircons,
suggesting certain degree of crustal contamination. Meanwhile, the
monzonite porphyry sample contains one Paleoproterozoic inherited
zircon (2425± 23.6Ma), whichmay be derived from the Xinhuadukou
Group that is considered to be the basement of the GXR, and occasion-
ally distributed in the Erguna and Xing'an terrane (Shang, 2017).

6.2.4. Gabbro
Partial melting experiment on anhydrous lherzolite also shows that

the resulting partial melts would not be more felsic than andesites
(~55 wt% SiO2; Baker et al., 1995). Previous studies suggested that the
gabbros derived from the asthenospheric mantle commonly have
lower La/Nb (<1.5) and La/Ta (<22) ratios than those derived from
the lithospheric mantle (Thompson and Morrison, 1988). The
Xiaokelehe gabbros have high La/Nb (3.72–3.92) and La/Ta
(66.12–69.33) ratios, indicating that they were derived from the litho-
spheric mantle. Moreover, the Xiaokelehe gabbros are characterized
by LILE (incl. LREE) enrichments but HFSE (incl. HREE) depletions, re-
sembling typical arc magmatic rocks (Zheng et al., 2015). This suggests
that the lithospheric mantle source was metasomatized by arc-related
fluids or sediments. The low Sr/Y and (La/Yb)N ratios, high HREEs and
weak LREE/HREE fractionation of the Xiaokelehe gabbro imply that
the mantle source did not contain residual garnet. Using the (Sm/Yb)N
vs. (La/Sm)N diagram (Jourdan et al., 2007) and the equation of Shaw
(1970) for non-modal melting, the Xiaokelehe gabbro can be modeled
by 1–2% equilibriummelting of lherzolite with 2% spinel without garnet
(Fig. 10e). Previous studies have suggested that the Nb/Ta ratio can
distinguish high-pressure rutile-bearing phase from low-pressure
amphibole-bearing phase. Amphibole-bearing phase is stable under
<2.5 GPa, and would fractionate Nb/Ta ratios in themelts to low values
(Foley et al., 2002). In contrast, the rutile-bearing phase is stable under
>2.0 GPa and the Nb/Ta ratios are higher (Xiong et al., 2005). The
Xiaokelehe gabbro has lower subchondritic Nb/Ta ratios (1.00–1.01),
suggesting low-pressure amphibole residue in the mantle source.
Meanwhile, the melts in equilibrium with amphibole have generally
lower Rb/Sr and higher Ba/Rb ratios than those sourced from the
phlogopite-bearing phase (Fig. 10f) (Furman and Graham, 1999).
Therefore, the Xiaokelehe gabbro was likely derived from partial melt-
ing of amphibole-bearing lithospheric mantle metasomatized by slab
melts. The low Cr and Ni contents of the rocks are in line with olivine-
poor metasomatized lithospheric mantle.

In the Ni vs Ba and Ni vs Rb diagrams (Fig. 10c-d), the samples are
plotted along the fractional crystallization trend, suggesting fractional
crystallization plays an important role in the magma processes. Several
Neoproterozoic and Paleoproterozoic inherited zircons were found in
the gabbro, suggesting certain crustal assimilation during the magma
ascent, as also supported by the high whole-rock Zr and Hf contents of
the Xiaokelehe gabbro (Fig. 8b).

6.3. Geodynamic implications for the Late Mesozoic magmatism

As aforementioned, the Late Mesozoic GXR magmatism has been
variably argued to be associated with the subduction of the Paleo-
Pacific Ocean (Shu et al., 2016) or Mongol-Okhotsk Ocean (Deng et al.,
2019a, 2019b; Donskaya et al., 2013), or post-collisional-related (Li
et al., 2017a, 2017b; Sorokin et al., 2020; Xu et al., 2013). We favor the
post-collision hypothesis because: (1) Mesozoic GXRmagmatism likely
occurred far (>2000 km) from the Paleo-Pacific subduction front;
(2) Mesozoic magmatic rocks from the Lesser Xing'an-Zhangguangcai
Range (between the GXR and Jihei region) constitute a typical bimodal
assemblage (A-type granites and mafic-ultramafic rocks), suggestive of
an extension tectonic regime (Xu et al., 2013); (3) seismological studies
suggest that the back-arc extension led by the Paleo-Pacific subduction
did not reach the Mesozoic GXR (Li et al., 2017a; Zheng et al., 2015).

Palaeomagnetic studies reveal that the Mongol-Okhotsk Ocean did
not close in a scissor-like way until the end Early Cretaceous
(Kravchinsky et al., 2002; Metelkin et al., 2010). Consequently, the
northern GXR magmatism before that was more likely to be associated
with theMongol-Okhotsk Ocean subduction (Deng et al., 2019a, 2019b;
Zhang, 2014). Deng et al. (2019b) found that the Late Jurassic granodi-
orite porphyry (150.0 Ma) at Xiaokelehe have arc-type adakitic affini-
ties, and suggested that these rocks were formed by the south-dipping
subduction of theMongol-Okhotsk Ocean. However, there is no volumi-
nous Late Jurassic basaltic-andesitic magmatism reported at/around
Xiaokelehe. Slab-derived adakites are generally characterized by primi-
tively low (87Sr/86Sr)i and high εNd(t) values (Defant and Drummond,
1990; Li et al., 2009), different from the Xiaokelehe granodiorite por-
phyry ((87Sr/86Sr)i = 0.7055–0.7057, εNd(t) = −1.2 to −0.3; Deng
et al., 2019b), which indicates an enriched mantle source. Oceanic
ridge subduction model on GXR proposed by Zhang (2014) is mainly
based on the presence of widespread adakitic rocks, alkalic basalts and
A-type granitoids. However, no alkali basalts were reported at Xiaok-
elehe. Meanwhile, all the Xiaokelehe porphyries (granodiorite, diorite
and granite) have enriched Sr\\Nd isotopic features ((87Sr/86Sr)i =
0.7054–0.7066; εNd(t) = −1.2–0.01; Deng et al., 2019b), inconsistent
with a subducted oceanic ridge origin (Defant and Drummond, 1990;
Li et al., 2009) and precluding the Mongol-Okhotsk oceanic ridge
subduction model.

In addition, representativeness of published GXR palaeomagnetic
data has been disputed, as most data from south of the Mongol-
Okhotsk suture are from the North China plate (Ren et al., 2016).
Thus, closure of the Mongol-Okhotsk Ocean until the end Early Creta-
ceous is questionable, which is also hard to reconcile with a number of
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geological and geochemical facts. Geochemical and petrographic studies
of the Middle-Upper Jurassic sandstone from the Mohe Basin (south of
the Mongol-Okhotsk suture) suggested that the sediments were de-
rived from the Mongol-Okhotsk suture zone, and indicated that the
Mongol-Okhotsk Ocean was closed before the Middle Jurassic (Zhang,
2014). Sorokin et al. (2020) proposed that the Mongol-Okhotsk Ocean
was finally closed in theMiddle Jurassic (171Ma), based on detrital zir-
con U-Pb-Hf isotopic data and whole-rock geochemical data of the
metasedimentary rocks from north of theMongol-Okhotsk suture. Sed-
imentary basin analyses east of theMongol-Okhotsk suture also suggest
that the Mongol-Okhotsk Ocean was finally closed in the Late Jurassic
(Yang et al., 2015). In this study, the Late Mesozoic Xiaokelehe mag-
matic assemblage, including A-type rhyolite, and high-K calc-alkaline
(granodiorite porphyry, diorite and gabbro) and shoshonitic (monzo-
nite and its porphyry) intrusive rock, is also consistent with a post-
collision extensional setting. Taken together, we support a pre-Late
Jurassic closure of the Mongol-Okhotsk Ocean.

In a post-collision setting, a deep-sourced fluid-fluxed melting model
was also proposed to explain the large-scale Early Cretaceousmagmatism
in the southern GXR. The model involves partial melting of the litho-
spheric mantle with fluid input (from ancient hydrated slab), which pro-
duced water-rich mafic magmas. These mafic magmas then underplated
the lower crust and promoted water-fluxed partial melting there to form
the large-scale Early Cretaceous magmatism (Li et al., 2017a, 2017b).
However, magmatic rocks in the northern GXR are located far from the
Mongol-Okhotsk suture and are likely unaffected by subduction or clo-
sure of the Mongol-Okhotsk Ocean. Thus, this model is unlikely to be ap-
plicable for the Xiaokelehe igneous rocks.
Fig. 11. Schematic geodynamic diagram showing the em
In brief, we suggest that after the collision between the Mongol-
SinoKorea and Siberia plates (Fig. 11a), an extensional environment
may have caused delamination of the thickened crust and astheno-
sphere upwelling (Wu, 2006; Xu et al., 2013). The melt (produced
by partial melting of enriched mantle with garnet) may have frac-
tionated during its ascent and formed the granodiorite porphyry
(Fig. 11b). After the formation of the granodiorite porphyry, the
enriched mantle (without garnet) metasomatized by subducted-
related melts may have also partially melted. This melt was then
also fractionated and experienced crustal contamination (mixing
and homogenization) during their ascent, and formed the diorite
that intruded into the granodiorite porphyry (Fig. 11b). During ca.
146–140 Ma, asthenospheric upwelling and partial melting of the
lower crust persisted. Partial melting of the lower crust (without
plagioclase) at depth > 40 km may have first occurred at ca.
146 Ma, corresponding to formation of the monzonite. Partial melt-
ing of the lower crust (with plagioclase) at depth < 40 km likely oc-
curred at ca. 140 Ma, as marked by the emplacement of the
monzonite porphyry, which has lower Sr, higher HREE contents,
negative Eu anomalies, and weaker LREE/HREE fractionation than
the monzonite (Fig. 11c). Intrusion of the Xiaokelehe gabbro hap-
pened at the same time, and its magma was likely derived from par-
tial melting of a deep enriched-mantle (without garnet) source
metasomatized by subduction-related melts (Fig. 11c).

At Xiaokelehe, pervasive alteration and Cu\\Mo mineralization oc-
curred in the granodiorite porphyry (Feng et al., 2019). As previous
studies suggested, chalcophile elements in the mantle are mainly
hosted in sulfides (Mungall, 2002). Removal of chalcophile elements
placement of the major Xiaokelehe magmatic units.
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from the mantle by magmas required oxidizing conditions (log
fO2 > FMQ (fayalite-magnetite-quartz oxygen buffer) + 2). The
subducted oceanic upper crust has very high intrinsic fO2 due to equili-
bration with seawater during hydrothermal alteration and terrigenous
sediment deposition (Mungall, 2002). Magmas derived from the
enriched mantle (metasomatized by subduction-related melt) may
have inherited the oxidizing character,melted/dissolved themantle sul-
fides and scavenged their chalcophile metals. As a result, the granodio-
rite porphyry derived from an enrichedmantle is favorable for porphyry
Cu\\Momineralization at Xiaokelehe. We infer, therefore, that the Late
Mesozoic GXR was favorable for forming porphyry-type ore-causative
intrusions in a post-collision setting after the Mongol-Okhotsk Ocean
closure. This inference is supported by the many porphyry-type de-
posits newly-discovered in the GXR, including the Chalukou porphyry
Mo deposit (147.0 ± 0.8 Ma; Liu et al., 2013), Fukeshan porphyry
Cu\\Mo deposit (148.0 ± 2.8 Ma; Deng et al., 2019a) and the Huluotai
porphyry Cu\\Mo deposit (150 ± 1 Ma; Deng et al., 2019c). The
Chalukou Mo deposit (~30 km northwest of Xiaokelehe) has similar
ore-formation ages (molybdenite Re\\Os age: 147.0 ± 0.8 Ma; Liu
et al., 2013) with Xiaokelehe (molybdenite Re\\Os age: 148.5 ±
1.5 Ma; Feng et al., 2020), indicating a close space-time relation be-
tween the two. The coexistence of porphyry Cu (-Mo-Au) and porphyry
Mo deposits are rarely reported, as porphyryMomineralization is com-
monly related to non-arc-related setting, e.g., the Dabie-East Qinling
porphyry Mo belt in central China, where the Late Mesozoic porphyry
Mo deposits were formed in post-collisional extension setting after
the Paleo-Tethys closure (Li et al., 2007). Coexistence of these two
porphyry-type mineralization is consistent with the post-collision set-
ting in the Late Mesozoic GXR.

7. Conclusions

(1) LA-ICP-MS zircon U\\Pb dating reveal that the magmatism at
Xiaokelehe (granodiorite porphyry: 148.9 ± 1.4 Ma; diorite:
149.4 ± 4.0 Ma; monzonite: 146.9 ± 4.1 Ma; gabbro:
140.6 ± 3.8 Ma, and monzonite porphyry: 139.9 ± 4.3 Ma)
was multiphase and occurred from the Late Jurassic to Early
Cretaceous.

(2) The syn-ore granodiorite porphyry displays adakite-like affin-
ity, and was derived from partial melting of the mantle (gar-
net-bearing) metasomatized by melts of previous-subducted
slab and sediments in the upper part of oceanic crust. The
post-ore diorite and gabbro were also derived from partial
melting of the mantle (without garnet) metasomatized by
melts of previous-subducted slab and sediments in the
upper part of oceanic crust, and the post-ore monzonite (por-
phyry) magmas were sourced from the lower crust.

(3) The compressive to extensional transition after the collision
between the Mongol-SinoKorea and Siberia plates may have
caused the Late Mesozoic magmatism and porphyry Cu\\Mo
mineralization at Xiaokelehe.
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