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Xiarihamu deposit is the only super-large Ni-Co deposit found in East Kunlun orogenic belt (EKOB) until
present. Shitoukengde (STKD) intrusion is considered to have the potential to become a large Ni-Co
deposit in East Kunlun. In order to discuss the metallogenic potential, this study present petrographical,
geochemical data, and zircon U-Pb dating for the STKD intrusion. The STKD intrusion is hosted within
mafic-ultramafic rocks which contain peridotite, pyroxenite and gabbro, and mainly intruded into the
marble of the Paleoproterozoic Jinshuikou Group. Harzburgite and orthopyroxenite are the main country
rocks for the Cu-Ni sulfide mineralization. Combine with the positive ey(t) values (+1.1 to +8.6) of
zircons, the enrichment of LILEs, depletion of HFSEs, and lower Ce/Pb ratios of whole rocks indicate that
the parental magma was originated from the depleted asthenospheric mantle and experienced 5%—15%
crustal contamination. Troctolite formed during the Early Devonian and it has weighted mean 2°Pb/?3%U
age of 412 Ma. Regional background information has indicated that the post-collisional extension setting
has already existed during the Early Devonian, leading to the formation of STKD intrusion and Cu-Ni
sulfide mineralization. STKD intrusion may have the potential to be one economic Cu-Ni sulfide deposit
but seems unlikely to be a super-large one.

©2024 China Geology Editorial Office.

1. Introduction

world-class Ni-Co ore deposit, not only changes the
distribution of magmatic Ni-Co-(Cu) deposit in China, but

Mafic-ultramafic rocks have metallogenic specialization
for magmatic Ni-Co-(Cu) sulfide deposits and may develop in
different tectonic settings. It is well known that the
continental rift, especially under the setting of the mantle
plume, is the most favorable tectonic setting for the formation
of super-large magmatic sulfide Cu-Ni-PGE deposits, such as
Noril'sk-Talnakh from Russia (Naldrett AJ, 1997), Voisey's
Bay from Canada (Naldrett AJ, 1997; Li CS et al., 2001) and
Jinchuan from China (Chai G and Naldrett AJ, 1992).
However, the discovery of magmatic Ni-Co-(Cu) sulfide
deposits in the East Kunlun orogenic belt (EKOB), including
the Binggounan, Yugusayi, Akechukesai, Shitoukengde
(STKD) Ni-Co-(Cu) occurrence, and the Xiarihamu (XRHM)
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also indicates the metallogenic potential in the orogenic belt
(Wang G et al., 2014; Jiang CY et al., 2015; Li CS et al.,
2015; Peng B et al., 2016; Song XY et al., 2016; Liu YG et
al., 2018; Song XY et al., 2020; Chen LM et al., 2021; He HL
et al., 2022; Yang HH et al., 2022). There have been some
studies on the tectonic setting of Ni-Cu deposits in the
orogenic belt. Although most of the large Ni-Cu sulfide
deposits in the southern margin of the Central Asian orogenic
belt (CAOB) have a similar time of magmatic activity with
that of the Tarim mantle plume, the ages of some other similar
deposits and ore-bearing rock bodies in Gansu (Heishan, 365
Ma, Xie W et al., 2012) and Jilin (Hongqiling, 217 Ma, Wei B
et al., 2013) are not the same. The geologic and geochemical
characteristics of the XRHM intrusion in the western part of
the EKOB indicate that the potential Ni reserves of the
deposits in the EKOB can be more than 1 Mt of contained
metal (Song XY et al., 2016). However, the tectonic setting of
Ni-Co-(Cu) deposit in EKOB is still controversial, and there
are at least four main ideas: (1) Subduction-related

Copyright © 2024 Editorial Office of China Geology. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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extensional island arc (Jiang CY et al., 2015), (2) subduction-
related Alaska-type setting (Li CS et al., 2015), (3) post-
collision-related setting (Wang G et al., 2014; Song XY et al.,
2016), (4) rift-related setting (L1 WY et al., 2021, 2022). The
determination of the tectonic setting affects the direction of
regional prospecting. Therefore, the precise constraints of the
tectonic setting are worthy of discussion.

The STKD Ni-Co-(Cu) ore occurrence was found by 108
Geological Brigade of Sichuan Bureau of Geology and
Mineral Resources in 2013 during the ore exploration
program. STKD mafic-ultramafic intrusion in the middle part
of the EKOB is supposed to be in line with the characteristics
of XRHM intrusion and has great potential for metallogenic
(Zhou W et al., 2016). The initial exploration results show
that the amount of Ni resources from disseminated sulfide
ores is 68942.56 t with Ni grades ranging from 0.21% to
1.49%@;‘, less than a resource of ca. 1.6 Mt sulfide ores with
average of 0.65% Ni in XRHM (Song XY et al., 2016). In this
paper, mineral chemistry, whole-rock geochemistry, zircon U-
Pb isotope and Hf isotope data are reported for the ore-
bearing mafic-ultramafic rocks of STKD, to discuss the
petrogenesis and the tectonic setting of the intrusion.
Compared with the XRHM intrusion, we aim to provide some
effective prospecting criteria for magmatic Ni-Co-(Cu)
deposits in the EKOB.

2. Geological setting

At the northeastern margin of the Qinghai-Tibet plateau,
the E-W-trending EKOB is positioned between the Qaidam
block to the north and the Bayan Har-Songpan-Ganzi terrane
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to the south (Fig. 1). It is bordered to the west by the NE-SW
trending Altyn sinistral strike-slip fault and to the northeast by
the 1500 km long and 50-200 km wide Qinling orogenic belt.
EKOB can be separated into two tectonic zones, the North
East Kunlun Terrane (NEKT) and the South East Kunlun
Terrane, using the Central East Kunlun Fault (CEKF) belt as
the dividing line (Wu GJ et al., 1989; Xu ZQ et al., 2001; Xu
ZQ et al., 20006).

The NEKT is characterized by extensive Meso- and
Neoproterozoic metamorphic basements of the Jinshuikou
Group and a series of large Paleozoic and Mesozoic granitic
plutons. The Jinshuikou Group is mostly composed of gneiss,
schist and marble, which was intruded by Neoproterozoic
granites (Chen NS et al., 2006; Meng FC et al., 2013a), and
underwent the Early Paleozoic amphibolite—granulite facies
metamorphism (Wang YS et al., 1987; Wang GC et al., 2003;
Wang GC et al., 2004a; Liu YJ et al., 2005; Chen NS et al.,
2006; Chen NS et al., 2007; Wang GC et al., 2007). Recently,
a zircon U-Pb geochronologic study of paragneiss and schist
in the Jinshuikou Group suggests a Neoproterozoic
metamorphic event (He DF et al., 2015). A zone of mafic-
ultramafic intrusive rocks and ophiolite fragments occurs as
tectonic lenses in a high-grade metamorphic complex
containing eclogite along the CEKF (Yang JS et al., 1996;
Meng FC et al., 2013b). Some researchers consider mafic-
ultramafic intrusive rocks and the presence of eclogite-bearing
metamorphic rocks as indicative of the presence of an early
Paleozoic suture in the EKOB (Yang JS et al., 1996; Meng
FC et al., 2013b; Meng FC et al., 2015a; Meng FC et al.,
2015b). The Proterozoic metamorphic basement is overlain by
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Fig. 1.

Geological sketch map of the Altyn—Qilian-North Qaidam orogenic system in the northern Qinghai-Tibet Plateau (modified from

Zhang JX et al., 2015). CAOB—Central Asian Orogenic Belt; NQL-North Qilian subduction-accretion complex belt; QLB—Qilian Block;
NQD-North Qaidam subduction-collision complex; WQOB-West Qingling Orogenic Belt; NAT—-North Altyn subduction-accretion complex
belt; CAB—Central Altyn Block; SAT—South Altyn subduction-collision complex; NEKT—North East Kunlun Terrane; CEKF—Central East
Kunlun Fault; SEKT-South East Kunlun Terrane; BY-SG-Bayan Har-Songpan-Ganzi Terrane; QT—Qiangtang Terrane; LS—Lhasa Terrane;
HM-Himalaya Terrane; SWKT-South West Kunlun Terrane; NWKT—North West Kunlun Terrane.

D108 Geological Brigade of Sichuan Bureau of Geology and Mineral Resources. A summary report of Ni-Cu ore exploration in Dulan County, Qinghai Province
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low-grade metamorphosed Ordovician clastic rocks. The
Ordovician strata are unconformably overlain by terrestrial
volcanics of the Early Devonian Maoniushan Formation,
which includes andesite, dacite, and rhyolite with basaltic
interlayers (Lu L et al., 2010; Zhang YL et al., 2010). The
Maoniushan Formation formed unconformably under the
Carboniferous and Permian sedimentary and volcanic layers.
Giant Paleozoic granitoid plutons were deposited in the
Proterozoic metamorphic rocks and the late Ordovician strata
in the NEKT (Mo XX et al., 2007). The zircon U-Pb ages
(420-390 Ma) indicate that the Paleozoic granitoid plutons
cover about 50% of the area in the eastern part of the NEKT
and were mainly intercalated from Silurian to Early Devonian
(Liu B et al., 2012, 2013b). In the western portion of the
NEKT, the Paleozoic granitoid plutons formed slightly earlier
and have been dated at 440400 Ma (Zhao ZM et al., 2008).
Another peak age of granitic magmatism related to the
evolution of the Paleo-Tethys Ocean in the NEKT is 240-260
Ma, consistent with the findings in Triassic volcanism (Huang
H et al., 2014; Ma CQ et al., 2015; Shao FL et al., 2017; Xia
R et al., 2017). Although the exact timing of Paleo-Tethys
closure is debated, the widespread igneous rocks in the NEKT
suggest that strong reworking occurred during the formation
of the Indochina orogeny (Mo XX et al., 2007; Xu ZQ et al.,
2007).

The SEKT is composed of the Proterozoic Kuhai Group
and the Wanbaogou Group, the early Paleozoic Naij Tai
Group and the Late Devonian molasse formation (Jiang CF et
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al., 1992). The Kuhai Group is the oldest metamorphosed
basement in the SEKT and is composed of felsic gneiss,
amphibolite and marble (Wang GC et al., 2007; He DF et al.,
2015; Liu Q et al., 2016). Different from the Jinshuikou
Group, the protoliths (including clastic sediments,
intermediate to basic volcanic carbonate rocks) of Kuhai
Group merely experienced early Paleozoic amphibolite facies
metamorphism (Liu YJ et al, 2005). Recently some
researchers note that the basement in SEKT has a similar rock
suit and experienced approximative contemporaneous
metamorphism (423 Ma) to the basement in NEKT, indicating
that they might have had similar sources and evolution
histories (Liu Q et al., 2016). Some researchers suggested that
the Wanbaogou Group comprising clastic sediments, marble
and volcanic rocks may be the metamorphosed basement of
SEKT and underwent green-schist facies metamorphism
(Jiang CF et al., 1992; Pan YS et al., 1996). The Naij Tal
Group contains a small number of fragments of early
Paleozoic ophiolites such as Qushiang, Qingshuiquan and
Wutuo that have undergone low-grade metamorphism (Yang
JS et al., 1996; Zhu YH et al., 1999; Bian QT et al., 2004;
Feng JY et al., 2010; Li RB et al., 2019, 2021). The late
Devonian molasse formation marks the end of the early
Paleozoic orogeny.

3. Petrography of the STKD intrusion

The STKD intrusion is about 2.5 km long and 1.5 km
wide with an exposed area of about 4 km? (Fig. 2a). The
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Fig. 2. a—Sketch geological map of the STKD intrusion (modified from Zhou W et al., 2016); b—map and cross sections of the STKD intrusion.
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intrusions were emplaced in the metamorphic rocks of the
Paleoproterozoic Jinshuikou Group and are dominantly in
contact with marble (Fig. 3). Drill holes reveal that the
intrusions strike approximately NW-SE and are mainly
composed of peridotite, pyroxenite and gabbro (Fig. 2b). The
order of emplacement is from gabbro to pyroxenite to
peridotite. The contact between these portions is gradational
and the ultramafic intrusions (including orthopyroxenite and
harzburgite) are the main country rock of the Ni-Cu ores
(exploration line 6 to 15). Ni-Cu ore body generally dip to the
east at 20°-30°.

The ultramafic portion in the STKD intrusion mainly
comprises dunite, harzburgite, wehrlite, Ol-clinopyroxenite,
orthopyroxenite and websterite. Harzburgites are of great
proportion and belong to peridotite; Ol-clinopyroxenite and
orthopyroxenite belong to pyroxenite. Harzburgite (Fig. 4a) is
represented by fine-to-medium grained (1.5-4.5 mm)
cumulates and consists of 70% olivine, 20% orthopyroxene,
minor clinopyroxene and sulfide. Olivine with stockwork
serpentine and part of orthopyroxene are cumulates and
interstitial minerals include orthopyroxene, clinopyroxene and
sulfide. Orthopyroxenite (Fig. 4b) consists of 90% cumulus
orthopyroxene and 10% intercumulus plagioclase. In addition,
another sulfide-mineralized orthopyroxenite sample (Fig. 4c)
contains 40% orthopyroxene and 60% sulfide (pentlandite and
pyrrhotite form sideronitic texture).

The gabbroic portion is composed of troctolite and Ol-
gabbro. The troctolite contains 40% euhedral olivine grains
(Figs. 4d, e), with orthopyroxene zonal texture ranging in size

from 0.5-1.5 mm with minor speckled sulfides, and 45%
anhedral plagioclase fills in the interstitial spaces, and 15%
euhedral spinel grains (2 mm) occur as oikocrysts growing
closed to olivine grains. The Ol-gabbro is composed of
clinopyroxene, plagioclase and minor olivine (Fig. 4f). The
clinopyroxene grains range in size from 1-2 mm with modal
content of about 45%. The plagioclase constitutes 45% and
ranges in size from 1.5-2.5 mm.

Part of early-crystallized minerals experienced variable
degrees of hydrothermal alteration along fractures. It
potentially increases the volatile contents and changes the
fluid compositions during the late stages of magmatism or the
post-magmatic stage. The olivine shows partially altered to
serpentine; Orthopyroxene is variably replaced by talc;
Clinopyroxene is partially altered to actinolite; Plagioclase is
partially replaced by albite.

4. Analytical methods
4.1. Mineral chemistry

Mineral chemical compositions were obtained at the State
Key Laboratory for Continental Tectonics and Dynamics,
Institute of Geology, Chinese Academy of Geological
Sciences (CAGS), Beijing, China, using a JXA-8100 electron
probe micro analyzer (EPMA) with an accelerating voltage of
20 keV, a beam current 20 nA, and beam diameters of 5 pum,
and a 10-30 s counting time on a peak.

Troctolite Orthopyroxenite
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Fig. 3. Outcrop of the STKD intrusion. a—outcrop of mafic-ultramafic rocks; b—intrusive contact relationship between mafic-ultramafic rocks
and marble Outcrop of mafic-ultramafic rocks; c—intrusive irregular shape gabbro rocks in marble of Jinshuikou Group; d—gradational relation-

ship between orthopyroxenite and troctolite.
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Fig. 4. Microphotographs of mafic-ultramafic rocks and ores in the STKD intrusion. a—cumulus olivine with stockwork serpentine and intercu-
mulus plagioclase in harzburgite, crossed polars; b—cumulus pyroxene and intercumulus plagioclase in plagioclase-bearing orthopyroxenite,
crossed polars; c—sideronitic texture. Irregular pyrrhotite and pentlandite fill between orthopyroxene particles, reflecting light; d—orthopyroxene
zonal texture of olivine and speckled sulfides in troctolite, crossed polars; e—euhedral spinel and olivine with stockwork serpentine in troctolite,
crossed polars; f—euhedral pyroxene alteration in gabbro (serpentinization and talcose), crossed polars; Pl-Plagioclas; Ol-Olivine; Opx—Or-
thopyroxene; Cpx—Clinopyroxene; Sp—Spinel; Sep—Serpentine; Tlc—Talc; Sul-Sulfide; Po—Pyrrhotite; Pn—Pentlandite.

4.2. Zircon LA-ICP-MS U-Pb dating and Hf isotope

Flotation and electromagnetic methods were used to
separate zircon grains for U-Pb dating in the laboratory at the
Regional Geology Survey in Langfang City, Hebei Province,
China. The large zircon grains with no visible microfractures
and clean smooth surfaces were collected using a binocular
microscope, mounted in an epoxy resin button and then
polished to expose the approximate mid-grain interior.
Zircons were observed in transmitted light photomicrographs
and cathodoluminescence (CL) images (Fig. 5) were used to
select proper crystals for analysis.

The concentrations and isotope compositions of U, Th and
Pb were measured by an MC-ICP-MS (Neptune, Thermo
Fisher Scientific, Germany) coupled to an (ESI) UP193FX
ArF Excimer laser ablation system with 193nm wavelength at
the Tianjin Institute of Geology and Mineral Resources,
China. The laser pulse rate of 8—10 Hz with an energy density
of approximately 13—14 J/cm® was selected to produce an
ablation pit ranging in diameter 35 pm. During laser ablation,
helium was applied as a carrier gas and argon was used as the
make-up gas, which enhance the transport efficiency of the
ablated material. Details of the instrument were described by
Yuan SD et al. (2011). Zircon NIST612 was used as an
external standard for U-Th-Pb concentrations analysis.
Fractionation correction of the U-Pb isotope was conducted
using TEMORA as an external standard (Li HK et al., 2009).
Off-line raw data selection and integration of background and

analyte signals were reduced using the ICP-MS Data Cal (Liu
YS et al., 2010) and Isoplot programs (Ludwig KR, 2003).

Based on the U-Pb dating and cathodoluminescence (CL)
images, the Hf isotope analyses of zircons were performed
using a Neptune multi-collector ICP-MS (Thermo Fisher
Scientific, Germany) equipped with New Wave UP 213 at the
Institute of Mineral Resources, Chinese Academy of
Geological Sciences, Beijing. A stationary spot with a beam
diameter of 35 um was used as a carrier gas to transport the
ablated sample from the laser-ablation cell to the ICP-MS
torch via a mixing chamber mixed with Ar. The operating
conditions and the analytical procedures were described in
detail by Wu FY et al. (2006) and Hou KJ et al. (2007).

The '"Lu/'”Lu=0.02658 and '"°Yb/'"Yb=0.796218
ratios were determined to correct for isobaric interferences of
7Ly and '°Yb on '°Hf. For instrumental mass bias
correction, Yb isotope ratios were normalized to 7>Yb/!*Yb
of 1.35274 and the Hf isotope ratios to "’Hf/!"""Hf of 0.7325,
using an exponential law. Zircon sample GJ 1 was used as a
reference standard, with a weighted mean '"®Hf/'”"Hf ratio of
0.282008+19 (20, n=10) during routine analyses. The offline
processing of analytical data was performed using the ICP-
MSDataCal program (Liu Y'S et al., 2010).

4.3. Whole-rock major and trace elements

Major whole-rock analyses were analyzed by wet
chemical techniques on a wavelength X-ray fluorescence
spectrometer (3080E) at the National Research Center of
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Geoanalysis, Chinese Academy of Geological Sciences
(CAGS). Trace and rare earth elements (REEs) were analyzed
using an inductively coupled plasma-mass spectrometer (ICP-
MS, X-series) at the same laboratory. The analytical
deviations of trace elements and REEs were less than 5% and
those of major elements were less than 1%.

5. Analytical results
5.1. Mineral chemistry

Minerals in STKD rocks mainly comprise of olivine,
pyroxene and spinel. Mineral chemical compositions of
STKD mafic-ultramaficrocks are listed in Appendix Tables 1-3.

Olivine is one of the major rock-forming minerals of the
STKD intrusion, and is particularly abundant in mineralized
horizons. The olivine crystals are chrysolite with the forsterite
contents (Fo) ranging from 82-90. The NiO contents of
olivine grains vary from high-Mg (Fogg) in harzburgite to Fog,
in troctolite. Olivine Ni contents lower than 2200x10°°,
varying between 503x107° to 1697x107%, are propitious to
mineralization. Compared to XRHM (Ni contents 1564x1076—
2687x107%), olivine in STKD has lower Ni contents related to
the same Fo values.

Spinel contains Cr,O3 (28.3-29.7%), Al,03(36.6-38.0%),
MgO (11.9-12.8%), FeO(19.7-21.1%). Compared to XRHM
(Cr#=46-52, Mg#=40-46, respectively), spinel in STKD has
low Cr# (33-35) and high Mg# (50-54).

Clinopyroxene is present in most samples. Clinopyroxene

399+5 Ma

425413 Ma

409+5 Ma

420+11 Ma

41945 Ma

415+5 Ma 420+9 Ma

394+6 Ma

420+5 Ma

397+9 Ma

is intercumulus subhedral olivine grains and plagioclase in
olivine-bearing varieties. Clinopyroxene is mainly diopside
with En=45-47, Wo=46-49, Fs=4.3-5.6.

Orthopyroxene is respectively with En=81-84 in
orthopyroxenite, En=83-90 in Harzburgite and En=82-83 in
troctolite. Mg# of orthopyroxenes increases from troctolites
(85-86) to orthopyroxenites (86—88) to harzburgites (88-91).

5.2. Geochronology

One fresh troctolite sample (K14-7-2.1) obtained from the
outcrop at 35°56'54"N, 96°11'19"E was dated. The zircon
grains are translucent, typically 60—120 pum in length and with
a length/width ratio from 1.5 to 2. The CL images show that
the interior of the grains is either structurally homogeneous or
develops an apparent oscillating zonation. The zircons contain
U (91x10°-791x107®) and Th (11x107°-336x10"®) and have
Th/U ratios of 0.12—0.78, implying a magmatic origin.

Nineteen analytical spots analyzed by LA-ICP-MS are
listed in Appendix Table 4. Most of the zircons produce
concordant U-Pb ages (Fig. 6), and yield a weighted mean
206pp/ 238U age of 41245 Ma (MSWD=3.2). This age is
interpreted as the crystallization age of the STKD troctolite,
indicating that the rocks were formed in the Early Devonian
and are within the error of the age of the XRHM intrusion.

5.3. Geochemical characteristics

Nine fresh samples, including three harzburgites, two

410+4 Ma

426+7 Ma 437+8 Ma

422+8 Ma

415+5 Ma

0 50 pm
| I

412+4 Ma

Fig. 5. CL images of zircons from troctolite in the STKD intrusion.
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Fig. 6. Zircons U-Pb concordia diagram and weighted average ages diagram for troctolite.

orthopyroxenites, Ol-gabbros and troctolites, respectively,
were selected for major and trace element analyses.

5.3.1. Major elements

Whole-rock major and trace element analysis results are
shown in Appendix Table 5. The samples contain 38.38%—
51.11% SiO,, are characterized by low TiO, contents (0.09%—
0.99%) and alkali (Na,O+K,0) contents (0.17%-1.30%), but
exhibit wide variations in MgO, Al,O;, CaO and TFe,O3
contents (14.89%-39.62%, 2.26%—13.55%, 1.72%—-18.39%
and 5.18%—12.18%, respectively). The samples have Mg" =
81.8-88.1 (mean of 85.3) and the m/f Mg®"/(TFe?*+Mn*")
values in the range 4.4-7.3 (mean of 5.8), belonging to the
range of ferrous-ultramafic rocks (2.0-6.5) and benefited to
the formation of Ni-Cu sulfide mineralization (Wu LR, 1963).

The harzburgites are low in SiO, (38.37%—38.61%), CaO
(1.72%-2.75%) and Al,O5 (2.26%-3.21%), but high in MgO
(36.72%-39.62%) and TFe,05(11.31%-12.18%). The
orthopyroxenite has high SiO,, CaO and Al,O; contents
(45.55%-51.05%, 3.12%—5.25%, 4.54%—7.84%, respectively)
and low MgO and TFe,O; contents (24.59%—28.60%,
10.80%—11.22%, respectively). Ol-gabbro samples reveal a
range of the major element contents, SiO, (50.33%—51.11%),
CaO (18.02%-18.39%), AlL,O3 (7.20%-7.63%) and MgO
(14.89%—15.82%), reflecting their high contents of
plagioclase and clinopyroxene. Troctolite samples reveal a
relatively large range of the CaO (13.72%-17.04%) and
Al,O5 (10.04%—13.55%) contents, whereas contents of SiO,
(44.05%-51.11%) and MgO (14.89%-19.58%) are in a
narrow range. Samples are plotted in the mafic-ultramafic
cumulate area in the AFM diagram (Fig. 7a), indicating their
cumulative origin. From peridotites to gabbros show tholeiite
series to calc-alkalic series in the SiO,-TFeO/MgO diagram
(Fig. 7b). The whole-rock compositions are normalized to
100% based on an LOI- and sulfide-free basis.

5.3.2. Trace elements

Trace element concentrations from STKD mafic-
ultramafic samples are listed in Table S5. The chondrite-
normalized trace element patterns of the rocks are broadly
sub-parallel (Fig. 8a). The rocks have relatively low REEs
concentrations with a total content of the rare-earth element
(ZREE) ranging from 4.21x107°-39.73x10°%. Most values of
the samples for LREE/HREE of 1.59-2.98, Lay/Yby of
0.83-2.60, Lay/Smy of 0.84-2.17, Gdy/Yby of 1.86-2.33
indicate weak fractionation between LREE and HREE.
Ultramafic rock samples are characterized by slight
enrichment of REE compared to the heavy REE and by a
slight dEu positive anomaly (1.08-1.30). Gabbro samples
(including troctolites and Ol-gabbros) show nearly flat
chondrite-normalized REE patterns with a slight dEu negative
anomaly (0.79-1.01), which differs from gabbro sample data
with significant dEu positive anomaly from Jia LH et al.
(2021).

The samples of harzburgite and orthopyroxenite are highly
enriched in LILEs (Rb, Sr and Th) and depleted in Nb and Ta
compared to Th and La on primitive-mantle-normalized
spidergrams (Fig. 8b). Gabbro samples are also characterized
by a pronounced negative Nb and Ta anomaly and LILEs
enrichment (e.g., Th). The REE and trace element patterns
from STKD are in accord with patterns of XRHM mafic-
ultramafic rocks that have been reported, suggesting a
common origin.

5.3.3. Hf isotopes of zircon

The Lu-Hf isotope compositions of 21 zircon grains from
the troctolite sample are listed in Appendix Table 6. The
176y b/"7"Hf values range from 0.004680 to 0.019360 and the
"Lu/'"Hf values from 0.000256 to 0.000894. The
"°Hf/'"THf values are between 0.282549 and 0.282767.
Twenty-one spots correspond to positive eHf() values ranging
from 1.1 to 8.6 with a weighted average of 4.5, yielding
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176 u/"7THf values of less than 0.002. The calculated zircon
model ages (tpy;) range from 686—-976 Ma.

6. Discussion
6.1. Magmatic events in STKD intrusion

The age of mafic-ultramafic rocks in the Eastern Kunlun
are listed in Table 1. Zircon U-Pb ages of mafic-ultramafic
rocks from STKD intrusion indicate two major episodes of
magmatism: early episode of the gabbro (425 Ma, Zhang ZW
et al., 2018a), the olivine websterite (420 Ma, Jia LH et al.,
2021) and troctolite (412 Ma), and the late episode of the
olivine websterite (334 Ma, Zhang ZW et al., 2018b). The
gabbro from the early episode is coeval with 427 Ma ore-
barren gabbro at XRHM (Wang G et al., 2014; Peng B et al.,
2016). The olivine websterite and troctolite with ages of 410
Ma are similar to the ore-bearing ultramafic rocks at XRHM
(Song XY et al., 2016). Recently, some distinct hydrothermal
Pb-Zn ore bodies have been found in the XRHM mining area,
and their hydrothermal titanite and apatite have U-Pb ages of
414413 Ma (Chen X et al., 2023). The development of
magmatic and hydrothermal metallogenic systems in the

XRHM mining area are interrelated both in time and space,
indicating the coexistence of magmatic and hydrothermal ore-
forming systems, promoting comprehensive prospecting
evaluation (Chen X et al, 2023). The late episode is
consistent with zircon U-Pb ages of Bugingshan basalts (340
Ma, Bian QT et al., 1999) and gabbro (333 Ma, Liu ZQ et al.,
2011).

6.2. Contamination and fractional crystallization

Crustal contamination provides critical information for
magmatic sulfide deposits, which are possibly critical for both
metal and sulfur sources (Mavrogenes JA et al., 1999; Ripley
EM et al., 1999; Li CS et al., 2001; Holzhied A et al., 2002).
Hf isotope data from both STKD and XRHM intrusion
diagram between the Hf isotopic evolution lines of chondrite
and depleted mantle, closer to the depleted mantle line,
indicating a potential contaminant (Fig. 9). Ore-bearing
intrusion is commonly assimilated by country rocks in the
STKD intrusion. Although the boundary between the
intrusion and country rocks is not very clear in some sections
(Fig. 3c), gradual transits to each other can be observed. The



722 Duan et al. / China Geology 7 (2024) 714-729

Table 1. Age of mafic-ultramafic rocks in the Eastern Kunlun.

Number Location Lithofacies Methods Age/Ma References
1 Bugingshan Ophiolite LA-ICP-MS 436 Ren JH et al., 2009
2 Xiarihamu Gabbro LA-ICP-MS 431.3+2.1 LiCSetal., 2015
3 Binggounan Gabbro LA-MC-ICP-MS 427.5+7.1 Wang BZ et al., 2014
4 Shuitoukengde Gabbro SHRIMP 424.7+3.7 Zhang ZW et al., 2018b
5 Akechukesai Pyroxenite LA-ICP-MS 422410 Yan JM, 2017
6 Detangou Gabbro LA-ICP-MS 413.4+0.8 Yan JM et al., 2018
7 Xiarihamu Websterite SHRIMP 411.6+2.4 LiCSetal., 2015
8 Yuejinshan Gabbro LA-ICP-MS 406+3.0 Liu B et al., 2012
9 Xiwanggou Ore-bearing LA-ICP-MS 406.9£3.0 Kong HL et al., 2019
10 Xiarthamu Websterite SHRIMP 406.1+2.7 Song XY etal., 2016
11 Xiarthamu Gabbronorite SHRIMP 405.5+2.7 Song XY etal., 2016
12 Xiangyanggou Gabbro LA-ICP-MS 398.8+1.8 Yan JM et al., 2018
13 Binggounan Olivine-pyroxenite SHRIMP 377.8+£3.4 Zhang ZW et al., 2017
14 Shuitoukengde Olivine SHRIMP 333.9+4.2 Zhang ZW et al., 2018b
15 Xiaojiashan Gabbro LA-ICP-MS 247.1+1.1 Wang YL et al., 2017
16 Xiaojiashan Gabbro LA-MC-ICP-MS 227.8+0.9 Ao Cetal, 2015
17 Kaimugqi Websterite LA-ICP-MS 221.0£2.3 Liu YG et al., 2019
18 Langmuri Gabbro, Olivine pyroxenolite LA-ICP-MS 440-430 LiL etal., 2022
20k olivine and melts (0.3—0.33, Ross JR and Tarvis GA, 1981),
the primary magma MgO content can be calculated using the
P Depre, olivine with the highest Fo value. Using the? olivi.ne with Fo
oL 59, °d mang, value of 88.9, the primary magma of STKD intrusion belongs
XRHM < to high MgO basaltic magma containing about 11.7% MgO,
10% & N <y . suggesting the intrusion is derived from 11.2%-14.0% partial
g 15% o Chondrite ke %96 melting of the mantle. Due to the rebalancing between the
¢ 0 $0% early-crystalline olivine and the residual inter-crystalline melt,
Q@%“ the MgO content would be lower than that of the olivine
crystallized from the primary magma. Thus, the actual MgO
-10 S content is slightly more than 11.7%. Combine with the fact
© Gabbro (420 Ma) that the spinel in STKD has low Cr# (33.3-35.3) and high
o ?:(;ZZ?;?ZZTZ(&Z)M@ Mg# (50.4-53.9), indicating the low degrees of partial melting
-20 1 1 1 1 1 (Dle HIJB et al., 1984)
0 500 1000 ;/i?{ g 20002500 3000 The role played by assimilation and contamination can be

Fig. 9. Zircon Hf isotopic features for gabbro in STKD intrusion.
Gabbro and Ol-websterite data are from Jia LH et al. (2021). XRHM
(Xiarithmau) mafic-ultramafic rocks data are from Wang G et al.
(2014) and Jiang CY et al. (2015).

assimilation and contamination processes, which took place
mantle-derived magma during ascent, may lead to the increase
of SiO, and LILEs and the decrease of HFSEs abundance.
Samples of STKD mafic-ultramafic rocks show the relative
enrichment of LILEs (Rb, Th, U, K) and relatively depleted in
HFSEs (Nb and Ta) and the La/Yb, Ce/Yb, Th/Yb, Nb/La and
La/Sm values suggest the limited crustal contamination during
the rise of the magma.

Ultramafic rocks comprising olivine with <Fogg, >0.1%
CaO and <0.3% NiO are generally interpreted to be related to
the fractional crystallization of primitive magmas and of not
mantle origin (Pal-Molnar E et al., 2015). The olivine crystals
are chrysolite with a forsterite content (Fo) ranging from
81-86, obviously lower than mantle origin olivine, indicating
the processes of fractionation and crystallization. Meanwhile,
according to the distribution coefficient of Mg-Fe between

accurately identified by using the correlations and changes
between trace elements ratios with similar partition
coefficients (e.g. Ce/Pb, Th/YD), as the ratios are not affected
by the degree of fractional crystallization and partial melting
(Campbell TH and Griffiths RW, 1993). The distribution
coefficients of Nb/U and Ce/Pb remain constant during partial
melting and magmatic differentiation, therefore their values
are indicative of their origin. The samples show a close
correlation between La/Yb-Ce/Yb and Th/Yb-Nb/La (Figs. 10a,
b), different to the weak correlation between Zr/Nb-Th/Nb
and Nb/Ce-Nb/U (Figs. 10c, d), indicating the degree of
crustal contamination is limited. The samples have relatively
low La/Sm ratios of 0.85-3.11 to high La/Sm ratios (>4.5)
which generally represent crustal contamination, indicating
limited crustal contamination. In addition, the Ce/Pb ratio of
STKD rocks ranges from 0.25 to 16.03, which is obviously
lower than the typical mantle ratio of 2545 (Hofmann AW,
1997); Nb/U ratio varys from 0.64 to 2.40 that is similar to the
values of the continental crust but differs from that of MORB
and OIB (47+10; Hofmann AW, 1997), suggesting
contamination crustal rather than towards a mantle origin.
Primitive mantle-normalized trace element patterns are
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Fig. 10. Plots of selected trace elements for checking contamination of STKD intrusion. XRHM mafic-ultramafic rocks data are from Wang G
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characterized by the enrichment of LILEs, positive anomalies
of HFSEs, and negative anomalies of Nb and Ta. In addition,
the regional anomalies of higher LILEs/HFSEs ratios
compared with MORB, chondrite-normalized LREE
enrichment and flat HREE patterns, may be responsible for
crustal contamination. The contamination of SiO, and S from
biotite-plagioclase gneisses may lead to the sulfide saturation
in STKD (Jia LH et al., 2021; Wang CY et al., 2021).

6.3. Magma sources

Compared to the primitive mantle, average crust and
lower crust, the samples have relatively low Nb/La
(0.08-0.34, avg. 0.21) and Nb/Ce (0.03-0.16, avg. 0.09)
ratios, indicating the HFSEs reflect the characteristics of
magma sources. The enrichment of LILEs and HFSEs of the
STKD intrusion may reflect the mantle metasomatism, which
is caused by the influx of slab-released fluids and/or melts,
may be resulted from the partial melting of the subducted
slab. In Nb/Yb-Th/Yb diagram (Fig. 1la), the samples all
deviate from the MORB-OIB evolution line and are close to
the volcanic arc array, due to the influence of subduction
components (Pearce JA et al., 1995). In addition, Ba/Th,
Th/Nb ratios are useful for identifying an aqueous fluid and a
subduction zone sediment component. In the Ba/Th vs. Th/Nb
discrimination diagram (Figs. 11b, c), the samples have an
addition of slab fluid trend, indicating that the mantle source
was metasomatized by subduction-related fluids. In
conclusion, based on the above analyses, the parental magmas
of the STKD intrusion were derived from fluid-
metasomatized depleted lithosphere mantle sources.

All zircon gy values of the troctolite from STKD intrusion
are plotted in the range between chondrite and depleted
mantle evolution trend lines (Fig. 9), which suggests the
parental magma was derived from a depleted source mantle
and experienced contamination during ascent. The Hf isotopic
compositions of zircons from STKD intrusion all have
positive eydt) values varying from 1.1 to 8.6 that is similar to
the depleted mantle, suggesting the intrusion derived from a
mantle source with a higher Lu/Hf ratio than chondrite.
Although Precambrian gneiss is widely exposed at the STKD
ore district, their Hf isotope compositions are currently
unavailable. Compared with the zircon epdt) values of
Precambrian gneiss that represents a potential crustal
composition in the Qaidam orogenic belt at Dulan (Xiong Q
et al., 2012), our data show that 5-15% contamination maybe
occur to parental magma. The middle positive ey(t) values
suggest that the mantle source of the magma had undergone
melting due to source mixing, and the Hf isotopic reservoir of
the mantle is dominant. The mixing source may have the
characteristic of depleted mantle Hf isotopic compositions or
enriched mantle Hf isotopic compositions. It depends on the
proportion of the crustal material in the magma (Zheng YF et
al., 2007). The zircon originated from a differential source of
depleted mantle relative to chondrite based on Hf isotopic
data between the Hf isotope evolution lines of chondrite and
depleted mantle in Figure 9. The Hf model ages of the zircons
derived directly from the unmodified mantle may reflect the
time when they separated from the depleted mantle (Vervoort
JD and Kemp AIS, 2016). A comparison of zircon model ages
(tpmy) with that of the XRHM ultramafic rocks, both
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significantly older than their crystallization ages (610-875
Ma, Wang G et al., 2014). The Hf model age is older than the
magmatic crystallization age of STKD intrusion, suggesting
that the magma has undergone degrees of enrichment (Wu et
al., 2007).

6.4. Tectonic setting

The available data show that the initial subduction of the
Proto-Tethys ocean in the EKO occurred before the Pre-
Cambrian (Yang JS et al., 1996; Feng JY et al., 2010). Large
volumes of igneous rocks, such as Yaziquan arc diorite with
an age of 480 Ma (Cui MH et al., 2011) and arc-related
basaltic-dacitic lava with an age of 448 Ma (Chen NS et al.,
2002), were associated with the northward subduction of the
Proto-Tethyan oceanic plate. Hornblende diabases of the
Huxiaoqin mafic rocks with a magmatic crystallization age of
438 Ma in the Central Kunlun Suture Zone may suggest the
end of Early Paleozoic ocean subduction (Liu B et al., 2013b).
By ca.430-420 Ma, the discovery of the continental-type
eclogite (428 Ma) constrains the timing of the closure of the
Proto-Tethys orogeny with the eclogite-facies metamorphism
at 428 Ma (Meng FC et al., 2013b). Then, voluminous post-
collision magma and Ni-Co-(Cu)-bearing magma were
generated during the late Silurian-Early Devonian (427410
Ma). Meanwhile, extensional tectonic regimes generated
extensive A-type granites and S-type granites and gabbros
with ages of 424-393 Ma (Liu B et al., 2012; Liu B et al,,
2013a; Xiong FH et al., 2013). Recently, 420-409 Ma
bimodal volcanics are supposed to be formed in the post-
collisional extensional setting, and represent that EKOB
evolved into a post-collisional collapse stage since Late
Silurian (Li RB et al., 2020). Generally, the end of Proto-
Tethys orogeny in the EKOB is marked by the molasse
sediments (423-400 Ma) (Lu L et al., 2010).

The zircon 2%°Pb/?*%U age of 412 Ma indicates that the
STKD troctolite formed in the Early Devonian, similar to the
XRHM ore-bearing ultramafic rocks (Zhang ZW et al., 2015;
Song XY et al., 2016), implying the extensive Late Silurian
and Early Devonian magmatism occurred in the East Kunlun.
The geochemistry characteristics suggest the metasomatism of
the mantle sources of the STKD intrusion was probably
related to the subduction of the Proto-Tethys Ocean crust.
XRHM mafic-ultramafic rocks are considered to be Alaskan-
type intrusions in the orogenic belts (Li CS et al., 2015).

Alaskan-type intrusions are characterized by cumulus
textures, occurrence of abundant clinopyroxene (rich in CaQ)
and water-bearing minerals such as hornblende and biotite
(rich in fluid), and the scarcity of orthopyroxene (Irvine TN,
1974). The rock-forming minerals of STKD intrusion are
olivines, orthopyroxenes, clinopyroxenes and plagioclases,
different to the classic Alaskan-type rocks. These features
suggest that the STKD intrusion may not be the Alaskan-type
intrusion. The enrichment of LILEs and depletion of HFSEs
may reflect the metasomatism of mantle sources by the influx
of slab-released fluids derived from the partial melting of the
subducted slab as mentioned earlier. Magma formed in a post-
collisional environment may have island arc geochemical
signatures (Aldanmaz E et al., 2000; Wang KL et al., 2004b).
Therefore, the source region may retain properties of
previously subducted oceanic crust, such as the enrichment in
LILEs and depletions in HFSEs. Meanwhile, a post-
collisional extension setting already existed in the early
Devonian according to regional research data, leading to the
formation of mafic-ultramafic intrusive and Ni-Co-(Cu)
sulfide mineralization.

In conclusion, the STKD Ni-Cu sulfide-mineralized
intrusion was formed in a post-collisional extensional setting,
which is similar to XRHM Ni-Cu sulfide deposit that located
in the western part of East Kunlun.

6.5. Metallogenetic potentiality

Although there are several early Devonian mafic-
ultramafic intrusions in EKOB, such as Xiangyanggou (399
Ma, Yan JM et al., 2018), Detangou (413 Ma, Yan JM et al.,
2018), Binggounan (Wang G et al., 2014), Akechukesai (422
Ma, Yan JM, 2017) there is no significant metallogenic
signature. In order to summarize regional Ni-Co-(Cu)
metallogenic regulation, we compared STKD to XRHM Ni-
Co deposit and Langmuri ore occurrence (Table 2). These
three are consistent with rock-type and rock-forming ages,
indicating similar tectonic setting. EKOB may have potential
economic Ni-Cu sulfide-ore body, and the mafic-ultramafic
intrusions from the same tectonic setting may be an important
direction for further exploration. By comparing the
characteristics of ore-bearing rock between the XRHM
deposit and STKD ore occurrence, it is found that the country
rock of XRHM ore-bearing rocks is mainly silica-rich
gneisses, while the country rock of STKD intrusion is mainly
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Table 2. Comparison of mineralization geological features from Xiarihamu, Shitoukengde and Langmuri Ni-Co ore occurrence in

East Kunlun.

Deposit Name ~ Xiarihamu Shitoukengde

Langmuri

Host Rock Harzburgite, orthopyroxenite Ehrwaldite, olivine gabbro, troctolite Serpentinized dunite

Associated Meso- and Neoproterozoic Jinshuikou Meso- and Neoproterozoic Jinshuikou Group Meso- and Neoproterozoic Jinshuikou Group

Rocks Group gneisses, marble and amphibolite  gneisses, marble and amphibolite gneisses, marble and amphibolite

Age Sulfide Re-Os 410 Ma,gabbro 439-426 Gabbro 423 Ma, 426 Ma; olivine websterite 334 Gabro and olivine orthopyroxenite 440-430 Ma
Ma,websterite 411 Ma Ma

Ni grade/% 0.69 0.27 0.25

Cu grade/% 0.165 - -

Co grade/% 0.024 0.02 0.02

Spinel Mg# 40-46 50-54 -

Spinel Cr# 46-52 33-35 -

Olivine Fo 85-87 82-89

Olivine Ni 1564-2687 503-1697

/107

Orthopyroxene 84-87 82-90

En

Plagioclase An 5667 67-79

Whole rock 2.34-6.67 3.83-6.27 1.03-7.81

m/f

marble, resulting in obvious differences in mineral (i) STKD intrusion was formed in the post-collisional

assemblage. The main country rocks in the west of XRHM
intrusion are silica-rich gneisses, which mainly form massive
and sideronitic texture ore, while the main country rocks in
the east of XRHM intrusion are calcium-rich marble, which
has poor mineralization and forms disseminated ores (Song
XY et al.,, 2016), reflecting that different country rocks may
have an influence on mineralization. The XRHM rocks is
mainly composed of a large number of orthopyroxenes,
forming the main ore-bearing rock types of harzburgite and
orthopyroxenite. The main ore-bearing rock types of STKD
are still the harzburgite and orthopyroxenite, but the intrusion
is mainly composed of olivine-clinopyroxenite, ehrwaldite
and troctolite. Ni is one of the most indicative elements for
ore-bearing properties in olivine (Barnes SJ et al., 2023),
which has higher concentrations in the high-Mg olivine
grains. Compared to XRHM (Ni contents 1564x10 °-2687x
107%), Olivine in STKD has lower Ni contents related to the
same Fo values, varying between 503x10°® to 1697x10°°, and
unfavorable to mineralization. Although STKD intrusion was
formed in the similar tectonic setting, a comprehensive
evaluation of the rock assemblage is not conducive to the
formation of large deposit. The STKD may have the potential
to host economic Ni-Cu sulfides but is unable to form super-
large deposit like XRHM.

7. Conclusion

(i) Zircon from troctolite at STKD intrusion yielded U-Pb
isotope age of 412+5 Ma (MSWD=3.2), which is similar to
that of the XRHM mafic-ultramafic ore-bearing rocks.

(i) Whole-rock elemental and Hf isotopic compositions of
the STKD intrusion suggest the parental magma was derived
from depleted lithosphere mantle that was metasomatized by
subduction-related fluids and experienced limited crustal
contamination during ascent.

extensional setting, which making STKD has the potential to
host economic Ni-Cu sulfides but unlikely to be a super-large
deposit like XRHM.
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