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Abstract

The Tulaergen magmatic Ni-Cu sulfide ore deposit is located along the southern margin of the Central Asian Orogenic
Belt in northwestern China. This deposit is hosted by a small mafic—ultramafic complex composed of a Late Carboniferous
(~301 Ma) gabbroic member at the margin and a younger ultramafic dyke in the center. Net-textured and semi-massive
sulfides are mainly concentrated in the steeply dipping, widened parts of the dyke. Zircons from the ultramafic member
yield a U-Pb age of 281 +2 Ma, ~20 myr younger than the gabbroic member. The average ey(t) value of the zircons is ~ 16.
The Tulaergen mafic—ultramafic rocks are characterized by light REE enrichments, pronounced negative Nb—Ta anomalies,
(87Sr/865r)[ ratios from 0.7034 to 0.7036, and ey,(t) values from 5.1 to 6.9. The isotope data indicate negligible bulk con-
tamination with the crust. The 8>*S values of sulfide ores are from — 0.3 to 1.5%o, similar to the values of the country rocks.
The yq, values of the sulfide ores are from + 605 to + 954, much higher than typical mantle values. The Os-S isotope data
together support the view that the addition of Os-bearing organic matter from the country rocks may have played a critical
role in triggering sulfide saturation. In the sub-vertical segment of the deposit, the upper zone has lower PGE tenors coupled
with lower and rather constant olivine Fo contents compared to the lower zone. Based on the geometry of the dyke and sulfide
distribution, we conclude that the Tulaergen deposit formed in a dynamic magma conduit.

Keywords Magmatic sulfide deposits - Mafic—ultramafic rocks - Magma conduit - Sr-Nd-Hf-S-Os isotopes - PGE
geochemistry

Introduction

Numerous mafic—ultramafic intrusions are present in
East Tianshan, which is located at the southern margin
of the Central Asian Orogenic Belt in northern Xinji-
ang, western China (Fig. 1). A few of these intrusions
were emplaced between 313 and 479 Ma (zircon U-Pb
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ages, Xie et al. 2012; Su et al. 2014). One of these intru-
sions, namely the Heishan intrusion, contains low grade
(0.6 wt% Ni) sulfide mineralization (Xie et al. 2014).
The majority of mafic—ultramafic intrusions in the
region formed in the Early-Middle Permian, with mag-
matic zircon U-Pb ages varying from 288 to 266 Ma
(see summary in Xue et al. 2016a; Song et al., 2021).
Some of these intrusions host economically valuable
magmatic Ni-Cu sulfide ore deposits, such as Huang-
shanxi (Mao et al. 2014), Huangshandong (Mao et al.
2015), and Tulaergen (San et al. 2010). The formation
of these deposits has been linked to the Tarim mantle
plume (Pirajno et al. 2008; Qin et al. 2011; Zhang and
Zou 2013), to subduction-related magmatism (Xiao et al.
2004), or to magmatism associated with lithospheric
delamination coupled with asthenosphere upwelling in
a post-subduction environment (Song et al. 2013, 2021;
Li et al. 2019). Central to the debate of these different
models are the different views on the timing of the final
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Fig. 1 a Outline of the Central Asian Orogenic Belt (modified from Jahn 2004 and Xiao et al. 2015). b Simplified geological map of the East

Tianshan—Beishan Orogenic Collage (modified from Xiao et al. 2019, age data from Table S1)

episode of subduction and arc-continent collision in East
Tianshan, which varies from the end of the Carbonif-
erous (e.g., Han and Zhao 2018) to the Early Triassic
(e.g., Xiao et al. 2004). Existing geological data, such
as the ages of ophiolites, blueshists, eclogites, marine
sedimentary rocks, arc volcanic rocks, and stitching plu-
tons (granite intrusions across a collision zone) in East

Tianshan do not discount either of these models. The

the Permian mafic—ultramafic intrusions in the region as
Alaskan-type complexes (e.g., Xiao et al. 2004, 2019).
The proponents of the older age for the tectonic transi-
tion in East Tianshan mainly rely on several lines of
evidence from West Tianshan, such as the occurrence
of 316 Ma stitching plutons (Han et al. 2010) and the

proponents of the younger age for the tectonic transition
partly base their interpretation on the classification of
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305-312 Ma eclogites (Klemd et al. 2011; Li et al.
2016). Based on regional geology, plus the presence of
Early Permian MORB-like basalts in the Liuyuan ophi-
olite belt (Mao et al. 2012) and several Triassic stitching
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plutons across the suture zones (Li et al. 2012a) in the
East Tianshan—Beishan Orogenic Collage, Xiao et al.
(2010, 2019) proposed that this segment of the Paleo-
Asian Ocean was completely consumed at the end of
the Middle Permian, implying that all of the Early Per-
mian magmatic Ni-Cu sulfide deposits in the region are
subduction-related.

We have selected the Tulaergen deposit to test the above-
mentioned hypotheses. We use new zircon U-Pb age data to
determine if there is a significant age gap between the sulfide-
mineralized ultramafic body and the associated gabbros, a
common feature of arc mafic—ultramafic complexes in south-
ern Alaska (e.g., Thakurta et al. 2008). New mineralogical
and geochemical data (incompatible trace elements, platinum-
group elements, and Sr—Nd-Hf-Os-S isotopes) are used to
assess if the Tulaergen igneous complex are consistent with
the mafic—ultramafic intrusive rocks having formed from arc
basalts. Finally, we use these data to evaluate the fundamental
controls on the sulfide mineralization in this complex, which
remain poorly understood in spite of several previous studies
(San et al. 2010; Jiao et al. 2012; Tang et al. 2012; Zhao et al.
2017; Wang et al. 2018).

There is no previous age data for the ultramafic mem-
ber of the Tulaergen mafic—ultramafic complex. San et al.
(2010) reported a zircon U-Pb age of 300.5 + 3.2 Ma for
the gabbroic member of this complex. Based on this age,
these authors suggested that the deposit formed in a colli-
sional tectonic setting, despite the fact that the rocks show
arc-like trace element characteristics, such as pronounced
negative Nb—Ta anomalies and light REE enrichments. Jiao
et al. (2012) used the observed similar mantle-normalized
incompatible trace element patterns between the gabbroic
and ultramafic members as evidence for a common parental
magma. These authors also reported low PGE tenors of
the sulfide ores and attributed this phenomenon to sulfide
retention in the mantle source. Tang et al. (2012) proposed a
two-stage crustal contamination model, and the addition of
crustal S appears may be the key factors controlling sulfide
saturation and sulfide segregation based on the Sr—Nd-Os-S
isotope data. Zhao et al. (2017) reported Cu isotope varia-
tion between different types of sulfide mineralization and
attributed such variation to sulfide-magma differentiation
on cooling. Wang et al. (2018) reported similar trace ele-
ment ratios, Sr—Nd isotopes and PGE compositions between
the mafic enclaves and the ultramafic host rocks. Based on
such similarities, plus abundant hydrous silicate minerals
in some mafic enclaves, they suggested a model of liquid
immiscibility to explain the coexistence of mafic and ultra-
mafic rocks, and attributed such a process to high water
content in the mantle-derived magma. They speculated
that the assumed original high water content in the magma
was due to previous subduction modification of the mantle
source.

Geological background
Regional geology

The Central Asian Orogenic Belt (CAOB) is bounded
by the Siberian craton to the north and by the Tarim and
North China cratons to the south (Fig. 1a). The CAOB is
sub-divided into the Mongolia Collage System in the east
and the Kazakhstan Collage System in the west (Xiao et al.
2010, 2015, 2019). According to these authors, the East
Tianshan-Beishan Orogenic Collage is the southwestern
member of the Mongolia Collage System.

East Tianshan is the western part of the East Tian-
shan—Beishan Orogenic Collage, and is traditionally further
divided into two fault-bounded sub-terranes, namely Cen-
tral Tianshan in the south and North Tianshan in the north
(Fig. 1b). The Central Tianshan terrane is geologically the
western extension of the Hanshan arc terrane (Xiao et al.
2010, 2019). Both terranes are largely composed of high-
grade metamorphic rocks that have undergone high-T but
low-P metamorphism, with unknown metamorphic age (Liu
and Wang 1995), and intrusion of Carboniferous-Triassic
granitoids (Nie et al. 2002). These terranes are bounded to
the south by the Beishan terrane (Fig. 1b), which in turn is
bounded by the Tarim Craton to the southwest and by the
Dunhuang Block to the southeast (Xiao et al. 2010, 2019).

The Dunhuang Block is composed of Neoarchean
tonalite-trondhjemite-granodiorite gneisses, and Proterozoic
granitoids and metamorphosed supracrustal rocks (e.g., Lu
et al. 2008). It is interpreted to be an active continental mar-
gin of the Tarim Craton in the Proterozoic by some research-
ers (e.g., Zhao and Cawood 2012). The boundary between
the active continental margin and the accreted Hanshan arc
terrane is marked by the Liuyuan ophiolite belt, which is
composed of massive basalts, pillow basalts, basaltic brec-
cia, gabbros and ultramafic rocks, associated with cherts
and tuffs (Fig. 1b). The basalts and gabbros have MORB-
like mantle-normalized trace element patterns and depleted
Sr-Nd isotopes (Mao et al. 2012). Zircons from the gabbros
yield a U-Pb age of ~286 Ma (Mao et al. 2012). Based on
these data, Xiao et al. (2010, 2019) suggested that the Liuy-
uan Ocean, a branch of the Paleo-Asian Ocean was com-
pletely consumed by subduction after the Early Permian,
possibly in the Middle Permian.

The North Tianshan terrane is bounded by the Tuha basin
to the northwest and the Queershan terrane to the northeast
(Fig. 1b). The Tuha basin is filled with Carboniferous-Per-
mian volcanic-sedimentary rocks, and covered by Cenozoic
sediments. The Queershan terrane is a volcanic arc terrane
that was accreted in the Permian to the present-day south-
ern margin of the Siberian Craton according to Xiao et al.
(2010, 2019). This accreted arc terrane is mainly composed
of Ordovician-Permian andesites, dacites, and rhyolites,
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intercalated with greywackes, shales, and slates (Wang et al.
2004).

The North Tianshan terrane is the western extension of
the Heiyingshan arc terrane according to Xiao et al. (2010,
2019). Both terranes are mainly composed of Carboniferous
felsic volcanic rocks with arc-like trace element composi-
tions, and carbonates and clastic sedimentary rocks includ-
ing terrestrial clastic rocks that are intercalated with cherts,
limestones, and volcanic rocks (Liu and Wang 1995). The
Queershan and Heiyingshan arc terranes are separated by the
Hongshishan ophiolite belt (Fig. 1b). Zircons from gabbro
of this ophiolite belt yield a U-Pb age of 346.6 Ma (Zuo
et al. 1990). The Hongshishan ophiolites are regarded as
the remnants of the Paleo-Asian Ocean that was completely
consumed at the end of Early Permian by subduction (Xiao
et al. 2010, 2019).

The Xingxingxia—Shibanjing ophiolite belt between the
North Tianshan—-Mazongshan and Hanshan—Central Tian-
shan arc terranes is composed of ultramafic rocks, gabbros,
basalts and clastic rocks in a turbidite matrix containing
Ordovician and Silurian fossils (Zuo et al. 1990, 1991; Nie
et al. 2002). Zircons from the gabbros of the ophiolite com-
plexes yield U-Pb ages from 350 to 321 Ma. Based on the
age data and geology, Xiao et al. (2010, 2019) suggested that
this ophiolite belt resulted from the closure of a branch of the
Paleo-Asian Ocean at the end of the Silurian by subduction.

In summary, the East Tianshan—-Beishan Orogenic Col-
lage consists of several subparallel E-W trending arc ter-
ranes that were amalgamated together by protracted subduc-
tion processes that lasted until the end of the Early Permian
in the northern part and until the end of the Middle Permian
in the southern part according to Xiao et al. (2010, 2019).

Protracted magmatism and associated mineral deposits

Similar to other orogenic belts worldwide, the East Tian-
shan—-Beishan Orogenic Collage is characterized by wide-
spread, abundant granitoids (Fig. 1b). The zircon U-Pb ages
of the dated granitoids in this orogenic collage vary from
462 to 230 Ma (Zhou et al. 2010 and reference therein),
with two age peaks, one at~440 Ma and another at~280 Ma
(Fig. 2a). The older age peak is 26 myr younger than the
only known eclogite (466 Ma; Saktura et al. 2017) in the
region; the younger age peak is similar to the youngest
ages of basalts (excluding MORBs of ophiolite complexes)
and andesites in the region (Fig. 2a; Liu et al. 2016). The
younger (Permian) episode of granitic magmatism is mainly
restricted to North Tianshan, whereas the older (Carbonif-
erous) episode of granitic magmatism is more widespread
(Fig. 1b). The zircon U-Pb ages of gabbros in the ophiolite
complexes of the East Tianshan—Beishan Orogenic Collage
vary from 516 to 286 Ma (Fig. 2a).
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Fig.2 Age distributions of granitoids, andesites-basalts, ophiolites,
eclogite, and mafic—ultramafic intrusions and associated Ni-Cu
sulfide deposits in the East Tianshan—Beishan Orogenic Collage (data
from Table S1)

Several porphyry Cu+ Mo deposits associated with
granitoids are present in the region, mainly in North Tian-
shan (Fig. 1b). These include the Tuwu, Yandong, Chihu,
Yuhai, and Sanchakou deposits. The zircon U-Pb ages of the
host rocks and the molybdenite Re-Os ages of the ores are
between 416 and 322 Ma (Fig. 1b; Wang et al. 2016, 2017).

Mafic—ultramafic intrusions are widespread in the East
Tianshan—Beishan Orogenic Collage (Fig. 1b). The zir-
con U-Pb ages of the dated intrusions are from 479 to
233 Ma (Xue et al. 2016a; Song et al., 2021), with a peak
at~280 Ma, similar to the younger age peak of granitoids
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in the region (Table S1, Fig. 2a, b). The oldest known mag-
matic Ni-Cu sulfide deposit, i.e., the Heishan deposit, has a
zircon U-Pb age of 357 Ma (Fig. 1b and 2b; Xie et al. 2012).
The other known magmatic Ni-Cu sulfide deposits in the
region formed between 287 and 269 Ma, with most of them
between 285 and 280 Ma (Fig. 1b and 2b; Qin et al. 2011;
Xue et al. 2016a, b; Song et al., 2021).

The Tulaergen sulfide-mineralized mafic-ultramafic
complex

The Tulaergen mafic—ultramafic complex, which hosts a
major magmatic Ni-Cu sulfide deposit, is located in the east-
ernmost part of North Tianshan (Fig. 1b). This complex was
referred to as the No. I mafic—ultramafic intrusion previously
(San et al. 2010; Jiao et al. 2012; Zhao et al. 2017; Wang
et al. 2018). Two older gabbroic intrusions without signifi-
cant sulfide mineralization, namely the No. II and III mafic
intrusions are present several hundred meters to the north
and to the west, respectively (Fig. 3a). The gabbroic intru-
sions are spatially associated with the Kangguer-Huangshan
fault (Fig. 3a), which controls the distribution of several
mafic—ultramafic intrusions in the region (Fig. 1b; Xiao et al.
2010, 2019). The country rocks of the No. I mafic—ultra-
mafic complex and the nearby gabbroic intrusions (No. II,
III) are Middle-Late Carboniferous volcanic-sedimentary
rocks, plus undated diorites and granites (Fig. 3a, b). The
zircon U-Pb age data show that the No. II intrusion was
emplaced at~357 Ma and the No. III intrusion plus the
mafic member of the No. I mafic—ultramafic complex were
emplaced at~351 Ma (San et al. 2010; Jiao et al. 2013).

The surface-exposed area of the Tulaergen sulfide-
mineralized mafic—ultramafic complex is~740 m long
and 30 ~50 m wide, with downward extension from ~ 10
to~300 m (Fig. 3b, ¢). The western part of this intrusive
complex is located 80—400 m beneath the Middle-Late Car-
boniferous volcanic-sedimentary rocks. The deepest down-
ward extension of this part is ~600 m below the surface
(Fig. 3c). The unexposed part is volumetrically larger than
the exposed one.

Based on the change in geometry, the Tulaergen intrusive
complex can be divided into three segments: the eastern,
middle, and western segments (Fig. 3b, d). The long section
(Fig. 3d) is drawn using drill core data, projected horizon-
tally to a central plane from point A to A’ (Fig. 3b). As
shown by the cross-sections (Fig. 3¢) and the long section
(Fig. 3d), the Tulaergen intrusive complex is a tilted-elon-
gated S-shaped dyke-like body, with an overall southeast
dip and southwest plunge (Fig. 3c, d). Dip and plunge are
very gentle in the eastern segment. The western segment is
almost flat lying. The middle segment is characterized by
sub-vertical dip and plunge. This segment can be further
divided into a lower widened part and an upper widened part

connected by a thin neck. Sulfide ores are more abundant in
the widened parts than in the neck (Fig. 3c).

Lithologically, the Tulaergen intrusive complex consists
of an older (301 Ma; San et al. 2010) gabbroic intrusion and
a younger ultramafic dyke (281 Ma; this study) (Fig. 3b—d).
The gabbroic rocks are mainly present at the margin of the
complex, but some large blocks together with large frag-
ments of volcanic-sedimentary country rocks also occur
in the lower part of the middle segment of the complex
(Fig. 3c, d). Small xenoliths of gabbroic rocks and volcanic-
sedimentary country rocks are widespread in the ultramafic
dyke (Wang et al. 2018).

The Tulaergen ultramafic dyke is almost entirely sulfide-
mineralized, containing visible base metal sulfides (pyrrho-
tite, pentlandite, and chalcopyrite). The deposit contains 20
million metric tons of sulfide ores with average grades of
0.6 wt% Ni and 0.4 wt% Cu (Jiao et al. 2012). Massive and
net-textured sulfides mainly occur in the middle segment of
the dyke (Fig. 3d). The mine data indicate that the sulfide
ores in this segment account for ~80% of the total reserve
of the deposit. No massive sulfides are found in the western
segment. A small massive sulfide zone is present at the base
of the eastern segment, overlain by disseminated sulfides
(Fig. 3d). There are two large massive sulfide orebodies in
the middle segment, one in the lower part and the other in
the upper part of this segment (Fig. 3c). Each of them is
surrounded by net-textured sulfides or disseminated sulfides
(Fig. 3d). In cross-sections (Fig. 3c), the massive sulfide
orebodies are sub-vertical, subparallel to the walls of the
ultramafic member, and closer to the southeast wall than
the northwest wall. The distribution of different types of
sulfide ores in this segment is generally similar to that in the
steeply-dipping western segment of the Jinchuan intrusion
(see Fig. 1 of Li et al. 2004) and in the feeder dyke (the Mini
Ovoid) of the Voisey’s Bay intrusion (see Fig. 9 of Li and
Naldrett 1999).

Sample description

A large plagioclase-bearing, sulfide-poor lherzolite sam-
ple (~ 10 kg) for zircon separation and U-Pb age determi-
nation was collected from an underground mining tunnel
in the middle segment of the deposit (Fig. 3b), at a depth
of ~200 m below surface (Fig. 3d). The other samples were
collected from two drill cores (ZK 1106, ZK1501) in the
middle segment (Fig. 3b, d) and the same underground min-
ing tunnel at the same depth as the sample for dating, and
from another drill core (ZK3302) located in the western
segment (Fig. 3b). The samples encompass all major rock
types of the complex and all major types of sulfide ores of
the deposit.

Based on the IUGS-recommended classification, the
ultramafic dyke of the Tulaergen intrusive complex is
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«Fig. 3 a A simplified geological map of the Tulaergen area. b A plan
view of the Tulaergen mafic—ultramafic complex. ¢ Cross-sections
of the Tulaergen magmatic sulfide deposit. d A long section of the
deposit by horizontal projection of drill core data from both sides to a
central plane from A to A’ (data are from the 2016 internal report of
the Sixth Geological Team of the Xinjiang Bureau of Geological and
Mineral Resources)

predominantly composed of lherzolite, plus a minor
amount of olivine websterite. The lherzolite samples con-
tain 50-70% (in volume) olivine, 10-20% orthopyroxene,
and 10-15% clinopyroxene, with minor plagioclase and
hornblende (Fig. 4a, b). Olivine is a cumulus phase, and the
other silicate minerals occur in the interstitial spaces. Some
pyroxene crystals occur as oikocrysts enclosing small grains
of olivine. The olivine websterite samples contain 30-40%
olivine, 30-40% orthopyroxene, and 20-30% clinopyroxene,
plus small amounts of plagioclase and hornblende (Fig. 4c).
Some pyroxenes occur as large oikocrysts enclosing small
olivine grains, and plagioclase and hornblende occur in the
interstitial spaces. Based on the textures and the nomen-
clature of Irvine (1982), the ultramafic rocks are mainly
orthocumulates.

The gabbro of the complex, which is ~20 myr older than
the ultramafic dyke, is composed of 60-75% plagioclase and
20-30% clinopyroxene, with minor amounts of hornblende
and biotite (Fig. 4d). Large plagioclase crystals are partially
orientated and well packed, forming a framework. Small
hornblende and biotite crystals occur inside the plagioclase
frameworks. The texture indicates that this rock is a plagio-
clase mesocumulate (Irvine 1982).

Net-textured sulfide mineralization is mainly associated
with lherzolite (Fig. 4e, f). Olivine in the sulfide-rich sam-
ples (Fig. 4e, f) is generally more severely altered to ser-
pentine plus secondary magnetite than in the sulfide-poor
samples (Fig. 4a—c).

Analytical methods

Zircon U-Pb isotope analysis was performed using a
Neptune ICP-MS instrument equipped with a New Wave
193 nm-FX ArF excimer laser-ablation sampling system in
the MLR Key Laboratory for the Study of Focused Magma-
tism and Giant Ore Deposits, Xi’an Center of China Geolog-
ical Survey, Xi’an, China. The 91,500 zircon standard with
the U-Th-Pb isotope ratios recommended by Wiedenbeck
et al. (1995) and the Hf isotope ratio given by Machado and
Simonetti (2001) were used for calibration. The Plesovice
zircon standard (337.13+0.37 Ma, Slama et al. 2008) was
used as a reference. The NIST SRM610 glass standard was
used as an external standard to calculate the U, Th, and Pb
concentrations in zircon. Data reduction was performed
using the ICP-MS DataCal10.8 program. Plotting and age

calculations were done using the Isoplot/Ex3.75 software
of Ludwig (2012).

Mineral compositions were determined by wavelength
dispersive X-ray analysis using a CAMECA SX50 electron
microprobe at Indiana University. The analytical conditions
for major and minor elements were 15 kV, 20 nA beam cur-
rent, 1 pm beam size, and peak-counting time of 20 s. Nickel
and Ca in olivine were analyzed using a beam current of
100 nA and a peak-counting time of 50 s. The detection
limits for Ni and Ca under such conditions are 100 ppm and
50 ppm, respectively.

Whole-rock major element compositions were deter-
mined by X-ray fluorescence using a ZSX Primus II machine
in the laboratory of the Wuhan Sample Solution Analytical
Technology Ltd. Four standards (GBW07102, GBW07105,
GBWO07111, and GBWO07112) were used to monitor data
quality. Whole-rock trace element concentrations were
determined using an Agilent 7700e ICP-MS in the same
laboratory. The rock powder (~50 mg) was dissolved in a
Teflon bomb using a mixture of HF and HNO;. The Teflon
bomb was put in a stainless-steel pressure jacket and heated
to 190 °C in an oven for > 24 h. After cooling, the Teflon
bomb was opened and placed on a hotplate at 140 °C and
evaporated to dryness. The dried sample was refluxed with
1 ml of HNO;. The final solution was diluted to~ 100 g with
2% HNO; in a polyethylene bottle. Four standards (AGV-2,
BHBO-2, BCR-2, and RGM-2) were used to monitor data
quality. The duplicate analyses of these standards yield ana-
lytical errors of +5% for most trace elements.

Whole-rock Sr—Nd isotopes were measured using a Nu
plasma HR MC-ICP-MS in the State Key Laboratory of
Continental Dynamics, Northwest University, Xi’an, China.
The total procedural blanks contain 0.04 ppb Rb, 0.3 ppb Sr,
0.02 ppb Sm, and 0.06 ppb Nd. Mass fractionation correc-
tions for Sr and Nd isotope ratios were based on the values
of %Sr/**Sr=0.1194 and '**Nd/"**Nd=0.7219. The meas-
ured values for the NBS-987 Sr standard and the JNdi-1
Nd standard are ¥’Sr/*Sr=0.710239 + 10 (26, n=6), and
BNA/"*Nd =0.512069 + 5 (26, n=S8), respectively.

Re and Os isotopes were determined using a PE ELAN
DRC-e ICP-MS in the National Research Center of Geo-
analysis in Beijing, China. The concentrations of Re and
Os were measured by isotope dilution. Sample preparation
and analytical procedures are the same as those given in Du
et al. (2004). The intensities of '°°Os and '®Re were used
to correct the interference between Os and Re. All measured
ratios were corrected for oxygen isotopic interference, and
mass fractionation and Os concentrations. The total proce-
dural blanks contain~0.003 ppb Re and 10-20 ppt Os. The
internal standard JCBY (the Jinchuan sulfide ore) was used
to monitor the accuracy of the measurements. The repeat-
edly measured Re and Os contents and '70s/!%80s ratio of
this standard are 38.65+0.12 ppb, 15.65+0.05 ppb, and
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Fig.4 Photomicrographs of
the Tulaergen mafic—ultra-
mafic rocks: lherzolite (a, b);
olivine websterite (c¢); gabbro
(d); net-textured sulfide (e, f).
Ol =olivine, Opx =orthopy-
roxene, Cpx =clinopyroxene,
Pl=plagioclase, Pn=pentland-
ite, Po =pyrrhotite, Cpy =chal-
copyrite

Net-textured sulfide

0.3361 +£0.0017, respectively, which are similar to the rec-
ommended values (38.61 +0.54 ppb, 16.23 +0.17 ppb, and
0.3363 +0.0029, Du et al., 2004).

Sulfur isotope analysis was carried out at Indiana
University using the continuous flow method described
in Studley et al. (2002). Coarse sulfide minerals such as
pentlandite, chalcopyrite, pyrrhotite from Tulaergen ores
samples and pyrites from the wall rocks were drilled from
polished sections using a 0.75-mm carbide bit. Between
0.1 and 0.2 mg of sulfide powder was placed in tin cups
with approximately 1.5 to 2 mg vanadium pentoxide
(V,05). Samples were prepared in an elemental analyzer
by flash combustion at 1800 °C with a reactor column tem-
perature of 1010 °C. Measurements of produced SO, were
made using a Finnigan Delta V Stable isotope ratio mass
spectrometer, with results reported in per mil delta nota-
tion relative to Vienna-Canyon Diablo Troilite (V-CDT).
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Analytical uncertainty was less than +0.05%o, and sample
reproducibility was within +0.2%o. Sulfide standards used
were IAEA-S1, IAEA-S2, IAEA-S3, with values of — 0.3,
21.7, and — 31.3%o, respectively, on the SO, scale.

The concentrations of Ni-Cu and S in the rock pow-
der samples were measured by ICP-AES using a PE8300
machine and by combustion-iodometric titration using a
LECO CS230 instrument in the National Research Center
of Geoanalysis in Beijing, China. The concentrations of
PGE:s in the samples were determined by a combination
of NiS fire assay PGE pre-concentration, Te co-precipi-
tation, and ICP-MS analysis using a PE300D machine in
the National Research Center of Geoanalysis in Beijing,
China. The analytical errors are within+ 10%, as estimated
from duplicate measurements of the international stand-
ards (UMT-1 and WPR-1) that were analyzed together
with our samples.
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Analytical results
Zircon U-Pb isotope age and Hf isotopes

The CL images of the dated zircon grains of a large lher-
zolite sample from the Tulaergen sulfide-mineralized
ultramafic dyke are shown in Fig. 5a. The zircon grains
are prismatic and mostly subhedral, with lengths from 40
to 100 pm, widths from 30 to 80 pm, and length to width
ratios from 1.2 to 2. They are semi-transparent, showing
broad zoning or homogeneity in the CL images (Fig. 5a).
Their morphology, zoning patterns, and degrees of trans-
parency are generally different from zircons in grani-
toids, but are typical for those in mafic—ultramafic rocks
(Corfu et al. 2003).

The U-Pb data of the dated zircons from the Tulaer-
gen ultramafic dyke are listed in Table 1. The Th and
U concentrations of 21 grains are 336—12,259 ppm and
670-11,101 ppm, respectively, with Th/U ratios from 0.4
to 2.6. The weighted mean 2*°Pb/?*%U age is 281 +2 Ma
(Fig. 5b), which is ~20 myr younger than the associated
gabbroic intrusion (300.5 + 3.2 Ma, San et al. 2010).
The large age gap necessitates our reclassification of this
mafic—ultramafic intrusive body from a single intrusion to
an intrusive complex. The Lu—Hf data of the dated zircon

grains from the Tulaergen ultramafic dyke are listed in
Table 2. The calculated ¢Hf (r=281 Ma) is from 14 to
17, with an average of 16, which is similar to the depleted
mantle value (Fig. 5c¢).

Mineral compositions

The compositions of Cr-spinel, olivine, clinopyroxene, and
plagioclase are given as supplementary data (Table S2).
Cr-spinel is rare in the Tulaergen ultramafic dyke. Cr-
spinels in the lherzolite of the ultramafic dyke contain
21.5-22.8 wt% Al,05 and 35.1-35.3 wt% Cr,0,, with Mg”
[100 Mg/(Mg + Fe?*), molar] from 43 to 45 and Cr* [100Cr/
(Cr+ Al), molar] from 51 to 52. The An contents of pla-
gioclase and En contents of clinopyroxene in the dyke are
between 70 and 77 mol% and between 50 and 51 mol%,
respectively.

Olivine crystals in the Tulaergen ultramafic dyke
contain 77.1-85.4 mol% Fo, 707-1807 ppm Ni, and
226-1186 ppm Ca (Fig. 6a, b). The Fo and Ni contents of
olivines in the samples containing disseminated and net-
textured sulfides from the different parts of the Tulaer-
gen deposit exhibit a weak negative correlation (Fig. 6b).
The samples from the western segment and the lower part
of the middle segment plot together in one cluster, the

Fig.5 a Cathodoluminescence
images of zircon crystals from
the Tulaergen ultramafic dyke.
b Zircon Concordia diagram for
the dyke. ¢ Zircon ey(t) versus
U-Pb age for the dyke. The age
of Tianshan basement is based
on Hu et al. (2000), which was
calculated using the parameters
for the upper crust from Amelin
et al. (1999)
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Table 1 Concentrations of U, Th, and Pb, and U-Pb isotopes of zircons from the Tulaergen ultramafic dyke

Point number Sample Pbppm Thppm Uppm Th/U *"Pb/%Pb Ic 27pp25U 1o 206pp28y 1o tognzg Ma 1o

Pl-bearing lherzolite

1 TLI-01 60 1235 875 1.41 0.05191 0.00110 0.31253  0.00716 0.04381  0.00059 276.4 3.7
2 TLI-02 127 2725 1758  1.55 0.05064 0.00099 0.31760  0.00763 0.04570  0.00082 288.1 5.0
3 TLI-03 700 12,259 11,101 1.10 0.04942 0.00077 0.29682  0.00572 0.04379  0.00075 276.3 4.6
4 TLI-04 295 6584 3892 1.69 0.05075 0.00082 0.32054  0.00688 0.04597  0.00076 289.7 4.7
5 TLI-05 150 3709 1728 215 0.05133 0.00090 0.32339  0.00725 0.04596  0.00090 289.6 5.6
6 TLI-06 89 2254 1182 1.91 0.04980 0.00094 0.29743  0.00632 0.04350  0.00060 274.5 3.7
7 TLI-08 44 336 791 0.42  0.05052 0.00117 0.31490  0.00767 0.04550  0.00072 286.9 44
8 TLI-11 152 2260 2346 0.96 0.04892 0.00108 0.30256  0.00719 0.04519  0.00092 284.9 5.7
9 TLI-12 132 1950 1916  1.02 0.05197 0.00123 0.32713  0.00882 0.04592  0.00095 289.4 59
10 TLI-13 186 4541 2220  2.05 0.05118 0.00120 0.31844  0.00829 0.04534  0.00089 285.8 5.5
11 TLI-14 48 1011 670 1.51  0.05037 0.00151 0.29799  0.00871 0.04324  0.00077 272.9 4.8
12 TLI-15 79 1286 1196  1.08 0.05105 0.00108 0.30383  0.00678 0.04333  0.00070 273.5 4.3
13 TLI-16 98 1143 1517 0.75 0.05115 0.00117 0.31829  0.00795 0.04531  0.00080 285.6 49
14 TLI-17 358 10,019 4170 240 0.05019 0.00087 0.30537  0.00583 0.04431  0.00074 279.5 4.6
15 TLI-18 72 1271 942 1.35 0.05068 0.00115 0.31641  0.00777 0.04537  0.00067 286.0 4.1
16 TLI-19 70 1452 986 1.47 0.05035 0.00109 0.30274  0.00761 0.04366 ~ 0.00072 275.5 44
17 TLI-20 184 2355 2827 0.83 0.05160 0.00096 0.32083  0.00814 0.04506  0.00084 284.1 52
18 TLI-21 70 885 1124 0.79 0.05078 0.00101 0.31109  0.00698 0.04439  0.00059 280.0 3.7
19 TLI-22 147 3026 1862 1.63 0.05142 0.00098 0.32072  0.00744 0.04525  0.00083 285.3 5.1
20 TLI-23 252 7051 2669  2.64 0.05230 0.00101 0.31839  0.00698 0.04411  0.00067 278.3 4.1
21 TLI-24 135 3808 1527 249 0.05105 0.00106 0.31265  0.00733 0.04428  0.00057 279.3 3.5
I?;:afs fl;lof ri]s(t)ltl(;p;ilzirzgi:r:lon No 176yvb/"THE 26 1760 W/ VTTHE 26 176H'TTH 26 (TOHETHE), ey
ultramafic dyke TLI-1  0.055691 0.000601 0.001200  0.000010 0.283012  0.000021 0.283006 14.4

TLI-2  0.026236 0.001016 0.000560  0.000021 0.283039  0.000027 0.283037 15.5
TLI-3  0.138392 0.001851 0.003232  0.000092 0.283012  0.000030 0.282995 14.1
TLI1-4  0.079292 0.000507 0.001690  0.000029 0.283091  0.000023 0.283082 17.2
TLI-5 0.061226 0.001478 0.001168  0.000020 0.283015 0.000018 0.283009 14.5
TLI-6 0.018655 0.000497 0.000435  0.000007 0.283073  0.000028 0.283071 16.7
TLI-8  0.097946 0.001977 0.002403  0.000090 0.283067  0.000029 0.283055 16.2
TLI-11 0.071445 0.001968 0.001701 0.000072 0.283053  0.000023 0.283044 15.8
TLI1-12 0.017715 0.000292 0.000332  0.000003 0.283050 0.000019 0.283048 16.0
TL1-13 0.073767 0.000368 0.001495  0.000006 0.282990  0.000024 0.282982 13.6
TL1-14 0.026005 0.000830 0.000483  0.000013 0.283069  0.000019 0.283066 16.6
TLI-15 0.075972 0.000375 0.001521 0.000010 0.283039  0.000018 0.283031 15.3
TLI-16 0.136470 0.006056 0.002860  0.000103 0.283074  0.000031 0.283059 16.3
TLI-17 0.086647 0.001488 0.001939  0.000064 0.283059 0.000030 0.283049 16.0
TL1-18 0.130021 0.002549 0.002741 0.000064 0.283043  0.000030 0.283028 15.2
TLI1-19 0.082702 0.003786 0.001808  0.000074 0.283081  0.000028 0.283072 16.8
TL1-20 0.073200 0.002483 0.001662  0.000046 0.283030  0.000023 0.283021 15.0
TL1-21 0.046270 0.000226 0.000821 0.000003 0.283049  0.000020 0.283045 15.8

eyr calculated using the method of Blichert and Albarede (1997), '"Lu decay constant
A=1.865x 107" year™! (Soderlund et al. 2004), r=281 Ma
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Fig.6 Olivine Fo versus Ca
(a) and Ni contents (b) for the
Tulaergen sulfide-mineralized
ultramafic dyke
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samples from the upper zone of the middle segment plot
in another cluster. The former have higher Fo contents
(82-85 mol%) than the latter (77-82 mol%). The ranges
of Ni contents in these two groups of olivine are similar,
although the number of analyses for the upper part of the
middle segment is very limited (Fig. 6b).

Olivine Fo content (mole %)

Whole-rock major and trace elements

The concentrations of major and trace elements in the sam-
ples from the Tulaergen mafic—ultramafic dyke and the
standards used in this study are given as supplementary
data (Table S3). A comparison of sulfide-poor whole-rock
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Fig. 7 Compositional comparison of whole rocks with major rock-forming minerals from the Tulaergen ultramafic rocks. Mineral abbreviations

are the same as in Fig. 4

compositions with rock-forming mineral compositions is
illustrated in Fig. 7. In the diagram, the whole-rock composi-
tions are normalized to 100% on a loss on ignition-free basis.
Lherzolites have higher MgO and lower FeO than olivine
websterite, consistent with higher amounts of olivine in the
former than the latter. The simple comparison reveals that
the major element compositions of the Tulaergen ultramafic
rocks are mainly controlled by the abundances of olivine,
pyroxenes, and plagioclase.

The chondrite-normalized rare earth element (REE)
and mantle-normalized immobile trace element patterns of
sulfide-poor whole-rock samples from the Tulaergen ultra-
mafic dyke are all shown in Fig. 8. The trace element pat-
terns of the Tulaergen ultramafic rocks are remarkably simi-
lar to those of the Carboniferous (357 Ma; Xie et al. 2012)
subduction-related Heishan sulfide-mineralized mafic—ultra-
mafic intrusion in the nearby Beishan terrane (see Fig. 1b for
location). The trace element patterns of the Tulaergen ultra-
mafic rocks are also similar to those of the Early Permian
basalts as well as the Carboniferous basalts in the region (see
Fig. 1b for location). The abundances of the incompatible
trace elements in the Tulaergen ultramafic rocks are 70-80%

@ Springer

lower than in the basaltic lavas of East Tianshan as well as
the Cenozoic arc basalts worldwide.

Chalcophile elements

The concentrations of S, Ni, Cu, and platinum-group ele-
ments (PGE) in the Tulaergen ultramafic rocks are listed in
Table 3. For nickel, concentrations before and after correc-
tion for contribution from olivine are listed. The correc-
tion was made using the estimated olivine abundances and
the average Ni content of olivine in the samples. The cor-
rected Ni concentrations are used hereafter. The relation-
ships between the chalcophile element abundances and S
contents in the Tulaergen ultramafic rocks are illustrated in
Fig. 9. At a given S content, samples from the upper zone
of the middle segment tend to have lower Ni contents than
those from the lower zone (Fig. 9a). Such difference is not
present for Cu, mainly due to larger variation of Cu than
Ni concentrations in the upper zone (Fig. 9b). Overall, a
positive correlation with S contents is much stronger for
Ni than for Cu (Fig. 9a, b). A positive correlation between
PGEs and S contents also exists, but the degrees of such
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Fig.8 Chondrite-normalized REE patterns and mantle-normalized
immobile incompatible elements patterns for the Tulaergen ultra-
mafic dyke. The normalization values are from Palme and O’Neill
(2014). The average composition of the Carboniferous basalts in the
East Tianshan—-Beishan Orogenic Collage is from Bai et al. (2018).

correlations are highly variable (Fig. 9c—h). The correla-
tion between individual IPGE (Os, Ir, Ru, and Rh) and
S contents is poor (Fig. 9c—f). The correlation between
individual PPGE (Pt, Pd) and S contents is much stronger
(Fig. 9g, h).

We have calculated the Ni, Cu, and PGE tenors (con-
centrations in 100% sulfides) in the samples contain-
ing> 0.5 wt% S from the Tulaergen deposit using the equa-
tion of Barnes and Lightfoot (2005). The mantle-normalized
patterns of the metal tenors are illustrated in Fig. 10. All
of the samples show significant PGE depletion relative to
Ni and Cu, and fractionated PGE patterns due to relative
IPGE depletion. The samples from the west segment and
the lower zone of the middle segment have similar PGE pat-
terns (Fig. 10a). Some of the disseminated sulfide samples
from the upper zone of the middle segment have more frac-
tionated PGE patterns than other disseminated sulfides, as
well as all net-textured sulfide (Fig. 10b). For distinction, we
call this type of disseminated sulfide mineralization a highly
PGE-fractionated type. Most of the highly PGE-fractionated
disseminated sulfides also show more severe decoupling
between Pt and Pd than the other types of sulfide minerali-
zation (Fig. 10b). Compared to the older, subduction-related
Heishan magmatic sulfide deposit in the Beishan terrane (see
Fig. 1b for location), the Tulaergen magmatic sulfide deposit
is more depleted in all PGEs (Fig. 10a, b).

Sr-Nd-Os-S isotopes

The Sr-Nd isotope data of the Tulaergen sulfide-poor ultra-
mafic rocks are listed in Table 4. The initial isotope ratios

Sample/ Primitive mantle

10!

107

10!

10[]

Th Nb Ta La Ce Nd Zr Hf Sm Gd Y Yb Lu

The average composition of the Early Permian basalts in the region
is from Liu et al. (2016). The average composition of the subduction-
related Heishan mafic—ultramafic intrusion in the region is from Xie
et al. (2012). The average compositions of global OIB, CAB, and
IAB are from Li et al. (2015a)

and gy (t) were calculated using the zircon U-Pb age of
281 Ma from this study (Fig. 5b). The (*’Sr/*Sr), and ey
(t) ratios of the ultramafic rocks are from 0.7034 to 0.7036
and from 5.1 to 6.9, respectively. These values are similar
to the Carboniferous—Permian basalts in the region, and
are within the ranges of Cenozoic arc basalts worldwide
(Fig. 11). The Tulaergen ultramafic rock samples also plot
within the present-day mantle array of DePaolo and Was-
serburg (1979).

Re-Os isotopes of the sulfide-mineralized ultramafic
rocks are listed in Table 5. The Re and Os contents range
from 3.2 to 138 ppb and from 0.02 to 0.97, respectively.
The initial '¥70s/'380s ratios and yOs values were calculated
using the zircon U-Pb age of 281 Ma. The yOs(t) values
range from+ 605 to+ 954, which are significantly higher
than the mantle value (close to zero, Shirey and Walker
1998). The yOs(t) values of the samples from the western
and middle segments are from + 607 to+ 674 and from + 605
to+937, respectively.

Sulfur isotopes of base metal sulfides in the Tulaergen
magmatic Ni-Cu sulfide deposit and pyrites in the coun-
try rocks are listed in Table 6. The 8**S values of the ore
deposits and the country rocks range from — 0.3 to 1.47 %o
and from — 2.81 to 2.33 %o, respectively. The §>*S values
of ore deposits are within the range of the MORB mantle
values (0 +2 %o, Labidi et al. 2013) and the country rocks,
but are lower than those of the Carboniferous subduction-
related Heishan magmatic sulfide deposit in the nearby
Beishan region (Xie et al. 2014). Our data show no cor-
rection between 5°*S and yOs(t) values for the Tulaergen
deposit.
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Discussion

Tectonic significance of the Tulaergen mafic-
ultramafic complex

As shown in Fig. 1b, the Tulaergen mafic—ultramafic com-
plex is located in the North Tianshan-Heiyingshan arc ter-
rane according to Xiao et al. (2010, 2015, 2019). These
authors suggested that subduction in the region lasted until
the end of the Early Permian. Based on the presence of ultra-
mafic rocks in the center surrounded by gabbroic rocks in
some of the Early Permian mafic—ultramafic intrusions in
East Tianshan (Fig. 1b), Xiao et al. (2004) classified these
intrusions as Alaskan-type complexes. However, none of the
Early Permian mafic—ultramafic intrusions in the region used
in the study of Xiao et al. (2004) shows the key feature of
a typical Alaskan-type complex, i.e., concentric zonation
within the ultramafic member (Taylor 1967).

The new results from this study show that the common
features of an arc mafic—ultramafic complex such as the
Duke Island complex in southern Alaska (Thakurta et al.
2008) are also present in the Tulaergen complex. For exam-
ple, the age of the ultramafic member of this complex is~20
myr younger than the surrounding gabbroic rocks (Fig. 3a,
¢). Based on this important feature, plus the regional geo-
logical constraints described above, we recognize the Tulaer-
gen mafic—ultramafic complex to be an arc igneous complex.
This new interpretation can be further tested using mineral
chemistry and whole-rock trace elements and Sr—Nd-Hf
isotopes. As shown in Fig. 6a, olivine crystals in the Tulaer-
gen ultramafic rocks have low Ca contents (< 1200 ppm),
which is common in arc basalts and mafic—ultramafic rocks,
but extremely rare in continental flood basalts and associ-
ated mafic—ultramafic intrusions (see summary in Li et al.
2012b). As shown in Fig. 5c and Fig. 11, the isotope tracers
indicate that crustal contamination in the Tulaergen magma
is negligible. Hence, the pronounced negative Nb—Ta anom-
alies in the Tulaergen ultramafic rocks can be regarded as
primary features, similar to many arc basalts (Fig. 8b).

The classification of the Tulaergen mafic—ultramafic com-
plex as an arc igneous complex implies that other contem-
poraneous mafic—ultramafic intrusions in the region are also
subduction-related. Previously, other researchers suggested
that all of the Permian mafic—ultramafic intrusions in the
region are linked to the Tarim mantle plume (e.g., Pirajno
et al. 2008; Qin et al. 2011; Su et al., 2014; Zhang and Zou
2013), or lithospheric delamination coupled by astheno-
sphere upwelling in a post-subduction environment (e.g.,
Song et al. 2013, 2021; Han and Zhao 2018; Li et al. 2019).
These two competing models are all based on the same
assumption that the Tarim Craton and the micro-continents
and associated arc terranes to the north were amalgamated

by the end of the Carboniferous, which in turn is based on
the geology of Western Tianshan, not that of the East Tian-
shan—Beishan region where these intrusions are located (see
Fig. la and b for locations). As described above, the geology
of this region clearly support the view that subduction in
the region lasted until the end of the Early Permian (Xiao
et al. 2010, 2015, 2019). Moreover, an age gap of ~20 myr
between the mafic and ultramafic members of the Tulaergen
complex (Fig. 3a, c) is clearly inconsistent with the plume
model. Mantle plume activity may last for a protracted time,
but the plate overlying the plume keeps moving (Morgan
1971), producing a hot-spot track such as the Hawaiian
volcano train in which the distance between two volcanos
with an age difference of 20 myr is ~2000 km (Wessel and
Kroenke 2009). Interplay between a mantle plume and conti-
nental rifting could extend the duration of mafic magmatism
at the same location, such as the East African Rift System
(c.f., Koptev et al. 2018) and the Mid-continent Rift Sys-
tem in North America (c.f., Fairchild et al. 2017). However,
compelling evidence for continental rifting in the East Tian-
shan—Beishan region has not been found.

PGE tenor modeling and its implication

The highly PGE-fractionated disseminated sulfides from the
upper zone of the middle segment (Fig. 10b) are consistent
with the compositions of significantly fractionated sulfide
liquids due to MSS fractional crystallization, as IPGE (Os.
Ir, Ru) plus Rh are compatible whereas PPGE (Pt, Pd) are
incompatible in the MSS structure (e.g., Li et al. 1996).
Significant decoupling between Pd and Pt in most of these
samples (Fig. 10b) may have resulted from Pt-mineral frac-
tionation during sulfide liquid solidification on cooling and
post-magmatic redistribution of Pd due to hydrothermal
alteration, which has been used to explain this kind of phe-
nomena in other magmatic sulfide deposits (e.g., Dare et al.
2010; Prichard et al. 2013).

As shown in Fig. 9, among all IPGEs and Rh has the
best correlation with S. Hence, we use Rh to represent this
grouping. Rh, together with Pd and Pt are then used to evalu-
ate the relative effects of R-factor and MSS fractional crys-
tallization on the tenor variations in the Tulaergen deposit.
Due to extremely high D values for PGE (e.g., Mungall and
Brenan 2014), the concentrations of these metals in a sulfide
liquid depend on both R-factor and their initial contents in
magma (Campbell and Naldrett 1979). Hence, it is essential
to set a minimum R-factor using other chalcophile elements
with lower D values such as Ni or Cu. Due to the effects
of olivine fractional crystallization and Fe—Ni exchange
between olivine and sulfide liquid, it is difficult to know the
initial content of Ni in the magma. Thus, we chose Cu for
the estimation. The content of Cu in the most primitive Per-
mian basalts in East Tianshan is ~ 100 ppm (Liu et al. 2016),
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which is similar to the upper limit of arc basalts worldwide
(Lee et al. 2012). Using this value to represent the initial
content of Cu in the Tulaergen deposit, an experimental D,
of 1000 for a basaltic system (Ripley et al. 2002; Mungall
and Brenan 2014), and the lowest Cu tenor of the dissemi-
nated sulfides in the Tulaergen deposit, which is~ 1.4 wt%,
the minimum R-factor is estimated to be ~ 150. With this in
mind, we then use the partition coefficients of ~ 10° for PGEs
between sulfide melt and silicate magma in basaltic systems,

@ Springer

which are within the range of experimental results (Mun-
gall and Brenan 2014), to estimate the range of R-factors
and initial concentrations of Rh, Pt, and Pd in the parental
magma for the Tulaergen deposit. The estimated range of
R-factors is from 150 to 700. The estimated initial element
concentrations in the magma are 0.009 ppb Rh, 0.32 ppb Pt,
and 0.52 ppb Pd, which are similar to the estimated values
for some other Permian magmatic sulfide deposits in the
region such as Huangshanxi and Huangshandong (Mao et al.
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2014, 2015). The estimated initial PGE concentrations in
the Tulaergen magma are approximately one order of mag-
nitude lower than those of the Grenada arc picritic basalts
(Woodland et al. 2002). The Grenada arc picritic arc basalts
have the highest PGE contents among all global arc basalts
that have been analyzed for PGE contents to date. Such a
difference supports the notion that the parental magma for
the Tulaergen deposit experienced previous interaction with
sulfide liquids, either in the staging chamber or the mantle
source, or both.

Magma differentiation and sulfide saturation

Magmatic Ni-Cu sulfide deposits are mainly hosted in
mafic—ultramafic intrusions formed from magma pro-
duced by mantle partial melting (Naldrett 2011). The first
olivine that crystallizes from the primary mantle-derived
magma usually has similar Fo content to that of olivine
in the mantle residue, i.e., between 89 and 93 mol% (e.g.,
Schmidberger and Francis 1999). By definition, primary
mantle-derived magma is the original mantle partial melt
without any fractional crystallization and crustal con-
tamination. The Fo contents of olivine in the Tulaergen
complex are from 77.1 to 85.4 mol%, significantly lower
than that of olivine crystallizing from a primary mantle-
derived melt. The simple comparison indicates that the
parental magma for the Tulaergen deposit is a differenti-
ated liquid. Low Ni/Cu ratios of the bulk sulfide ores pro-
vide another support for this interpretation. The average
Ni/Cu ratio of bulk sulfide ores in the Tulaergen deposit
is ~ 2, which is 4 times lower than that of the Xiarihamu
subduction-related magmatic sulfide deposit (~ 8) hosted
by ultramafic rocks with olivine Fo contents as high as
90 mol% (Li et al. 2015b).

Zircon Hf isotopes and whole-rock Sr—Nd indicate
that the parental magma of the Tulaergen deposit was
not contaminated with the Pre-Carboniferous meta-
sedimentary rocks of the Tianshan basement, which
could also be present at depth in the Tulaergen area,
or that the amount of such contamination is negligible.

As shown in Fig. 5c, the eHf (t) values of zircons from
the host rock are from 13 to 18, with an average value
similar to that of the depleted mantle, supporting the
argument against contamination with the crust. The
Tulaergen mafic—ultramafic intrusive rocks, and the
Permian basalts (data from Liu et al. 2016) and Car-
boniferous arc basalts (data from Xie et al. 2016; Zhang
et al. 2017) in the region have similar Sr—Nd isotope
compositions. The similarities prevent using Sr—Nd iso-
topes to estimate the amount of contamination by the
volcanic rocks. Contamination of the Tulaergen magma
by the Paleozoic sedimentary rocks in the region cannot
be evaluated using Sr—Nd isotopes either, because cur-
rently there are no Sr—Nd isotope data for such potential
contaminants. Insignificant amount of contamination
with Pre-Carboniferous meta-sedimentary rocks, which
may occur at depth, is indicated by the Sr—Nd isotope
data (Fig. 11). The presence of Pre-Carboniferous meta-
sedimentary rocks at depth in East Tianshan is indicated
by the presence of abundant detrital zircons of Pre-Car-
boniferous ages in the Permian sandstones of this region
(Zhang et al. 2016).

Sulfur isotopes indicate that selective assimilation of
sulfides from the Carboniferous volcanic-sedimentary
country rocks and the xenoliths of such rocks is possible.
As shown in Fig. 12, the 8**S values of sulfide miner-
als in the Tulaergen deposit are from — 0.3 to 1.47%o,
which are within the range of the MORB mantle val-
ues (0 +2%o; Labidi et al. 2013) as well as the range of
pyrites in the volcanic-sedimentary country rocks of the
Tulaergen deposit. The presence of reacted xenoliths of
the country rocks in the deposit (Wang et al. 2018) indi-
cates that the addition of sulfur from the breakdown of
pyrite in the xenoliths to the magma must have occurred,
but the exact amount cannot be determined using S iso-
tope data because the end-members have similar sulfur
isotope compositions.

The yOs values (605-954) of the Tulaergen deposit are
significantly higher than typical mantle values (close to
zero; Shirey and Walker 1998) and are consistent with

@ Springer



336

Mineralium Deposita (2022) 57:319-342

@ Springer

Table 4 Sr—Nd isotopes of the Tulaergen ultramafic rocks

ENd(t)

(®7S1/368r),

Sr(ppm)  YRbASSr  ¥SrASSr 26 Sm (ppm) Nd (ppm) 'Sm/'*Nd  ¥Nd/'¥Nd 20

Rb (ppm)

Rock type

Sample no

6.70

0.703555
0.703526
0.703474
0.703382
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0.000010
0.000010
0.000008
0.000008
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0.000010
0.000012

0.512909
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0.512872
0.512925
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0.512845

0.158148
0.154151
0.168193
0.159844
0.173284
0.158780
0.168186

5.60
2.77
3.90
7.22
6.70
4.39

5.

1.47
0.71

0.000007
0.000007
0.000007
0.000005
0.000008
0.000005
0.000005

0.704225
0.704054
0.704170
0.704199
0.705470
0.704136
0.704185

0.165081
0.130164
0.171724
0.201425
0.516001
0.179911
0.157479
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83
36
53
58
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17.8
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5.06

119

5.

TL-12

5.60

1.08
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1.92
1.15

1.
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TL-24

6.94
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TL-28

6.80
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€nq i the derivation in parts per 10,000 of the initial ratio from that of a chondritic reservoir at the crystallization age of 281 Ma for ultramafic rocks
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Fig. 11 Plot of whole-rock (87Sr—868r)i versus eygy(t) for the Tulaer-
gen ultramafic rocks. The mantle array is from DePaolo and Was-
serburg (1979). Values used in the mixing calculations are as follow:
mantle-derived magma, 5.9 ppm Nd, 231 ppm Sr, g44=7.00 and
(®7Sr-36Sr),=0.7032; Tianshan basement, 24 ppm Nd, 251 ppm Sr,
exg(total) = —8 and (¥’Sr-%Sr),=0.713. Sources of Sr—Nd isotopes
for different types of rocks in the East Tianshan-Beishan Orogenic
Collage: data for the Early Permian basalts are from Liu et al. (2016);
data for the Carboniferous basalts are from Xie et al. (2016) and
Zhang et al. (2017); data for the Tianshan basement are from Chen
et al. (2000); data for mantle-derived magma are from Schmidt and
Jagoutz (2017); The Sr—Nd isotopes of global Cenozoic arc basalts
are from a public database (http://www.petdb.org)

selective assimilation of Os-bearing phases in the sedi-
mentary country rocks, such as pyrite and/or organic mat-
ter. It is likely that fluid was involved in the transfer of S
(and Os) from the potential contaminants in the contact
aureole and xenoliths to the magma (Ripley and Li 2013).
This, together with the lack of Os isotope data for the
contaminants, prevents a more detailed evaluation. The
possibility that organic matter could be involved during
magma-rock interaction at Tulaergen is worth a detailed
investigation, because the reduction of relatively oxidized
magma, such as some arc basaltic melts, could lead to
sulfide saturation (Thakurta et al. 2008; Tomkins et al.
2012).

In summary, our data show that fractional crystallization,
the addition of external sulfur, and perhaps also organic
matter from the country rocks in the contact aureole and
entrained xenoliths, all of which have positive effects on
sulfide saturation in basaltic magma (e.g., Ripley and Li
2013), were involved in the formation of the Tulaergen mag-
matic sulfide deposit. However, the relative contribution of
these processes to the attainment of sulfide saturation in the
Tulaergen magma is yet to be determined in the absence of
additional data.
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=) g and sulfide distribution between the Tulaergen dyke-hosted
Zlg|les28888882823|= . -
e |lAal == IS D RRT R Rl deposit (Fig. 3b—d) and the feeder dyke of the Voisey’s Bay
£ 9 deposit, the Tulaergen deposit can be classified as a conduit-
Q Q O U VO O QO . . . .
olgelow EEEE8EEE 0 2l type magmatic sulfide deposit. As shown in the cross-sections
S = N = G SR = R T . . .
g8l == ST T 232888 and a long section (Fig. 3c, d), there are two sulfide-rich zones,
Z 15 NS R R R SN = separated by a thin neck of sulfide-poor rocks in the sub-verti-
?u, % cal part of the Tulaergen ultramafic dyke. The Fo contents of
) . .
f: E §3885%823 § olivines are clearly lower in the upper zone than the lower zone
o Yo} o O = 1 -
< g § 3 Beggee 3 g < E - (Fig. Qb). The PGE tenors of net-textured sulfide ore are also
CEISIEEZ2ZS22220B8FRFEEI< lower in the upper zone than the lower zone, corresponding to
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Table 6 S isotopes of sulfide separates from the Tulaergen deposit and country rocks

Sample Location Depth (m) Segment/Zone Host rock Sulfide texture 5%
Ore samples

TL-05 ZK1106 125 Middle/Upper Ol websterite Disseminated 0.7
TL-06 ZK1106 121 Middle/Upper Ol websterite Disseminated 0.58
TL-07 ZK1106 113 Middle/Upper Ol websterite Disseminated 0.28
TL-10 ZK1106 88 Middle/Upper Lherzolite Disseminated 0.69
15TL-01 15-17 line 200 Middle/Upper Lherzolite Disseminated 0.46
15TL-02 15-17 line 200 Middle/Upper Lherzolite Massive 0.74
15TL-03 15-17 line 200 Middle/Upper Lherzolite Disseminated 0.6
15TL-03 Duplicate analysis 0.02
15TL-04 15-17 line 200 Middle/Upper Lherzolite Net-textured 0.14
15TL-05 15-17 line 200 Middle/Upper Lherzolite Net-textured -0.22
15TL-06 15-17 line 200 Middle/Upper Lherzolite Disseminated 0.00
15TL-08 15-17 line 200 Middle/Upper Lherzolite Net-textured -0.03
15TL-09 15-17 line 200 Middle/Upper Lherzolite Net-textured 0.47
15TL-12 15-17 line 200 Middle/Upper Lherzolite Disseminated 0.68
15TL-13 15-17 line 200 Middle/Upper Lherzolite Disseminated 0.53
15TL-14 15-17 line 200 Middle/Upper Lherzolite Net-textured -0.10
15TL-14 Duplicate analysis -0.05
15TL-15 15-17 line 200 Middle/Upper Lherzolite Disseminated 0.17
15TL-16 15-17 line 200 Middle/Upper Lherzolite Disseminated -0.3
15TL-19 15-17 line 200 Middle/Upper Lherzolite Disseminated 0.47
TL-33 ZK1501 424 Middle/Lower Lherzolite Disseminated -0.10
TL-36 ZK1501 500 Middle/Lower Lherzolite Disseminated 0.13
TL-41 ZK1501 572 Middle/Lower Lherzolite Disseminated 0.20
TL-43 ZK1501 542 Middle/Lower Lherzolite Disseminated 0.48
TL-45 ZK1501 520 Middle/Lower Lherzolite Disseminated 0.17
TL-45 Duplicate analysis 0.25
TL-46 ZK1501 516 Middle/Lower Lherzolite Disseminated 0.89
TL-12 7ZK3302 558 Western Ol websterite Disseminated -0.01
TL-12 Duplicate analysis 0.27
TL-16 7ZK3302 535 Western Ol websterite Disseminated 0.93
TL-18 ZK3302 524 Western Ol websterite Disseminated 0.18
TL-20 7ZK3302 506 Western Ol websterite Disseminated 1.47
TL-25 7ZK3302 450 Western Ol websterite Disseminated —-0.15
Carboniferous volcanic-sedimentary rocks collected from mining tunnel of 200 m and 250 m

Sample s Sample 5%s Sample 3

20TL1-01 0.19 20TL3-01 2.30 20TL4-08 -1.01

20TL1-02 0.14 20TL3-02 -2.81 20TL4-09 -0.42

21TL1-03 0.31 20TL3-03 -2.30 20TL4-10 -0.77

20TL1-04 -0.29 20TL4-01 -0.17 20TL4-11 -0.80

20TL1-05 -0.08 20TL4-02 -0.11 20TL5-01 -1.92

20TL1-06 -0.53 20TLA4-03 —0.48 20TL5-02 -0.58

20TL2-01 1.42 20TL4-04 -0.16 20TL5-03 -1.40

20TL2-02 2.33 20TLA4-05 0.77 20TL5-04 -1.27

20TL2-03 1.68 20TL4-06 -0.42 20TL5-05 -0.36

20TL2-04 1.14 20TL4-07 -0.87 20TL5-07 -0.33

&%*S values are in per mil (%o), relative to V-CDT
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Fig. 12 Histogram of &S values of sulfides from the Tulaergen
Ni-Cu deposit and the subduction-related Heishan Ni-Cu deposit
(data from Xie et al. 2014). The range of 6**S for mid-ocean ridge
basalts (MORB) is from Labidi et al. (2013)

lower R-factors for the former according to our interpretation
(Fig. 13). The physical separation and contrasting composi-
tions between these two zones are consistent with two separate
magma pulses charged with olivine crystals and immiscible
sulfide droplets. The presence of multiple, subparallel sulfide-
rich zones in the western, sub-horizontal part of the ultramafic
dyke (Fig. 3c, d) suggests that there were at least two separate
pulses of sulfide-bearing magma using the conduit system.

As described above, the Tulaergen ultramafic dyke is com-
posed of olivine cumulates. Two common processes to form
such rocks are gravitational accumulation in a large magma
chamber or flow differentiation of olivine-charged magma in a
dynamic conduit that supplies magma to a higher-level chamber
or volcano. Obviously, the former interpretation is at odds with
the size, geometry, and internal lithological structure of the host
intrusive body of this deposit. Therefore, we conclude that the
Tulaergen deposit formed from ascending magma charged with
olivine crystals and immiscible sulfide droplets, similar to the
model proposed previously for the Eagle and Tamarack conduit-
type deposits (Ding et al. 2012; Taranovic et al. 2015).

Conclusions

Our new zircon U-Pb isotope age reveals for the first
time that the Tulaergen ultramafic dyke was emplaced at
281 +2 Ma, ~20 myr younger than the surrounding gab-
broic rocks. Such a large age gap is characteristic of some arc
mafic—ultramafic complexes elsewhere in the world. Zircon
Hf isotopes and whole-rock Sr—Nd isotopes indicate that the
parental magma for the Tulaergen ultramafic dyke experienced

1000 \3

Upper zone, middle segment, o Lower zone, middle segment,
disseminated sulfides disseminated sulfides

Western segment,
disseminated sulfides

700
*
R500

L 4

Upper zone, middle segment,
net-textured sulfides

R300

Pt,, (ppb)
=)
(=)

R150

0.5 5 20
Rh,, (ppb)

Initial concentrations in magma
0.009 ppb Rh, 0.32 ppb Pt
0.52 ppb Pd

#AR700

R500

Pd,, (ppb)

30 Ll
0.5 5 20
Rh, , (ppb)

Fig. 13 Modeling of Pt, Pd and Rh tenor variations as a function of
variable R-factors during sulfide segregation for the Tulaergen mag-
matic sulfide deposit. Modeling parameters: Dy, =10°, Dp,= 10%, and
Dpy= 10

insignificant bulk contamination with the crust. Hence, the
observed pronounced negative Nb—Ta anomalies, coupled
with light REE enrichments in the ultramafic rocks can be
regarded as original features of the mantle-derived magma.
Such geochemical features are characteristic of arc basalts
worldwide. These new findings allow us to conclude that the
Tulaergen mafic—ultramafic complex is linked to Early Per-
mian arc basaltic magmatism. The geometry of the Tulaergen
ultramafic dyke, sulfide distribution and metal tenor variations,
and olivine Fo-Ni systematics support our new interpretation
that the Tulaergen deposit is a conduit-type deposit formed
from at least two pulses of ascending magma charged with
olivine crystals and immiscible sulfide droplets. Elevated yOs
values (4605 to+954) of the sulfide ores support the notion
that the addition of Os-bearing organic matter from sedimen-
tary country rocks played a role in triggering sulfide saturation.
The &°*S values are from —0.3 to 1.47%o, which are within the
range of mantle values as well as that of the country rocks, pro-
viding inconclusive evidence for the role of external sulfur in
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ore genesis. Fractional crystallization at depth for the parental
magma of the Tulaergen deposit is indicated by significantly
low olivine Fo contents, but the contribution of such a process
to sulfide saturation in the magma requires further investiga-
tion. Modeling results indicate that the parental magma for the
Tulaergen deposit was severely depleted in PGEs, possibly due
to previous sulfide segregation at depth.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00126-021-01064-1.
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