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Abstract Three Fe–Ti oxide-bearing layered intrusions
(Mazaertag, Wajilitag, and Piqiang) in the Tarim large igneous
province (NW China) have been investigated for understand-
ing the relationship of sulfide saturation, Platinum-group ele-
ment (PGE) enrichment, and Fe–Ti oxide accumulation in
layered intrusions. These mafic-ultramafic layered intrusions
have low PGE concentrations (<0.4 ppb Os, <0.7 ppb Ir,
<1 ppb Ru, <0.2 ppb Rh, <5 ppb Pt, and <8 ppb Pd) and
elevated Cu/Pd (2.2 × 104 to 3.3 × 106). The low PGE concen-
trations of the rocks are mainly attributed to PGE-depleted,
parental magma that was produced by low degrees of partial
melting of the mantle. The least contaminated rocks of the
Mazaertag and Wajilitag intrusions have slightly enriched Os
isotopic compositions with γOs(t = 280 Ma) values ranging
from +13 to +23, indicating that the primitive magma may
have been generated from a convecting mantle, without ap-
preciable input of lithospheric mantle. The Mazaertag and
Wajilitag intrusions have near-chondritic γOs(t) values (+13

to +60) against restricted εNd(t) values (−0.4 to +2.8), indicat-
ing insignificant crustal contamination. Rocks of the Piqiang
intrusion have relatively low εNd(t) values of −3.1 to +1.0,
consistent with ∼15 to 25 % assimilation of the upper crust.
The rocks of the Mazaertag andWajilitag intrusions have pos-
itive correlation of PGE and S, pointing to the control of PGE
by sulfide. Poor correlation of PGE and S for the Piqiang
intrusion is attributed to the involvement of multiple sulfide-
stage liquids with different PGE compositions or sulfide-
oxide reequilibration on cooling. These three layered intru-
sions have little potential of reef-type PGE mineralization.
Four criteria are summarized in this study to help discriminate
between PGE-mineralized and PGE-unmineralized mafic-ul-
tramafic intrusions.

Introduction

Platinum-group element (PGE) mineralization may occur in
diverse rock types and at various stratigraphic levels in layered
intrusions of any size or age (Maier 2005) (Table 1). Economic
PGE-rich reefs or horizons are commonly hosted in less evolved,
ultramafic cumulates, and associatedwith chromitite seams in the
lower part of giant layered intrusions such as the Bushveld com-
plex in South Africa (e.g., Buchanan et al. 1981; Naldrett et al.
2009), the Stillwater complex in USA (e.g., Campbell et al.
1983) and the Great Dyke in Zimbabwe (e.g., Wilson and
Prendergast 2001), or small ultramafic sills such as the
Jinbaoshan intrusion in SW China (Wang et al. 2010). The
PGE-rich reefs or horizons of these intrusions usually contain
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visible sulfides (0.5–5 %, Naldrett 2004). The high PGE
concentrations of the reefs or horizons are attributed to
high mass ratio of silicate and sulfide melt (R-factor,
Campbell and Naldrett 1979) so that PGE from the
large volume of magma can be significantly extracted
to the small volume of sulfide melt (Li et al. 2001).

Some PGE-rich layers are also associated with Fe–Ti
oxide-bearing gabbro and less commonly pyorxenite in the
upper levels of layered intrusions, such as those in the
Skaergaard intrusion in Greenland (e.g., Holwell and Keays
2014), the Stella intrusion in South Africa (Maier et al. 2003),
the Rincón del Tigre Complex in Bolivia (Prendergast 2000),
and the Rio Jacaré intrusion in Brazil (Sa et al. 2005). PGE in
these reefs is concentrated in the small amounts of Cu–Fe- and
Au–Pd-bearing sulfides which is attributed to a delayed sul-
fide saturation due to the crystallization of magnetite
(Prendergast 2000; Maier et al. 2003; Mungall and Naldrett
2008; Holwell and Keays 2014). In contrast, the Fe–Ti oxide-
rich layers in the evolved, upper portions of the layered

intrusions such as the Bushveld Complex are PGE-barren
(e.g., Barnes et al. 2004). Therefore, it is enigmatic why
PGE reef/horizon is associated with Fe–Ti oxide-rich layers
in some layered intrusions, but not in others.

In small layered intrusions such as the Xinjie and Hongge
intrusions in the Emeishan large igneous province (LIP) in
SW China, thin PGE-rich layers are hosted in ultramafic cu-
mulates but associated with Fe–Ti oxide-rich layers rather
than chromitite seams (Zhong et al. 2002, 2011). The PGE-
rich layers were considered to be a result of sulfide saturation
due to early crystallization of Fe–Ti oxides and mixing of
primary and evolved magma (Zhong et al. 2002, 2011). The
PGE concentrations of the rocks in these intrusions are much
lower than those in the Bushveld Complex and the Stella and
Jinbaoshan intrusions. The rocks of the layered intrusions in
the Tarim LIP contain even less PGE than those in the
Emeishan LIP (Zhang et al. 2014). However, it remains un-
known why the rocks in the layered intrusions of the Tarim
LIP have such low PGE concentrations.

Table 1 Summary for occurrences and major characteristics of some important PGE-mineralized and PGE-unmineralized layered intrusions in the
world

Name Country/craton Age
(Ma)

Size
(km2)

Thickness
(km)

PGE mineralization
occurrence

Position of
reef

Reef rock type Parental
magma

Bushveld complexa South Africa/Kaapvaal 2060 65000 7–9 UG2 chromitite;
LG/MG chromitites

Lower Cr SHMB

Merensky reef Central Opx-cr-(hz)

Stillwatera USA/Wyoming 2700 4400 6.5 J-M reef Central Opx SHMB

Great dikea Zimbabwe 2460 3300 3 MSZ Lower Cr SHMB

Rincon del Tigrea Bolivia/Aguapei mobile belt 99 1600 >3 Precious Metals zone Upper Mt-gb

Skaergaarda East Greenland 55 90 3.5 Platinova reef Upper Gb Basalt

Rio Jacarea Brazil/Sao Francisco 2640 84 1 Upper Mt

Honggeb China/Yangtze 259 60 1.2 Lower Ol-cpx Ferrobasalt

Panzhihuac China/Yangtze 263 30 2–3 × Ferrobasalt

Baimad China/Yangtze 262 25 1.6 × Ferrobasalt

Piqiang China/Tarim 276 16.7 ×

Wajilitag China/Tarim 283 12 0.11–0.27 ×

Stellaa RSA/Kaapvaal 3034 >10 >1 Upper Mt-gb

Sonju Lakea USA/Superior 1096 >10 1.2 Precious Metals zone Upper Gb Tholeiite

Xinjiee China/Yangtze 259 10 1.2 PGE horizon 1-4 Lower Cpx Ferropicrite

Munni Munna Australia/Pilbara 2927 5.5 225 LSZ, Dream Reef Lower opx/dun-webst SHMB

Jinbaoshanf China/Yangtze 259 4.8 0.008–0.17 PGE horizon 1-3 Lower Wehr Picrite

Mazaertag China/Tarim 279 0.13 1 ×

Opx orthopyroxenite, Cpx clinopyroxenite, Cr chromitite, Hz harzburgite, Gb gabbro, Mt-gb magnetite gabbro, Ol-cpx olivine clinopyroxenite, Dun
dunite, Webst websterite, Wehr wehrlite, SHMB siliceous high magnesium basalt
aMaier et al. (2005)
b Zhong et al. (2002)
c Zhou et al. (2005)
d Zhang et al.(2013c); Liu et al. (2014)
e Zhong et al. (2011)
fWang et al. (2010)

472 Miner Deposita (2017) 52:471–494



Sulfide saturation and PGE enrichment in layered intru-
sions may be controlled by a number of factors, such as the
degree of partial melting of the mantle, nature of parental
magma, and magma chamber processes (e.g., Keays 1995;
Li et al. 2001; Arndt et al. 2005). In this paper, we present a
systematic study of PGE and Sr–Nd–Os isotopic composi-
tions of the Mazaertag, Wajilitag, and Piqiang intrusions in
the Tarim LIP. We compare the data with PGE-rich reefs of
large layered intrusions in the world and examine the differ-
ences of the mantle sources and magma processes between
PGE-poor and PGE-rich layered intrusions. Our study has
general significance for better understanding the processes
of sulfide saturation, PGE enrichment, and Fe–Ti oxide accu-
mulation in layered intrusions. It is also helpful for evaluating
the potentials of PGE mineralization in the Tarim LIP and
geologically similar environments elsewhere.

Geological background

The Tarim LIP occurs in the Tarim basin in NW China and
comprises diverse mafic-ultramafic volcanics and intrusions
and felsic plutons, which are believed to have been formed from
a mantle plume (e.g., Chen et al. 1997; Jia 1997; Jiang et al.
2004a, b, 2006; Borisenko et al. 2006; Tian et al. 2010; Zhang
and Zou 2013a, b). The Tarim basin covers an area of ca.
530,000 km2 and is surrounded by the Tianshan, Kunlun, and
Altun orogenic belts (Fig. 1). The basement of the Tarim basin is
composed of the late Neoarchean to early Paleoproterozoic
high-grade metamorphic gneiss and amphibolite, and the late
Paleoproterozoic to early Neoproterozoic volcanic-sedimentary

rocks and the late Neoproterozoic low-grade metamorphosed
volcaniclastic rocks (Long et al. 2010; Zhang et al. 2012). The
basement is overlain by a thick sedimentary sequence of
Phanerozoic strata ranging in age from Ordovician to
Neogene (XBGR 1993; Jia 1997). Mid-Neoproterozoic (830
to 620 Ma) felsic plutons and mafic-ultramafic intrusions main-
ly occur in the margin of the Tarim basin (Zhu et al. 2011; Ge
et al. 2012; Zhang et al. 2013a).

The Tarim LIP is mainly composed of flood basalt, rhyo-
lite, and mafic-ultramafic layered intrusions and syenitic and
granitic plutons, as well as diamondiferous kimberlite,
lamprophyre, mafic-ultramafic dikes, and bimodal dikes
(Yang et al. 1996, 2006, 2007a, b, 2013; Chen et al. 1998;
Jiang et al. 2004a, b; Zhang et al. 2008a, 2010a, b; Li et al.
2010; Wei and Xu 2011; Li et al. 2012a, b; Xu et al. 2014).
The flood basalts are exposed in the northern, central, western,
and southwestern parts of the TarimBasin and cover an area of
over 250,000 km2 (Chen et al. 2006) (Fig. 1). The basaltic
sequence varies from ca. 200 to 600 m with an average of
∼300 m in thickness and is interlayered with thin sedimentary
strata (Zhou et al. 2009; Yu et al. 2011). The flood basalts
mainly consist of alkaline basalt, and minor picrite,
trachybasalt, and andesitic/rhyolitic flows. The flood basalts
are considered to have erupted in a short time span of 292–
286 Ma and peaked at ∼290 Ma (Wei et al. 2014a; Xu et al.
2014).

The mafic-ultramafic intrusions in the Tarim LIP were dat-
ed to be ∼280Ma (Zhang et al. 2010a; Qin et al. 2011; Su et al.
2011; Huang et al. 2012; Wei et al. 2014b). Some of the
intrusions host Ni–Cu sulfide mineralization such as the
Huangshanxi, Huangshandong, Tulargen, and Xiangshan

Fig. 1 Simplified geological map of the Tarim large igneous province
showing the locations of the Mazaertag, Wajilitag, and Piqiang oxide-
bearing intrusions and the distribution of the Tarim flood basalts and
the sulfide-bearing mafic-ultramafic intrusions in the surrounding areas
(after Xu et al. (2014) and Yang et al. (2014)). The inset shows the

location of the Siberia Traps to the north and the Emeishan large igneous
province (ELIP) to the south (after Zhou et al. (2009)), and the inferred
extent of the Tarim large igneous province (TLIP) in Central Asia as
suggested by Pirajno et al. (2009)
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deposits in the northern Tianshan terrane (Qin et al. 2003;
Zhou et al. 2004; Sun et al. 2008; Su et al. 2011; Gao and
Zhou 2013; Sun et al. 2013), and the Baishiquan and Tianyu
deposits in the Central Tianshan terrane (Chai et al. 2008;
Tang et al. 2009), and the Hongshishan and Pobei complexes
in the Beishan terrane (Mao et al. 2008; Pirajno et al. 2008; Su
et al. 2009; Yang et al. 2014). Fe–Ti oxide-bearing layered
intrusions such as the Mazaertag, Wajilitag, and Piqiang intru-
sions, occur in the western part of the Tarim Basin (Zhang
et al. 2010c; Cao et al. 2014, 2015).

In the western part of the Tarim Basin, numerous NNW-
trending mafic-ultramafic dikes intrude the Silurian,
Devonian, Carboniferous, and lower Permian strata in the
Bachu region (Zhou et al. 2009). Mafic-ultramafic dikes are
extremely abundant in the Mazaertag and Wajilitag area and
spatially associated with mafic-ultramafic intrusions and sye-
nitic plutons (Zhang et al. 2008a; Yang et al. 2013; Zou et al.
2014). The dikes with nearly vertical dips also intrude the
Xiaohaizi syenite, although some of the dikes intermingle
with the syenite (Chen et al. 2010; Wei et al. 2014b).
Bimodal dikes consisting of dolerite and quartz syenite por-
phyry are documented in several localities (Yang et al. 2007a).
These dikes were dated to be between 272 and 284 Ma (Yu
2009; Li et al. 2011; Zou et al. 2014), coeval with the mafic-
ultramafic intrusions and syenitic plutons in the region.

Fe–Ti oxide-bearing layered intrusions
in the western part of the Tarim LIP

Mazaertag intrusion

The Mazaertag (also known as Xiaohaizi) intrusion has an
outcrop area of ∼0.13 km2 (Fig. 2a). The intrusion mainly
consists of olivine clinopyroxenite with interlayers of Fe–Ti
oxide-bearing clinopyroxenite. The lithological classification
for the rocks of the intrusion by Rui et al. (2002) is adopted in
this study for the purpose of consistency. The contact between
the olivine clinopyroxenite and the Fe–Ti oxide-bearing
clinopyroxenite is transitional. The Mazaertag layered intru-
sion and adjacent syenitic pluton occur as a circular-shaped
exposure of ∼12.6 km2 (Sun et al. 2009a). The Mazaertag
intrusion is intruded by the syenite pluton, and the contact is
sharp (Wei et al. 2014b). They both intrude the Silurian,
Devonian, Carboniferous, and the lower Permian strata and
form several 0.5- to 1-km-wide hornfels belts along the lower
intrusive margin (XBGR 1993).

Olivine clinopyroxenite contains olivine (20–30 vol%),
clinopyroxene (30–40 %), plagioclase (10–20 %), and Fe–Ti
oxides (10–20 %). Euhedral to subhedral olivine and
clinopyroxene crystals vary in size from 0.2 to 1 mm and
0.5 to 2.5 mm, respectively. Subhedral plagioclase laths range
from 0.1 to 0.5 mm in width. Fe–Ti oxides occupy the angular

interstices between silicate mineral grains or are occasionally
enclosed in olivine and clinopyroxene crystals (Fig. 3a).

Fe–Ti oxide-bearing clinopyroxenite consists of 10–
20 % olivine, 30–40 % clinopyroxene, 10–20 % plagio-
clase, and 20–30 % Fe–Ti oxides. Fe–Ti oxide minerals
occur either as small ( 3 mm) interstitial patches be-
tween the silicate minerals or as tiny inclusions in the
silicate minerals. Some Fe–Ti oxide grains are rimmed
by brown hornblende.

Both olivine clinopyroxenite and Fe–Ti oxide-bearing
clinopyroxenite contain 1 to 3 % sulfides. The sulfides include
pyrrhotite, pentlandite, and chalcopyrite (Fig. 3b–d).
Polyphase sulfide blebs and patches are either interstitial to
silicate minerals and Fe–Ti oxides (Fig. 3b–d) or are enclosed
within margins of silicates (Fig. 3b) and Fe–Ti oxides
(Fig. 3d).

Wajilitag intrusion

The 5-km-long, 1.5–3 km-wide, and 0.11–0.27-km-thick
Wajilitag intrusion intrudes Silurian and Devonian sedimenta-
ry rocks (Fig. 2b). It consists of, from the base upward,
olivine clinopyroxenite, coarse-grained clinopyroxenite,
fine-grained clinopyroxenite, and gabbro. Lense-like or
layered Fe–Ti oxide ore body extends for about 1.7 km
long and 0.2–0.3 km wide and is mainly hosted in the
fine-grained clinopyroxenite (Fig. 2b, c). The contact of
the Fe–Ti oxide ore body and the host rock is transi-
tional. The intrusion is overlain by syenitic plutons
(Zhang et al. 2008a).

Olivine clinopyroxenite displays poikilitic texture and
consists of olivine (10–15 %), clinopyroxene (50–
60 %), plagioclase (10–20 %), Fe–Ti oxides (5–10 %),
and minor apatite (<1 %). Olivine crystals are subhedral
and vary from 0.3 to 2 mm in diameter. Clinopyroxene
occurs as subhedral crystals and has size ranging from
0.5 to 3 mm. Plagioclase commonly occupies the angu-
lar interstices between olivine and clinopyroxene grains.
Fe–Ti oxides are either enclosed in olivine and
clinopyroxene or interstitial to silicate minerals.

Coarse-grained clinopyroxenite consists of clinopyroxene
(75–80 %), Fe–Ti oxides (5–10 %), and olivine (<3 %).
Subhedral to anhedral clinopyroxene grains have size ranging
from 0.5 × 0.5 to 5 × 8 mm and contain two sets of ilmenite

�Fig. 2 a A simplified geological map of the Mazaertag intrusion (after
Yang et al. (2007a) and Xu et al. (2014)). b A simplified geological map
of the Wajilitag intrusion (after Rui et al. (2002)). c A cross section of the
Wajilitag intrusion showing the major ore bodies in the intrusion (after
Zhang et al. (2014)). d A simplified geological map of the Piqiang intru-
sion (after Zhang et al. (2014)). e, f Close-up and a cross section showing
the distribution of lithological units and Fe–Ti oxide mineralization of the
Piqiang intrusion (after Zhang et al. (2013b))
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Fig. 3 a The olivine clinopyroxenite of the Mazaertag intrusion shows a
poikilitic texture. Plane polarizer and transmitted light. Sample ZK4602-
5. b The sulfides are interstitial to magnetite and cumulus olivines and are
composed of pyrrhotite with pentlandite and chalcopyrite exsolutions.
Reflected light. Sample ZK4602-5 from the Mazaertag intrusion. c
Pyrrhotite bleb is enclosed in the margin of the plagioclase lath.
Reflected light. Sample ZK4602-2 from the Mazaertag intrusion. d
Intergrowth of magnetite and pentlandite in the olivine. Reflected light.
Sample ZK4602-5 from the Mazaertag intrusion. e Pyrrhotite bleb is

enclosed in the margin of the clinopyroxene. Reflected light. Sample
BC1128 from the Wajilitag intrusion. f Pyrrhotite with pentlandite
exsolutions are associated with magnetite in the interstitial phase.
Reflected light. Sample BC1141 from the Wajilitag intrusion. g
Pyrrhotite is interstitial to magnetite and silicate minerals. Reflected
light. Sample PQ1102 from the Piqiang intrusion. h Pyrrhotite bleb is
enclosed in the Fe–Ti oxides. BSE image. Sample PQ1105 from the
Piqiang intrusion. Ol olivine, Cpx clinopyroxene, Pl plagioclase, Mt
magnetite, Po pyrrhotite, Pn pentlandite, Ccp chalcopyrite
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exsolution lamellae parallel to prismatic cleavage planes. Fe–
Ti oxides occupy the interstice between clinopyroxene and
olivine. Some olivine and clinopyroxene crystals contain
small rounded inclusions of ilmenite and titanomagnetite.

Fine-grained clinopyroxenite contains clinopyroxene (70–
85 %) and Fe–Ti oxides (15–20 %). Clinopyroxene crystals
are about 0.5 × 0.5 mm in size. Fe–Ti oxides are interlocked
with clinopyroxene.

Gabbro exhibits an ophitic texture and is composed
of clinopyroxene (35–45 %), plagioclase (40–50 %),
Fe–Ti oxides (<10 %), hornblende (<5 %), and apatite
(<5 %). Small (0.1–0.75 mm) euhedral to subhedral
apatite grains occur between the plagioclase laths, or
they are enclosed in plagioclase laths.

The Fe–Ti oxide-rich clinopyroxenite contains 1 to
3 % sulfides, whereas other lithological units contain
<1 % sulfides. Pyrrhotite is the major sulfide mineral,
accounting for ∼90 % of the sulfides. Pentlandite
exsolved from pyrrhotite (Fig. 3e, f). Pyrrhotite blebs
are enclosed within clinopyroxene grains in local places
(Fig. 3e).

Piqiang intrusion

The Piqiang intrusion is a lens-like, EW-trending body
and has an outcrop area of 16.7 km2. It intrudes the late
Carboniferous limestone and intercalated calcareous silt-
stone of the Kangkelin Formation (Fig. 2d). The intru-
sion is dismembered into two lobes by a NNW-trending
fault (Fig. 2d). The east block is about six to eight
times larger than that of west block (Zhou et al.
2010). Steeply dipping mafic and felsic dikes, a few
tens of centimeters to ∼5 m in width, intersect the in-
trusion and the country rocks of the Kangkelin
Formation and lower Permian Bieliangjin Formation.
The intrusion comprises six units from the base upward,
including medium- to coarse-grained clinopyroxenite,
coarse-grained gabbro, medium-grained gabbro, fine-
grained gabbro, and medium- to coarse-grained anortho-
site (cf. Rui et al. 2002; Zhang et al. 2013b). The
medium-grained gabbro unit is underlain by a thin layer
of olivine-rich gabbro. Small pods and dikes of anortho-
site and fine-grained gabbro crop out sporadically
(Fig. 2d, e). Internal contacts between the silicate rock
units are gradational. Major Fe–Ti oxide ore bodies are
hosted in the medium-grained gabbro unit (Fig. 2f) as
concordant layers, lenses, and veins with thickness rang-
ing from 1 to ∼50 m.

Clinopyroxenite displays a granular texture and con-
tains medium- to coarse-grained clinopyroxene (70–
85 %), plagioclase (10–15 %), and Fe–Ti oxides
(5–10 %). Small-grained clinopyroxene is subhedral

to euhedral and aggregated, whereas coarse-grained
clinopyroxene crystals with zoning range in size from
2 to 4 mm. Some clinopyroxene crystals contain inclu-
sions of euhedral or subhedral ti tanomagnetite.
Plagioclase is tabular to platy with irregular wavy
edges. Fe–Ti oxides appear to fill the interstices be-
tween silicates.

Coarse-grained gabbro consists of clinopyroxene (20–
40 %), plagioclase (50–70 %), and Fe–Ti oxides (10–
20 %). Plagioclase occurs as large crystals (2 to 7 mm)
or small subrounded grains (0.4 to 1 mm). Subhedral
clinopyroxene grains are 0.3 to 2 mm in size and con-
tain ilmenite lamellae. Fe–Ti oxides occur as interstitial
fillings between silicates.

Olivine gabbro shows a poikilitic texture and con-
tains olivine (20 to 30 %), clinopyroxene (30 to
40 %), and plagioclase (30 to 40 %) with minor Fe–
Ti oxides. Euhedral to subhedral olivine crystals vary in
size from 0.1 to 3 mm in diameter. Clinopyroxene oc-
curs as subhedral-anhedral crystals with diameter rang-
ing from 0.2 to 2 mm. Plagioclase occupies angular
interstices between olivine and clinopyroxene to form
an intergranular texture. Fe–Ti oxides occur as blebs
and patches in the interstitial spaces between silicates,
or rounded inclusions in olivine and clinopyroxene
crystals.

Medium-grained gabbro contains equigranular
clinopyroxene and plagioclase crystals and 10–60 % in-
terstitial Fe–Ti oxides, with minor olivine (<3 %).
Olivine is typically subhedral to euhedral and varies in
diameter from 0.3 to 1.5 mm. Clinopyroxene is euhedral
and subhedral and ranges in size from 0.5 to 2.5 mm.
Clinopyroxene displays extensive schiller exsolution of
Fe–Ti oxides. Plagioclase laths range from 0.2 to 3 mm
in length. The Fe–Ti oxide grains tend to occur in clus-
ters about 5 mm in size. The clusters consist of a num-
ber of granular grains and locally form a matrix around
silicate mineral grains.

Fine-grained gabbro contains clinopyroxene (35–50 %),
plagioclase (40–50 %), and Fe–Ti oxides (10–25 %).
Clinopyroxene occurs as euheral-subhedral crystals with di-
ameter ranging from 1 to 4 mm. The clinopyroxene grains
contain abundant ilmenite lamellae parallel to its prismatic
cleavages. The aligned plagioclase crystals vary from 0.5 to
2.5 mm in size that define a predominant fabric in the rock.
Fe–Ti oxides occur as 3 to 5 mm patches interstitial to the
silicates.

Anorthosite is composed of ∼90 % plagioclase with minor
olivine, clinopyroxene, Fe–Ti oxides, hornblende, and biotite.
Tabular plagioclase crystals vary in length from 1 to 6 mm.
Olivine and clinopyroxene are interstitial to plagioclase. The
reaction rim between Fe–Ti oxides and olivine primocrysts is

Miner Deposita (2017) 52:471–494 477



mainly composed of orthopyroxene. Fe–Ti oxides occupy the
interstitial space between silicates, and a few Fe–Ti oxides are
enclosed in olivine.

The Fe–Ti oxide-rich, medium-grained gabbro contains 1–
3 % sulfides, whereas other rock types contain <1 % sulfide.
In most cases, the dominant sulfide is pyrrhotite (Fig. 3g, h).
The pyrrhotite occurs as isolated grains enclosed in the Fe–Ti
oxides and silicates (Fig. 3g, h).

Sampling and analytical methods

The samples of the Wajilitag and Piqiang intrusions were
collected from two open pits, and those of the Mazaertag
intrusion were sampled from the drilled core ZK4602.
The samples of the Tarim mafic-ultramafic dikes were
collected from the outcrop in the Mazaertag area. The
sample tracks of the Wajilitag and Piqiang intrusions
and drilled core location of the Mazaertag intrusion are
shown in Fig. 2a, b, d.

Fresh samples were selected and processed by jaw
crusher and roller mill, and then powdered in agate mor-
tars in order to minimize potential transition metal
contamination.

Platinum-group elements were determined by isotope
dilution-ICP-MS (Perkin-Elmer Sciex Elan6000) after
PGE preconcentration using the method of Fe–Ni sulfide
fire assay (Sun et al. 2009b) at Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (GIGCAS).
Each of spiked samples was mixed with 40 g Na2B4O7,
2.5 g Fe, 1.0 g Ni, and 1.0 g S and fused in a clay crucible
at 1000 °C for 60 min following the method of Ren et al.
(2016). A sulfide bead was transferred to a glass beaker
containing 15 ml H2O for splitting into powder. With
addition of 30 ml HCl, the sulfide powder was dissolved
upon heating and insoluble residue was left. By filtration,
the residue was collected and then transferred into a dis-
tillation apparatus with 3 ml HNO3. Os was distilled at
110 °C for 30 min and simultaneously absorbed with 5 ml
H2O. The H2O solution was analyzed by ICP-MS for Os.
The remaining solution was concentrated and finally con-
verted to 2 ml of 0.24 M HCl solution for loading to
tandem columns packed with cation and Ln resins. Five
milliliters of 0.24 M HCl eluent were collected for deter-
mination of Ru, Rh, Pd, Ir, and Pt by ICP-MS. For this
method, the limits of detection (3σ for 20 g sample) for
Os, Ir, Ru, Rh, Pt, and Pd are 0.7, 1, 2, 1.5, 6, and 25 ppt,
respectively. The accuracy of this improved method was
validated by analysis of a series of reference standards,
and the results are generally in good agreement with their
certified values (Table 2). Six duplicates for the samples
with very low PGE concentrations from the Piqiang intru-
sion were analyzed in order to test the possible nugget

effect in these samples. The results are listed in Table 2
and indicate that the samples with very low PGE concen-
trations (<0.2 ppb Pd) may be more vulnerable to the
nugget effect (cf. Savard et al. 2010). Therefore, only
samples with Pd >0.2 ppb are plotted in the figures and
used for discussion in this study. The precision of this
method was then estimated to be better than 25 % for
Os, 23 % for Ir, 22 % for Ru, 60 % for Rh, 3 % for Pt,
and 5 % for Pd following the method of Ren et al. (2016).

Sulfur contents were determined by a PYRO cube
Elemental Analyzer at the State Key Laboratory of Organic
Geochemistry, GIGCAS. Analytical precision for S content
was better than ±0.02 wt.%. The analytical results for PGE
and S concentrations are presented in Table 2.

Whole-rock Os isotope compositions and Os concen-
trations were analyzed using a Triton negative thermal
ionization mass spectrometer (NTIMS) in GIGCAS. The
concentrations of Re in the rock samples were determined
using a XSeries-2 quadrupole ICP-MS. Samples (1–3 g)
were digested in Carius tubes using aqua regia following
the method of Shirey and Walker (1995). After digestion,
Os and Re were purified following the method of Birck
et al. (1997). Os isotope fractionation was corrected using
188Os/192Os = 0.32440. Both Re and Os were corrected for
blanks. Total blank levels were 7.9 ± 2.6 and 0.7 ± 0.0 pg
for Re and Os (2σ, n = 8), respectively, and the blank
187Os/188Os ratio was 0.2951 ± 0.0069 (2σ, n = 8). The
contributions of the blanks to measured Os and Re con-
tents were minor (<1 %). During our analysis, the WPR-1
standard yielded an average 187Os/188Os ratio of 0.14521
± 28 (2σ, n = 8). The analytical results for Re and Os
isotopic compositions are listed in Table 3.

Results

Whole-rock PGE and S concentrations

Samples from the Mazaertag and Wajilitag intrusions have
total PGE concentrations ranging from 0.7 to 14.2 ppb, which
is relatively higher than the Piqiang intrusion (total PGE = 0.4
to 2.3 ppb). The samples of the Tarim mafic-ultramafic dikes
have total PGE of 0.7 to 4.3 ppb (Table 2). In the three intru-
sions, samples of Fe–Ti oxide-bearing and Fe–Ti oxide-poor
rocks have similar PGE concentrations. All the rocks have a
positive correlation of Pt and Pd (Fig. 4f) with Pd/Pt ratios
ranging from 0.6 to 4.0.

Rocks of the Mazaertag and Wajilitag intrusions have
S contents ranging from 1154 to 7073 ppm and from
151 to 1865 ppm, respectively, whereas the Piqiang in-
trusion have S contents varying from 157 to 6263 ppm.
Samples of the Tarim mafic-ultramafic dikes have 190
to 930 ppm S. In the three intrusions, samples of the
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Table 2 Compositions of platinum-group elements and selected trace elements for the rocks from theWajilitag, Piqiang, andMazaertag intrusions and
Tarim mafic-ultramafic dikes

Sample Ni
(ppm)

Os
(ppb)

Ir
(ppb)

Ru
(ppb)

Rh
(ppb)

Pt
(ppb)

Pd
(ppb)

Cu
(ppm)

S
(wt%)

MgO
(wt%)

Fe2-
O

3T

(wt%)

TiO2

(wt%)
Cr
(ppm)

V
(ppm)

Nb
(ppm)

Th
(ppm)

Yb
(ppm)

Wajilitag intrusion
Olivine clinopyroxenite

BC1171 380 0.25 0.13 0.39 0.09 0.39 0.36 91.2 nd 14.1 17.1 3.68 624 385 25.5 2.19 1.47
BC1172 129 0.08 0.06 0.12 0.03 0.25 0.45 38.7 nd 7.44 15.2 4.04 187 332 56.8 4.37 2.20
BC1174 389 0.39 0.26 0.75 0.12 3.39 4.09 88.7 0.03 14.4 17.3 3.72 611 374 24.9 1.89 1.36

Coarse-grained clinopyroxenite
BC1115* 291 0.11 0.10 0.16 0.05 0.12 0.09 46.0 0.01 14.3 17.7 3.25 518 447 19.8 2.09 1.30
BC1117 239 0.16 0.15 0.24 0.06 0.36 0.51 36.7 0.02 12.1 16.5 3.69 414 401 31.4 3.33 1.46

Fine-grained clinopyroxenite
BC1147 146 0.15 0.19 0.20 0.09 1.00 1.25 368 0.19 11.0 23.6 7.79 321 754 10.3 0.10 1.20

Gabbro
BC1106 34.5 0.02 0.02 0.02 0.02 0.32 0.31 52.0 0.03 5.34 14.1 3.84 15.5 314 49.9 4.54 2.35
BC1108 17.8 0.02 0.01 0.03 0.01 0.22 0.59 47.6 0.05 4.82 14.5 3.89 4.38 314 61.2 5.29 2.31
BC1113* 4.78 0.01 0.002 0.01 0.01 0.10 0.15 60.1 0.02 2.84 8.67 2.39 5.78 819 6.65 1.79 3.13

Oxide clinopyroxenite
BC1125 235 0.26 0.62 0.94 0.02 4.90 7.42 247 0.06 10.7 26.7 8.32 288 824 6.55 0.07 1.02
BC1129 200 0.06 0.06 0.12 0.03 0.65 0.77 209 0.11 11.1 27.7 8.33 271 824 11.5 0.08 0.97
BC1131 206 0.13 0.16 0.30 0.04 1.17 2.02 183 0.05 11.5 25.8 7.59 239 789 10.2 0.27 0.97
BC1138 202 0.10 0.06 0.14 0.05 0.66 0.94 193 0.06 11.7 25.9 7.81 290 764 10.6 0.11 1.00

Piqiang intrusion
Clinopyroxenite

PQ1136* 141 0.003 0.004 0.01 0.02 0.08 0.14 31.4 0.03 10.3 17.2 1.97 179 277 2.63 0.50 1.50
Coarse-grained gabbro

PQ1203* 5.18 0.002 0.004 0.01 0.03 0.13 0.12 37.8 0.01 1.09 8.41 1.91 0.75 262 8.81 2.78 5.87
PQ03* 75.3 0.01 0.003 0.01 0.01 0.04 0.12 114 0.22 7.27 11.4 1.47 84.1 322 2.27 0.26 0.65
PQ1113 101 0.03 0.02 0.01 0.002 0.52 0.79 288 0.14 3.97 12.5 2.38 36.2 392 3.14 0.69 1.37
PQ1113R 0.01 0.03 0.01 0.02 0.48 0.74
PQ1135* 52.2 0.002 0.01 0.01 0.02 0.15 0.14 47.7 0.01 5.00 13.0 2.45 37.0 510 6.02 0.88 0.86
PQ1146 29.0 0.03 0.01 0.02 0.003 0.31 0.45 184 0.23 4.91 15.9 3.68 7.00 590 2.86 0.15 0.55
PQ1147* 25.7 0.002 0.003 0.01 0.03 0.08 0.12 98 0.15 5.13 16.2 3.67 16.4 678 1.43 0.12 0.59

Olivine gabbro
PQ1174* 304 0.001 0.01 0.01 0.01 0.08 0.11 119 0.09 21.2 23.3 1.13 123 249 2.32 0.38 0.65
PQ1175* 289 0.003 0.004 0.01 0.04 0.08 0.12 76.7 0.07 20.8 23.2 1.19 159 256 2.69 1.57 0.82
PQ1206* 310 0.003 0.01 0.01 0.01 0.09 0.13 50.9 0.06 20.5 23.5 1.08 150 263 2.41 0.46 0.63

Medium-grained gabbro
PQ1131* 78.3 0.002 0.004 0.004 0.03 0.06 0.12 285 0.27 4.91 18.2 3.05 20.7 851 3.56 0.34 0.58
PQ1155 35.8 0.08 0.01 0.05 0.003 0.76 1.41 119 0.02 4.33 9.50 1.53 14.0 425 2.36 0.33 0.58
PQ1160* 30.9 0.001 0.003 0.003 0.03 0.14 0.08 80.6 0.10 2.87 7.88 1.34 13.7 309 3.00 0.36 0.43
PQ1165* 137 0.01 0.003 0.01 0.02 0.04 0.08 392 0.01 4.23 46.5 9.88 57.6 2673 6.55 0.15 0.34
PQ1173* 310 0.002 0.003 0.01 0.03 0.07 0.12 58 0.06 6.21 22.6 4.14 178 287 3.06 0.46 0.66
PQ1207* 146 0.01 0.01 0.01 0.03 0.19 0.13 89.4 0.01 12.3 22.2 2.68 183 694 1.84 0.14 0.66
PQ1207R 0.02 0.01 0.01 0.03 0.16 0.13
PQ07* 16.5 0.01 0.002 0.01 0.02 0.05 0.10 54.4 0.06 4.70 8.32 1.47 13.2 233 1.58 0.26 0.70

Fine-grained gabbro
PQ1115* 46.9 0.01 0.01 0.01 0.003 0.04 0.15 238 0.12 4.72 18.3 3.49 20.4 862 2.25 0.13 0.52
PQ1152 * 36.0 0.001 0.003 0.004 0.02 0.05 0.09 203 0.01 6.19 20.2 4.07 22.2 1032 2.50 0.10 0.67

Anorthosite
PQ1141* 29.3 0.01 0.004 0.01 0.01 0.02 0.08 8.87 0.02 2.42 3.84 0.33 28.0 50.4 1.15 0.32 0.14
PQ1141R 0.01 0.01 0.02 0.02 0.02 0.09
PQ1172* 32.1 nd 0.01 0.01 0.01 0.17 0.11 10.4 0.02 2.56 3.99 0.34 13.3 55.0 1.01 0.21 0.18
PQ1177* 20.3 0.01 0.01 0.01 0.01 0.04 0.14 5.91 0.02 1.85 2.90 0.26 18.9 31.5 1.99 0.53 0.15

Fe–Ti oxide ore
PQ1102* 125 0.01 0.03 0.05 0.02 0.06 0.11 362 0.55 4.84 61.3 14.0 65.9 3499 5.07 0.07 0.14
PQ1102R 0.01 0.02 0.09 0.02 0.13 0.11
PQ1105* 141 0.01 0.004 0.01 0.01 0.05 0.11 330 0.46 4.17 69.8 16.0 46.2 2004 6.23 0.04 0.07
PQ1105R 0.01 0.004 0.02 0.03 0.04 0.19
PQ1111* 111 0.004 0.004 0.01 0.02 0.07 0.12 302 0.44 5.93 51.2 11.0 34.8 2732 1.52 0.04 0.20
PQ1111R 0.01 0.01 0.01 0.02 0.15 0.16
PQ1129 273 0.01 0.01 0.01 0.03 0.14 0.22 731 0.63 4.42 68.3 14.2 72.6 1909 6.69 0.02 0.06
PQ1127* 222 0.004 0.01 0.01 0.03 0.10 0.14 579 0.51 4.60 67.7 14.8 58.9 3281 0.15 0.06 0.13

Mazaertag intrusion
Olivine clinopyroxenite

ZK4602-1 560 0.14 0.23 0.20 0.10 1.74 3.03 92.6 0.50 17.9 21.7 2.80 787 376 4.47 0.27 0.57
ZK4602-2 566 0.13 0.20 0.44 0.07 1.82 1.34 44.2 0.12 19.8 20.5 2.17 749 324 2.79 0.20 0.51
ZK4602-5 633 0.17 0.16 0.21 0.07 0.75 1.10 39.5 0.12 22.0 21.3 1.99 937 299 3.47 0.25 0.49
ZK4602-6 419 0.17 0.14 0.32 0.06 0.49 1.09 88.9 0.16 18.2 20.4 2.40 783 375 3.13 0.17 0.53
ZK4602-8 432 0.36 0.10 0.10 0.05 0.79 1.01 114 0.20 17.6 21.5 2.84 618 459 3.74 0.47 0.61
ZK4602-9 594 0.11 0.37 0.41 0.15 1.58 2.73 356 0.59 17.1 23.1 3.12 577 510 2.29 0.08 0.51

Oxide clinopyroxenite
ZK4602-10 534 0.11 0.12 0.16 0.06 0.83 1.69 224 0.71 17.4 28.3 2.56 679 394 2.82 0.18 0.43
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Fe–Ti oxide ores have S content higher than the Fe–Ti
oxide-poor rocks. There is a weak positive correlation
of S and PGE for the rocks of the Mazaertag and
Wajilitag intrusions, whereas there is a poor correlation
of S and PGE for the rocks of the Piqiang intrusion
(Fig. 5). Three samples from the coarse- and medium-
grained gabbro in the Piqiang intrusion have high Pt
and Pd concentrations relative to other samples at sim-
ilar S content.

Samples from the three intrusions have a positive correla-
tion of Cr with Ir and Pd (Fig. 6a, b), whereas they have a poor
correlation of V with Ir and Pd (Fig. 6c, d). Samples from the
Mazaertag intrusion have Cu/Pd ratios ranging from 3.1 × 104

to 1.3 × 105, whereas those of the Wajilitag intrusion have Cu/
Pd ratios from 2.2 × 104 to 2.9 × 105. Samples of the Piqiang
intrusion have Cu/Pd (8.4 × 104–3.3 × 106) much higher than

those of the Mazaertag and Wajilitag intrusions (Fig. 7a).
Samples of the Tarim mafic-ultramafic dikes have Cu/Pd ra-
tios (3.9 × 104–4.4 × 105) similar to those of the Wajilitag in-
trusion (Fig. 7a). Using the discrimination diagram for rocks
formed under S-undersaturated and sulfide-saturated condi-
tions (Vogel and Keays 1997), almost all the samples of the
Wajilitag, Piqiang, and Mazaertag intrusions are plotted in the
field, indicating that they formed from sulfide-saturated
magmas (Fig. 7b).

Rocks of the Mazaertag andWajilitag and the Tarim mafic-
ultramafic dikes have trough-shaped patterns on the primitive
mantle-normalized chalcophile element patterns, with a flat
segment from Os to Ru and steep slope from Rh to Pd
(Fig. 8a, b, d). Rocks of the Piqiang samples show steep-
sloped patterns with positive Rh anomalies (Fig. 8c).
Samples of the Piqiang intrusions have PGE patterns similar

Table 2 (continued)

Sample Ni
(ppm)

Os
(ppb)

Ir
(ppb)

Ru
(ppb)

Rh
(ppb)

Pt
(ppb)

Pd
(ppb)

Cu
(ppm)

S
(wt%)

MgO
(wt%)

Fe2-
O

3T

(wt%)

TiO2

(wt%)
Cr
(ppm)

V
(ppm)

Nb
(ppm)

Th
(ppm)

Yb
(ppm)

Tarim mafic-ultramafic dikes
Mafic dike

BC1121 43.9 0.02 0.02 0.03 0.02 0.33 0.26 55.2 0.09 5.31 15.2 4.03 77.7 376 58.1 7.25 2.30
BC1122 44.5 0.04 0.01 0.04 0.04 0.27 0.33 62.7 0.08 5.66 15.7 4.11 69.7 365 58.1 6.22 2.24
BC1134 12.5 0.01 0.29 0.51 0.10 1.42 1.95 75.6 nd 5.27 13.5 3.43 11.2 233 92.7 11.4 3.09
BC1155 154 0.04 0.01 0.05 0.05 0.26 0.42 81.7 0.06 6.91 13.7 2.84 215 292 30.9 3.58 1.85
BC1156 291 0.09 0.08 0.14 0.05 0.43 0.33 128 0.06 8.94 14.2 2.64 595 267 37.9 7.36 2.27

Ultramafic dike
BC1158 596 0.20 0.03 0.02 0.02 0.23 0.23 103 0.02 18.0 15.7 1.76 929 232 12.9 1.46 0.93

Standards
GPt-3 1 9.85 5.38 14.82 1.24 5.49 5.50

2 9.97 5.28 14.39 1.24 7.74 5.34
3 9.48 4.26 14.73 1.22 6.90 5.38
4 9.24 5.53 12.56 1.21 5.93 4.24
5 8.99 5.78 12.99 1.31 6.83 4.94
6 10.22 5.84 12.13 1.20 6.52 5.34
7 9.27 5.97 13.11 1.02 7.45 5.54
8 10.10 5.47 13.91 1.05 6.97 6.15
9 9.32 6.20 12.43 1.01 6.45 4.82
10 10.03 5.47 11.46 1.04 6.31 5.02

Average 9.65 5.52 13.30 1.15 6.76 5.22
GPt-3 Certified 9.60 4.30 14.80 1.30 6.40 4.60
GPt-2 1 0.06 0.03 0.08 0.06 1.59 2.09

2 0.06 0.03 0.06 0.06 1.49 2.40
3 0.05 0.03 0.08 0.06 1.50 1.96
4 0.07 0.03 0.06 0.05 1.30 2.38
5 0.06 0.02 0.06 0.07 1.71 2.40

Average 0.06 0.03 0.07 0.06 1.52 2.25
GPt-2 Certified 0.06 0.05 (0.09) 0.10 1.60 2.30
GBW07340 1 0.24 0.16 0.43 0.06 0.71 0.69

2 0.25 0.15 0.45 0.07 0.70 0.55
3 0.26 0.16 0.40 0.07 0.66 0.61
4 0.25 0.14 0.43 0.06 0.63 0.74
5 0.23 0.16 0.52 0.06 0.67 0.63
6 0.21 0.16 0.43 0.06 0.59 0.62

Average 0.24 0.15 0.44 0.06 0.67 0.64
GBW07340 Reported 0.25 0.16 0.43 0.07 0.66 0.66
Blank 0.005 0.005 0.01 0.01 0.08 0.14

Certified values and reported values of the reference standards are from Sun et al. (2009b) and Savard et al. (2010), respectively. Samples with asterisk
have Pd <0.02 ppb and large RSD between duplicates and are thus not included in the figures and discussion in the text in order to avoid the nugget effect
in the samples. Data in parentheses are informational values. nd means not determined

nd not determined
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to most samples of the Tarim flood basalts but have much
depleted Os, Ir, and Ru (Fig. 8c). The rocks of the
Mazaertag and Wajilitag intrusions have PGE patterns similar
to those of the Fe–Ti oxide-bearing, layered intrusions in the
Emeishan LIP (Fig. 8a, b).

Whole-rock Sr–Nd and Re–Os isotopes

The Tarim mafic-ultramafic dikes have relatively constant
εNd(t = 280 Ma) values ranging from −0.5 to +2.9 and
initial 87Sr/86Sr ratios from 0.7047 to 0.7054 (Table 4;
Fig. 9). Samples from three intrusions have initial
87Sr/86Sr and εNd(t) values similar to the Tarim mafic-
ultramafic dikes, but overall have εNd(t) values higher

and initial 87Sr/86Sr lower than those of the Tarim flood
basalts (Fig. 9).

Samples of the Tarim mafic-ultramafic dikes have 0.22–
0.27 ppb Re and 0.04–0.45 ppb Os, and they have
187Re/188Os of 2.38–34.42 and 187Os/188Os of 0.17–1.15.
Samples of the Mazaertag intrusion have initial 187Os/188Os
ratios of 0.27 to 0.43 and γOs(t = 280 Ma) values of +13 to
+23. Samples of the Wajilitag intrusion have 0.04 to 0.40 ppb
Os and 0.12–0.70 ppb Re with 187Re/188Os of 1.6–46.3 and
187Os/188Os of 0.15–0.87. They have γOs(t) values varying
from +15 to +421 (Table 3). On the other hand, samples of
the Piqiang intrusion contain 0.22 to 4.54 ppb Re and 0.003 to
0.016 ppb Os, and they have 187Re/188Os varying from 430 to
7789 and 187Os/188Os from 2.94 to 37.4 with large

Table 3 Re and Os isotopic compositions for the rocks from the Wajilitag, Piqiang and Mazaertag intrusions and the Tarim mafic-ultramafic dykes

Re (ppb) Os (ppb) 187Re/188Os 187Os/188Os 1σ (187Os/188 Os)i γOs(t) (t=280 Ma)

Wajilitag intrusion

Olivine clinopyroxenite

BC1174 0.14 0.42 1.6340 0.1550 0.0002 0.1474 +18

BC1174-R 0.14 0.40 1.7140 0.1524 0.0004 0.1443 +15

Fine-grained clinopyroxenite

BC1141 0.47 0.07 32.837 0.3252 0.0004 0.1717 +37

Gabbro

BC1104 0.38 0.04 46.339 0.8682 0.0018 0.6515 +421

BC1106 0.12 0.06 9.1170 0.2424 0.0005 0.1998 +60

Oxide clinopyroxenite

BC1123 0.70 0.15 23.461 0.2693 0.0003 0.1596 +28

Piqiang intrusion

Clinopyroxenite

PQ1136 0.22 0.00 458.56 2.9432 0.0134 0.7991 +539

Coarse-grained gabbro

PQ1147 2.34 0.01 7789.5 37.425 0.1301 1.0034 +702

Medium-grained gabbro

PQ1155 0.28 0.00 1323.3 13.750 0.0699 7.5628 +5944

Fine-grained gabbro

PQ1152 0.23 0.01 430.30 12.360 0.0652 10.348 +8169

Fe-Ti oxide ore

PQ1105 4.54 0.02 5692.0 24.752 0.1119 - -

Mazaertag intrusion

Olivine clinopyroxenite

ZK4602-3 0.98 0.18 27.237 0.2694 0.0003 0.1420 +13

ZK4602-8 1.12 0.09 59.732 0.4326 0.0005 0.1533 +23

Oxide clinopyroxenite

ZK4602-10 1.45 0.15 47.115 0.3705 0.0004 0.1502 +20

Tarim mafic-ultramafic dykes

Mafic dyke

BC1157 0.27 0.04 34.425 1.1544 0.0024 0.9935 +694

Ultramafic dyke

BC1158 0.22 0.45 2.3800 0.1749 0.0002 0.1638 +31
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uncertainty, which probably resulted from the underestimation
of analytical uncertainty or post-magmatic disturbance of the
Re–Os isotope system (Lambert et al. 2000). Therefore, these
data cannot be used for the calculation of initial Os isotopic
compositions.

Discussion

No contribution of lithospheric mantle to the formation
of Fe–Ti oxide-bearing layered intrusions

Interaction of mantle-derived magma with the subconti-
nental lithospheric mantle (SCLM) may play a signifi-
cant role in the genesis of magmatic ore deposits (cf.
Griffin et al. 2013). Previous small degrees of partial
melting would not dissolve all sulfides in the mantle

so that a second-stage melting of a metasomatized
SCLM would produce PGE-rich magma because of
scavenging PGE from the retained sulfides in the
SCLM (Maier and Grove 2011). It is observed that
magmatic Ni–Cu-(PGE) deposits are often associated
with the Bfertile^ LIPs showing geochemical evidence
consistent with contamination by ancient metasomatized
SCLM (Zhang et al. 2008b). The Noril’sk-Talnakh Ni–
Cu-(PGE) sulfide deposits are considered to be related
to the generation of the Siberian Traps due to the inter-
action of a mantle plume with the lithosphere mantle
(Begg et al. 2010).

The parental magmas of the major PGE-mineralized
layered intrusions worldwide have significant SCLM
component (Begg et al. 2010; Maier and Grove 2011).
The chilled zone of the Skaergaard intrusion has γOs(t)
of −5 (Fig. 10), which is interpreted as the interaction to

Fig. 4 Plots of Ir versus Os (a), Ru (b), Rh (c), Pt (d), and Pd (e), and Pt versus Pd (f)
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an extent with ancient SCLM (Brooks et al. 1999). The
chromite from the marginal zone of the Bushveld
Complex has near-chondritic Os isotopic compositions
with γOs(t) ranging from −0.8 to +3.1, consistent with a
derivation from an ascending plume-derived magma con-
taminated by ancient SCLM (Curl 2001). The chromitite
seams in the Ultramafic series of the Stillwater Complex
have γOs(t) of −2 to +4.1, which is also interpreted as the
involvement of SCLM in the petrogenesis (Lambert et al.
1994). The rocks of the Stella intrusion exhibit nearly flat
REE and Th/Ta of 0.5 to 3.3 (Maier et al. 2003), compa-
rable with those of Andean arc basalts that have weak
fractionated LREE/HREE and Th/Ta of 3.8 (Kelemen
et al. 2004). The Stella intrusion intruded the Kraaipan
greenstone belt (Maier et al. 2003), which consists of
metamorphosed mafic volcanic rocks interlayered with
ferruginous and phyllitic metasedimentary rocks (Poujol
et al. 2002). Given that the Kraaipan greenstone belt

may represent the Archean suture of protocratonic nuclei
(Poujol et al. 2002; Said et al. 2010), the geochemical
features of the Stella intrusion were considered to indicate
a depleted SCLM component (Begg et al. 2009) in its
mantle source.

A SCLM component was also proposed for Fe–Ti
oxide-bearing layered intrusions in the Emeishan LIP.
The parental magmas of the Fe–Ti oxide-bearing layered
intrusions in the Emeishan LIP are considered to be of
Fe–Ti-rich basaltic which was derived from high-Ti
picritic magma from an enriched mantle source (Wang
et al. 2014). The Xinjie Fe–Ti oxide-bearing layered in-
trusion has γOs(t) of −0.7 to −0.2) (Zhong et al. 2011).
The picritic dikes in the Panzhihua Fe–Ti oxide-bearing
layered intrusion have γOs(t) of −0.1 to +2.8 (Hou et al.
2013). Both are considered to be consistent with the ad-
dition of SCLM into the Emeishan plume-derived high-Ti
magmas. The Fe–Ti oxide-bearing layered intrusions in

Fig. 5 Covariations of Cu, Ni, and PGE with S. Samples from the Wajilitag and Mazaertag intrusions and the Tarim mafic-ultramafic dikes exhibit
positive correlations of Pt and Pd with S, whereas the samples from the Piqiang intrusion show no correlation of PGE and S
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the Emeishan LIP contain 36 wt% FeO and 12.6 wt%
TiO2 on the average (Zhou et al. 2008) and minor PGE-
rich layers, which is considered to be a result of the as-
similation of Fe- and Ti-rich SCLM into the Emeishan
mantle plume (cf. Hou et al. 2013).

The layered intrusions in the Tarim LIP were believed
to have been derived from an OIB-like mantle source
(Zhang et al. 2010a). The rocks of the Mazaertag and
Wajilitag intrusions have enriched LILE, HFSE, and
LREE on the primitive mantle-normalized trace element
patterns (Cao et al. 2014; Wei et al. 2014b). They have
low (87Sr/86Sr)i (0.7037 to 0.7051) and high εNd(t) (−0.4
to +3.9) relative to the bulk silicate Earth (Fig. 9). The
least contaminated samples from the Mazaertag and
Wajilitag intrusions have slightly radiogenic initial Os iso-
tope signatures and γOs(t) values of +13 to +23, and they
have (Nb/Th)PM of 1.5 to 1.9 and (Th/Yb)PM of 2.4 to 8.1
(Cao et al. 2014 and our unpublished data for the
Mazaertag intrusion). These geochemical features are well
compared with those for OIB (cf. Sun and McDonough
1989; Walker et al. 1997). The slightly radiogenic γOs(t)
and εNd(t) values for the rocks of the Mazaertag and
Wajilitag intrusions therefore indicate that the parental
magmas of the intrusions may have been derived from a
convecting mantle source, as previously suggested by Wei
et al. (2014a) and Xu et al. (2014).

The mafic-ultramafic dikes in the Bachu region have
(87Sr/86Sr)i ratios ranging from 0.7038 to 0.7079 and

εNd(t) values from −1.1 to +5.2, similar to that of the
OIB-like mantle-derived rocks (Zhou et al. 2009; Wei
et al. 2014a). The Sr–Nd isotopic compositions of the
mafic-ultramafic dikes are overlapped the field for the
layered intrusions in the Tarim LIP in the plot of
(87Sr/86Sr)i versus εNd(t) (Fig. 9), indicating that they
may have been derived from the same mantle source. In
addition, the uncontaminated mafic dikes in the Bachu
region have (Nb/Th)PM of 1.2–1.5 and εNd(t) of +4.3 to
+4.8 (Wei et al. 2014b), nearly identical to the proposed
plume component for the Emeishan high-Ti basalts with
(Nb/Th)PM of 1.0–1.1 and εNd(t) of +4.6 to +4.8 (Xu et al.
2001). The most primitive ultramafic dike in this region
have (Nb/Th)PM of 1.0 and γOs(t) of +31. Therefore, the
mafic-ultramafic dikes in this region may have been de-
rived from a convecting mantle source.

The Tarim LIP experienced a prolonged igneous ac-
tivity from ca. 300 to 272 Ma (Xu et al. 2014). Two
main magmatic episodes are identified; the first episode
is marked by ∼290 Ma Tarim flood basalts, whereas the
second episode is ∼280 Ma ultramafic-mafic-felsic intru-
sions and mafic-ultramafic dikes (Wei et al. 2014a; Xu
et al. 2014). The rocks generated in the two episodes
have distinct geochemical compositions. The ∼290 Ma
Tarim flood basalts have εNd(t) values ranging from
−9.2 to −1.8, which have been proposed to be derived
from a long-term enriched SCLM source (Zhou et al.
2009; Zhang et al. 2010a; Li et al. 2012b; Wei et al.

Fig. 6 Binary plots of Cr with Ir (a) and Pd (b) and V with Ir (c) and Pd (d)
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2014a). On the other hand, the ∼280 Ma mafic-
ultramafic intrusions such as Mazaertag, Wajilitag, and
Piqiang have εNd(t) values much higher than those for
the Tarim flood basalts (Fig. 9), indicating that these
mafic-ultramafic intrusions may have been derived from
the mantle source different from that for the Tarim flood
basalts. The Tarim mantle plume that had incubated at the
base of the Tarim craton is considered to have provided the
heat for triggering the melting of the enriched SCLM
components at ∼290 Ma, whereas the decompressional

melting of the mantle plume without SCLM component
produced ∼280 Ma intrusive bodies (Xu et al. 2014).
This is consistent with the fact that some LIP magmas
may have passed through the SCLM without appreciable
modification (Day et al. 2008), which is probably the
main reason that the layered intrusions in the Tarim LIP
contain insignificant PGE mineralization.

Sulfide retention in the mantle

The rocks in the Mazaertag, Wajilitag, and Piqiang intru-
sions have very low PGE concentrations (Table 2) relative
to the primitive mantle and therefore have Cu/Pd much
higher than that of the primitive mantle (Fig. 7a). The
ultramafic dike in this region is considered to represent
the compositions of relatively primary magma of the
Tarim LIP (Zhou et al. 2009). The most primitive ultra-
mafic dike contains 0.7 ppb PGE, which is significantly
lower than that of the Emeishan high-Ti picrites (15.2–
27 ppb; Bai et al. 2012; Li et al. 2012c), indicating that
the primitive magma of these intrusions are likely PGE-
depleted.

Both Pd and Cu are highly incompatible elements
and will therefore build up in the residual melts
(Keays 1995). Because Pd is highly compatible in sul-
fide, Cu/Pd ratio of the rocks will be higher than the
mantle value of ∼7000 if there is a retention of the
sulfide in the mantle source or an early removal of
sulfide melt during magma ascent (Barnes and Picard
1993; Bennett et al. 2000). The samples of the
Mazaertag, Wajilitag, and Piqiang intrusions have
Cu/Pd ratios much higher than the mantle values
(Fig. 7a). However, the samples from the Mazaertag
and Wajilitag intrusions have relatively constant Cu/Pd
(Fig. 7a), similar to the minimum Cu/Pd ratio of the
Piqiang intrusion. The samples from each intrusion have
more restricted Cu/Pd than those for the Stella intrusion
but have the range of Cu/Pd similar to those for the
Xiangshan and Huangshandong Ni–Cu sulfide-bearing
intrusions in East Tianshan (Fig. 7a). The high Cu/Pd
and overall PGE depletion for the rocks of the
Mazaertag, Wajilitag, and Piqiang intrusions are thus
attributed to early-stage sulfide segregation, either in
the mantle or during the evolution of magmas en rou-
tine to the magma chamber where they emplaced.

It has been suggested that the mantle contains
∼250 ppm S (McDonough and Sun 1995) or 0.054 wt%
sulfide (Lorand 1993). The minimum degree of partial
melting to complete dissolution of the sulfide in the man-
tle are considered to be 11–25 % depending on the S
contents of different mantle sources (Keays 1995;
Naldrett 2010; Lightfoot et al. 2012). The least evolved
mafic dike (W13) in the Bachu region have Mg# of ∼56

Fig. 7 a Plot of Cu/Pd versus Pd, and b plot of Cu versus Pd for the
samples from the Mazaertag, Wajilitag, and Piqiang intrusions showing
that almost all the samples formed from sulfide-saturated magmas (cf.
Vogel and Keays 1997). Data sources: mantle value after Barnes et al.
(1993); Tarim flood basalts in the Sishichang and Yingan sections after
Yuan et al. (2012) and Li et al. (2012b); Emeishan picrites after Bai et al.
(2012) and Li et al. (2012c); Baima Fe–Ti oxide-bearing layered intrusion
(Baima) after Zhang et al. (2013c); Xinjie layered intrusion with Fe–Ti
oxide and Pt–Pd mineralization (Xinjie) after Zhong et al. (2011);
Jinbaoshan Pt–Pd deposit (Jinbaoshan) after Wang et al. (2010); Stella
Pt–Pd deposit after Maier et al. (2003); Xiangshan layered intrusion with
Fe–Ti oxide and Ni–Cu sulfide mineralization after Sun et al. (2008) and
Xiao et al. (2013); and Huangshandong mafic–ultramafic intrusion with
Ni–Cu sulfide mineralization after Sun et al. (2013)
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and is assumed to be the analogue to the parental magma
of the Wajilitag intrusion (Zhang et al. 2008a; Cao et al.
2014). The parental magma of the Piqiang intrusion is
considered to have the composition similar to the mafic
dikes in the Piqiang region (Zhang et al. 2010a). The
mafic dikes in both Bachu and Piqiang region have Nb/
Y ranging from 0.92 to 1.97 and have affinity of alkaline
basalts (Zhou et al. 2009; Zhang et al. 2010a; Wei et al.
2014a).

Early-crystallzed olivine or clinopyroxene in these in-
trusions can be used to estimate the compositional fea-
tures of the parental melts (Driouch et al. 2010).
Clinopyroxene contains most of the incompatible trace
elements and is suitable for the estimation of the com-
positions of the parental magmas (Bédard 2014). However,
the major and trace element concentrations of clinopyroxene
could be modified by the re-equilibration of the crystal and
trapped intercumulus liquids if the proportion of the trapped
liquid is significant in the cumulates (Charlier et al. 2005;
Godel et al. 2011; Cawthorn 2013). As REE are incompatible
in both silicate minerals and coexisting Fe–Ti oxides in the
Mazaertag, Wajilitag, and Piqiang intrusions, we chose La

concentrations of the rocks to estimate the proportions of
trapped liquids for each sample. Most samples from the
Mazaertag, Wajilitag, and Piqiang intrusions contain 5 ppm
La (Cao et al. 2014, 2015 and our unpublished data for
Mazaertag). The averaged concentration of La for the Tarim
mafic dikes (44.9 ppm; Zhang et al. 2010a) is adopted to
represent the liquid composition, the proportions of the
trapped liquid in the samples are estimated to be ranging from
∼0 to 11 % in maximum, typically with 7 %. Such minor
amount of the trapped liquid may have negligible effect on
the incompatible element compositions of the clinopyroxene.
The composition of the clinopyroxene in the Mazaertag,
Wajilitag, and Piqiang intrusions can thus be used for the
reversed calculation to obtain the compositions of the melts
that were in equilibrium with the clinopyroxene. The results
indicate that the calculated melts for the three intrusion have
trace element patterns similar to the high-Ti flood basalts of
the Emeishan LIP, and the averaged compositions of the mafic
dikes in the Bachu and Piqiang regions (Fig. 11a), which are
consistent with the low degrees (<10 %) of partial melting of
the mantle source (Fig. 11b). This may explain the low PGE
concentrations of the rocks in the three intrusions as sulfide

Fig. 8 Primitive mantle-normalized chalcophile element patterns for the
samples from the Mazaertag, Wajilitag and Piqiang intrusions and the
Tarimmafic-ultramafic dikes. Normalization values of the primitive man-
tle are from Barnes and Maier (1999). Data sources: the Tarim flood

basalts (Li et al. 2012b; Yuan et al. 2012); the Emeishan picrites (Bai
et al. 2012; Li et al. 2012c); the Emeishan Fe–Ti oxide-bearing layered
intrusions, the Panzhihua intrusion (Howarth and Prevec. 2013); Honge
intrusion (Bai et al. 2012) and Baima intrusion (Zhang et al. 2013c)
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may have been retained in the mantle in the low degrees of
partial melting of the mantle.

Crustal contamination and sulfide saturation

The continental crust has a radiogenic Os isotopic composi-
tion with 187Os/188Os >0.8 due to high Re/Os ratios of the
continental crust (Esser and Turekian 1993). Therefore, the
mantle-derived magma may have elevated 187Os/188Os ratios
if it is interacted with crustal material, especially those with
low Os content (Widom and Shirey 1996; Shirey and Walker
1998). Such interaction will not significantly disturb the
lithophile element isotopic systematics such as Rb–Sr and
Sm–Nd systems (Schoenberg et al. 2003).

The extent of crustal contamination of the magmas
from which the three intrusions formed can thus be esti-
mated using initial 87Sr/86Sr ratios and εNd(t) values of the
bulk rocks, assuming that the rock compositions observed
are products of the mixing of a mantle-derived magma
and a crustal contaminant. We used the least evolved
composition of the Bachu mafic dike as the mantle-
derived end member. For the crustal end-member, we
used the averaged composition of the Proterozoic gneiss
and gneiss granite in the Tarim Block (after Hu et al.
2006), representing the lower crust and upper crust of
the Tarim Block, respectively (Fig. 9). The modeling re-
sults indicate that the parental magmas of the Mazaertag

and Wajilitag intrusions experienced <10 % contamina-
tion of the upper crust (Fig. 9). This is consistent with
that the Mazaertag and Wajilitag intrusions have averaged
initial 187Os/188Os of 0.1485 and 0.1646 just slightly
higher than the estimated value of 0.1251 for the primitive
upper mantle (Meisel et al. 2001).

The rocks of the Piqiang intrusion may have experi-
enced ∼15 to 25 % contamination of the upper crust
(Fig. 9). The rocks from the Piqiang intrusion have Cu/
Pd ranging from 8.4 × 104 to 3.3 × 106, much higher than
those for Mazaertag (3.1 × 104 − 1.3 × 105) and Wajilitag
(2.2 × 104–2.9 × 105), indicating that the rocks of the
Piqiang intrusion had experienced intensive sulfide segre-
gation during magma ascent and significant amounts of
PGE may have been left behind at depth. Therefore, the
rocks of the Piqiang intrusion have PGE concentrations
much lower than those of the rocks in the Mazaertag
and Wajilitag intrusions (Fig. 8 and Table 2).

Magnetite crystallization and sulfide saturation

Tiny sulfides that are in coexistence with the magnetites
are commonly observed in the Mazaertag, Wajilitag, and
Piqiang intrusions (Fig. 3), similar to the association of
sulfide and magnetite in the Stella intrusion (Maier et al.
2003), the Skaergaard intrusion (Holwell and Keays
2014), and the Rincón del Tigre Complex (Prendergast

Table 4 Sr and Nd isotopic compositions for the rocks from the Wajilitag, Piqiang and Mazaertag intrusions and Tarim mafic-ultramafic dykes

Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr ±2σ (87Sr/86Sr)i Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd ±2σ εNd(t)

Wajilitag intrusion
Olivine clinopyroxenite
BC1171a 12.3 696 0.051 0.703970 0.000014 0.7038 9.09 44.6 0.123 0.512630 0.000006 +2.5
BC1172a 29.4 1181 0.072 0.704960 0.000013 0.7047 14.1 72.9 0.117 0.512550 0.000007 +1.1
BC1174 9.27 669 0.040 0.703970 0.000012 0.7038 8.63 41.2 0.127 0.512630 0.000008 +2.4
Fine-grained clinopyroxenite
BC1141a 2.18 164 0.039 0.704350 0.000012 0.7042 10.1 36.2 0.168 0.512729 0.000007 +2.8
Gabbro
BC1104a 33.9 744 0.132 0.704950 0.000012 0.7044 10.6 51.4 0.125 0.512558 0.000007 +1.0
BC1106 30.8 1101 0.081 0.704677 0.000014 0.7044 14.0 71.8 0.118 0.512475 0.000009 -0.4
Oxide clinopyroxenite
BC1123a 0.24 75.7 0.009 0.704410 0.000014 0.7044 4.89 16.4 0.180 0.512712 0.000006 +2.0
BC1131a 1.25 99.2 0.036 0.704610 0.000013 0.7045 5.08 18.5 0.166 0.512707 0.000007 +2.5

Piqiang intrusion
Clinopyroxenite
PQ1136b 2.78 181 0.044 0.706440 0.000013 0.7063 3.75 14.3 0.158 0.512481 0.000013 -1.7
Coarse-grained gabbro
PQ1146b 1.69 444 0.011 0.705250 0.000017 0.7052 1.24 4.40 0.171 0.512640 0.000010 +1.0
PQ1147b 1.32 453 0.008 0.705340 0.000012 0.7053 1.39 4.50 0.186 0.512606 0.000013 -0.2
Olivine gabbro
PQ1174b 2.61 148 0.051 0.706410 0.000012 0.7062 1.32 5.03 0.159 0.512500 0.000014 -1.3
PQ1175b 3.69 149 0.071 0.706320 0.000014 0.7060 1.76 6.59 0.162 0.512470 0.000009 -2.0

The data for samples with a, b are cited from Cao et al. (2014) and Cao et al. (2015), respectively. The initial isotopic ratios were calculated at 280 Ma
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2000). As a result of decompression during upwelling that
increased the solubility of sulfide in the magma
(Mavrogenes and O’Neill 1999), the originally sulfide-
saturated magma would become sulfide undersaturated
when it ascends into the crust. In this case, sulfide satu-
ration would occur after substantial crystallization in a
closed system or after the addition of crustal S during
contamination (Mavrogenes and O’Neill 1999; Li and
Ripley 2005). As crustal contamination did not play an
important role in the sulfide saturation of the Mazaertag
and Wajilitag intrusions, sulfide saturation in the shallow
magma chamber may be mainly controlled by fractional
crystallization.

The PGE mineralization in the Stella and Skaergaard intru-
sions and the Rincón del Tigre Complex is considered to be

related to a prolonged fractionation of the magma (∼60 % at
Stella and Skaergaard intrusion; Andersen et al. 1998; Maier
et al. 2003) such that the PGE deposits occur in the upper
portions of the magma chambers (Holwell and Keays 2014).
As shown in Fig. 10, the parental magmas of the lay-
ered intrusions in the Tarim LIP have trace element
patterns similar to the Emeishan high-Ti basalts, which
are considered to be analogue to the parental magma of
the Fe–Ti oxide-bearing, layered intrusions in the
Emeishan LIP (e.g., Zhou et al. 2008; Pang et al.
2010). Due to the absence of primitive magma compo-
sitions of the Tarim LIP, the representative composition
of the high-Ti picrite of the Emeishan LIP (Kamenetsky
et al. 2012) was chosen to illustrate the effects of frac-
tional crystallization on S contents and sulfide saturation
of residual basaltic liquids. MELTS modeling indicates
that ∼54 % of crystallization is required to induce sul-
fide saturation without addition of crustal S (Fig. 12),
and that sulfide saturation may achieve when magnetite
joins plagioclase and clinopyroxene as a liquidus phase.
This is supported by the occurrence of small sulfide
inclusions enclosed within interstitial magnetite
(Fig. 3d). The degree of magma fractionation in the
Tarim LIP is quite similar to the calculation for the
Baima intrusion in the Emeishan LIP, which is ∼59 %
fractionation of a picritic magma (Zhang et al. 2013c).
Hence, we consider that the prolonged fractional crys-
tallization with magnetite crystallization may have
played an important role in the sulfide saturation of
the Mazaertag and Wajilitag magma systems.

Fig. 9 Plot of (87Sr/86Sr)i and εNd(t) values for the rocks from the
Mazaertag, Wajilitag, and Piqiang intrusions and Tarim mafic-
ultramafic dikes. The initial 87Sr/88Sr and εNd(t) values for the three
intrusions and Tarim mafic-ultramafic dikes are recalculated to 280 Ma,
and those for the Tarim flood basalts are recalculated to 290 Ma. Data
sources: the Tarim mafic-ultramafic dikes from Zhou et al. (2009) and
Wei et al. (2014a); the Tarim flood basalts from Zhou et al. (2009), Li
et al. (2012b), and Wei et al. (2014a). The field of the Wajilitag intrusion
after Cao et al. (2014) and the Piqiang intrusion after Cao et al. (2015).
Emeishan Fe–Ti oxide-bearing intrusions from a compilation by Pang
et al. (2010). Mid-oceanic ridge basalts (MORBs) from Zindler and
Hart (1986). Sample BC1174 from the Wajilitag intrusion is used as the
starting composition for the parental magma. The upper crust and lower
crust represented by the Tarim Proterozoic gneiss granite and Proterozoic
paragneiss given in Hu et al. (2006). The numbers indicate the percent-
ages of participation of the crustal materials. The calculated parameters of
Nd (ppm), εNd(t), Sr (ppm), and (87Sr/86Sr)i are 29, – 24, 76, 0.771 and 51,
– 26, 444, 0.711 as two components of the Tarim upper and lower crust.
The value of R is the rate of assimilation/rate of crystallization. DSr =
0.7207 and DNd = 0.6382, which is calculated for an assemblage with
olivine, clinopyroxene, plagioclase, and Fe–Ti oxides = 6/40/38/16 using
D values in Rollinson (1993). The ticks for binary mixing and AFC
model line are shown at 0.1 intervals. Symbols are the same as those in
Fig. 6. The trends observed in the data are explained by an AFC process;
the same is not true for bulk mixing, which is shown for comparison

Fig. 10 Plot of γOs(t) versus age for the major PGE-mineralized and
PGE-unmineralized layered intrusions worldwide and the Mazaertag
and Wajilitag intrusions. The horizontal dashed line represents the evo-
lution of the chondritic average. The value for the modern ocean island
basalts (OIBs; compiled by Walker et al. 1997) is shown for reference.
Data sources: Bushveld complex after Curl (2001); Stillwater complex
after Lambert et al. (1994); Great Dyke after Schoenberg et al. (2003);
Skaergaard intrusion after Brooks et al. (1999); Xinjie intrusion after
Zhong et al. (2011); Panzhihua intrusion after Hou et al. (2013)
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As discussed above, the parental magmas of the three layered
intrusions in the Tarim LIP may have been sulfide-saturated
before the differentiation of the magma in shallower magma
chamber, and PGE may have been retained in the mantle due
to the low degrees of partial melting of the mantle. In this case,
although the late-stage sulfide saturation of themagmawill cause
sulfide segregation, chance to form economic important PGE
deposits is uncertain.

Conclusions

The Mazaertag, Wajilitag, and Piqiang Fe–Ti oxide-bear-
ing, mafic-ultramafic layered intrusions were sourced
from a convecting, OIB-like mantle source, without ap-
preciable input of SCLM component. The parental
magmas of the three intrusions were PGE-depleted due
to low degrees of partial melting of the mantle source.
Although sulfide saturation occurred in the late stage of
crystallization and was associated with the crystallization
of magnetite, the potentials for PGE mineralization in the
Tarim LIP are low. It is likely that prospective PGE-rich
layered intrusions may form due to a suite of combined
factors including (1) interaction of the mantle-derived
magmas with SCLM component, (2) high degrees of par-
tial melting of the mantle, (3) insignificant crustal con-
tamination of the magma, and (4) sulfide saturation of
the parental magma due to a prolonged fractional
crystallization.
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Fig. 11 a Primitive mantle-normalized trace element patterns for the melt
compositions calculated from the clinopyroxenes for the Mazaertag,
Wajilitag, and Piqiang intrusions, which are compared with those for the
whole-rock compositions of the selected mafic dikes. The compositions of
the clinopyroxene are listed in Electronic Supplementary Material Table 1.
The Cpx/melt partition coefficients adapted the value by Hart and Dunn
(1993), Hauri et al. (1994), Lundstrom et al. (1998), Hill et al. (2000, 2011),
and Gaetani et al. (2003) (Electronic Supplementary Material Table 2).
Data sources: Emeishan high-Ti basalts (Xu et al. 2001; Qi et al. 2008);
Bachu mafic dike (Zhou et al. 2009, their sample XHZ36); Piqiang mafic
dike (Zhang et al. 2010a, their sample 08KT01-15). b-La/Sm versus Sm/
Yb diagram showing the melting curves for the parental magmas of the
Mazaertag,Wajilitag, and Piqiang intrusions (after McKenzie and O’Nions
(1991)), indicating that their parent magmas were derived from <10 %
partial melting. The lines are nonmodal fractional melting curves for garnet
Iherzolite and spinel Iherzolite.Numbers on the lines refer to percentages of
melt. DM depleted mantle, PM primitive mantle, N-MORB normal mid-
ocean ridge basalt

Fig. 12 Modeling of the sulfur content at sulfide saturation (SCSS) with
fractional crystallization assuming a primitive high-Ti picritic magma.
Fractional crystallization is simulated using the MELTS program
(Ghiorso and Sack 1995) at a total pressure of 1 kbar and fO2 = FMQ,
the starting composition was adapted the melt inclusion in the olivine of
the high-Ti picrites in the Emeishan LIP with the composition of
46.38 wt.% SiO2, 2.25 wt.% TiO2, 7.91 wt.% Al2O3, 12.29 wt.% FeO,
0.07 wt.% MnO, 19.68 wt.% MgO, 9.25 wt.% CaO, 1.41 wt.% Na2O,
0.40 wt.% K2O, 0.18 wt.% P2O5, 0.07 wt.% S; sample M8 62,
Kamenetsky et al. 2012. The SCSS in the silicate melt is calculated using
the equation of Li and Ripley (2009)
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