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Abstract: The Baixintan mafic-ultramafic intrusion in the Dananhu-Tousuquan arc of the Eastern
Tianshan orogenic belt is composed of lherzolite, olivine gabbro, and gabbro. Olivine gabbros contain
zircon grains with a U-Pb age of 276.8 ± 1.1 Ma, similar to the ages of other Early Permian Ni-Cu ore-
bearing intrusions in the region. The alkaline-silica diagrams, AFM diagram, together with the Ni/Cu-
Pd/Ir diagram, indicate that the parental magmas for the Baixintan intrusion were likely high-Mg
tholeiitic basaltic in composition. The Cu/Pd ratios, the relatively depleted PGEs and the correlations
between them demonstrate that the parental magmas had already experienced sulfide segregation.
The lower CaO content in pyroxenites compared with the Duke Island Alaskan-type intrusion and
the composition of spinels imply that Baixintan is not an Alaskan-type intrusion. By comparing
the Baixintan intrusion with other specific mafic-ultramafic intrusions, this paper considers that
the mantle source of the Baixintan intrusion is metasomatized by subduction slab-derived fluids’
components, which gives rise to the negative anomalies of Nb, Ti, and Ta elements. Nb/Yb-Th/Yb,
Nb/Yb-TiO2/Yb, and ThN-NbN plots show that the Baixintan intrusion was emplaced in a back-arc
spreading environment and may be related to a mantle plume.

Keywords: Eastern Tianshan; Baixintan; Ni-Cu ore-bearing mafic-ultramafic intrusions; Early Per-
mian; tectonic setting

1. Introduction

The Eastern Tianshan orogenic belt is located in the southern margin of the Paleo-
Asian Ocean. It is a convergence region between the Siberian Craton and the Tarim Craton,
which has experienced a very complex process [1]. A series of magmatic Ni-Cu sulfide
deposits occur in the Eastern Tianshan region, which is an important Ni-Cu resource
base in China. All of these deposits are hosted in mafic-ultramafic intrusions. Most of
the intrusions are located along the Jueluotage Belt, such as the Tudun, Huangshan, and
Tulaergen mafic-ultramafic intrusions. A few of them are located in the Middle Tianshan
Terrane, including the Tianyu and Baishiquan intrusions. It was demonstrated that the
ages of these mafic-ultramafic intrusions range from 269 Ma to 300 Ma [2–10], indicating
that most of the intrusions formed in the Early Permian. The parental magma of these
mafic-ultramafic intrusions is tholeiitic, derived from a subducted slab-metasomatized
mantle source, which has experienced different degrees of crustal contamination and
sulfide segregation [11–17].

The formation of deposits is closely related to their specific tectonic settings [18]. How-
ever, the tectonic settings of the magmatic Ni-Cu ore-bearing mafic-ultramafic intrusions in
the Eastern Tianshan orogenic belt remain controversial. Present viewpoints are as follows:
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1. post-collision extension background [12,19–21]; 2. related to mantle plume [3,22–27];
3.orgenic belt overlapped with mantle plume [18,28–31]; 4. products of subduction com-
bined with mantle plume [32,33]; 5. Alaskan-type intrusions, originated from an island arc
environment [5,34–36]. What causes the controversies above includes whether the Paleo-
Asian Ocean had closed or not when the intrusions intruded, and whether the mantle
plume made a contribution to the formation of the intrusions.

Nonetheless, there are also different opinions on the Paleo-Asian Ocean’s final closure
time. Different research teams hold different views, including Early to Middle Devo-
nian [37], Late Devonian to Early Carboniferous [38–40], end of Devonian [33,41], Late
Devonian to Carboniferous [42], Late Devonian to Early Permian [43], Late Carboniferous
to Early Permian [44], Early Triassic [34]. Most researchers believe that the closure occurred
during the Late Carboniferous [45].

The Baixintan Ni-Cu ore-bearing mafic-ultramafic intrusion was discovered in 2012 by
the No. 1 Regional Geological Survey Party of Xinjiang Geology and Mineral Development
Center [46]. To date, it is a medium-sized Ni-Cu deposit that contains 842.1 million metric
tons (Mt) of sulfides ores with average grades of 0.59 wt. % Ni and 0.76 wt. % Cu. In
this study, we established the age of the Baixintan intrusion by using the zircon SHRIMP
(Sensitive High Resolution Ion MicroProbe) U-Pb dating. In addition, the geochemical char-
acteristics, including the whole-rock geochemistry and the Sr-Nd isotopes, were analyzed.
To discuss the magma source and tectonic setting of the Baixintan intrusion, a comparison
was made between the Baixintan intrusion and intrusions generated from arc-related and
mantle plume settings.

2. Regional Geology

The Central Asian Orogenic Belt (CAOB), sandwiched between the Siberian and Tarim
Cratons, extends across Central Eurasia for almost 5000 km (Figure 1a). As an important
part of CAOB, the Eastern Tianshan orogenic belt in Xinjiang Province is bounded by the
Tu-Ha Basin to the north and the Beishan Rift to the south (Figure 1b), which can be divided
into the Dananhu-Tousuquan island arc, the Jueluotage Belt, and the Middle Tianshan
Terrane from north to south by the Kangguertage Fault and the Aqikuduke Fault. The
Jueluotage Belt can be further divided into the Kangguer-Huangshan ductile-shear zone
and the Yamansu back-arc basin by the Yamansu-Kushui Fault. A lot of Ni-Cu ore-bearing
mafic-ultramafic intrusions have been discovered in the Jueluotage Belt, extending from
east to west, such as Tulaergen, Huangshan, and Tudun [3,8,11]. On the south side of the
Eastern Tianshan orogenic belt, the Baishiquan and Tianyu intrusions are located in the
Middle Tianshan Terrane [7,47]. Several intrusions were produced in the Beishan Rift, such
as Poyi, Luodong, Bijiashan, Hongshishan, and Xuanwoling [27,48–51] (Figure 1b).

The Baixintan intrusion occurs in the Dananhu-Tousuquan island arc, the southern
margin of Tu-Ha Basin (Figure 1b). The formation of the Dananhu-Tousuquan island
arc is closely related to the Paleozoic accretionary process of CAOB. The Devonian to
Carboniferous sedimentary-volcanic rocks and intermediate-acid intrusive rocks are widely
outcropped in the Dananhu-Tousuquan island arc [52–54]. The sedimentary-volcanic rocks
consist of the Lower Devonian Dananhu Group and Tulaergen Group, Middle-upper
Devonian Tousuquan Group, and Lower Carboniferous Qishan Group. The intrusive rocks
mainly consist of granite, granodiorite, and monzonitic granite, and the magmatism in
the arc lasts from the Silurian to the Carboniferous [55,56]. The subduction of the arc is
thought to have ended by the Carboniferous [57,58]. The Kangguer-Huangshan ductile
shear zone to the south of the Dananhu-Tousuquan island arc is a multiphase active and
long-lasting ductile deformation metamorphic zone, characterized by strong compression
and strike-slip. It is composed of a set of strata that have undergone strong deformation,
including the Lower Carboniferous Gandun Group and the Wutongwozi Group volcanic
sedimentary rocks [59]. A series of secondary faults derived from the main fault control
the magmatism in the region [60].
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Figure 1. (a) Simplified geological map showing the location of the study area in the Central Asian Orogenic Belt (CAOB)
(modified by [60]); (b) distribution of Ni-Cu ore-bearing mafic-ultramafic intrusions in the Eastern Tianshan orogenic belt
and Beishan Rift (modified from [33,61–63]).

3. Petrography and Mineralization

To the north of the Dacaotan Fault, the Baixintan intrusion occurs in the Middle-
Upper Ordovician Qiaganbulake Group, which consists of basalt, andesite, dacite, vocanic
breccia, and tuff (Figure 2a). To the south of the Dacaotan Fault, the Lower Jurassic
Badaowan group is exposed which consists of conglomerate, sandstone, and siltstone. The
intrusion has a gourd shape, with an exposed area of 1.5 km2, and a length of 2800 m.
Monzonitic granite and granodiorite of Late Paleozoic age occur on the southern side
of the Baixintan intrusion. The zircon U-Pb ages of granodiorites range from 358.14 Ma
to 367.85 Ma [64]. The Baixintan intrusion is well-differentiated from north to south. It
consists of lherzolite, olivine gabbro, and gabbro. The contacts between the gabbro, olivine
gabbro and lherzolite are generally gradational. The ore bodies are lentoid, and are mainly
hosted within lherzolite and gabbro (Figure 2b,c). Disseminated and patchy sulfides are
the most important types of mineralization, massive and semi-massive sulfides are rare
and only present in the basal contacts of the intrusion with country rocks [10].
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Figure 2. (a) The simplified geological map of the Baixintan intrusion; (b) cross section A-A’; (c) cross section B-B’ (modified
from [65]). The near vertical lines in (b) and (c) are drill holes.

Lherzolite is located in the southwest of the intrusion. The lherzolite is composed of
60% olivine, 20% clinopyroxene, 15% orthopyroxene, and 3% plagioclase (Figure 3a,c). The
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olivines are surrounded by pyroxenes (Figure 3c). The ore minerals include pyrrhotite (Po),
pentlandite (Pn), and chalcopyrite (Ccp) (Figure 3b).

Figure 3. Microphotographs of rocks in the Baixintan intrusion. (a–c) Sulfide-bearing lherzolite; (d) olivine gabbro;
(e,f) gabbro. Ol = olivine, Opx = orthopyroxene; Cpx = clinopyroxene; Pl = plagioclase, Sul = sulfide, Po = pyrrhotite,
Pn = pentlandite, Ccp = chalcopyrite, Mt = magnetite.

Olivine gabbro is located in the center of the intrusion. It contains 25% clinopyroxene,
15% orthopyroxene, 35% plagioclase, and 30% olivine (Figure 3d).

Gabbro is the most widely distributed rock, which consists of 45% plagioclase, 40%
clinopyroxene, and 10% orthopyroxene (Figure 3e). The rock contains sporadic sulfides
and magnetite (Figure 3f).

4. Analytical Methods
4.1. SHRIMP Zircon Analyses

A fresh olivine gabbro sample (BXT-B18) from the Baixintan intrusion was selected
for zircon U-Pb dating, and the sample location is shown in Figure 2a. Zircons were
separated using conventional heavy liquid and magnetic techniques at the Langfang
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Regional Geological Survey Lab in the Hebei Province. Zircons were hand-picked by using
a binocular microscope and were selected by choosing the clearest, crack and inclusion-
free grains. All zircon grains were inspected by backscattered scanning electron (BSE)
microscope (Carl Zeiss AG, Jena, Germany) and cathodoluminescene (CL) microscopy
(Gatan lnc, Las Vegas, NV, USA), to investigate their internal microstructures and check the
position of the analytical spot with respect to the microstructures. U-Pb dating was carried
out using the SHRIMP II ion microprobe at the Beijing SHRIMP Center, CAGS (Australian
Scientific Instruments Pty Ltd, Canberra, Australia). The analytical procedure for zircon
was similar to that described by [66,67]. The intensity of the primary 2−O ion beam was
4–6 nA. The primary beam size was ~30 µm, and each analytical site was rasterized for
2–3 min before analysis. Five scans through the relevant mass stations were made for each
analysis. The standard zircon sample M257 (U = 840 ppm) was measured to calibrate U
concentrations [68], and the standard zircon TEMORA (416.8Ma) was used for the isotopic
fractionation correction [69]. A correction for common lead was made by measuring the
204Pb amount. The common lead composition was calculated at 207Pb/206Pb measured
ages, using the Stacey and Kramers model [70]. The data processing was carried out
using the SQUID 1.03d and ISOPLOT 3.75 programs [71,72]. Uncertainties for individual
analyses are quoted at the 1σ level, whereas errors for weighted mean ages are quoted at
95% confidence.

4.2. Whole-Rock Major and Trace Elements Analyses

The major elements and trace elements in whole rocks were analyzed at the Key
Laboratory for the Study of Focused Magmatism and Giant Ore Deposit, MNR in Xi’an,
China. Major elements were analyzed by using an Axio-type XRF instrument. After one
hour of heating at 1000 ◦C, the loss-on-ignition (LOI) was determined by the weight loss of
a powdered sample. The sample powders (0.7 g), were fused with 5.200 ± 0.001 g of lithium
tetraborate (Li2B4O7), 0.400 g ± 0.001 g lithium fluoride (LiF) and 0.30 ± 0.01 g ammonium
nitrate (NH4NO3). The mixtures were dissolved in 1 mL lithium bromide solution at
1150–1250 ◦C for 10–15 min. The precision of the major elements was better than 2%. The
accuracy and reproducibility were monitored by the Chinese national standard GBW07104
(andesite), and the standard values for GBW07104 are given in [73]. The standard deviation
of the standard is better than 1%.

The trace elements were determined by using an ELEMENT inductively coupled
plasma mass spectrometer (ICP-MS) by Thermo Fisher. Fifty-milligram powders of samples
were dissolved in 1 mL of HF that was mixed with 0.5 mL of HNO3 in a screw-cap capsule
at 185 ± 5 ◦C for 24 h. The sample solutions were dissolved again in 0.5 mL HNO3 in the
capsules. After the solutions were dried, the previous step was repeated. The solutions
were dissolved in 5 mL HNO3 again in a capsule at 130 ◦C for 3 h. Finally, the solutions
were diluted with H2O to 50 mL for trace element analysis. The Chinese national standard
GBW07105 (basalt) was used to monitor accuracy and reproducibility, and the standard
values for GBW07105 are from [73]. The standard deviation of the standard is better than
3%. The precision is better than 5%.

4.3. Whole-Rock Sr-Nd Isotopes Analyses

Strontium and Nd in whole-rock samples were separated by using standard ion-
exchange techniques [74]. Strontium and Nd isotopic analyses were performed on a
Thermo Fisher Scientific Multi-receiving inductively coupled plasma mass spectrometer
(MC-ICP-MS) at the National Research Center for Geoanalysis in Beijing, China (Thermo
Fisher Scientific lnc, Waltham, MA, USA). The main analysis process is as follows: 0.25 g
whole-rock powders were digested in sealed Teflon bombs with a mixture of 0.5 mL HNO3
and 1.5 mL HF. The sealed bombs were kept in an oven at 190 ◦C for 48 h. The decomposed
samples were then dried at 160 ◦C, followed by adding 3 mL 1:1 HNO3. The solution
was sealed and dissolved again at 150 ◦C for 6 h. An appropriate amount of aliquot was
centrifuged, and the obtained supernatant was dried, followed by adjusting the pH. The
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solution containing Sr and Nd was separated by using SR specific resin and LN specific
resin, respectively. The 87Sr/86Sr and 143Nd/144Nd ratios were determined on the Neptune
Plus MC-ICP-MS. The measured 87Sr/86Sr and 143Nd/144Nd ratios were normalized to
88Sr/86Sr = 8.375209 and 1436Nd/144Nd = 0.7219, respectively. The uncertainty of 87Sr/86Sr
and 143Nd/144Nd values is given as 2σ.

4.4. Whole-Rock Ni, Cu, S and Platinum-Group Elements Analyses

Whole-rock Ni and Cu contents were determined using the Varian ICP735-ES induc-
tively coupled plasma emission spectrometer and the Perkin Elmer Elan 9000 inductively
coupled plasma mass spectrometer (ICP-MS) at the ALS Chemex (Guangzhou, China) Co.
Ltd., respectively. The analytical precisions are ~7% and ~4% for Ni and Cu, respectively.
Whole-rock S contents were measured by using a gravimetric method and IR absorption
with the detection limits ~0.01%. The analytical precisions are ~4% of amount present for S.
The values of standards GXR-1 and GXR-3 are from [75] and given in Table A5.

The concentrations of platinum-group elements (PGE) were determined by nickel
sulfide fire assay-inductively coupled plasma mass spectrometry at the National Research
Center of Geoanalysis in Beijing, China (PerkinElmer, Waltham, MA, USA). The precision
and accuracy were monitored via analyses of the standards GBW07290 and GBW07291,
and the recommended values and analytical values are from [73]. The analytical procedure
was similar to that described by [76,77].

5. Analytical Results
5.1. SHRIMP Analyses

The zircons separated from olivine gabbro are subhedral with a length of 60–140 µm
and an elongation (length-to-width) ratios of 1–1.5, respectively. The grains are mostly
homogeneous un-zoned and well defined with sharp tips (Figure 4a), and are similar with
the igneous zircons described by [78]. The Th contents of the selected grains range from
544 ppm to 2709 ppm, and those of U range from 294 ppm to 1455 ppm. The relatively
high Th/U ratios (0.95–2.38) of the zircons indicate their magmatic origin [79]. Among
the zircon grains from sample BXT-B18 (Figure 4a), twenty-one grains (No. 1—No. 21)
give concordant data within the error (Figure 4b), with 206Pb/238U age ranging from
272.4 ± 1.9 to 280.3 ± 2.3 Ma. (Table A1). The 21 analyses yield a mean 206Pb/238U
age of 276.8 ± 1.1 Ma (95% confidence level, 2σ, MSWD = 1.8, probability = 0.020, see
Supplementary Materials, Table S1. SHRIMP zircon U-Pb age data of sample BXT-B18 from
the Baixintan intrusion) (Figure 4b).
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Figure 4. (a) Cathodoluminescence images of selected zircon crystals from Baixintan olivine gabbro
(BXT-B18); (b) Zircon U-Pb isotope concordia plot. Circles are analytical positions, and numbers are
206Pb/238U ages (in the unit of Ma).

5.2. Major Oxides and Trace Elements

The whole-rock major and trace element results are listed in Table A3. Ten samples
from the Baixintan intrusion including lherzolite, olivine gabbro, and gabbro were selected
for analysis. The compositional ranges of these samples are as follows: SiO2 = 40.75%–
48.42%, Al2O3 = 5.02%–18.04%, MgO = 7.93%–32.28%, TFeO = 5.49%–11.86%, CaO =
2.62%–10.09%, Na2O+K2O = 0.88%–3.91%, Mg# = 62.26–83.11.

Compared to the primitive mantle and chondrite, the samples from the Baixintan
intrusion are enriched in large ion lithophile elements (LILE), such as K, Sr, and Ba, and
show strongly negative Nb, weakly negative Ta and Ti anomalies (Figure 5a). Except for
one sample, Sr is enriched strongly, and U is enriched in some samples (Figure 5a).
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Figure 5. (a) Primitive mantle normalized incompatible trace element spider diagram; (b) Chondrite-
normalized REE patterns for samples from the Baixintan and Limahe intrusions. Data sources of
Limahe (25 samples): [80,81]. The primitive mantle values and chondrite values are from [82].

The ΣREE, LREE, and HREE values of the samples are 27.78–64.52, 16.79–38.68,
and 10.98–25.84 ppm, respectively. They are enriched in LREE relative to HREE, with
a LREE/HREE ratio of 1.24–1.58, exhibiting right-leaning patterns (Figure 5b). There are
weak positive Eu anomalies in most mafic rocks, which are absent in ultramafic rocks
(δEu = 0.87–1.20).

5.3. Sr and Nd Isotopes

The Rb-Sr and Sm-Nd isotopic data are listed in Table A4. The 87Sr/86Sr ratios
of samples are between 0.036 and 0.548. The initial 87Sr/86Sr ratios are relatively low,
with a range from 0.7035 to 0.7044. The 147Sm/144Nd and the initial 143Nd/144Nd are
0.1504–0.1799 and 0.5125–0.5127, respectively. All the samples have positive calculated
εNd (t) values, ranging from +4.50 to +7.70, with an average of +5.31. The relatively low
initial 87Sr/86Sr ratios and positive εNd (t) values of the Baixintan intrusion are similar to
typical Ocean Island Basalt (OIB) (Figure 6).
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Figure 6. 87Sr/86Sr(t)-εNd(t) diagram (after [83]). Data sources of Baixintan: this paper, [84–86]; data
sources of Limahe: [81,87];data sources of Tarim flood basalts: [88–90].

5.4. Ni, Cu, S and PGE Concentration

The analytical results for Ni, Cu, S, and PGE are listed in Table A5. The PGE contents
of rocks from the Baixintan intrusion are relatively low: the contents of ΣPGE range from
0.65 ppb to 4.85 ppb, with an average of 2.50 ppb, which is obviously depleted relative
to the primitive mantle (ΣPGE = 23.5 ppb). The ΣPGEs of mafic rocks (gabbros) range
from 0.65 ppb to 0.81 ppb, with an average of 0.71 ppb; the ΣPGEs of ultramafic rocks
(lherzolites) range from 1.67 ppb to 4.85 ppb, with an average of 3.40 ppb. The mantle-
normalized PGE patterns for the rocks from the Baixintan intrusion have an overall trough
shape (Figure 7), showing that the rocks are depleted in PGEs relative to Ni and Cu, which
are also characterized by depletions in Os, Ir, and Ru relative to Rh, Pt, and Pd. The Ni/Cu
and Pd/Ir ratios of the Baixintan intrusions are 1.91–15.01 and 6.56–11.17, respectively. The
Cu/Pd ratios range from 0.63 × 105 to 4.37 × 105.

Figure 7. Primitive mantle-normalized platinum-group elements (PGE) patterns for the rocks from
the Baixintan intrusion. The primitive mantle values are from [91].
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6. Discussion
6.1. Parental Magma and Sulfide Segregation

As shown in Figure 8, the MgO and FeO contents show negative relationships with
the SiO2 content (Figure 8a,b), which is in agreement with the fractionation of olivine and
chromite; the CaO and Al2O3 contents show positive relationships with the SiO2 content
(Figure 8c,d), which is consistent with the fractionation of clinopyroxene and plagioclase.
The TiO2 and the total alkali (K2O + Na2O) contents are positively related to the SiO2
content (Figure 8e,f). In the alkaline-silica diagram, all the samples plot in the subalkaline
field (Figure 8f). In the AFM (Na2O + K2O-FeO-MgO) diagram, the ultramafic rocks show
a tholeiitic trend, and the mafic rocks are closer to the calc-alkaline trend (Figure 9).

Figure 8. Harker diagrams (a–e) and alkaline-silica diagram (f) for the mafic-ultramafic rocks of the
Baixintan intrusion (after [92]).
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Figure 9. AFM diagram for the mafic-ultramafic rocks of the Baixintan intrusion (after [92]).

In a plot of Ni/Cu (1.91–15.01) and Pd/Ir (6.56–11.17) ratios, the majority of the
mafic-ultramafic rocks from the Baixintan intrusion fall into the area of layered intrusions,
close to the high-Mg basalts region (Figure 10), indicating that the parental magmas for
the Baixintan intrusion were likely high-Mg basalt in composition. The rocks from the
Baixintan intrusion have relatively consistent Pd/Ir ratios but variable Ni/Cu ratios. On
average, the ultramafic rocks seem to have higher Ni/Cu ratios than the mafic rocks, and
are consistent with the “olivine removal” trend (Figure 10). Moreover, Feng et al. [10]
found that the parental magma for the Baixintan intrusion was depleted in PGE, and the
Ir and Pd contents in the parental magma were estimated at ~0.0022 ppb and ~0.18 ppb,
respectively.

Figure 10. Ni/Cu-Pd/Ir diagram of the rocks from the Baixintan intrusion (after [93]). Data are from
this paper and [94].

The host magma becoming saturated in sulfide and segregating immiscible sulfide is
one of the key aspects in the genesis of a magmatic sulfide ore deposit [95]. Because the
elemental compatibilities of PGEs in rock-forming minerals are quite different, we can use
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the correlations of the PGEs and the Cu/Pd ratios to reveal the sulfide segregation process
of the parental magma [96].

The estimated bulk solid-liquid partition coefficients for PGE, Ni, and Cu in a very
differentiated komatiitic basalt are Ir 6.6, Ru 4.5, Pt 0.53, Pd 0.09, Ni 6.2, Cu, 0.01 [97].
Iridium is compatible in clinopyroxene, but incompatible in olivine; Rh is compatible in
olivine, but incompatible in both clinopyroxene and orthopyroxene; Pt is compatible in
orthopyroxene, but incompatible in olivine and clinopyroxene; Pd and Cu are incompatible
elements in all of the minerals mentioned above [98–100]. Hence, if no sulfide saturation
occurs, the PGEs will become progressively fractionated [93], the fractional crystallization
of the mafic minerals can give rise to the decrease of the Ni, Ir, and Rh contents, but
increases the Pt, Pd, and Cu contents in the residual magma. Consequently, the Pd/Ir ratios
of the residual magma increase significantly, while the Cu/Pd ratios remain stable [96].
Once sulfide saturation occurs, most of the PGEs will tend to enter the sulfide [93], which
causes a strong loss of PGEs in the parental magma, while the contents of Ni and Cu
decrease slightly. Consequently, the Pd/Ir ratios in the residual magma remain stable,
while the Cu/Pd ratios increase significantly [96].

With the decrease of Ir, the contents of Rh, Pt, and Pd in the rocks from the Baixintan
intrusion decrease rapidly (Figure 11a–c). A positive correlation between Pt and Pd can
be seen in the rocks (Figure 11d). The Cu/Pd ratios of rocks from the Baixintan intrusion
range from 0.63 × 105 to 4.37 × 105 (Table A5), which are distinctly higher than that of
the primitive mantle (103–104, [95]). The Pd/Ir ratios of the samples do not vary a lot
(Figure 10), ranging from 6.56 to 11.17 (Table A5). The positive correlations between PGEs
and the higher Cu/Pd ratios of samples from the Baixintan intrusion indicate that the
parental magma has experienced a sulfide segregation process. Ruan et al. [101] considered
that the assimilation of crustal Si and S components played important roles on sulfide
segregation in the parental magma of the Baixintan intrusion.

Figure 11. (a) Rh-Ir diagram; (b) Pt-Ir diagram; (c) Pd-Ir diagram; (d) Pd-Pt diagram for rocks from
the Baixintan intrusion.

6.2. Tectonic Settings and Magma Source

In this part, this paper will estimate the tectonic setting and the magma source of
the Baixintan intrusion by comparing it with other two specific mafic-ultramafic intru-
sions, such as the Limahe and Duke Island intrusions, which are generated in different
acknowledged tectonic settings. The Limahe intrusion is located in the Emeishan Large
Igneous Province (ELIP), SW China. The ELIP is composed of huge volumes of Emeishan
flood basalts, numerous mafic-ultramafic intrusions, granites, and syenites [102]. The
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genetic relationship between the mafic-ultramafic intrusions emplaced in the ELIP and
the mantle plume has been discussed in previous studies [87,103–111]. The Duke Island
intrusion, located in Southeastern Alaska, is generally regarded as a zoned Alaskan-type
intrusion [112–115].

6.2.1. Is Baixintan an Alaskan-Type Intrusion?

Some researchers held the view that the Ni-Cu ore-bearing mafic-ultramafic intrusions
(or some of them) located in the Eastern Tianshan orogenic belt are Alaskan-type intrusions
which are formed in the island arc or active continental margin because of their zoned
bodies and some arc-like geochemical characteristics, such as relatively high large ion
lithophile elements (LILE) and low high field strength elements (HFSE), negative anoma-
lies of Nb and Ta [5,34–36]. Most of the classic Alaskan-type intrusions show the following
characteristic features [113]: 1. rock types that are mostly dunite, wehrlite, olivine clinopy-
roxenite, magnetite-rich clinopyroxenite, and gabbro; 2. crude concentric zoning in some of
the larger bodies with dunite in the central-most parts and gabbro in the outer-most parts;
3. principal mineral associations in the ultramafic rocks consisting of olivine, diopside,
magnetite, and hornblende, orthopyroxene and plagioclase are characteristically absent.
The mineral assemblage of Alaskan-type intrusions means that the rocks ought to be de-
pleted in SiO2 and enriched in CaO, especially for the pyroxenites [116]. In the CaO-SiO2
discrimination diagram (Figure 12), samples from the Duke Island intrusion are invariably
plotted into the Alaskan field. However, all the samples from the Baixintan intrusion, as
well as the Limahe intrusion are plotted into the layered intrusion field, showing lower
CaO contents. As we can see in Figure 13, the spinel compositions of the Baixintan and
Limahe intrusions are quite different from that of Alaskan-type zoned ultramafic intrusions.
Samples from the Limahe intrusion falls into the area of “Subvolcanic intrusions related to
flood basalts”, samples from the Baixintan intrusion are plotted into the “Layered intru-
sions”, and most of them are precisely distributed along the right margin of “subvolcanic
intrusions related to flood basalts”.

Figure 12. SiO2-CaO diagram of pyroxenites from the Baixintan, Limahe, and Duke Island intrusions
(after [116]. 1 = Alaskan field, 2 = Ophiolitic field, and 3 = Layered intrusion field. Data source of
Baixintan: [84]; data sources of Duke Island: [114,115]; data sources of Limahe: [80].
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Figure 13. Trivalent ion plots for the Baixintan and Limahe intrusions [117]. Data sources of
Baixintan: [101,118,119]; data source of Limahe: [120].

Based on the evidences from the compositions of pyroxenite and spinel, we consider
that the Baixintan intrusion is not an Alaskan-type intrusion.

6.2.2. What Caused the Negative Anomalies of Nb, Ta, and Ti in the Baixintan Intrusion?

It was demonstrated that contamination by continental crust or lithosphere, or a
metasomatized source by the subduction-related fluids can give rise to negative Nb, Ta,
and Ti anomalies [121]. By contrast, uncontaminated plume-generated basaltic rocks
will normally have flat REE patterns or LREE-enriched patterns and lack negative Nb,
Ta, and Ti anomalies [122–124]. Compared with the plume-derived Limahe intrusion,
samples from the Baixintan intrusion have strongly negative Nb, weakly negative Ta and
Ti anomalies (Figure 5a) and relatively flat REE patterns (Figure 5b). Feng et al. [10] stated
that the Baixintan mafic-ultramafic intrusive rocks are characterized by moderate light
REE enrichments relative to heavy REE and pronounced negative Nb-Ta anomalies. The
prominent negative Nb-Ta anomalies in the Baixintan intrusion were also found by the
authors of [84,125]. However, most samples from the Baixintan intrusion are plotted into
the ocean island basalt (OIB) area in the 87Sr/86Sr(t)-εNd(t) diagram (Figure 6), implying
that they are derived from a more enriched mantle source compared to MORB, which
may be explained by mantle plume material. The lower 87Sr/ 86Sr(t) ratios and higher
εNd(t) values compared with the Limahe intrusion also suggest the magma of the Baixintan
intrusion may have experienced a lower degree of crustal contamination (Figure 6). In
consideration of a low degree of crustal contamination suggested by the Sr and Nd isotopes,
this paper tends to attribute the negative Nb, Ta, and Ti anomalies of the Baixintan intrusion
to its metasomatized mantle source by subduction-related fluids.

This is also supported in the Ba/La-Th/Yb diagram (Figure 14). Rocks produced in
oceanic subduction systems can be divided into two trends [126]. The high Ba/La trend is
thought to be related to slab-derived fluids, and the high Th/Yb trend is attributed to either
melting of subducted sediment or bulk assimilation of sedimentary material, intercalated
within the volcanic pile, during magma ascent through the arc crust [126]. In the Ba/La-
Th/Yb diagram (Figure 14), the Limahe intrusion displays a high Th/Yb ratio trend, while
the Baixintan, similar to the Duke Island intrusion, follows a high Ba/La ratio trend. These
features further indicate that: 1. the assimilation and contamination of crustal materials
played a key role during the formation of the Limahe intrusion, which is consistent with the
information reflected by the Sr and Nd isotopic characteristics (Figure 13); 2. the Baixintan
intrusion may derive from a mantle source that is metasomatized by slab-derived fluids’
components.
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Figure 14. Ba/La-Th/Yb diagram (after [126]). Data sources of Baixintan: this paper, [84]; data
sources of Limahe: [80,81]; data source of Duke Island: [115]; data sources of the Tarim flood basalts
field (51 samples): [88,90,127,128].

Furthermore, previous studies have shown that subduction slab-derived fluids have
made a contribution to the source of intrusions located in the Eastern Tianshan orogenic
belt [11–17], but the contribution of subduction slab-derived fluids to the source of the
Pobei and Hongshishan intrusions in the Beishan Rift was excluded [27,49,50,129,130]. It
means that the scope of impacts on the intrusions by the subduction event is limited in
the region. The impact of subduction seems to be weakened gradually from the Eastern
Tianshan orogenic belt to the Beishan Rift.

6.2.3. A Proposed Plume-Related Back-arc Spreading Tectonic Setting for the
Baixintan Intrusion

The NbN-ThN discrimination diagram [131] displays possible tectonic settings for
the Baixintan and the other two different types of mafic-ultramafic intrusions discussed
previously (Figure 15a,b). In Figure 15a, most of the samples plot into the low-Ti island
arc tholeiite (IAT) field, showing similar geochemical features with island arc tholeiites.
Based on the discussion before, we consider that these arc-like features are caused by its
metasomatized mantle source. In Figure 15b, nearly all of the samples from the Baixintan
intrusion are limited to the Back-arc A field, implying a back-arc setting of Baixintan and
an input of subduction components. In contrast, a large proportion of samples from the
Limahe intrusion fall into the alkaline OIB and the overlap between OIB and P-MORB
field (Figure 15a), which is consistent with its plume source. Moreover, there seems to be a
trend of increasing the OIB-type component from the Baixintan to the Limahe intrusion
(Figure 15b). Samples from the Duke Island intrusion fall into supra-subduction zone
(Figure 15a), which is indicative of a nascent forearc convergent setting (Figure 15b).
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Figure 15. (a) The compositional variations of different intrusions on the ThN-NbN diagram; (b)
tectonic interpretation of different intrusions based on ThN-NbN systematics (after [131]). Data
sources are the same as in Figure 14. Abbreviations: MORB = mid-ocean ridge basalt, N-MORB
= normal-type MORB, G-MORB = garnet-influenced MORB, E-MORB = enriched-type MORB, P-
MORB = plume-type MORB, AB = alkaline ocean-island basalt, IAT = low-Ti island arc tholeiite,
Boninite = very low-Ti boninitic basalt, CAB = calc-alkaline basalt, MTB = medium-Ti basalt, SSZ =
supra-subduction zone, D-MORB = depleted-type MORB, BABB = back-arc basin basalt, Back-arc A =
BABB characterized by input of subduction or crustal components, and Back-arc B = BABB showing
no input of subduction or crustal components. In both panels, Nb and Th are normalized to the
N-MORB composition [82].

The Early Permian Tarim large igneous province (TLIP) in North West China consists
of two magmatic phases [132]: the ~290 Ma magmatic phase is characterized by bimodal
volcanic rocks that consist of rhyolites and basalts, which occur within the Tarim Craton;
the ~280 Ma magmatic phase is mainly composed of intrusive rocks and mafic dikes, which
mainly appear on the northern border of the Tarim Craton and inside of the CAOB [25].
Recently, several zircon U-Pb ages of the Baixintan intrusion have been published. Zir-
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con U-Pb LA-ICP-MS age of plagioclase-bearing lherzolite in the Baixintan intrusion is
277.9 ± 2.6 Ma [125], zircon U-Pb LA-ICP-MS age of olivine gabbro is 287.3 ± 3.1 Ma [84],
and a U-Pb age of olivine norite (olivine gabbro in this paper) is 286.0 ± 1.6 Ma [10]. In
this study, zircons separated from olivine gabbro yielded a SHRIMP U-Pb age of 276.8 Ma
(Figure 4b), which is consistent with [125], but ~10Ma younger than the age reported by the
authors of [10,84]. Even so, the ages obtained indicate that the Baixintan intrusion located
in the Eastern Tianshan belt formed in the Early Permian, which is consistent with the
later magmatic phase of the TLIP. Other ore-bearing intrusions in the Eastern Tianshan
belt and the Beishan Rift formed almost simultaneously (Figure 1b, Table 1). Furthermore,
the mafic-ultramafic intrusions are normally associated with A-type granites spatially and
temporally, suggesting that these magmatic events occurred during an extensional regime,
possibly related to a mantle plume event [25].

Table 1. Zircon U-Pb ages of intrusion located in the Eastern Tianshan orogenic belt and Beishan Rift.

Tectonic Units Intrusions Rock Types Testing Methods Ages (Ma) Data Sources

Dananhu-Tousuquan arc Baixintan
Olivine gabbro SHRIMP 276.8 ± 1.1 This study

Olivine norite LA-MC-ICP-MS 286.0 ± 1.6 [10]

Xiaorequanzi-
Wutongwuzi intra-arc

basin
Lubei Hornblende

gabbro LA-MC-ICP-MS 287.9 ± 1.6 [133]

Juluotage Belt

Huangshan Diorite SHRIMP 269 ± 2 [3]

Huangshandong Olivine norite SHRIMP 274 ± 3 [2]

Huangshannan Gabbronorite SIMS 282.5 ± 1.4 [134]

Xiangshan Norite gabbro SHRIMP 285 ± 1.2 [1]

Tudun Hornblende
gabbro LA-ICP-MS 298.37 ± 0.94 [9]

Hulu Gabbro diorite LA-ICP-MS 274.5 ± 3.9 [135]

Tulaergen Gabbro SHRIMP 300.5 ± 3.2 [8]

Middle Tianshan
Terrane

Tianyu Gabbro LA-ICP-MS 290 ± 3.4 [7]

Baishiquan Gabbro SHRIMP 281 ± 0.9 [5]

Beishan Rift

Xuanwoling Gabbro SIMS 260.7 ± 2.0 [136]

Hongshishan Olivine gabbro LA-ICP-MS 281.8 ± 2.6 [137]

Bijiashan Gabbro SIMS 279.2 ± 2.3 [28]

Luodong Gabbro SIMS 283.8 ± 1.1 [138]

Poyi Gabbro SHRIMP 278 ± 2 [139]

In the Nb/Yb-Th/Yb discrimination diagram (Figure 16a), the oceanic basalts (intra-
plate islands, plume-distal ocean ridges and oceanic plateau) plot predominantly within
the MORB-OIB array (shaded), while crustally contaminated basalts and alkalic basalts
containing a large recycled component mainly plot above the MORB-OIB array, or on
a vector at a steep angle to the array [140]. As Figure 16a shows, both the Limahe and
Baixintan intrusions plot above the MORB-OIB array, indicating crustal contamination
and a metasomatized mantle source of them, respectively. However, unlike the Limahe
intrusion showing an affinity with the OIB components, the samples of Baixintan have
lower Th/Yb ratio, which are closer to the E-MORB components. There is a similar case in
the Nb/Yb -TiO2/Yb diagram (Figure 16b), where the samples from the Limahe intrusion
mostly plot in the OIB array due to its mantle plume source, while more than half of the
samples from the Baixintan intrusion plot in the E-MORB field inside of the MORB array.
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Figure 16. Nb/Yb-Th/Yb diagram (a) and Nb/Yb-TiO2/Yb diagram (b) for the Baixintan, Limahe,
and Duke Island intrusions (after [140]). Data sources are the same as in Figure 14.

It is generally believed that N-MORB and OIB are two separate end members, while
E-MORB is mixed by N-MORB and OIB in different degrees [141–143], which is considered
to be the result of plume and Mid-Ocean Ridge interaction [144–146]. It is suggested that E-
MORB formed at plume-proximal ridge settings [140]. Similar geochemical characteristics
of the Baixintan intrusion to those of E-MORB imply that it may be generated from a
plume-related setting.

In consideration of geochronology and geochemical characteristics of the Baixintan
intrusion, we suggest that the Baixintan intrusion may be generated from a back-arc
spreading environment and related to a mantle plume.

6.3. Conceptional Genetic Model

Based on the nature of the magma source and the tectonic setting of the Baixintan
intrusion reflected by geochemical characteristics, this paper proposes a geological evolu-
tionary process for the Eastern Tianshan region: before the Early Permian, the subduction
of the Paleo-Asian Ocean had altered the lithospheric mantle beneath the Eastern Tianshan
region, making it contain some subduction slab-derived fluids’ components. However,
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the subduction event did not impact the sources of intrusions located in the Beishan Rift
on the south (Figure 17a). By the Early Permian, the Paleo-Asian Ocean had closed, and
the Eastern Tianshan region was then in a back-arc spreading setting. By ~280 Ma, the
mantle plume upwelled, and the magma derived from the mantle plume was influenced
by lithospheric mantle containing subduction components. At last, the magma intruded
into the crust, and ore-bearing mafic-ultramafic intrusions with the arc-like geochemical
characteristics formed in the Eastern Tianshan orogenic belt (Figure 17b).

Figure 17. Proposed model showing (a) the evolution of the Paleo-Asian Ocean before the Early
Permian, (b) mantle plume magmatism in the Eastern Tianshan region and the Beishan Rift in
~280 Ma.

7. Conclusions

The ~276 Ma Baixintan Ni-Cu ore-bearing mafic-ultramafic intrusion was emplaced
in a back-arc spreading environment, and may be related to a mantle plume. The parental
magmas for the Baixintan intrusion were likely high-Mg tholeiitic basaltic in composition
and had already experienced sulfide segregation. The magma derived from the mantle
plume was influenced by lithospheric mantle containing subduction slab-derived fluids’
components, which give rise to the negative anomalies of Nb, Ta, and Ti elements in the
Baixintan intrusion.
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Appendix A

Table A1. Zircon SHRIMP U-Pb age results for the olivine gabbro from the Baixintan intrusion.

Measure
Point

206Pbc
%

U
ppm

Th
ppm

232Th/238U
206Pb*

ppm

206Pb/238U
Age

207Pb/206Pb
Age

208Pb/232Th
Age

207Pb*/206

Pb*
errors
±%

207Pb*/235U
errors
±%

206Pb*/238U
errors
±%

BXT-1 0.13 385 703 1.89 14.4 273.9 ± 2.0 267 ± 57 269.5 ± 3.5 0.0516 2.5 0.3087 2.6 0.04341 0.76
BXT-2 0.14 602 866 1.49 22.8 278.4 ± 1.9 286 ± 58 269.7 ± 3.3 0.0520 2.6 0.3164 2.6 0.04413 0.68
BXT-3 0.17 1005 1921 1.98 38.2 278.9 ± 1.7 218 ± 49 268.5 ± 2.6 0.0505 2.1 0.3079 2.2 0.04422 0.61
BXT-4 0.00 388 544 1.45 14.6 275.5 ± 2.0 300 ± 50 275.1 ± 3.7 0.0523 2.2 0.3151 2.3 0.04366 0.75
BXT-5 0.19 605 858 1.47 23.0 278.9 ± 1.8 108 ± 47 273.6 ± 3.2 0.04819 2.0 0.2938 2.1 0.04422 0.67
BXT-6 0.18 512 1004 2.03 19.3 276.5 ± 1.9 209 ± 52 268.0 ± 3.1 0.0503 2.2 0.3039 2.3 0.04382 0.72
BXT-7 0.06 1356 1241 0.95 51.6 279.1 ± 1.6 237 ± 28 270.2 ± 2.5 0.05091 1.2 0.3106 1.3 0.04425 0.57
BXT-8 0.14 485 860 1.83 18.5 280.2 ± 2.0 295 ± 46 274.7 ± 3.3 0.0522 2.0 0.3198 2.2 0.04442 0.72
BXT-9 0.08 593 1367 2.38 22.3 275.9 ± 1.9 230 ± 51 267.9 ± 3.0 0.0508 2.2 0.3061 2.3 0.04374 0.69
BXT-10 – 294 664 2.34 11.2 280.3 ± 2.3 311 ± 58 277.9 ± 3.9 0.0526 2.5 0.3221 2.7 0.04444 0.84
BXT-11 0.15 957 1513 1.63 36.5 279.2 ± 1.7 298 ± 34 272.8 ± 2.6 0.05228 1.5 0.3191 1.6 0.04427 0.61
BXT-12 0.21 685 1069 1.61 26.1 279.0 ± 1.8 104 ± 52 270.4 ± 3.0 0.0481 2.2 0.2933 2.3 0.04423 0.66
BXT-13 0.09 358 605 1.75 13.4 275.1 ± 2.1 263 ± 58 259.4 ± 4.7 0.0515 2.5 0.3096 2.6 0.04360 0.78
BXT-14 0.20 1090 2190 2.08 41.0 275.7 ± 1.6 211 ± 36 265.9 ± 2.4 0.05035 1.6 0.3033 1.7 0.04369 0.60
BXT-15 0.26 521 948 1.88 19.6 275.6 ± 1.9 190 ± 67 265.6 ± 3.3 0.0499 2.9 0.3005 3.0 0.04368 0.72
BXT-16 0.09 932 1326 1.47 34.8 274.0 ± 1.7 284 ± 35 269.6 ± 2.7 0.05196 1.5 0.3111 1.6 0.04342 0.62
BXT-17 0.10 1455 2062 1.46 54.9 276.9 ± 1.5 190 ± 29 268.5 ± 2.3 0.04990 1.3 0.3019 1.4 0.04388 0.57
BXT-18 0.15 540 909 1.74 20.1 272.4 ± 1.9 232 ± 50 269.2 ± 3.2 0.0508 2.2 0.3023 2.3 0.04315 0.70
BXT-19 0.05 1003 1658 1.71 37.3 273.3 ± 1.6 282 ± 33 264.5 ± 2.5 0.05192 1.4 0.3100 1.6 0.04331 0.62
BXT-20 0.20 1218 2709 2.30 45.8 275.6 ± 1.6 202 ± 31 270.4 ± 4.2 0.05015 1.3 0.3020 1.4 0.04368 0.59
BXT-21 0.26 750 1494 2.06 28.7 280.0±1.9 212±60 273.0 ± 3.1 0.0504 2.6 0.3082 2.7 0.04439 0.70

Errors are 1-sigma; Pbc and Pb* indicate the common and radiogenic portions, respectively. Error in Standard calibration was 0.22% (not included in above errors but required when comparing data from different
mounts). (1) Common Pb corrected using measured 204Pb. (2) Common Pb corrected by assuming 206Pb/238U-207Pb/235U age-concordance. (3) Common Pb corrected by assuming 206Pb/238U-208Pb/232Th
age-concordance.
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Table A2. Major (wt. %) and trace element (×10−6) analyses of the Baixintan intrusion.

Sample BXT-B5 BXT-B10 BXT-B14 BXT-B17 BXT-B19 BXT-B20 BXT-B21 BXT-B22 BXT-B25 BXT-B26 GWB07104/
GWB07105

GWB07104/
GWB07105

Rock types Lherzolite Lherzolite Lherzolite Lherzolite Lherzolite Olivine
Gabbro Lherzolite Gabbro Gabbro Gabbro Andesite/

Basalt
Andesite/

Basalt

Analytical Values Recommended
Values

SiO2 41.33 40.75 41.10 41.25 42.72 47.87 42.22 45.27 47.96 48.42 60.71 60.62
TiO2 0.31 0.30 0.35 0.38 0.42 0.59 0.48 0.49 1.33 0.57 0.521 0.515

Al2O3 5.84 5.02 5.36 5.74 7.54 18.04 4.39 15.32 16.98 17.62 16.12 16.17
TFeO 11.33 11.70 11.48 11.39 10.90 6.66 11.86 7.45 8.57 5.49 4.88 4.41
MnO 0.18 0.18 0.18 0.18 0.17 0.11 0.18 0.12 0.16 0.10 0.078 0.078
MgO 30.10 32.28 31.22 29.99 26.79 10.67 30.78 14.92 7.93 9.87 1.71 1.72
CaO 3.33 2.82 2.90 3.11 4.09 9.57 2.62 7.94 9.02 10.09 5.26 5.20

Na2O 0.75 0.66 0.77 0.82 1.04 2.14 0.78 2.21 3.48 3.27 3.89 3.86
K2O 0.29 0.22 0.29 0.32 0.34 0.37 0.41 0.25 0.43 0.29 1.87 1.89
P2O5 0.074 0.062 0.071 0.082 0.083 0.095 0.092 0.074 0.18 0.073 0.244 0.236
NiO 0.148 0.158 0.144 0.148 0.116 0.0308 0.138 0.0461 0.016 0.0226 0.0024 0.0021

Cr2O3 0.36 0.385 0.334 0.338 0.247 0.0587 0.328 0.0931 0.0294 0.077 0.0043 0.0046
LOI 5.50 5.03 5.32 5.76 5.11 3.54 5.24 5.58 3.64 3.87 4.44 4.44
Mg# 82.57 83.11 82.90 82.44 81.42 74.05 82.23 78.11 62.26 76.22 - -

MgO/TFeO 2.66 2.76 2.72 2.63 2.46 2.60 2.11 2.00 1.80 1.60 - -
Total 99.90 99.90 99.87 99.90 99.86 99.91 99.89 99.94 99.94 99.89 - -
Rb 9.52 6.54 7.38 7.93 8.6 9.26 8.72 7.04 7.52 5.17 40.25 37
Sr 163 120 132 193 197 383 60.8 324 494 463 1192.2 1100
Ba 74 60.2 65.9 76 88 113 82.3 94.2 142 167 512.7 527
Y 10.40 6.50 7.00 7.87 8.63 12.80 10.20 10.20 15.20 13.40 21.95 22
Zr 30.7 27.1 28.6 31.1 35.1 46.1 45.7 35.4 70.1 46.6 271.50 277
Nb 3.05 2.6 2.43 2.27 2.1 2.13 2.18 1.68 4.33 1.94 70.21 68
Ta 0.37 0.33 0.39 0.33 0.35 0.34 0.34 0.30 0.40 0.25 4.127 4.3
Hf 0.97 0.81 0.91 0.98 1.12 1.46 1.40 1.16 1.82 1.38 6.463 6.5
Th 1.00 0.81 0.82 0.83 0.94 1.08 0.98 1.02 0.50 0.84 5.81 6.0
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Table A3. Major (wt. %) and trace element (×10−6) analyses of the Baixintan intrusion.

Sample BXT-B5 BXT-B10 BXT-B14 BXT-B17 BXT-B19 BXT-B20 BXT-B21 BXT-B22 BXT-B25 BXT-B26 GWB07104/
GWB07105

GWB07104/
GWB07105

Rock types Lherzolite Lherzolite Lherzolite Lherzolite Lherzolite Olivine
Gabbro Lherzolite Gabbro Gabbro Gabbro Andesite/

Basalt
Andesite/

Basalt

Analytical Values Recommended
Values

U 0.19 0.18 0.18 0.20 0.25 0.34 0.30 0.45 0.28 0.30 1.331 1.4
Pb 3.34 2.1 3.05 2.24 2.9 3.04 2.3 2.84 1.69 3.96 6.76 7
Cs 0.77 0.37 0.56 1.28 1.08 0.48 0.55 0.68 0.52 0.89 0.635 0.7
La 3.65 2.91 3.27 3.67 4.06 5.19 4.58 4.10 6.09 4.62 54.81 56
Ce 8.76 6.95 7.65 8.85 9.67 12.30 10.30 9.66 15.00 10.80 104.62 105
Pr 1.22 0.98 1.09 1.22 1.32 1.75 1.50 1.42 2.31 1.59 12.74 13.2
Nd 5.46 4.44 4.94 5.67 5.98 8.15 6.95 6.46 11.10 7.69 48.43 54
Sm 1.48 1.14 1.31 1.46 1.63 2.25 1.84 1.79 3.00 2.21 9.84 10.2
Eu 0.53 0.38 0.44 0.47 0.54 0.80 0.54 0.64 1.18 0.84 3.215 3.2
Gd 1.63 1.14 1.34 1.50 1.67 2.30 1.94 1.82 2.96 2.40 8.38 8.5
Tb 0.29 0.20 0.24 0.27 0.29 0.44 0.32 0.34 0.55 0.42 1.191 1.2
Dy 1.63 1.22 1.42 1.54 1.75 2.55 1.93 2.01 2.90 2.54 5.53 5.6
Ho 0.36 0.26 0.30 0.33 0.36 0.52 0.40 0.41 0.57 0.53 0.844 0.88
Er 0.96 0.72 0.81 0.90 1.01 1.46 1.16 1.13 1.62 1.40 1.958 2.0
Tm 0.15 0.11 0.12 0.14 0.15 0.22 0.18 0.18 0.24 0.21 0.261 0.28
Yb 0.92 0.72 0.77 0.86 0.96 1.45 1.16 1.14 1.56 1.35 1.437 1.5
Lu 0.14 0.11 0.12 0.13 0.15 0.23 0.18 0.18 0.23 0.20 0.172 0.19

∑REE 37.57 27.78 30.81 34.87 38.17 52.41 43.18 41.48 64.52 50.19 - -
LREE 21.10 16.79 18.70 21.34 23.20 30.44 25.71 24.07 38.68 27.75 - -
HREE 16.47 10.98 12.11 13.53 14.97 21.97 17.47 17.41 25.84 22.44 - -

LREE/HREE 1.28 1.53 1.54 1.58 1.55 1.39 1.47 1.38 1.50 1.24 - -
δEu 1.04 1.00 1.00 0.97 0.98 0.87 1.06 1.08 1.20 1.11 - -

Note: Mg# = 100 × Mg2+/(Mg2+ + Fe2+), TFeO = FeO + 0.8998 × Fe2O3, and δEu = 2 × EuN/(SmN + GdN).



Minerals 2021, 11, 348 24 of 31

Table A4. Sr-Nd isotopic analytical results of samples from the Baixintan intrusion.

Sample No. BXT-B5 BXT-B10 BXT-B14 BXT-B17 BXT-B19 BXT-B20 BXT-B21 BXT-B22 BXT-B23 BXT-B25 BXT-B26

Rock Types Lherzolite Lherzolite Lherzolite Lherzolite Lherzolite Olivine
Gabbro Lherzolite Gabbro Lherzolite Gabbro Gabbro

Rb (×10−6) 11.34 7.11 8.06 9.58 9.76 8.73 10.78 6.96 4.77 10.10 5.87
Sr (×10−6) 175.76 127.38 133.10 206.04 201.95 393.46 56.91 386.14 225.34 516.02 468.92
87Rb/86Sr 0.186609 0.161571 0.175169 0.134506 0.139896 0.064176 0.548149 0.052160 0.061252 0.056626 0.036231
87Sr/86Sr 0.704373 0.704181 0.704230 0.704948 0.704319 0.703920 0.706009 0.704282 0.704570 0.703719 0.704097

2σ 0.000012 0.000010 0.000010 0.000010 0.000012 0.000011 0.000010 0.000010 0.000011 0.000013 0.000012
(87Sr/86Sr)i 0.703638 0.703545 0.703540 0.704418 0.703768 0.703667 0.703850 0.704077 0.704329 0.703496 0.703954
Sm (×10−6) 1.21 1.07 1.23 1.31 1.47 2.12 1.67 1.70 1.33 2.99 2.16
Nd (×10−6) 4.88 4.06 4.66 5.08 5.61 7.69 6.25 6.05 4.86 11.06 7.24

147Sm/144Nd 0.150392 0.159137 0.159332 0.155910 0.157928 0.166553 0.160894 0.169709 0.164625 0.163339 0.179852
143Nd/144Nd 0.512794 0.512820 0.512801 0.512830 0.512842 0.512884 0.512826 0.512843 0.512849 0.512972 0.512870

2σ 0.000026 0.000020 0.000021 0.000016 0.000015 0.000013 0.000016 0.000018 0.000016 0.000008 0.000012
(143Nd/144Nd)i 0.512522 0.512532 0.512512 0.512548 0.512556 0.512582 0.512534 0.512536 0.512551 0.512676 0.512544

εNd(t) 4.68 4.88 4.50 5.19 5.35 5.87 4.94 4.96 5.25 7.70 5.12
Age (Ma) 276.8

Standards
Recommended value Analytical value Recommended value Analytical value

87Sr/86Sr 2σ 87Sr/86Sr 2σ 143Nd/144Nd 2σ 143Nd/144Nd 2σ

BHVO-2 0.70348 0.0002 0.703484 0.00007 0.51297 0.00003 0.512950 0.000008
BCR-1 0.70501 0.0002 0.705017 0.00009 0.51263 0.00002 0.512641 0.000011
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Table A5. Concentrations of chalcophile elements in the Baixintan intrusion.

Sample No. BXT-B5 BXT-B10 BXT-B14 BXT-B17 BXT-B19 BXT-B20 BXT-B21 BXT-B22 BXT-B23 BXT-B25 BXT-B26

Rock Types Lherzolite Lherzolite Lherzolite Lherzolite Lherzolite Olivine
Gabbro Lherzolite Gabbro Lherzolite Gabbro Gabbro

Os 0.21 0.29 0.34 0.23 0.07 0.03 0.12 0.04 0.1 0.07 0.04
Ir 0.11 0.14 0.16 0.11 0.06 0.03 0.06 <0.02 <0.02 0.03 <0.02

Ru 0.32 0.34 0.41 0.32 0.19 0.17 0.22 0.15 0.17 0.15 0.16
Rh 0.11 0.12 0.16 0.12 0.06 0.03 0.06 0.03 0.42 0.02 0.23
Pt 1.58 2.43 2.73 1.72 0.69 0.2 1.59 0.2 0.24 0.24 <0.2
Pd 0.95 1.12 1.05 0.94 0.6 0.2 0.67 0.21 0.34 0.3 <0.2
Ni 1090 1300 1160 1170 949 201 1110 314 403 106 174
Cu 72.6 124 106 148 230 46.4 115 91.7 127 18.9 90.9
S 1338 1124 919 1147 2180 883 1030 507 408 638 547

ΣPGE 3.28 4.44 4.85 3.44 1.67 0.66 2.72 - - 0.81 -
IPGE 0.64 0.77 0.91 0.66 0.32 0.23 0.40 - - 0.25 -
PPGE 2.64 3.67 3.94 2.78 1.35 0.43 2.32 0.44 1.00 0.56 -
Ni/Cu 15.01 10.48 10.94 7.91 4.13 4.33 9.65 3.42 3.17 5.61 1.91
Pd/Ir 8.64 8.00 6.56 8.55 10.00 6.67 11.17 - - 10.00 -

Cu/Pd 76.42 110.71 100.95 157.45 383.33 232.00 171.64 436.67 373.53 63.00 -

Sample
GBW07290 (Peridotite) GBW07291 (Pyroxene peridotete)

Analytical results Reference values Analytical results Reference values

Os 7.59 9.6 ± 2.0 1.99 2.4 ± 0.6
Ir 4.07 4.3 ± 0.5 6.45 4.7 ± 1.1

Ru 10.0 14.7 ± 2.7 1.80 2.5 ± 0.2
Rh 1.23 1.3 ± 0.3 5.05 4.3 ± 0.8
Pt 6.39 6.4 ± 0.9 62.8 58 ± 5
Pd 3.83 4.6 ± 0.6 73.9 60 ± 9

Sample
GXR-1 GXR-3

Analytical results Recommended values Analytical results Recommended values

Ni 44.2 41 65.1 60
Cu 1055 1110 17.2 15
S 2657 2570 2428 2320

Ni, Cu, S in ppm, PGEs in ppb.
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