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Abstract When a mantle plume is sited beneath a small craton and encountered ambient
orogenic extension, what is likely to happen? Distinguished plume development and
significant impact are revealed from geochronological and tectonic framework of the Tarim
mantle plume and the mafic-ultramafic intrusions in southern Central Asian Orogenic Belt

(CAOB). The mantle plume, which occurred beneath the Tarim Craton, one of the smaller
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cratons on Earth, lasted from 300 Ma to 270 Ma with peaks at 290 Ma and 278 Ma, which is
unique compared to other plumes worldwide. Synchronously, the CAOB was at post-orogenic
extension stage with an eastward propagating, scissor-like closure of the Paleo-Asian ocean.
Numerous Ni-Cu sulfide deposits hosted in mafic-ultramafic intrusions, typically occurring in
cratons and with a genetic affinity with plume events worldwide, are oddly concentrating
along southern CAOB and have been termed as orogenic-type. These intrusions, associated
with mafic dykes, show a decreasing trend in their numbers and a time lag (7-8 Ma) in
formation age (295 to 255 Ma with peaks of 293 Ma, 282 Ma, and 271 Ma) with distance
away from the Tarim Craton. Coincidentally, these orogenic gold deposits and intrusion
associated mesothermal gold deposits also show a decreasing trens in their number and a time
lag (10-20 Ma) in formation age (287 to 243 Ma with peaks of 277Ma, 254 Ma, and 268 Ma)
with distance away from the Tarim Craton The unusual geochronological and tectonic links
suggest that magmas of the Tarim mantle plume laterally escaped along extensional belts in
southern CAOB, resulting in the formation of orogenic-style Ni-Cu sulfide deposits and with
continuous magma supply to prolong the lifetime of the Tarim plume.

Keywords: Tarim mantle plume; magmatic Ni-Cu sulfide deposits; magma flow; post-

orogenic extention; Central Asian Orogenic Belt

Most mantle plumes generally occur within large cratons and wide oceanic plates
generating radial impacts on lithosphere mainly via plume heating, magma upwelling and
subsequent eruptions (e.g., Hofmann and White, 1982; Ernst and Buchan, 2003). Mantle

plumes have been suggested as the source of flood basalts (e.g., Campbell and Griftiths, 1990;
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Hill et al., 1992; Lin and van Keken, 2005). These extremely rapid, large-scale eruptions of
basaltic magmas have periodically formed continental flood basalt provinces on land and
oceanic plateaus in ocean basins, together with coeval intrusive rocks being termed as large
igneous provinces (LIPs) (Sheth, 1999; Campbell, 2005; Ernst et al., 2019). The formation of
LIPs is often associated with continental rifting and breakup (Courtillot et al., 1999; Sengor
and Natal’in, 2001; Ernst et al., 2005). This has led to the hypothesis that mantle plumes
contribute to supercontinental breakup and the formation of ocean basins (Condie, 2001;
Santosh et al., 2009; Pirajno and Santosh, 2014, 2015). Comprehensive empirical
investigations and numerical modeling revealed that many mantle plumes, particularly
Phanerozoic ones, took place over short time scales (less than 1 million years to several
million years (e.g., Hill et al., 1992; Farnetani et al., 2018). In contrast, the Tarim plume
differs from most plumes because of a long lifetime from 300 Ma to 270 Ma (e.g., Xu et al.,
2013; Wei et al., 2014). It occurs within one of the smaller cratons on Earth (Fig. 1a) and has
intensive interaction with the adjacent organic belts. The Tarim Craton was bounded by
surrounding orogens in late Paleozoic when the mantle plume was active, and to its north the
CAOB was being formed with an eastward propagating, scissor-like closure of the Paleo-
Asian ocean and was plume-modified at contact with the Tarim Craton (Han and Zhao, 2018;
Han et al., 2019). However it is difficult to identify mantle plume in orogenic belts (Puchkov
et al.,2021). The magmatic records of the Tarim plume provide an ideal case to study the
feature and influence of a mantle plume that impacted beneath a small craton and adjacent
orogenic belts.

Accompanied by mantle plumes, various magmatic deposits associated with mafic-
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ultramafic rocks show a close spatial relationship with a coeval LIPs (Fig. 1a), and among
these Ni-Cu sulfide deposits are the most common type. Most world-class magmatic Ni-Cu
sulfide deposits are spatially within cratons and on their margins (Naldrett, 1999; Begg et al.,
2010; Fig. 1a) and are temporally coeval with supercontinental breakup (Mail and Groves,
2011; Fig. 1b). Thus, they have been considered as a good indicator of mantle plume events.
However, in last decades increasing numbers of Ni-Cu sulfide deposits discovered in orogenic
settings, are primarily distributed in southern CAOB (Fig. 1a) and are unique in many aspects
of tectonic settings compared to those in cratons and gave rise to debates on their genesis
(Zhou et al., 2004; Han et al., 2010; Tang et al., 2011; Qin et al., 2013; Su et al., 2013; Sun et
al., 2013; Wei et al., 2013; Mao et al., 2014; Xue et al., 2016a, 2016b; Cui et al., 2022). The
orogenic-type Ni-Cu sulfide deposits and relevant mafic-ultramafic intrusions are interpreted
to originate from melting of subduction-metasomatized mantle sources either due to post-
orogenic extension and asthenopheric upwelling, followed by breakoff of earlier slab relicts
(Song et al., 2011; Li et al., 2012), or due to the heating by the corresponding Tarim plume
(Qin et al., 2011; Su et al., 2013; Mao et al., 2014). One of the unsolved issues is that such
orogens with similar features to the CAOB were widely distributed on the earth throughout
geological time, but rarely contain Ni-Cu sulfide deposits as those in southern CAOB.
Geochronological and tectonic links between the Tarim plume and the deposit-hosting mafic-
ultramafic intrusions deserve more attention to reveal the uniqueness of the Tarim plume and
the orogenic-type Ni-Cu sulfide deposits.

The Ni-Cu sulfide deposits in the CAOB are mainly distributed in the southern margin,

along the contacts with the Tarim Craton and North China Craton (Fig. 2a). In the CAOB
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there are numerous coeval non-mineralized mafic-ultramafic intrusions (Figs. 2b, c¢). The
Eastern Tianshan-Beishan located to the northeast of the Tarim Craton hosts eleven economic
Ni-Cu sulfide deposits and tens of barren intrusions (Fig. 2b). At least twelve Ni-Cu sulfide
deposits have been explored in central Inner Mongolia, China (Fig. 2¢; Ma et al., 2023), and
several mafic-ultramafic intrusions are also exposed in the area between the Eastern
Tianshan-Beishan and central Inner Mongolia, but these received very little investigations. In
the eastermost of the CAOB, more than ten mafic-ultramafic intrusions are present
surrounding the Honggqiling deposits (Wei et al., 2013; Cui et al., 2022). Along the Altai
mountains, the mafic-ultramafic intrusions with Ni-Cu sulfide deposits are mainly found in
Kalatongke, northwest China (Gao et al.,, 2012; Duan et al., 2007) and Maksut, eastern
Kazakhstan (Khromykh et al., 2013) (Fig. 2a). All these mafic-ultramafic intrusions, except
the Hongqiling ones, are Permian in age and have been genetically linked with the Tarim
mantle plume based on their temporal coincidence and potential tectonic connection (e.g.,
Mao et al., 2006; Zhou et al., 2008; Polyakov et al., 2008; Pirajno, 2010, 2022; Qin et al.,
2011; Su et al., 2011).

The Tarim LIP is mostly covered by the Gobi Desert and has an area of over 250,000
km? as revealed so far by drilling projects (Yang et al., 2005). It is dominated by a sequence
of flood basalts (ca. 300 m thick on average) and also has kimberlites, Fe-Ti oxide ore-
bearing layered mafic-ultramafic intrusions, bi-modal dyke swarms, alkaline igneous
complexes (including syenites and A-type granites), pyroclastic rocks and rhyolites in the
margins (Wei et al., 2014; Xu et al., 2014). Dating results indicate that the activity of the

Tarim mantle plume commenced at 300 Ma and ended around 270 Ma with two phases of
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bimodal magmatism at 290 Ma and 278 Ma, respectively (Fig. 3; data source available in
Supplementary materials). The kimberlites, as the first stage of magmatism, are the oldest unit
with ages of 301-299 Ma (Zhang et al., 2013), while the mafic intrusive rocks (gabbro and
diabase) and some rhyolites are the youngest with an age of ca. 270 Ma (Li et al., 2007; Tian
et al., 2010). The ages of the basalts largely span from 297 Ma to 269 Ma (Zhang et al., 2010,
2012), and they, together with syenites and most rhyolites, are the main products of peak
magmatisms (290 Ma and 278 Ma) of the Tarim mantle plume (Yang et al., 1996; Tian et al.,
2010). These mafic rocks are high-Ti, alkali basaltic in composition, and some host low-grade
V-Ti magnetite mineralization (Zhang and Zou, 2013; Wei et al., 2014).
The ages of the mafic-ultramafic intrusions in the Eastern Tianshan-Beishan vary from

290 Ma to 260 Ma with a peak at 282 Ma, and Ni-Cu sulfide mineralization occurred in a
period of 284-282 Ma. The intrusions tend to locate in tectonically more active regions of the
North Tianshan zone (Figs. 2b, 3; Qin et al., 2011; Su et al., 2011; Xue et al., 2016a). They
have been explored as one of the most important Ni-Cu resource belts in China. In central
Inner Mongolia, the intrusions are mainly distributed in the Baiyunebo rift and have formation
ages of 285-258 Ma with a peak of 271 Ma, whilst the others are relatively older (294-291 Ma)
(Figs. 2c, 3; Ma et al., 2023 and references therein). The Kalatongke Ni-Cu sulfide deposit
has a formation age of 287 Ma (Han et al., 2004), and the intrusions in Maksut region formed
mainly between 281 Ma and 278 Ma with one age of 293 Ma (Khromykh, 2007; Khromykh et
al., 2013) (Fig. 3a). All the intrusions are low-Ti, tholeiitic basaltic in composition, explained
as a counterpart of high-Ti, alkali basalts in the Tarim LIP (Qin et al., 2011), both of which

are typical mantle plume magmatism occurs in the Emeishan LIP (Xu et al., 2014). These
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geochronologic results illustrate that the Permian mafic-ultramafic magmatism along the
CAOB has a similar lifetime (30 Ma) and delays the Tarim mantle plume. Their age peaks
(293 Ma, 282 Ma and 271 Ma) are respectively later, with a 7-8 Ma time lag, than a
recommence age (300 Ma) and peak ages (290 Ma and 278 Ma) of the Tarim LIP (Fig. 3).
The volumes, active ages and mineralization of these igneous activities display decreasing
trends with distance away from the Tarim Craton (Figs. 2, 3), implying an outward weakening
impact of the Tarim mantle plume.

Tectonically, the CAOB formed from an eastward propagating, scissor-like closure of
the Paleo-Asian ocean, leading to collision between the Tarim and North China cratons in
south and the Siberian Craton in north (Xiao et al., 2009, 2015; Eizenhofer et al., 2014). In
early Permian, orogeny had been almost completed in Western Tianshan and Altai as the west
segments of the CAOB, and tectonic extention was restricted to regions between Precambrain
microcontinents such as Kazakhstan, Yili and Kuluketage (Fig. 4a; Hu et al., 2000; Huang et
al., 2015). Studies of early Permian A-type granitoids have well documented that the
Tarim mantle plume merely affected the southwestern part of the assembled Tarim and
Tianshan region (Han and Zhao, 2018; Han et al., 2019). were being rifted and well
developing extentional and faulting tectonics, which subsequently occurred eastward along
the southern CAOB (Xiao et al., 2015). Such tectonic framework provided favorable channels
for magma movements. Widespread Permian mafic dykes in Bachu (Fig. 4b) and westernmost
Beishan (Fig. 4c) probably represent accesses of magma surges from the Tarim mantle plume.
In contrast, the Kunlun-Altyn orogens to the south of the Tarim Craton (Fig. 4a) are mature

orogens and lack tectonic space, which would not be beneficial to magma intrusions (Fig. 4d).
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The Permian mantle plume encountering the small Tarim Craton veered to flow beyond the
cratonic margin into orogenic belts (Fig. 4d). The tectonics of the CAOB facilitated fast
escape of magma and associated lateral expansion (Fig. 4e). Such magma movement would
result in significant loss of both melt proportion and heat in the mantle plume head. This
consequently leads to 1) a continuous supply of magma, which would prolong the lifetime of
the plume, 2) low-degree partial melting of overlying the lithosphere and the plume head
itself as well, producing high-Ti basalts (Fig. 4d). On the other hand, the parts of the CAOB
where plume magma intruded were undergoing high-temperature heat flow. This, together
with decompression related to post-orogenic extension, enhanced high-degree partial melting
of the mantle source that had been metasomatized by subduction of the Paleo-Asian ocean (Su
et al., 2011) (Fig. 4e).

According to this model, the variations of scale and number of mineral deposits between
regions are likely correlated with magma volumes of the mantle plume and distance from the
plume. The high-Mg tholeiitic melts close to the plume center (that is, the place with intensive
contribution from the plume magma) would be much richer in compatible elements like Ni,
which are favorable to forming deposits with high tenor of Ni sulfides. This may explain the
relative high Fo olivine and high Ni sulfide in the Beishan and western Eastern Tianshan Ni-
Cu deposits (e.g. Poyi, and Poshi, and Huangshannan deposits, Xue et al., 2016a; Mao et al.,
2018) relative to those in the deposits in the eastern East Tianshan and Inner Mongolia (e.g.,
Tulaergen and Hulu deposits, Zhao et al., 2016; Mao et al., 2018; Ma et al., 2023). Regarding
this aspect, the low Fo olivine (<80 mol%) and Ni sulfide tenor (<4 wt%) of the Permian

mafic intrusions in the Kalatongke area, Altay region (Kang et al., 2020) might be explained
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by a far-end magmatism of the Tarim plume. However, this is not conclusive as there are few
Permian magmatic records to trace the potential Tarim plume activity in the Altaids orgenic
belt. We suggest that the Hongqiling deposits in the easternmost Central Asian Orogenic Belt
(CAOB) are not the product of the Tarim mantle plume due to the much younger age (216 Ma)
and farther distance to the Tarim Craton. If our model is applicable to the formation of many
other orogenic-type Ni-Cu sulfide deposits worldwide, such as Vammala and Kotalahti in
Finland (Barnes et al., 2009) and Aguablanca in Spain (Casquet et al., 2001) (Fig. 1a), the
Hongqiling deposits might have a genetic affinity with the 250 Ma Siberian mantle plume
considering distance and age issues, though more work is worth expanding further.

Mineral deposits along the CAOB mainly comprise both Ni-Cu and Au types. Notably,
the porphyry and epithermal gold deposits primarily formed during the Devonian-
Carboniferous accretion period, while most orogenic and intrusion-related mesothermal gold
deposits emerged around the Carboniferous-Permian boundary or early Permian (Goldfarb et
al., 2014; Qin et al., 2003, 1999). This transition marked the end of oceanic-arc subduction,
initiating a phase characterized by large-scale strike-slip movement and a post-collision
extensional environment, synchronized with the Tarim mantle plume activity (Qin et al., 2003,
2011;Suetal., 2011; Xu et al., 2001; Zhang et al., 2012).

Understanding fluid origins is crucial for analyzing gold deposit genesis. Orogenic gold
deposits have two primary proposed origins. One is based on continental crust metamorphic
fluid, relevant for Phanerozoic greenschist-facies terranes, while the other suggests a mantle
fluid source, more disconnected from regional metamorphism and requiring deeper mantle

sources for metal and heat supply (Wang et al., 2019). The proximity of most orogenic and
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intrusion-related mesothermal gold deposits to the Tarim Craton and their concurrent
formation with the Tarim mantle plume hint at the plume's role in these deposits' formation.

The Western Tianshan region boasts several world-class Au deposits, with the Muruntau
deposit in Uzbekistan being Asia's largest. Various isochron ages for Muruntau and other
deposits like Zarmitan and Katbasu have been reported, ranging from around 322.5 Ma to 240
Ma. In contrast, the Eastern Tianshan region hosts deposits like Kanggur, Hongshi, and
Hongshan, with mineralization ages predominantly between 290 Ma and 246.5 Ma. Beishan
ore belt features the Yueyashan and Laodonggou gold-polymetallic deposits, with ages
primarily in the 243 Ma to 233.8 Ma range. In west Inner Mongolia, the Xiaerchulu,
Zhulazhaga, and Changshanhao deposits are Permian magmatic hydrothermal gold types,
with dating results spanning from 291.48 Ma to 246 Ma.

Considering the Tarim mantle plume's activity from 300 Ma to 270 Ma, it appears the
formation of CAOB gold deposits was influenced by this tectonic-magmatic activity. This
influence seems to have propagated from west to east and weakened over distance.
Geographically, the CAOB in China spans from the Tianshan areas, through the Junggar
basin, to the Altay terranes. The Tianshan area further divides into South, Central, and North
Tianshan mountains. West Junggar houses significant epithermal gold deposits like the
Baogutu porphyry and Hatu epithermal deposits, with mineralization ages varying from
around 341.6 Ma to 290 Ma. The Altay orogenic belt, which encompasses the Altay terrain
and Erqis accretionary complex, features orogenic gold deposits like Duolanasayi and Saidu,
formed mainly during the Late Carboniferous-Early Permian.

Statistically, the gold deposits in South Tianshan mountains, primarily of the orogenic
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type like Muruntau and Zarmitan, formed around 290-275 Ma. In contrast, the North
Tianshan mountains, which include deposits like Wangfeng, Saridala, and Katbasu, mainly
formed around 270-255 Ma. The Central Tianshan mountains' gold deposits formed in two

major phases, around 290-285 Ma and 265-255 Ma.
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Fig. 1 (a) Distribution of Ni-Cu sulfide deposits (in yellow) worldwide (modified after Maier

and Groves, 2011) and correspondingly coeval large igneous provinces (LIPs; in brown) with

ages (modified after Ernst and Youbi, 2017). (b) Secular distribution of Ni-Cu sulfide

deposits and their correlation with periods of super-continent amalgamation and break-up

(modified after Maier and Groves, 2011 and references therein). Ave, Avebury; Bus

Bushveld; Dul, Duluth; Fin, Finnish Ni belt; GD, Great Dyke; Jin, Jinchuan; Kab, Kabanga

Mo, Monchegorsk; Nebo, Nebo-Babel; Pe, Pechenga; SP, Selebi Phikwe; SR, Santa Rita; Sud
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Fig. 2 (a) Simplified map showing Central Asian Orogenic Belt and its sourrounding cratons
(modified after Xiao et al., 2009). Distribution of mafic-ultramafic intrusions with ages in (b)
Eatern Tianshan (including North and Central Tianshan) and Beishan (modified after Xue et
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ern Tianshan-Beishan

260 2%0 260 250
Fig. 3 Histogram of ages of mafic-ultramafic rocks from the Tarim LIP, Eastern Tianshan-

23



483

484

485

486

487

488

489

Beishan and central Inner Mongolia.

76° - 2 88° 92¢ 96°

91730
[ mstconramatic ntusion
] verte
[T) ot aynas
Beishan dykes

T78°aa 58" T78 5150
Bachu dykes
Matic iyes
S Sl

3ora8en

[Ton
[ cvarez-syonite
B v gacers.

giturian-Earty
Parmian

N

Kunlun-Altyn
| mature orogens

Lithospheri
mantle

flood hi

Tarim Craton
gh-Tibasalts

CAOB

extension

l Crust

Es
=5 u.ilhosp
R

Asthenosphere

hefic mantle

Eastern Tianshan
Beishan

~ OB
outher? CAC

High-degree melting induced by
decompression related to post-orogenic extension
hydrous mantle related to subduction metasomatism
high temperature related to plume flow

(e)

Fig. 4 (a) Tectonic framework of the Tarim Craton (modified after Wei et al., 2014), and

distribution of mafic dykes in (b) Bachu (after Wei et al., 2014) and (c) westernmost Beishan

(after Xue et al., 2016b). (d, e) Models of the Tarim mantle plume and escape of magma

flows along the CAOB.

Western Tianshan : :
286~288 » :

| —— Eastern Tianshan : '
7 -Beishan
Inner-Mongolia

frequency

0 e N\, .
310 305 300 295 290 285 280 275 270 265 260 255 250
Age(Ma)

frequency

frequency

frequency

24

5k

Weatern Tianshan
n=19

310 300 290

280 270 260 250

6
Eastern Tishan-Beishan

n=32

0 310 300 290 280 270 260 250
B
Inner-Mongolia
5 n=26
afF
3 -
2F
1k
0 310 300 290 280 270 260 250
Age(Ma)



490

491

492

493

494

Fig. 5 Histogram of ages of gold deposits from Western Tianshan, Eastern Tianshan-Beishan

and western Inner Mongolia.

Table 1 Geochronology of main epithermal and orogenic gold deposits in CAOB during Late

Carboniferous-Early Permian.

Districtl Name Pf Ty Dating method Ages/Ma | Data sources
deposit pe
. 292.9+1. | Xiao et al.,2003; Yan et
Ar-Ar (muscovite) 0 al..2004
K-Ar(muscovite) 282455 Xiao et al.,2003
Duolanas | OG 8
ay1 R Re-Os(quartz inclusions) 269_;,(&1 Xiao et al.,2003
Ar-Ar (muscovite) 293+4.8 | Yan et al.,2004
Altay Ar-Ar (muscovite) 289 Li and Chen.,2004
Ar-Ar (muscovite) 278 Li and Chen.,2004
Ar-Ar (muscovite) 29148.4 | Yan et al.,2004
K-Ar(biotite) 297+3.3 | Cheng et al.,1996
Saidu 0G 294,743
R K-Ar(muscovite) 5 | Chengetal.,1996
Rb-Sr(quartz inclusions) 294+14 | Lietal.,1998
Rb-Sr(quartz inclusions) 305.6+7 | Lietal.,1998
Ar-Ar (quartz) 308'26i4‘ Shen et al.,1993
West Junggar Hatu EP1 Rb-Sr(quartz inclusions) 290+6.5 | Liand Chen.,2004
Rb-Sr(quartz inclusions) Li and Chen.,2004
Ar-Ar (sericite) 260+4 | Xuetal.,2009
Shuangqu | OG Ar-Ar (sericite) 265+2 | Xu et al.,2009
an R Ar-Ar (sericite) 269+9 | Xu et al.,2009
Ar-Ar (sericite) 269+8 | Xu et al.,2009
. . | OG Luetal.,2010; Xu et
Qingshui R - Cl al. 2009
oG Rb-Sr 271430 | Lietal.,1998
Sarbulak -
R Pb-Pb 304+7 | Lietal., 1998
East Junggar | Kekesayi ORG Rb-Sr 227+24 | Yinetal.,1998
Kubusu OI? Rb-Sr 269+1 | Lietal.,2004
Yemaqua | OF Rb-Sr 300446 | Li et al.,2004
Dongheis | ppy i Cl | Lietal.2004
han
S“Otzroba“ EPI - Cl | Yangetal.2009
Jinshango | OG i C1 Peng et al.,2004;Lu et
u R al.,2010
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210.59+ | Wang.,2008;Zhang et
Ar-Ar (quartz) 0.99 | al.2012
209.07+ | Wang.,2008;Zhang et
Ar-Ar (quartz) 0.71 | al.2012
Ar-Ar (quartz) 208.33+ ;?/azn Ogl.,22008;Zhang é
Sawayaer | OG 0.55 ”
dun R Ar-Ar (quartz) 213-206 | Liuetal.,2007
Rb-Sr (fluid inc.) 288+£50 | Liu et al.,2007
Rb-Sr (quartz inclusion) 231£10 | Liu et al.,2007
Ar-Ar (quartz) 218 9599i Liu et al.,2007
Rb-Sr (quartz) 246+16 | Liu et al.,2007
. oG Ar-Ar (quartz) 277 Liu et al.,2010
Saridala .
R Ar-Ar (plagicalse) 256.38 | Yuanetal.,2017
Ar-Ar(sericite) 26?'§6i Gao et al.,2015
Katbasu | EPI . 310,904,
Re-Os (pyrite) 5 Zhang et al.,2015
Re-Os (arsenopyrite) 287$i1' Morelli et al.,2007
Western 0G Sm-Nd isochron(scheelite) 27918 | Kempe et al.,2001
i Murunta
Tianshan s R Rb-Sr granitic pluton 287'61i4' Kostitsyn Y.,1996
Rb-Sr granitic diorite 286'82i1' Kostitsyn Y.,1996
Re-Os (pyrite) 286+2 | Seltmann et al.,2011
Zarmitan ORG K-Ar 269+4.2 | Bortnikov et al.,1996,
Ar-Ar (sericite) 245-220 | Abzalov, 2007
Kumtor OI? Ar-Ar (sericite) 285 Mao et al.,2004
Ar-Ar (ore include sericite) 288gH:O. Mao et al.,2004
ol Ar-Ar (B3 285 '25i1‘ Mao et al..2004
Kumtor
R Ar-Ar (sericite) 284gi3' Mao et al.,2004
Ar-Ar (sericite) 285;&0' Mao et al.,2004
.| OG
Bakyrchik R Ar-Ar 310-280 | Naumov et al..,2012
Sekfgsk | 0G Ar-Ar (sericite) 306+3.8 | Naumov et al...2012
oye R
Suzdal ORG Ar-Ar (sericite) 281+3.3 | Naumov et al..,2012
Ar-Ar (sericite) 250'0%:3' Yuan et al.,2017
0G Ar-Ar (sericite) 255883 |y an et al 2017
Eastern Wangfeng R 0
Tianshan Rb-Sr (quartz) 310 Li et al.,1998
Ar-Ar (muscovite) 268fi5' Shu et al., 1998
Kanggur | OG Ar-Ar (sericite) 252.5+1. | Shen et al.,2014
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R 7
Ar-Ar (sericite) 261.0£1. | Shen et al.,2014
0
Rb-8r isochron(alterd 200+5 | zhang et al. 2002
andesite)
Rb-Sr (quartz) 282+16 | zhang et al.,2002
U-Pb(zircon in tonalite) 2757 | zhang et al.,2002
Sm-Nd 1sochr9n(magnet1te- 290.4+7. Zhang et al.,2004
pyrite) 2
Rb-Sr isochron(quartz) 282.3+£5 | Zhang et al.,2004
Rb-Sr isochron(quartz) 258421 | Zhang et al.,2004
Rb-Sr isochron(quartz) 254+7 | Zhang et al.,2004
K-Ar(whole rock) 263.9+£5 | Chen et al.,2007
K-Ar(whole rock) 261fi4' Chen et al.,2007
K-Ar(whole rock) 253'43i6' Chen et al.,2007
Ar-Ar (sericite) 252'75}1' Chen et al.,2007
Ar-Ar (sericite) 261§i1’ Chen et al.,2007
ORG Ar-Ar (sericite) 253'8%:1' Chen et al.,2007
Hongshi
ORG Ar-Ar (sericite) 2 8'37“ Chen et al..2007
ORG Ar-Ar (sericite) 246'49 =11 Chen et al.2007
Hongshan
OI? Ar-Ar (sericite) 246'15 =l Chen et al.,2007
Xifengsha | ppp | Rb-Srisochron(fluid 27243 | Zhang et al.2004
n inclusion in quartz)
Re-Os (molybdenite) 261£1.5 | Wang et al.,2016
Xiaerchul gpy | U-Pb (zircon in grannitic) 271-269 | Wang et al.,2016
u . 263.8+4.
Re—Os (molybdenite) 4 Wang et al.,2014
Zh“gIZZha EPI |  Rb-Sr isochron (ore) 27546 | Wang et al.2001
K-Ar (grannitic) 29}"‘2‘2& Wang et al.,2001
Zhulazha - U-Pb (zircon in grannitic) 23307165 Li1.,2006
West Inn.er ga U-Pb (zircon in grannitic) ~ | Li,2006
Mongolia 2
Ar-Ar (quartz) 283'3 * Lietal., 2004
Shal(e)lrnla EPI Re—Os (molybdenite) 266§i3' Wang et al., 2007
. U-Pb (zircon in vein) 231.0+8, Li.,2006
Hulunxib 4
ai EPI 219.5+8
U-Pb (zircon) 8 " | Lietal., 2004
Changsha EPI Ar-Ar (biotite) 256.3+1. Cao et al.,2014
nhao 8
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496

Ar-Ar (muscovite)

250.9+1.

Cao et al.,2014

5
Ar-Ar (muscovite) 246£i1’ Cao et al.,2014
U-PD (zircon) 290'89i2' Xiao et al.,2012
U-Pb (zircon) 2875i1' Xiao et al.,2012
U-Pb (zircon) 277'(?*3 | Luo et al.,2009
U-Pb (zircon) 267'29i1' Xiao et al.,2012
Ar-Ar (biotite) 70052 ) Wang etal. 2011
U-Pb (zircon) 243+1.0 | Zhang et al.,2021
Laodongg | 1o U-Pb (zircon) 233 '98i0' Zhang et al. 2021
ou
U-PD (zircon) 2 ol Zhang et al.,2021
Beishan 2
K-Ar(alkali feldspar granite) | 306+4 | Cuietal.1996
Xiaoxigo EPI K-Ar(orthophyre) 289+5 Cui et al.1996
ng K-Ar(sericite) 276+7 | Nie.,2003
K-Ar(quartz) 284+4 | Nie.,2003
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