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Abstract: The final closure time of the Paleo-Asian Ocean and the Permo-Carboniferous tectonic
settings in the northern Alxa are very important but controversial tectonic issues. The geochronology
and petrogenesis of mafic igneous rocks are superior in clarifying regional tectonic settings. Here,
we report on zircon U-Pb-Hf isotopes, biotite 4*Ar/3% Ar geochronology and whole-rock geochemical
data of the hornblende gabbro from the Baogeqi gabbro pluton in the northern Alxa. The LA-
ICP MS U-Pb analysis of zircon grains from the hornblende gabbro yield a weighted mean age of
262.7 £ 2.3 Ma (20, MSWD = 0.74), manifesting that the Baogeqi gabbro pluton emplacement was
during the late Middle Permian (Capitanian). The “’Ar /3 Ar dating of biotite grains from the horn-
blende gabbro yields a plateau age of 231.3 £ 1.6 Ma (20, MSWD = 0.55), indicating that the Baogeqi
gabbro pluton cooled to below 300 °C in the Triassic. The hornblende gabbro samples are calc-alkaline
with metaluminous character, and show enrichment in large ion lithophile elements (e.g., Rb, Ba, Sr,
and K) but depletion in Nb, Ta, P, Th, and Ti relative to primitive mantle. Combined with the positive
zircon eHf(t) values (+4.9—+9.4), we suggest that the magmas formed from the partial melting of
depleted mantle were metasomatized by slab-derived fluids. Together with regional geology, these
geochemical data suggest that the Baogeqi gabbro pluton was formed in an intracontinental extension
setting, further indicating that the Paleo-Asian Ocean in the northern Alxa was closed prior to the late
Middle Permian (Capitanian), and this region was in a post-collision extensional setting during
the Capitanian-Late Permian. In addition, the Triassic cooling of the gabbro pluton may be a record
of the decline of the Capitanian-Late Permian post-collisional extension basin due to the far-field
effect of subduction-collision during the closure of the Paleo-Tethys Ocean.

Keywords: gabbro; geochronology; petrogenesis; the north Alxa; Paleo-Asian Ocean

1. Introduction

The Central Asian Orogenic Belt (CAOB) is composed of a large number of accretionary
complexes, magmatic arcs, arc-related basins, ophiolites, seamounts, and continental frag-
ments, which witnessed the long-term subduction and closure processes of the Paleo-Asian
Ocean between the Siberia and East Europe cratons to the north, and the North China
and Tarim cratons to the south (Figure 1a) [1-5]. Although a large number of works have
been carried out on the CAOB, there is still no consensus on its geological evolution since
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the Paleozoic, especially on the final closure time of the Paleo-Asian Ocean and the Permo-
Carboniferous tectonic setting of the CAOB [4,6,7]. Previous studies on these issues mainly
focused on the Junggar, Tianshan, Altai, and Beishan areas in the western segment of
the CAOB, and the Xingmeng areas in the eastern segment of the CAOB [7-16], while
the northern Alxa in the middle segment of the CAOB has received less attention [17-23].

104° -
1 ' (b)
Mongolia .M%%fﬂonkef
4 ==
0 50 100 km ’?;‘lg %\f = :)Cng
- - ﬁ,,ﬂ 2 ' Illeng- .
4// : " |
- 2\,;"*»&% éi. ¢ 5L { i& . | 9
6"(’ . R ‘%ﬂ) /g - —_ " g fr Jﬂ’_; m’fgf’fdgﬂf{ ‘,‘_"»
: géZhUSI!eng Ha-fggwgla tecto[‘lf ZONE e == i _&T@:Back Banner
e «vbﬂ\ﬁ‘g %Enge:y Fl%}re 2 ; ;
o f it P 2P
& o ¢ mc zone= 0‘?11153'
23 Sha\azhashan tecto ﬁr
Zongnaii[\gn- : QuaganQ é
e p o
- akagar @ “‘“" “ ;
North China Craton
- 40°

/
ﬁ - Ultramafic to mafic rocks - Mesozoic granitoids

b \// \

2

l East Europe l /\ S:b:nn '\‘ )

I:l Late Paleozoic granitoids I:l Early Paleozoic granitoids

I:l Triassic I:l Permian
Bl (et
Alxa Terrane [ siturian [ ] ordovician

I:l Cambrian I:l Precambrian
[ TP by WP Ligen

Figure 1. (a) Simplified tectonic sketch map of the Central Asian orogenic belt (CAOB) with the lo-
cation of the studied area. Modified after [24]; (b) Geological map of the northern Alxa. Modified
after [20].

Located at the junction between the North China Craton, Tarim Craton, and Mon-
golian microcontinents, the northern Alxa area is a part of the CAOB, and is therefore
a key area for deciphering the evolution of the Paleo-Asian Ocean [18,23,25]. In terms of
the closure time of the Paleo-Asian Ocean in the northern Alxa, there are currently three
popular viewpoints: Devonian-Early Carboniferous [19,26]; late Early Permian-early Mid-
dle Permian [20,24,26], and latest Permian-Early Triassic [18,27]. Based on the closure time
of the Paleo-Asian Ocean, three different perspectives are proposed regarding the Permo-
Carboniferous tectonic setting: an intracontinental rift setting [19,25]; a tectonic transitional
setting from subduction-collision to intracontinental extension [20,25,27], and a continuous
subduction setting [18,28]. These disagreements suggest that more work is needed to clarify
the closure time of the Paleo-Asian Ocean and the Permo-Carboniferous tectonic setting
in the northern Alxa.

There is a consensus that mafic igneous rocks are superior in clarifying the tectonic set-
tings of key periods due to their direct derivation from partial melting of the mantle [29-31].
Therefore, the Baogeqi gabbro pluton in the northern Alxa has become one of the best
targets to constrain the closure time of the Paleo-Asian Ocean and the Permo-Carboniferous
tectonic setting. In this contribution, we present new data on zircon U-Pb-Hf isotopes,
biotite *Ar/3° Ar geochronology and whole-rock geochemistry of the hornblende gabbro
from the Baogeqi gabbro pluton. Our results are used to provide new constraints on the pet-
rogenesis, emplacement, and cooling of the Baogeqi gabbro pluton in the northern Alxa,
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and shed light on the closure time of the Paleo-Asian Ocean and the Permo-Carboniferous
tectonic setting.

2. Geological Background and Sample Description

The northern Alxa, situated in western Inner Mongolia of China, occupies the middle
segment of the southernmost CAOB and connects the Xingmeng orogen to the east and
the Beishan-Tianshan orogen to the west [4,32]. Regional geological works in the northern
Alxa show that there are two ophiolite belts, i.e., Enger Us Ophiolite Belt in the north and
Quagan Qulu Ophiolite Belt in the south [23]. In general, the Enger Us Ophiolite Belt is
regarded as the final closure site of the Paleo-Asian Ocean, and the Quagan Qulu Ophiolite
Belt is considered to be a suture related to the closure of a back-arc basin [17,23,33].

Based on the differences in stratigraphy, paleontology, and magmatism, these two
ophiolite belts could divide the northern Alxa into three tectonic zones from north to south:
the Zhusileng-Hangwula, the Zongnaishan-Shalazhashan, and Nuoergong-Honggueryulin
tectonic zones (Figure 1b) [23]. The Zhusileng-Hangwula tectonic zone is composed mainly
of Paleozoic-Mesozoic sedimentary rocks, with subordinate Late Paleozoic magmatic rocks
and Precambrian rocks [17]. The Zongnaishan-Shalazhashan tectonic zone mainly consists
of Late Paleozoic-Early Mesozoic magmatic rocks and Cretaceous sedimentary rocks, with
subordinate Permo-Carboniferous sedimentary rocks, minor Early Paleozoic magmatic
rocks, and Mesoproterozoic basement rocks [34,35]. The Nuoergong-Honggueryulin tec-
tonic zone is characterized by widely outcropped Neoarchean-Paleoproterozoic basement
rocks and Paleozoic-Mesozoic magmatic rocks [35,36].

The Baogeqi gabbro pluton is located in the middle part of the Zongnaishan-Shalazhashan
tectonic zone. This pluton, covering an area of approximately 160 km? and extending
in the EW direction for over 40 km, is the largest mafic intrusion in the Zongnaishan-
Shalazhashan tectonic zone (Figure 2). The western part of the Baogeqi gabbro pluton
was emplaced into the Upper Carboniferous to Lower Permian Amushan Formation
(Figure 3a,b), while the east part of this pluton is in intrusive contact with later granitoid
plutons. The hornblende gabbro samples are located at the western margin of the Bao-
geqi gabbro pluton. They have moderate-grained texture and are mainly composed of
plagioclase and hornblende, with minor pyroxene and biotite (Figure 3c,d).
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Figure 2. Geological map of the study area showing the distribution of the Baogeqi gabbro pluton.
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Figure 3. Field photographs and photomicrographs showing petrographic features of the hornblende
gabbro from the Baogeqi gabbro plutonthe Baogeqi gabbro: (a) The intrusive contact relationship
between the Baogeqi gabbro plutonthe Baogeqi gabbro and Amushan Formation sedimentary rocks;
(b) Outcrop of the Baogeqi gabbro plutonthe Baogeqi gabbro; (c) The photomicrograph of the horn-
blende gabbrothe Baogeqi gabbro in plane polarized light, and (d) The photomicrograph of the horn-
blende gabbrothe Baogeqi gabbro under cross polarized light. Mineral abbreviations: Pl—plagioclase;
Qtz—quartz; Hb—hornblende; Px—Pyroxene; Bt—biotite; Afs—Alkali feldspar.

3. Analytical Methods

In this study, the samples selected for zircon U-Pb-Hf isotopic, biotite “°Ar/3°Ar
geochronological, and whole-rock geochemical analyses were fresh and the least affected
by post-magmatic weathering. Zircon grains and medium-sized (200-500 um) biotite grains
were separated using conventional heavy liquid and magnetic techniques in the Shangyi
Geologic Service Co., Ltd., Langfang, Hebei Province, China. All analyses were performed
at the State Key Laboratory of Continental Dynamics, Northwest University, Xi’an, China.

3.1. Zircon U-Pb Dating and Hf Isotope Analyses

About 150 zircon grains were randomly selected and mounted in epoxy resin and
polished. Cathodoluminescence (CL) images were obtained using a Quanta 400FEG en-
vironmental scanning electron microscope equipped with an Oxford energy-dispersive
spectroscopy system. In situ LA-ICP-MS zircon U-Pb dating was conducted on an Agilent
7500a ICP-MS instrument equipped with a 193 nm ArF excimer laser and a homogenizing
imaging optical system. A fixed spot size of 32 pm with a laser repetition rate of 6 Hz
was adopted throughout this study. Standard zircon 91500 and reference material GJ-1
were used for U-Pb isotopic ratio correction. The isotopic ratios were calculated using
the GLITTER 4.0 program (Macquarie University, Ryde, Australia) and were corrected
for both instrumental mass bias, depth-dependent elemental, and isotopic fractionation.
Concordia diagrams and weighted mean calculations were made using the Isoplot program
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(version 4.15) [37]. A detailed analytical procedure of age and trace element determinations
of zircons can be found in [38].

In situ zircon Hf isotope analysis was undertaken on a Nu Plasma HR MC-ICP-MS
(Nu Instrument Ltd., Wrexham, UK) equipped with a GeoLas 2005 193 nm ArF-excimer
laser-ablation system. During analysis, a laser repetition rate of 10 Hz at 100 m] was
used and spot sizes were 44 um. Helium was used as carrier gas. Zircon standards 91500
and Mud Tank were treated as quality control every ten unknown samples. The detailed
analytical procedure was described by [39].

3.2. Biotite “0Ar/° Ar Dating

The concentrates of biotite were irradiated at the China Mianyang Research Reactor
(CMRR) for 30 h with fluence monitors of ZBH-25 biotite (132.9 + 1.3 Ma) [40]. The biotite
40 Ar/% Ar dating was conducted on a multi-collector Argus VI noble gas mass spectrometer,
linked to a UHV gas extraction/purification line and an ESI MIR10-30 10.6 CO, laser system.
Mineral sample preparation and 4°Ar/3° Ar analytical methods were described in detail by [41].
The *°Ar/% Ar dating results were calculated and plotted using the ArArCALC software [42].
Decay constant used were those given by [43]. Correction factors for interfering isotopes
were calculated from analyses of co-irradiated Ca-glass samples and K-glass samples, and are
(P Ar/¥Ar)g = 0.00232, ( Ar/% Ar)c, = 0.000617, and (*®Ar/% Ar)c, = 0.000235.

3.3. Whole-Rock Geochemical Analyses

For geochemical analysis, fresh whole-rock samples were crushed in an agate mill
to ~200 mesh. Major element contents were determined using a Rikagu RIX 2100 X-
ray fluorescence (XRF) spectrometer, with analytical uncertainties lower than 5%. Trace
element concentrations were analyzed by using an Agilent 7700a inductively coupled
plasma mass spectrometer (ICP-MS), employing United States Geological Survey (USGS)
and international rock standards (BHVO-2, AGV-2, BCR-2, and GSP-1). The analytical
precision and accuracy for most of the trace elements were better than 5% [38].

4. Results
4.1. Zircon U-Pb Ages and Hf Isotope Compositions

Zircon U-Pb dating results are presented in Table Al and Figure 4. Zircon grains of
the hornblende gabbro from the Baogeqi gabbro pluton are mostly subhedral-euhedral
prismatic crystals, ranging in size from 140 to 300 um with aspect ratios between 1:1 and
3:1. In CL images, they commonly exhibited fine-scale and striped absorption oscillatory
zoning (Figure 4a). Zircon trace element compositions revealed that they have variable Th
and U contents of 13-2644 ppm and 58-2688 ppm, respectively, corresponding to Th/U
ratios of 0.10-1.49, indicative of a magmatic origin. Twenty-five grains were selected for
zircon U-Pb dating using LA-ICP-MS. Two of the analytical spots had a discordance > 10%
and were rejected. The other 23 analytical spots were concordant and yielded a weighted
mean 2°°Pb /238U age of 262.7 & 2.3 Ma (26, MSWD = 0.74) (Figure 4a,b).

Fifteen grains that were previously analyzed by U-Pb methods were also analyzed for
Lu-Hf isotopes on the same spot, and the results are presented in Table A2 and Figure 4.
Fifteen analyses displayed 76Lu/7Hf and 76Hf/!77Hf ratios of 0.000212-0.007454 and
0.282762-0.282880, respectively. Their age-corrected ¢Hf(t) values ranged from +4.9 to
+9.4 (Figure 4c), corresponding to single-stage zircon Hf model ages (Tpp1) of 794-529 Ma
(Figure 4d), and two-stage zircon Hf model ages (Tpmp) of 991-689 Ma.
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Figure 4. The diagrams for zircon U-Pb-Hf isotopes of the hornblende gabbro from the Baogeqi
gabbro pluton: (a) Representative zircon cathodoluminescence images and U-Pb concordia dia-
gram; (b) Weight mean plot of the concordant ages; (c) Plot of zircon eHf(t) values vs. U-Pb ages;
(d) Histograms of Tpyg; model ages of zircons.

4.2. Biotite 0 Ar/ Ar Geochronology

The biotite 4 Ar/3° Ar stepwise heating results for the hornblende gabbro from the Bao-
geqi gabbro pluton are given in Table A3 and Figure 5. Nineteen laser heating stages
were carried out for the sample, and stages 8-18 yielded a wide flat age spectrum with
plateau age of 231.6 4 1.6 Ma (20), corresponding to 65.14% of the total 3 Ar released and
MSWD = 0.55 (Figure 5a). On the inverse 40Ar /3 Ar isochron diagram, the data points de-
fined an isochron with an age of 230.8 = 6.9 Ma (20), corresponding to an initial *°Ar/3*Ar
ratio of 300 & 70 and MSWD = 0.61 (Figure 5b).
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Figure 5. (a) Apparent age spectra and (b) inverse isochron diagram for biotite from the hornblende

gabbro of the Baogeqi gabbro pluton obtained from *°Ar/3° Ar step heating analyses.

4.3. Whole-Rock Geochemistry

The analytical results of whole-rock major and trace element compositions are listed
in Table A4. The studied four hornblende gabbro samples showed SiO, = 51.90~54.99 wt.
%, TiO, = 1.37~1.46 wt. %, Al,O3 = 18.41~20.11 wt. %, total Fe,O3 = 7.24~7.63 wt. %,
MgO = 3.48~3.77 wt. %, CaO =7.40~8.21 wt. %, NapyO = 3.90~4.45 wt. %, K,0O =1.18~1.24
wt. %, P,Os5 = 0.19~0.22 wt. %, and Mg# values of 52.32~53.63. The total alkali-silica (TAS)
diagram displays the majority of the rocks as gabbro with geochemical traits of calc-alkaline
and metaluminous character (Figure 6).
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The studied hornblende gabbro samples have low concentrations of Cr (7.47~17.20 ppm)
and Ni (6.87~7.25 ppm). In the chondrite-normalized REE diagram (Figure 7a), they display
a slight enrichment of light rare earth element (LREE) ([La:Yb]y = 3.52~4.80) and minor
negative Eu anomalies (0Eu = 0.90~0.91). On the primitive mantle-normalized spider diagram
(Figure 7b), all samples are enriched in large ion lithophile elements (LILEs, such as Rb, Ba, Sr,
and K) and depleted in high field strength elements (HFSEs, i.e., Nb, Ta, P, Th, and Ti).
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Figure 7. (a) Chondrite-normalized REE patterns and (b) primitive mantle-normalized trace element
patterns for the hornblende gabbro samples from the Baogeqi gabbro pluton. The normalization
values of chondrite are from [48] and data for primitive mantle are from [49].

5. Discussions
5.1. Interpretation of the Zircon U-Pb and Biotite *° Ar/* Ar Ages

The LA-ICP-MS U-Pb isotope analyses on zircon grains from the hornblende gabbro
sample yielded a weighted mean 2%Pb /23U age of 262.7 + 2.3 Ma (20, MSWD = 0.74),
which was identical to the ages of 264 + 3 Ma and 262 + 4 Ma previously obtained
from the Baogeqi gabbro pluton [34,50]. The CL morphology and internal structures,
combined with high Th/U ratios (0.10-1.49) of the zircon grains, were indicative of their
magmatic origin. Thus, the 262.7 & 2.3 Ma (20) was interpreted as the crystallization age of
these zircon grains, suggesting that the Baogeqi gabbro was emplaced in the late Middle
Permian (Capitanian).

In this study, the “°Ar/3° Ar dating of biotite grains from the gabbro sample yielded
a plateau age of 231.3 £ 1.6 Ma (20). The low MSWD values (0.55) and 65.14% of the total
3 Ar released of the studied sample suggest that this age is reliable. It is worth noting that
this °Ar/% Ar age was younger than the 262.7 + 2.3 Ma (20) U-Pb zircon crystallization
age from the same sample. Previous studies have shown that the closure temperature
of biotite in the Ar-Ar system was roughly ~300 °C [51]. Due to the lack of significant
superimposed late deformation for the Baogeqi gabbro pluton, this biotite “°Ar/3? Ar age
can be interpreted to represent the time of cooling below ~300 °C.

5.2. Magma Source and Petrogenesis

The samples in this study are basaltic rocks with low SiO, contents, which suggested
that their primary magmas were originated from the mantle. Zircons from the hornblende
gabbro sample of the Baogeqi gabbro pluton have positive ¢eHf(t) values from +4.9 to
+9.4 and displayed an evolutionary trend between the depleted mantle and chondrite
(Figure 4c), suggesting that the primary magmas were possibly originated from a relatively
depleted mantle source [52,53]. However, in the chondrite-normalized REE diagrams and
primitive mantle-normalized trace-element diagrams (Figure 7), the samples show LILE
enrichment (e.g., Rb, Ba, Sr, and K) and HFSE depletion (e.g., Nb, Ta, P, Th, and Ti), which
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are significantly different from depleted mantle-derived magmas. These characteristics
indicate that the source of the magma was an enriched mantle or a depleted mantle
influenced by crustal contamination. In addition, the samples have single-stage zircon Hf
model ages (794-529 Ma) older than their crystallization ages (262.7 + 2.3 Ma, 20), which
also indicated that the source of the magma was enriched mantle or was influenced by
crustal contamination [53].

It is generally accepted that crustal materials are rich in Zr and Hf, but depleted in Nb
and Ta. Therefore, extensive crustal contamination might produce significant negative
Nb and Ta anomalies, accompanied by positive Zr and Hf anomalies [54]. The studied
hornblende gabbro samples were characterized by slight negative Nb and Ta anomalies
and no obvious Zr and Hf anomalies, which probably implied negligible crustal contami-
nation. Moreover, mantle-derived magmas unusually had low Lu/Yb ratios (0.14~0.15),
while continental crust had relatively high Lu/Yb ratios (0.16~0.18) [49]. The studied horn-
blende gabbro samples had Lu/Yb ratios in the range of 0.14~0.15, which also suggested
insignificant crustal contamination. In addition, the positive in situ zircon eHf (t) values
(+4.9-+9.4) and absence of xenolith of these hornblende gabbro samples further ruled out
the possibility of notable crustal contamination.

Generally, the fluids derived from dehydration of the altered oceanic crust or sub-
ducted sediment and melts of the oceanic slab or subducted sediment are usually enriched
in LILEs and depleted in HFSEs [55]. Thus, the geochemical features of the studied
hornblende gabbro samples suggested that the parent magma was modified by subduction-
related fluids or melts. In the La/Nb vs. La/Ba diagram (Figure 8a), the studied hornblende
gabbro samples show low La/Ba ratios with high La/Nb values, which indicated a ten-
dency for subduction-modified lithospheric mantle. Furthermore, the studied samples plot
near E-MORE but deviate from the MORB-OIB evolution line in the Nb/Yb vs. Th/Yb
diagram (Figure 8b), which also suggested the influence of subduction components. Trace
element ratios can be used to differentiate between fluid or melt-related enrichments during
subduction [56]. In the Nb/Zr vs. Th/Zr and Nb/Zr vs. Ce/Y diagrams (Figure 8c,d),
the studied samples show a tendency for fluid-related enrichment, which indicated that
the magma source was likely modified by subduction-related fluids.

The hornblende gabbro samples of the Baogeqi gabbro pluton had lower Mg#, Cr,
and Ni contents than the primary magma of basaltic melts (Mg# > 73; Cr > 1000 ppm,
and Ni > 400 ppm), which probably indicated fractionation of olivine and pyroxene during
the magma evolution [57]. In addition, the studied samples showed no obvious negative
anomaly of Eu and Sr, which implied insignificant plagioclase fractionation.

Collectively, the hornblende gabbro of the Baogeqi gabbro pluton may be derived
from the partial melting of depleted mantle metasomatized by slab-derived fluids, and sub-
sequently experienced significant fractionation of olivine and pyroxene, but insignificant
crustal contamination during magma evolution.
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Figure 8. Binary plots of the hornblende gabbro samples from the Baogeqi gabbro pluton: (a) La/Ba
vs. La/Nb [58]; (b) Th/Yb vs. Nb/Yb [59]; (¢) Nb/Zr vs. Th/Zr [60]; (d) Nb/Zr vs. Ce/Y [56].

5.3. Tectonic Implications

The Permo-Carboniferous tectonic setting in the northern Alxa has been debated with
various models including an intracontinental rift setting, a subduction setting or a tectonic
transitional setting from subduction-collision to intracontinental extension [18-21]. Al-
though our data from the hornblende gabbro samples of the Baogeqi gabbro pluton had
some subduction imprints, they showed relatively high TiO, and Nb content, which was
markedly different from those of volcanic arc mafic rocks in subduction settings [61]. In the
Zr vs. Zr/Y and Nb x2-Zr/4-Y diagrams (Figure 9), the studied samples all fall in the field
of within-plate setting, which implied a continental rift setting for the Baogeqi gabbro.
In addition, the Baogeqi gabbro and synchronous extensive granites together formed a bi-
modal plutonic suite in the northern Alxa [34], which also supported an extensional setting
during the late Middle Permian times. This interpretation is also supported by the regional
geology. Magmatism, sedimentology, and provenance studies showed that the Paleo-Asian
Ocean in the northern Alxa had been closed at the end of the Early Permian, and the late
Middle Permian had entered a post-collisional extension stage [20,25,27,34]. Therefore,
the Paleo-Asian Ocean in the northern Alxa was closed prior to the late Middle Permian
(Capitanian), and this region stepped into a post-collisional extension basin evolutionary
stage during the Capitanian-Late Permian.
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Figure 9. Tectonic environment discrimination diagrams for the hornblende gabbro samples of
the Baogeqi gabbro pluton: (a) Zr/Y vs. Zr [62] and (b) Nbx2—Zr/4—Y [63].

The biotite “°Ar/3° Ar age of the hornblende gabbro from the Baogeqi gabbro plu-
ton with 231.3 &+ 1.6 Ma (20) suggested that there was a cooling and exhumation event
in the northern Alxa during Triassic times. In fact, the Triassic cooling and exhumation
event was also documented in the adjacent area of the Baogeqi gabbro based on #°Ar/3°Ar
dating, apatite U-Pb, and fission track thermochronology [64,65]. The stratigraphic contact
relationship of the northern Alxa also suggested that this region experienced a cooling and
exhumation event during the Triassic times, characterized by high-angle unconformity be-
tween the strongly deformed Paleozoic strata and gently deformed Mesozoic strata. From
the viewpoint of regional tectonics, the Paleo-Tethys Ocean in the southern North China-
Tarim craton was closed during the Triassic [32,66-70]. Therefore, the Triassic cooling and
exhumation event in the northern Alxa may be a record of the decline of the Capitanian-Late
Permian post-collisional extension basin due to the far-field effect of subduction-collision
during the closure of the Paleo-Tethys Ocean.

6. Conclusions

(1) The hornblende gabbro from the Baogeqi gabbro pluton in the northern Alxa yielded
a LA-ICP MS zircon U-Pb age of 262.7 &+ 2.3 Ma (20), manifesting that the Baogeqi gabbro
pluton shaping was during the late Middle Permian (Capitanian). The “*Ar/3 Ar dating of
biotite grains from the Baogeqi gabbro pluton yielded a plateau age of 231.3 & 1.6 Ma (20),
which suggested that the pluton cooled to below 300 °C in the Triassic.

(2) The Baogeqi gabbro pluton formed as a result of the partial melting of depleted mantle
metasomatized by slab-derived fluids, and subsequently experienced significant fractionation
of olivine and pyroxene, but insignificant crustal contamination during magma evolution.

(3) The Baogeqi gabbro pluton intruded in an intracontinental extension setting, which
implied that the Paleo-Asian Ocean in the northern Alxa was closed prior to the late Middle
Permian (Capitanian), and this region stepped into a post-collisional extension basin
evolutionary stage during the Capitanian-Late Permian. The Triassic cooling of the gabbro
pluton may be a record of the decline of the Capitanian-Late Permian post-collisional
extension basin due to the far-field effect of subduction-collision during the closure of
the Paleo-Tethys Ocean.
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Appendix A
Table Al. LA-ICP-MS U-Pb isotope analytical results for zircon crystals from the hornblende gabbro of the Baogeqi gabbro pluton.
Analvsis # Isotope Ratios Ages Best Ages 1s
nalysis
YOI o207 pp206 1 PbO7/UB5  1s Pb2S/UB8 15 Pb28/Th22 15 Pb27/Pb2% 1s  Pb2O7/UX5 1s  Pb25UB8 1s  Pb28/Th®2 1s

171025C112 0.05134 0.00277 0.29203 0.01532 0.04127 0.00076 0.01321 0.00033 256.2 119.41 260.2 12.04 260.7 4.72 265.3 6.63 260.7 4.72
171025C113 0.05173 0.01663 0.3031 0.09637 0.04251 0.00225 0.0132 0.00339 273.7 605.87 268.8 75.09 268.4 13.9 265.1 67.7 268.4 13.9
171025C114 0.05186 0.00764 0.2967 0.0432 0.04151 0.00114 0.01364 0.00113 279.1 306.25 263.8 33.83 262.2 7.05 273.9 2244 262.2 7.05
171025C115 0.05121 0.0085 0.28864 0.04729 0.04089 0.00129 0.01225 0.00214 250.5 343.03 257.5 37.27 258.3 7.97 246.1 42.76 258.3 7.97
171025C116 0.05173 0.01029 0.30086 0.05934 0.0422 0.00129 0.01729 0.00182 273.4 401.3 267.1 46.32 266.4 8 346.5 36.15 266.4 8

171025C118 0.05143 0.00588 0.3016 0.03401 0.04254 0.00101 0.01393 0.00074 260.2 242.84 267.6 26.53 268.6 6.24 279.6 14.85 268.6 6.24
171025C119 0.05148 0.00771 0.29825 0.04425 0.04203 0.00104 0.01533 0.00145 262.2 311.61 265 34.61 265.4 6.41 307.4 28.95 265.4 6.41
171025C120 0.05127 0.00122 0.29437 0.0062 0.04165 0.00071 0.01255 0.0002 252.8 53.94 262 4.86 263.1 4.37 252.1 3.96 263.1 4.37
171025C121 0.05157 0.00595 0.30921 0.03518 0.04349 0.00106 0.01444 0.00089 266.3 244.89 273.6 27.29 274.5 6.54 289.7 17.66 274.5 6.54
171025C122 0.05151 0.00389 0.2919 0.02165 0.0411 0.0008 0.01389 0.00075 263.8 164.5 260.1 17.02 259.7 497 278.9 15.04 259.7 497
171025C126 0.05137 0.00315 0.28546 0.01698 0.0403 0.00079 0.01308 0.00038 257.4 134.95 255 13.41 254.7 491 262.7 7.62 254.7 491
171025C127 0.05157 0.00911 0.29698 0.05209 0.04177 0.00108 0.01413 0.00163 266.2 361.62 264 40.78 263.8 6.65 283.7 32.48 263.8 6.65
171025C128 0.0542 0.00146 0.30282 0.00731 0.04052 0.00069 0.01212 0.0002 379.3 59.14 268.6 57 256 4.29 243.4 3.98 256 4.29
171025C129 0.0516 0.00609 0.29468 0.03437 0.04142 0.00095 0.01367 0.00085 267.7 250.08 262.2 26.96 261.6 5.86 274.4 16.91 261.6 5.86
171025C132 0.05152 0.00301 0.29021 0.01644 0.04085 0.00079 0.01305 0.00037 264.3 128.85 258.7 12.94 258.1 4.87 262.1 7.35 258.1 4.87
171025C133 0.05479 0.00278 0.32219 0.01571 0.04264 0.0008 0.01329 0.00035 403.7 109.33 283.6 12.06 269.2 4.96 266.9 6.93 269.2 4.96
171025C134 0.0514 0.00287 0.29565 0.01589 0.04171 0.00082 0.01378 0.00036 258.7 123.14 263 12.45 263.4 5.06 276.6 7.12 263.4 5.06
171025C135 0.05181 0.00924 0.30479 0.05405 0.04266 0.001 0.01421 0.00072 276.9 364.03 270.1 42.06 269.3 6.21 285.2 14.28 269.3 6.21
171025C136 0.05184 0.00361 0.29618 0.02016 0.04143 0.00081 0.01204 0.00066 278.6 151.86 263.4 15.8 261.7 5.01 241.8 13.26 261.7 5.01
171025C140 0.05148 0.00737 0.29389 0.04173 0.0414 0.00092 0.01484 0.00103 262.3 299.13 261.6 32.75 261.5 5.68 297.7 20.47 261.5 5.68
171025C142 0.05202 0.01015 0.30809 0.05965 0.04294 0.00124 0.014 0.00186 286.4 393.74 272.7 46.3 271 7.66 281.1 37.1 271 7.66
171025C143 0.05486 0.00143 0.31799 0.00739 0.04203 0.0007 0.01262 0.0002 406.5 56.76 280.4 5.69 265.4 4.36 253.6 3.95 265.4 4.36
171025C144 0.05169 0.00148 0.29414 0.00763 0.04126 0.0007 0.01264 0.0002 271.7 64.35 261.8 5.99 260.7 4.31 253.8 4.06 260.7 431
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Table A2. Zircon LA-MC-ICP-MS Lu-Hf isotope analytical results for the hornblende gabbro of
the Baogeqi gabbro pluton.

: ’ J ’ p ’ TDM1 TDM2 Age
Analysis_# Hf176/Hf177corr’ 1o Yb176/Hf177 1o Lul76/Hf177 1o eHf(0) eHf(t) (Ma) (Ma) fLuw/Hf (Ma)
10540 0.282801 0.000017 0.04 0.00 0.001193 0.000016 1.0 6.6 642.6 870.6 —-1.0 260.7
10541 0.282762 0.000019 0.01 0.00 0.000254 0.000002 —0.4 5.5 681.7 942.8 —-1.0 268.4
10542 0.282806 0.000013 0.02 0.00 0.000636 0.000003 1.2 6.8 627.3 852.8 —-1.0 262.2
10543 0.282816 0.000013 0.01 0.00 0.000355 0.000010 1.6 7.2 607.8 827.2 —-1.0 258.3
10544 0.282799 0.000016 0.04 0.00 0.001052 0.000017 1.0 6.6 643.6 870.7 —-1.0 266.4
10545 0.282819 0.000016 0.04 0.00 0.001027 0.000012 1.7 74 615.1 824.1 —-1.0 268.6
10546 0.282817 0.000015 0.01 0.00 0.000405 0.000004 1.6 74 607.6 821.8 —-1.0 265.4
10547 0.282796 0.000026 0.20 0.00 0.005410 0.000055 0.8 5.7 733.2 940.6 —-0.9 263.1
10548 0.282788 0.000015 0.01 0.00 0.000212 0.000002 0.6 6.5 645.2 879.9 —-1.0 274.5
10549 0.282839 0.000011 0.01 0.00 0.000292 0.000002 2.4 8.0 575.6 774.7 —-1.0 259.7
10550 0.282816 0.000015 0.02 0.00 0.000588 0.000017 1.5 7.0 612.2 833.6 -1.0 254.7
10551 0.282854 0.000017 0.01 0.00 0.000214 0.000001 2.9 8.7 553.1 736.2 —-1.0 263.8
10552 0.282788 0.000026 0.27 0.00 0.007454 0.000024 0.6 49 793.9 990.6 —-0.8 256
10553 0.282880 0.000022 0.03 0.00 0.001063 0.000041 3.8 9.4 528.7 689.5 —-1.0 261.6
10554 0.282827 0.000016 0.02 0.00 0.000677 0.000021 1.9 7.5 597.8 807.0 -1.0 258.1
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Table A3. Results of *Ar/3 Ar laser stepwise heating analysis of biotite for the hornblende gabbro of the Baogeqi gabbro pluton.

Laser 36Ar 37Ar 38Ar 39Ar 40Ar Age +2s  40Ar(r) 39Ar(k)

0, 0, o, o, 0,
Step Output (fA) %1 s (fA) %1 s (fA) %1 s (fA) %1 s (fA) %1 s 40(r)/39(k) +2s . - K/Ca +2s
(Ma) (%) (%)
1 1.6% 0.2254237 1.162 0.401899  464.185 0.178399  36.388 8.8307 0.772 77.688 0.341 1.25504 +0.18861 37.04 +5.51 14.27 0.70 9.4 +87.7
2 1.7% 0.2818844 1.197 1.057066  170.176 0.346796  16.205 23.1992 0.258 134.839 0.197 2.23204 +0.09267 65.36 +2.67 38.24 1.84 9.4 +32.1
3 1.8% 0.1786040 2.058 3.921543 52.938 0.286580  17.141 22.7355 0.272 130.905 0.199 3.46101 +0.10548 100.37 +2.98 59.85 1.80 2.5 +2.6
4 1.9% 0.4586787  0.882 4.854332 38.710 0.892186 5.784 74.4875 0.103 502.664 0.056 4.95199 +0.05474 141.94 +1.51 73.07 5.91 6.6 +5.1
5 2.0% 0.4889235 0.821 4.890746  43.155 1.119572 4.619 99.1750 0.098 827.718 0.034 6.91981 +0.06545 195.40 +1.75 82.56 7.87 8.7 +75
6 2.1% 0.3915543 0.860 2.196581 88.223 1.151732 4.468 107.2098 0.086 955.144 0.029 7.86231 +0.07111 220.45 +1.88 87.88 8.51 21.0 +37.0
7 2.2% 0.2837264 1.451 0.056881 3508.245  0.865273 5.813 78.9673 0.096 724.268 0.039 8.14217 +0.07802 227.82 +2.05 88.40 6.27 597.0 +41,886.2
8 2.3% 0.3213924 0.960 2.218927 87.059 0.905501 5.558 87.9912 0.106 819.334 0.036 8.26671 +0.07592 231.09 +1.99 88.40 6.98 17.1 +29.7
9 2.4% 0.3640906 1.321 1.830119 128.671 1.027297  5.005 86.6589 0.106 819.044 0.170 8.24393 +0.08598 230.49 +2.26 86.86 6.88 20.4 +52.4
10 2.5% 0.3494436 1.296 0.594308 277.081 0.962951 5.627 87.4059 0.103 823.641 0.036 8.27494 +0.07919 231.31 +2.08 87.44 6.94 63.2 +350.5
11 2.6% 0.3817004 0.794 1.848284 89.057 1.090187  4.223 102.5864 0.100 959.064 0.032 8.28339 +0.07490 231.53 +1.97 88.23 8.14 239 +42.5
12 2.7% 0.2730679 1.426 1.702447  86.659 0.750930 7.958 74.8276 0.101 699.268 0.199 8.30115 +0.08749 231.99 +2.29 88.45 5.94 18.9 +32.8
13 2.8% 0.2886769 1.305 1.851081  100.068 0.939169 5.819 86.4050 0.093 802.872 0.173 8.33923 +0.08380 232.99 +2.20 89.37 6.86 20.1 +40.2
14 3.0% 0.3039803 1.147 1.717501 91.993 0.934860 5.549 92.2932 0.086 852.278 0.165 8.29532 +0.08158 231.84 +2.14 89.45 7.33 23.1 +42.5
15 3.1% 0.2383410 1.750 2.097129 87.780 0.816090 6.968 74.2499 0.103 680.806 0.040 8.25525 +0.08016 230.79 +2.10 89.65 5.89 15.2 +26.7
16 3.3% 0.1647683 2.506 0.325949  476.262 0.473234 9.758 50.7882 0.298 465.429 0.058 8.23843 +0.09901 230.35 +2.60 89.52 4.03 67.0 +638.2
17 3.5% 0.1497405 2.104 0.431213  419.214 0.465162  12.081 49.6386 0.145 451.852 0.061 8.24461 +0.08417 230.51 +2.21 90.19 3.94 49.5 +415.0
18 3.7% 0.0897321 3.339 2.319148 86.503 0.293219  20.549 27.8715 0.232 254.932 0.104 8.23400 +0.10453 230.23 +2.74 89.64 2.21 5.2 +8.9
19 3.9% 0.0725327 3.323 2.029225 87.103 0.230824 22407 24.5160 0.238 227.873 0.122 8.46020 +0.10418 236.16 +2.73 90.63 1.95 5.2 +9.0

J =0.01649000 £ 0.00005442.
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Table A4. Major (wt. %) and trace element compositions (in ppm) for the hornblende gabbro of
the Baogeqi gabbro pluton.

Sample YE17-65A YE17-65B YE17-65 YE17-65C
SiO, 54.93 54.99 51.90 53.71
TiO, 1.43 1.42 1.46 1.37

AlLOs 18.49 18.41 20.11 19.32

Fe,05T 7.39 7.39 7.63 7.24
MnO 0.10 0.10 0.11 0.10
MgO 348 3.50 3.77 3.59
CaO 7.41 7.40 8.21 7.80
Na,O 3.90 3.93 445 425
K,O 1.19 1.20 1.24 1.18
P,05 0.20 0.19 0.22 0.22
LOI 112 1.03 1.06 1.09

TOTAL 99.64 99.56 100.16 99.87

Li 23.34 24.94 21.21 19.92
Be 1.40 1.40 1.35 0.62
Sc 18.40 18.37 18.05 18.29
\% 136.93 138.02 137.09 137.70
Cr 7.48 7.47 8.52 17.20
Co 97.86 93.44 80.79 82.99
Ni 7.23 7.25 6.87 6.99
Cu 12.19 12.22 9.83 11.77
Zn 7151 71.65 73.56 78.06
Ga 21.08 21.15 20.49 20.62
Ge 1.17 1.19 0.95 0.90
Rb 39.22 39.20 39.33 38.41
Sr 434.14 433.72 415.96 404.93
Y 27.31 27.27 25.59 26.42
Zr 166.73 157.98 165.39 174.26
Nb 5.69 5.72 5.42 5.50
Cs 5.04 5.05 487 493
Ba 254.51 253.52 246.92 242.87
La 12.93 13.18 14.81 15.05
Ce 31.95 32.65 35.00 36.60
Pr 439 445 420 425
Nd 20.06 20.30 20.08 20.40
Sm 498 496 466 4.82
Eu 1.49 1.48 1.41 1.44
Gd 495 493 471 4.89
Tb 0.83 0.83 0.79 0.81
Dy 5.03 498 483 480
Ho 1.00 1.01 0.87 0.94
Er 2.78 2.80 2.54 2,51
Tm 0.40 0.40 0.40 0.37
Yb 2.48 2.48 2.08 2.16
Lu 0.36 0.36 0.32 0.31
Hf 4.08 3.90 3.83 3.97
Ta 0.53 0.52 0.53 0.48
Pb 7.71 7.61 8.23 7.49
Th 1.38 1.39 1.99 1.98
U 0.64 0.63 0.57 0.56
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