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ABSTRACT

The Late Paleozoic tectonic evolution of the Junggar Basin played a critical role in the formation of its oil
and gas resources; however, as most of the basin is covered by desert, the evolutionary process remains
controversial. In this study, we present a comprehensive analysis of the rock associations, petrography,
ages, and systematic elemental and isotopic compositions of Carboniferous volcanic rocks obtained from
drilling holes along the western margin of the basin, aiming to better constrain the late Paleozoic
tectonic evolution of this region. Two zircon samples, from tuff and andesite layers, yielded concordant
ages of 316.8 + 1.7 and 321.7 + 1.8 Ma, respectively, indicating intense volcanic eruptions during the
Late Carboniferous. The analyzed volcanic rocks exhibited sodic calc-alkaline affinities, with SiO, con-
tent ranging from 53.46 to 61.57 wt%, TiO, content from 0.75 to 1.20 wt%, and a significantly higher Na0
content than that of K;O. In terms of trace elements, they showed variable enrichment in light rare earth
elements ((La/Yb)y = 2.72 to 7.89) and large ion lithophile elements such as Ba, Th, U, and Sr. Low Cr
(0.67-65.72) and Ni (0.86-34.90) contents, together with significant negative Eu anomalies (sSEu = 0.17
to 0.35), suggest variable fractionation of the primitive magma prior to eruption. All these features,
combined with prominent Nb-Ta depletions in PM-normalized incompatible element spider diagrams,
unambiguously indicate their genetic relationship with a subduction environment. However, the vol-
canic rocks showed low initial (37Sr/®6Sr); values (0.7039-0.7057) and positive enq(t) values (7.5-8.0).
Moreover, the combined (*°®Pb/2%4Pb); ranged from 37.7295 to 37.7851, (*°’Pb/?**Pb); ranged from
15.4935 to 15.5037, and (2°6Pb/2%*Pb); ranged from 17.8910 to 17.9254, indicating that their primitive
magma originated from an extremely depleted mantle source with crustal contamination. Integrating
this study with regional geology, we propose that the volcanic rocks in the Kebai Fault Zone were most
likely formed in a back-arc basin setting induced by ridge subduction.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Central Asian orogenic belt (Chen et al., 2005; Li et al., 2006; Zhu
et al,, 2007). Magmatic rocks are widely distributed, with evi-

Western Junggar has a complex geological evolutionary history dence of particularly intense volcanic eruptions during the
and is an important component of the central and southern Carboniferous period (Geng et al., 2011; Choulet et al., 2012; Shen
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et al., 2013; Xu, 2014; Yang et al., 2016; Zhang et al., 2018). Thus,
the Early Permian is a crucial period for the tectonic evolution of
Western Junggar during the late Paleozoic. The rock assemblage
type and degree of development of the Carboniferous volcanic
rocks are closely related to the multiple opening and closing
processes of the Paleo-Asian Ocean in Western Junggar, offering
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clues to the final closing of the residual ocean basin in this region
(Dobretsov et al., 1995; Safonova et al., 2017; Kroner et al., 2020).
Previous studies have shown that the Late Carboniferous to Early
Permian was the ocean-continental transition period in the
southern part of Western Junggar. There are three commonly
accepted views regarding the tectonic evolution of the region
during this period, including an island arc related to subduction
(Zhang et al., 2006; Yin et al., 2012; Xiang et al., 2015; Li et al,,
2016; Duan et al., 2021), post-collision extension (Han et al,
2006; Su et al., 2006; Li et al., 2024), and ocean ridge subduction
(Zhang et al., 2006; Tang et al., 2010, 2012; Yin et al., 2012; Wei
et al,, 2014; Xiao et al., 2023). However, due to the limited expo-
sure of basement rocks, there is limited understanding of the
tectonic evolution of the Junggar Basin prior to deposition.
Differing views on the basement attributes of the basin persist
(Jiao et al., 2022), hindering further exploration into regional tec-
tonic evolution (Li et al., 2024).

The Kebai Fault Zone is located along the northwestern margin
of the Junggar Basin in Xinjiang. The Carboniferous volcanic rock
reservoir in this zone was the first discovered in China (Hou, 2012,
2013) and is also one of the main oil-bearing layers in the Junggar
Basin. Many exploration wells in the Junggar Basin have obtained
industrial oil flow from Carboniferous volcanic rock reservoirs.
There are nearly 140 exploration wells with a daily output of more
than 10 t of crude oil or 50,000 m> of natural gas. They are mainly
distributed in the Cheguai and Kebai areas along the northwest
margin of the Junggar Basin; Shixi and Luliang areas in the center
of the basin; Dixi, Wucaiwan, and Kalamaili areas in the east of the
basin; and Beisantai and Xiquan areas in the east of the Junggar
Basin (He, 2017). In recent years, the Xinjiang Oilfield Company has
utilized three-dimensional seismology to conduct detailed struc-
tural interpretations, and based on the re-examination of old
wells, they have discovered multiple favorable targets in the
Carboniferous strata of the Kebai Fault Zone. Oil tests in wells such
as Gu53, Gul6, and Bai861 have achieved industrial oil flow,
demonstrating significant potential for oil and gas exploration.
Numerous studies have been conducted on various aspects of the
Kebai Fault Zone, including its Carboniferous strata, deep volcanic
reservoirs, internal structure, lithology, and lithofacies distribu-
tions (Dong et al., 2013; Luo et al., 2013; Zhang et al., 2014; Li et al.,
2017; Qiu, 2020; Li et al., 2024; Wang et al., 2024). These studies
have formed an understanding of the oil and gas accumulation as
“full zone with oil, multi-stage with oil” (Kuang, 2007), providing
theoretical guidance for the exploration of Carboniferous oil and
gas reservoirs in the Kebai Fault Zone. The complex evolutionary
processes involved, and our limited understanding of them, war-
rant comprehensive and detailed analyses of the geodynamic
mechanisms of late Paleozoic magmatic activity in Western
Junggar and its deep magmatic activity (Xiao et al., 2023).

The eruptive environment of volcanic formations crucially in-
fluences reservoir space development (Zhou et al., 2024), which in
turn governs the significant differences in space types and physical
properties observed across environments (Yu et al., 2004). Thus,
zircon U-Pb chronology and isotope geochemistry were selected to
study the eruption age, petrogenesis, source region characteristics,
and tectonic environment of the Carboniferous volcanic rocks in
the Kebai Fault Zone, Western Junggar, Xinjiang, to constrain the
tectonic evolution of the late Paleozoic in this region. This work
will effectively constrain the spatiotemporal framework of volca-
nic activity, elucidate the characteristics of magmatic source re-
gions and crust-mantle interactions, provide critical petrological
evidence for regional tectonic evolution, and significantly enhance
our understanding of geological processes such as subduction and
volcanic arc formation, facilitating the accurate prediction of
source rocks in Western Junggar.
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2. Regional geological background

The Junggar Basin has experienced middle and late Hercynian,
Indosinian, Yanshan, and Himalayan tectonic movement since the
Late Paleozoic. The Carboniferous and Permian periods were
especially important for the formation and evolution of the
western basin in northern Xinjiang, marking a significant transi-
tion in the sedimentary environment from oceanic to terrestrial
conditions. The early Carboniferous extensional rifting environ-
ment was impacted by Late Carboniferous residual ocean basin
closure, and experienced collisions between the Permian island
arcs, blocks, and surrounding plates. This series of events ulti-
mately shaped the present structure of the Junggar Basin, with
further changes occurring during the Mesozoic and Cenozoic. The
Carboniferous volcanic rocks in Western Junggar are mainly
distributed in the Xiemustai-Ser Mountain, Shixi, Beisantai Uplift,
Chepaizi Uplift, and Kebai Fault Zone areas (Pan et al., 2022), and
belong to the early Carboniferous Songkarsu, Bhatamayineishan,
Late Carboniferous Aladeyikesei, Chengjisihanshan, and Hala'alat
Formations (Pan et al., 2022). The volcanic rock studied in this
research is from the Kebai Fault Zone. Based on lithological asso-
ciations, the Xinjiang Oilfield Company divided the Carboniferous
volcanic rocks of the Kebai Fault Zone into five lithological seg-
ments, without specifying stratigraphic assignments (Tang et al.,
2012).

The Kebai Fault Zone is located in the western uplift of the
Junggar Basin, with a northeast-southwest trend. It is bounded by
the Xibaibai Central Fault and the Ninth District of the Northeast
Thrust Fault Zone in the northwest, the Kewu Fault in the south-
east, and the Da Jurassic Gully and Bailiantan Faults in the south-
west. The fault zone generally follows a linear pattern (Fig. 1(a))
(Pan et al., 2022). This zone is a giant nappe frontal fault system
composed of multistage overthrust fault stages (Zhou et al., 2023).
The Carboniferous volcanic reservoirs are primarily found on the
upper plate of the Kebai Fault Zone (Jiang et al., 2013), and the oil-
bearing area is contiguous (Fig. 1(b)) (Li et al., 2017). The Mahu
Depression is the main hydrocarbon-generating depression in the
Kebai Fault Zone (Li, 2008; Li et al., 2017). The strata in the study
area are well-developed, with the thickness of the Carboniferous
system exceeding 500 m (Liu et al., 2019). Owing to the prolonged
geological activity, the stratigraphic development of the upper and
lower walls of the Kebai Fault is markedly different. The contacts
between the Carboniferous strata and the overlying Jurassic and
Triassic strata are angular unconformities. The overlying Permian
strata are only locally developed and exhibit limited unconformity
contacts with the Carboniferous, whereas the Jurassic strata above
have widespread contacts with the Carboniferous. The strata at the
top interface of the Carboniferous system are characterized by
strong amplitude reflection in the seismic section, which is easy to
distinguish. The contact between the inner strata and top surface
is also an angular unconformity, and the inner strata exhibit clear
imaging, good continuity, and traceability. However, based on the
analysis of available well data, it is difficult to interpret the drilled
Carboniferous reservoir using a stratification method parallel to
the top of the Carboniferous system, particularly at the depth of
the inner strata (Fig. 1(c)).

3. Sampling and analysis methods

Samples were collected from four drilling cores in the Kebai
Fault Zone, of which 15 geochemical samples comprised mainly
andesite. The SHRIMP zircon U-Pb isotope dating sample was
crystalline tuff (BW28), and the laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) zircon U-Pb isotope dating
sample was andesite (G54-8).
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Fig. 1. (a) Structural location of the study area, (b) schematic map of Karamay-Baikouquan area, and (c) seismic profile through B527 (according to Wang et al. (2024)).

3.1. Sample collection

Andesite exhibits porphyritic and massive textures, with
variations in mineral composition and structure across different
samples. Fig. 2(a) and (b), show porphyritic and massive textures,
where the porphyry consists of plagioclase and minor horn-
blende, and the matrix features a glassy interwoven structure
composed of microcrystalline and cryptocrystalline plagioclase,
with secondary opaque metallic minerals (mostly magnetite). In
Fig. 2(c) and (d), the rock exhibits porphyritic and massive tex-
tures. The phenocrysts consist primarily of plagioclase, horn-
blende, and biotite; the matrix has an interwoven texture of
microcrystalline plagioclase, hornblende, diopside, and trace
quartz. This is accompanied by opaque metallic minerals and
extensive secondary alterations including claying and epidoti-
zation. In Fig. 2(e) and (f), the andesite presents a porphyritic
texture with a weakly oriented structure, where the phenocrysts
are mainly feldspar and the matrix has an intergranular structure
of plagioclase, quartz, and chlorite, with accessory opaque
metallic phases and extensive development of chlorite and
sericite.
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The crystalline tuff shows a crystalline tuffaceous structure
(Fig. 2(g) and (h)) and a massive texture. Composed of crystal
fragments, rock fragments, and minor volcanic glass fragments,
with opaque metallic accessory minerals, this rock has undergone
extensive alteration, dominated by sericitization and clayification.

3.2. Test and analysis methods

Sample processing was conducted by Langfang Yuhongyan
Mineral Science and Technology Co., Ltd. Whole-rock sample
major elements and trace element composition, and Sr-Nd-Pb
isotope testing were completed by Wuhan Sample Solution
Analytical Technology Co., Ltd. The SHRIMP zircon U-Pb isotope
testing was carried out at the Beijing Ion Probe Center of the
Chinese Academy of Geological Sciences. LA-ICP-MS zircon U-Pb
isotope testing was performed at the Institute of Geomechanics of
the Chinese Academy of Geological Sciences.

The major element analysis was performed using a ZSXPrimus
Il wavelength dispersion X-ray fluorescence spectrometer (Rigaku,
Japan). The standard curve was based on the national standard
material rock series GBWO07101-14, and the theoretical «
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QZ: Quartz; An: Anorthose; Am: Amphibole; Chl: Chlorite

Fig. 2. Macro and micro photos of volcanic rock samples.

coefficient method was used for data correction, with a test rela-
tive standard deviation of <2%. The trace element content was
determined using an Agilent 7700e inductively coupled plasma
mass spectrometer (ICP-MS). For this, samples sieved through 200
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mesh were dried in an oven at 105 °C for 12 h. The powder sample
(50 mg) was placed in a Teflon sample digestion bomb, and 1 mL
high-purity HNO3 and 1 mL high-purity HF were slowly added in
sequence. The Teflon sample digestion bomb was placed into a
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steel sleeve, tightened, and then heated in an oven at 190 °C for
more than 24 h. After cooling, the digestion bomb was opened and
placed on an electric heating plate at 140 °C for evaporative drying.
Then, 1 mL HNO3; was added and evaporated again. Next, 1 mL
high-purity HNO3, 1 mL MQ water, and 1 mL internal standard
(concentration of 1 ppm) were added, and the Teflon sample
digestion bomb was placed back into the steel sleeve, tightened,
and heated in an oven at 190 °C for more than 12 h. Finally, the
solution was transferred into a polyethylene bottle and diluted to
100 g with 2% HNO3 for ICP-MS testing.

The whole-rock Sr-Nd-Pb isotope ratio analysis was con-
ducted using a multi-collector ICP-MS (NeptunePlus) instrument
from ThermoFisher Scientific (Germany). For the Sr isotope
analysis, samples were analyzed by inserting seven samples be-
tween two Sr isotope standards (NIST987 and AlfaSr), with BCR-2
(basalt) and RGM-2 (rhyolite) (United States Geological Survey)
chosen as the process-monitoring samples. The actual
sample test internal precision = 0.000010-0.000020 (approxi-
mately 0.01%0-0.03%., 2RSE), with an accuracy better than
0.000020 (~0.03%o). For the Nd isotope analysis, samples were
analyzed by inserting seven samples between two Nd
isotope standards (GSB 04-3258-2015 and AlfaNd), with BCR-2
(basalt) and RGM-2 (rhyolite) (United States Geological Survey)
chosen as the process-monitoring samples. The sample test
precision = 0.000005-0.000025 (approximately 0.01%o—0.05%,
2RSE), and the test accuracy was better than 0.000025 (~0.05%o).
For the Pb isotope analysis, samples were analyzed by inserting
seven samples between two Pb isotope standards (NIST981 and
AlfaPb), with BCR-2 (basalt) chosen as the process-monitoring
sample. The 298pb/?94pb test internal precision (2RSE) was
0.002%-0.025%, and the test accuracy was better than 0.03%. The
data were processed using the professional isotope data pro-
cessing software “Iso-Compass”.

The SHRIMP zircon U-Pb dating protocol employed conven-
tional flotation and electromagnetic separation methods for sort-
ing, followed by selecting zircon grains with intact crystal forms
under a binocular microscope, and mounting them alongside
standard zircon (TEM) on the surface of epoxy resin. After pol-
ishing, they were transformed into sample targets at the Beijing
Ion Probe Center. The zircons to be tested underwent transmitted
light, reflected light photography and cathodoluminescence im-
aging to study their growth characteristics. Locations without
fractures or inclusions, and with uniform cathodoluminescence
images were chosen for calibration. Then, after cleaning and gold-
plating the sample targets, measurements were conducted on a
SHRIMP II ion probe instrument, according to standard laboratory
procedures. The standard samples M257 (U = 840 x 10~%) and
TEM (age: 417 Ma) were used for zircon U content and age
correction, respectively. The SQUID and ISOPLOT programs were
used for data processing. The common lead was corrected based
on the measured 2°Pb content, with the isotope ratios and single-
point age errors both being 16, and the weighted average age error
being within the 95% confidence interval. The SHRIMP zircon U-Pb
dating method, experimental analysis, and data processing pro-
cedures are detailed in relevant literature (Williams, 1998; Song
et al,, 2002; Wu et al., 2024). The SQUID1.02 (Ludwig, 2003) and
ISOPLOT3.0 programs (Ludwig, 2003) were adopted for the sample
data and graphical processing, respectively.

The LA-ICP-MS zircon U-Pb isotope tests were conducted using
the PQ-MS ICP-MS from Analytik Jena and the NWR193 nm high-
energy ArF laser from ESL, equipped with a TV3 ablation cell.
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During the laser ablation process, helium and argon gasses was
used as the carrier and compensation gasses, respectively, to
adjust the sensitivity; they were mixed through a T-junction
before entering the ICP. The laser ablation system was equipped
with a signal smoothing device. The laser beam spot and frequency
of this analysis were 30 um and 5 Hz, respectively. The zircon
standard 91500 and glass standard NIST610 were used as external
standards for isotope and trace element fractionation correction in
U-Pb isotope dating and trace element content processing. Each
time-resolved analysis dataset included about 20-30 s of blank
signal and 40 s of sample signal. Offline processing of the analysis
data (including the selection of samples and blank signals,
correction of instrument sensitivity drift, and calculation of the
element content, U-Pb isotope ratio, and age) was completed using
the software iolite 4. During the experiment, for every 10 sample
points tested, two standard points and one monitoring point were
tested, ensuring that each batch of experiments started and ended
with two controlled standard points. The drawing of the zircon
sample U-Pb age harmonic diagrams and the calculation of the
age-weighted average were completed using Isoplot/Ex_ver3
(Ludwig, 2003).

4. Results
4.1. Major elements

The major, trace, and rare earth element analysis results of 15
volcanic rock samples from four drilling cores in the Kebai Fault
Zone are shown in Table 1. Overall, the samples had moderate loss
on ignition (LOI) values (1.85%-4.32%), indicating that late
weathering has had an influence on the rock samples. Some of the
LOI values were relatively large, such as that of the B80-4 sample
with strong epidotization, nazoisite, and chlorite, where the LOI
value reached 7.14 wt%, indicating a difference in late weathering.
This may have introduced some deviations into the rock series,
magma source characteristics, and tectonic environment. In the
subsequent text, low-activity element ratios (such as Th/Yb vs. Nb/
Yb) are adopted to assist in discriminating the tectonic environ-
ment (Pearce, 2008). By combining isotopes (eng(t)) and trace el-
ements (such as Nb/La) to constrain the source area, and avoiding
reliance on a single major element indicator, interference in the
interpretation of the genesis and tectonic environment of these
samples can be effectively reduced (Pearce, 1984).

The SiO, content of the current samples ranged from 53.46 to
61.57 wt%, with an average of 58.03 wt%; the TiO, content was
0.75-1.20 wt% (average 0.86 wt%); and the Al,03 content was
14.85-19.41 wt% (average 17.39 wt%), which is similar to that of
continental overflow basalt (Al,03 = 17.08 wt%) (Xia and Li, 2019).
The MgO content ranged from 1.30 to 4.85 wt%, the total alkali
content (Na;0 + K;0) was 5.25-8.24 wt% (average 6.58 wt%), the
NayO content was 3.54-6.78 wt% (average 5.28 wt%), and the K,0
content was 0.46-2.35 wt¥% (average 1.29 wt%).

4.2. Rare earth elements and trace elements

The total amount of rare earth elements (> _REE) in the volcanic
rocks of these samples was 31.59 x 10 to 214.13 x 1078, the total
amount of light rare earth elements (Y LREE) was 23.81 x 108 to
160.26 x 10~°, and the total amount of heavy rare earth elements
(>"HREE) was 7.70 x 107° to 53.87 x 1076 The S LREE/S_HREE
values ranged from 2.97 x 107° to 5.39 x 10~%, with an average of
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Table 1

Analysis results of major elements (wt%), trace elements (ppm) and rare earth elements (ppm) of Andesite in Late Carboniferous volcanic rocks in Kebai Fault Zone.
Sample G53-1 G53-2 G53-6  G53-7 G53-8 G53-9 G53-12 G53-15 G53-16  G53-3 G53-4  G53-11 4401 B80-4 BW22-5
SiO, 59.95 56.72 59.20 55.02 53.46 59.05 59.75 59.81 57.16 54.79 56.34 56.88 59.48 61.23 61.57
TiO, 0.87 0.75 0.85 0.85 0.87 0.81 0.94 0.80 0.79 0.80 0.77 0.87 1.20 0.81 0.87
Al,03 16.44 18.14 16.74 17.43 17.42 17.04 16.34 17.70 17.41 19.41 18.51 18.26 16.50 14.85 18.66
Fe,03 7.65 7.88 7.07 8.36 8.68 8.72 8.01 8.57 8.62 8.00 7.63 8.66 9.95 6.68 7.18
MnO 0.12 0.09 0.14 0.17 0.18 0.16 0.12 0.11 0.11 0.13 0.11 0.16 0.20 0.19 0.10
MgO 3.87 3.55 4.12 4.60 4.85 4.78 3.89 3.71 3.82 4.19 3.84 4.52 3.12 3.36 1.30
Cao 2.60 6.38 4.34 8.10 9.13 3.11 2.64 1.55 5.16 6.52 6.93 4.26 2.56 6.79 3.44
Na,O 6.78 5.18 5.71 4.82 4.79 4.62 6.40 6.68 5.80 5.21 492 4.74 5.56 3.54 4.51
K0 1.56 1.19 1.69 0.50 0.46 1.59 1.73 0.94 1.00 0.83 0.82 1.52 1.02 2.35 2.22
P,05 0.16 0.11 0.15 0.15 0.15 0.12 0.17 0.12 0.14 0.13 0.12 0.13 0.41 0.19 0.17
LOI 3.06 2.23 3.58 3.55 432 3.79 2.82 2.93 1.92 1.85 2.21 4.20 3.06 7.14 2.97
Na,0 + K;0 8.34 6.37 7.40 5.32 5.25 6.20 8.13 7.62 6.80 6.04 5.75 6.26 6.58 5.88 6.73
FeO 6.88 7.09 6.36 7.52 7.81 7.85 7.21 7.71 7.76 7.20 6.87 7.80 8.95 6.01 6.46
FeO/MgO 1.78 2.00 1.54 1.64 1.61 1.64 1.85 2.08 2.03 1.72 1.79 1.72 2.87 1.79 498
o 411 2.96 3.38 2.36 2.64 240 3.95 3.46 3.27 3.10 2.48 2.82 2.63 1.90 244
Li 9.58 14.12 2532 17.18 18.52 12.96 11.52 15.19 12.55 12.18 12.69 12.89 19.89 13.38 46.17
Be 0.55 0.48 0.48 0.47 0.44 0.50 0.57 0.86 0.59 0.47 0.44 0.58 1.45 0.79 1.19
Sc 19.04 20.07 19.61 21.31 21.78 19.34 23.02 21.92 20.08 18.03 18.53 19.30 24.04 18.81 18.10
\% 159.16 191.02 158.81 187.52 18948 16520 178.19 181.64 170.09 238.04 194.09 183.15 12.84 154.64 187.52
Cr 46.76 25.25 52.71 63.86 65.72 45.67 48.39 57.31 41.15 26.55 2443 43.85 0.67 46.46 15.77
Co 19.61 19.57 18.20 22.06 23.44 21.01 20.60 23.57 21.82 20.02 18.61 21.90 7.83 13.07 9.22
Ni 34.06 15.23 31.85 34.21 34.90 28.77 32.92 33.67 29.09 17.55 16.87 34.27 0.86 17.28 19.17
Cu 65.82 2448 36.82 28.60 25.95 74.89 79.39 72.83 70.52 15.30 17.62 78.28 16.62 81.08 42.41
Zn 68.36 71.93 64.08 76.92 80.47 73.41 70.40 69.30 71.25 81.39 69.34 83.90 141.04 69.77 257.63
Ga 15.66 19.65 16.48 20.11 20.72 19.98 16.89 17.91 18.34 22.52 22.02 19.89 22.03 15.90 22.31
Rb 15.62 16.43 28.76 7.33 7.51 23.68 17.99 13.33 14.21 11.64 12.59 22.30 19.71 32.81 51.12
Sr 373.86 53255 391.50 428.80 431.84 364.25 43298 465.58 463.66 51538 490.80 387.68 545.64 22892 424.68
Y 20.69 11.16 18.66 19.71 19.74 14.16 22.89 11.54 15.18 11.25 11.08 18.28 76.25 23.74 23.02
Zr 103.17 46.47 87.54 89.90 90.19 80.56 112.88 39.62 64.81 47.09 46.82 81.68 326.12 14790 147.38
Nb 1.80 0.71 1.49 1.39 1.44 1.75 1.89 1.05 1.18 0.77 0.74 1.77 8.37 3.83 5.02
Sn 0.86 0.49 0.77 0.82 0.77 0.77 0.90 0.65 0.83 0.47 0.59 0.83 2.68 1.07 1.58
Cs 0.65 0.30 0.42 0.22 0.18 0.38 0.22 0.12 0.39 0.22 0.30 0.70 0.10 0.90 1.13
Ba 435.10 260.26 346.53 16830 160.59 287.21 443.07 21744  222.48 23431 213.64 311.01 34236 678.60 469.00
La 7.04 3.70 5.74 5.87 5.97 6.64 7.60 6.53 5.28 3.97 3.85 7.63 22.81 14.29 16.49
Ce 18.06 9.23 14.35 14.63 14.82 14.95 19.52 15.14 12.37 9.63 9.27 18.29 63.32 32.79 36.96
Pr 2.66 1.50 2.29 2.34 2.37 2.28 2.86 1.92 1.94 1.51 1.47 2.51 10.39 4.44 5.34
Nd 11.56 6.76 10.51 10.54 10.48 9.50 12.73 9.34 9.16 7.11 6.67 10.82 47.49 17.86 2144
Sm 3.23 1.91 2.98 3.06 3.02 2.58 3.74 2.34 2.58 2.06 1.99 3.02 13.52 422 5.48
Eu 0.89 0.71 0.82 0.88 0.89 0.84 0.97 0.75 0.82 0.71 0.70 0.87 2.72 1.09 0.85
Gd 3.38 2.09 3.02 3.12 3.18 2.63 3.64 233 2.60 2.03 2.02 3.00 13.61 3.94 4.78
Tb 0.59 0.34 0.54 0.54 0.55 0.43 0.64 0.38 0.46 0.35 0.35 0.52 2.40 0.66 0.80
Dy 3.72 2.19 3.40 3.58 3.48 2.87 4.15 2.25 3.01 2.23 2.21 3.36 15.41 4.20 4.59
Ho 0.76 0.43 0.67 0.69 0.72 0.56 0.82 0.45 0.58 0.43 0.41 0.66 3.01 0.82 0.83
Er 211 1.23 1.96 2.07 2.03 1.65 235 1.25 1.70 1.27 1.22 1.86 8.55 245 231
Tm 0.30 0.17 0.28 0.29 0.29 0.25 0.33 0.18 0.24 0.18 0.18 0.27 1.29 0.36 0.32
Yb 1.98 1.16 1.80 1.95 1.96 1.62 2.20 1.09 1.60 1.14 1.14 1.76 8.37 243 2.09
Lu 0.30 0.17 0.27 0.29 0.29 0.25 0.32 0.16 0.24 0.17 0.17 0.27 1.24 0.38 0.31
Hf 3.14 1.51 271 2.84 2.79 249 3.59 1.93 2.06 1.57 1.51 2.50 9.32 4.26 433
Ta 0.13 0.05 0.11 0.10 0.10 0.12 0.14 0.07 0.08 0.05 0.05 0.13 0.55 0.25 0.34
Tl 0.07 0.06 0.07 0.02 0.03 0.06 0.07 0.03 0.04 0.04 0.03 0.07 0.06 0.10 0.12
Pb 443 3.67 2.46 3.20 3.12 4.58 442 3.14 4.85 3.34 3.06 6.42 473 5.97 7.97
Th 1.83 0.71 1.55 1.57 1.63 1.57 2.03 0.97 1.12 0.71 0.70 1.56 3.71 4.05 4.16
U 0.64 0.24 0.49 0.51 0.51 0.50 0.64 0.18 0.33 0.23 0.25 0.48 1.17 1.06 1.55
Zr[TiO, 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.03 0.02 0.02
Nb/Y 0.09 0.06 0.08 0.07 0.07 0.12 0.08 0.09 0.08 0.07 0.07 0.10 0.11 0.16 0.22
Nb/Yb 091 0.61 0.83 0.71 0.73 1.08 0.86 0.96 0.74 0.67 0.65 1.01 1.00 1.58 2.40
Th/Yb 0.92 0.61 0.86 0.81 0.83 0.97 0.92 0.89 0.70 0.62 0.61 0.89 0.44 1.67 1.99
Rb/Sr 0.04 0.03 0.07 0.02 0.02 0.07 0.04 0.03 0.03 0.02 0.03 0.06 0.04 0.14 0.12
Ti/1000 5.20 4.50 5.10 5.09 5.19 4.83 5.64 4.81 4.73 4.77 4.59 5.20 717 4.88 5.21
v 159.16 191.02 158.81 187.52 18948 16520 178.19 181.64 170.09 238.04 194.09 183.15 12.84 154.64 187.52
>"REE 56.58 31.59 48.64 49.86 50.06 47.06 61.88 4411 42.58 32.82 31.65 54.82 21413  89.93 102.62
>"LREE 43.44 23.81 36.70 37.33 37.56 36.79 47.42 36.03 32.15 25.01 23.95 43.14 160.26  74.70 86.57
>"HREE 13.14 7.77 11.94 12.53 12.50 10.27 14.46 8.09 10.43 7.82 7.70 11.68 53.87 15.24 16.05
SLISH 3.31 3.06 3.07 2.98 3.00 3.58 3.28 4.46 3.08 3.20 3.11 3.69 2.97 4.90 5.39
SEu 0.27 0.35 0.27 0.28 0.29 0.32 0.26 0.32 0.32 0.35 0.35 0.29 0.20 0.27 0.17

Note: 5Eu = 2 x Euy/(Smy + Gdy), where N is the standardized value of chondrites, quoted from Sun and McDonough (1989); & = (Nay0 (Wt%) + K,0 (wt%))?/(SiO,
(wt%) — 43); The data in the table and the text are the data of re-differentiation after the loss of combustion is removed. Initial arc basalt according to Wang et al. (2021); Arc
volcanic rocks of Hala'alat Formation (307-303 Ma) according to Xiang et al. (2015), Li et al. (2017); Adakite of Hala'alat Formation according to Jiang et al. (2023).

3.54 x 1078, indicating a slight difference. The total sEu values of
the rocks were 0.17-0.35, showing a weak negative Eu anomaly
(Fig. 4(a)). The (La/Yb)y values ranged from 2.72 to 7.89, with an
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average of 4.03, indicating that the samples belong to the light-rich
rare earth type. The (La/Sm)y values ranged from 1.69 to 3.38, with
an average of 2.26. The degree of internal fractionation in the
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Fig. 3. (a) SiO,-Nb/Y of Kebai Fault Zone andesite (according to Winchester and Floyd (1977)), (b) SiO,-K50 (according to Peccerillo and Taylor (1976)), (¢) AR-SiO, (according to
Wright (1969)) and (d) Na;0-K,0 (according to Middlemost (1972)). The data of rich porphyry basalt, arc volcanic rock and initial arc basalt of Hala'alat Formation were obtained

from Li et al. (2024).
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Fig. 4. (a) Standardized rare earth element partitioning diagram of volcanic chondrites in Kebai Fault Zone and (b) standardized trace element cobweb diagram of primitive

mantle (modified from Xiao et al. (2023)).

heavy rare earth elements was low ((Gd/Yb)x = 1.70 to 2.29,
average 1.75). In the standardized curve diagram of chondrites
(Fig. 4(a)), the partition curve was consistent with a slightly right-
leaning pattern, showing the relative enrichment of light rare
earth elements and the relative loss of heavy rare earth elements.
The differentiation between the light and heavy rare earth
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elements was obvious. The spider diagram of the normalized trace
elements in the original mantle (Fig. 4(b)) shows that large ion
lithophilic elements, such as Ba, Th, U, and Sr, are relatively
enriched, while high-field strength elements, such as Nb, Ta, Zr,
and Hf, are relatively depleted, which is typical of island arc vol-
canic rocks.
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4.3. Zircon U-Pb chronology

Zircons were selected from the crystalline tuffs (BW28,
1257.3-1257.7 m) and almond andesite (G54-8, 1280.6 m)
collected from the cores of two boreholes, BW28 and G54, and
SHRIMP and LA-ICP-MS zircon U-Pb dating studies were
conducted.

The Th content of the 20 effective points of the tuff samples
ranged from 42.44 x 10~ to 474.44 x 1075, the U content ranged
from 107.29 x 107® to 431.16 x 10~%, and the Th/U value of the
zircons ranged from 0.41 to 1.14, showing a strong positive cor-
relation (Table 2). This suggests typical magmatic zircons (Hoskin
and Black, 2010). The age of the 2°°Pb/?*8U sample ranged from
287.0 to 421.8 Ma, with a maximum age error of 5.2 Ma. The 20
data points were clustered around the harmonic curve (Fig. 5(a)),
and the weighted average age of 2%6Pb/?38U was 316.8 &= 1.7 Ma
(Mean Squared Weighted Deviation 1.15), representing the
eruption age.

The andesite samples (from 51 sites) with a concordance de-
gree greater than 90% had Th contents ranging from 24.60 x 1076
to 1295.70 x 107% U contents ranging from 45.32 x 107® to
627.89 x 1075 and zircon Th/U values ranging from 0.39 to 1.87,
showing a positive correlation (Table 2). This also indicates typical
magmatic zircons (Hoskin and Black, 2010). The age of the
206pp 2381 was 289.44-349.42 Ma, and the maximum age error
was 28.60 Ma. The data points were clustered around the har-
monic curve (Fig. 5(b)), and the weighted mean age of 2°°pb/238U
was 321.7 + 2.5 Ma (Mean Squared Weighted Deviation = 2.7),
representing the eruption age.

4.4. Sr-Nd-Pb isotopes

The Sr, Nd, and Pb isotope analyses were performed on six
volcanic rock samples and the results are shown in Table 3.
875r/86sr ranged from 0.703927 to 0.705671, '47Sm/"4Nd ranged
from 0.15727 to 0.18037, 2%8Pb/?94Pb ranged from 37.8520 to
38.1960, 297Pb/?%4Pb ranged from 15.5010 to 15.5270, and
206pp 204pp ranged from 18.0670 to 18.3400. The initial isotope
ratio correction at 316 Ma showed that (87Sr/%0Sr); was
0.703941-0.705675, (43Nd/"*Nd); was 0.512232, eng(t) was
7.5-8.0, and the two-stage model age Topy was 429-469 Ma.
(298pp204pp); ranged from 37.7295 to 37.7851, (*°7Pb/?%“Pb);
ranged from 15.4935 to 15.5037, and (?°°Pb/?4Pb); ranged from
17.8910 to 17.9254.

The volcanic rock samples showed low (87Sr/%sr);
values (0.703941-0.705675) and positive eng(t) values (7.5-8.0).
In the Sr-Nd isotope diagram (Fig. 6(a) and (b)), four of the
six samples fell within the Early Carboniferous island arc
volcanic rocks of Western Junggar. (57Sr/%0Sr)—(143Nd/“Nd);
(206Pb/204pb)i—(207pb/204pb)1, (ZOBPb/204Pb)i_(ZOSPb/204Pb)i (Flg G(C),
(d), (e), (f)) almost all fell near the mantle line, indicating that the
samples have similar affinities to the mantle and may have similar
magmatic sources.

5. Discussion
5.1. Eruption age

The Carboniferous volcanic rocks in the Junggar area are char-
acterized by multi-stage eruptions, diverse lithologies, multiple
eruption centers, and complex compositions (Zhang, 2020), Their
eruptions are mainly concentrated at 300-310 Ma, 310-320 Ma,
and 320-330 Ma (Fig. 7, Table 4), providing a basis for regional
volcanic activity and stratigraphic comparison. These age groups
roughly correspond to the Hala'alat, Chengjisihanshan, and
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Xibeikulas Formations. Because the volcanic rocks are not exposed,
there are few paleontological fossils in core samples, and the
stratigraphic ages inferred from paleontological data are incon-
sistent with the chronology of the volcanic rocks (Wang et al.,
2007; Guo et al., 2010), resulting in poorly constrained strati-
graphic assignments and eruption ages. The Xinjiang Oilfield
Company divided the Carboniferous volcanic rocks in the study
area into five lithologic units based on lithological associations,
which hinders regional stratigraphic correlation. For example,
Xiang et al. (2013) assigned samples from the north bank of the
Darbut River and Hongshan pluton in the West Karahuka area,
with LA-ICP-MS zircon U-Pb ages of 312 + 19 Ma (andesite) and
312 + 13 Ma (basalt) to the Chengjisihanshan Formation. This
classification relied on lithofacies associations, fossil evidence, and
regional stratigraphic correlations, suggesting a Late Carbonif-
erous origin. Regionally, angular unconformities separate the
Lower Carboniferous Tubao-Gutu and Xibeikulas Formations from
overlying strata (Xiang et al., 2013). The Chengjisihanshan For-
mation is characterized by interbedded pyroclastic rocks (e.g.,
volcanic lava) and normal sedimentary fine-to-coarse clastic rocks,
including tuffaceous lithic siltstone, andesitic lithic tuffaceous
sandstone interbedded with mudstone, basaltic tuffaceous lithic
sandstone, gravel-bearing lithic sandstone, purplish-red medium-
fine conglomerate, purplish-red argillaceous siltstone, cataclastic
basaltic andesite, grey-black vesicular-almond basalt, and grey
volcanic breccia agglomerates. Fossil assemblages include Chori-
stites sp., Pseudotimania sp., and corals.

In boreholes BW28 and G54, the core lithology is lithic crys-
talline tuff and almond andesite (Fig. 2(e), (f), (g), (h)). The U-Pb
harmonic age of the tuff zircon (SHRIMP) is 316.8 + 1.7 Ma, and the
U-Pb harmonic age of the andesite zircon (LA-ICP-MS) is
321.7 &+ 1.8 Ma. This represents the Late Carboniferous volcanic
eruption age and can be compared with that of the Chengjisi-
hanshan Formation reported by Xiang et al. (2013).

5.2. Petrogenesis and magmatic source

The volcanic rocks of the Kebai Fault Zone are intermediate-
acidic calcareous alkaline magmatic rocks with a moderate MgO
content (1.30-4.85 wt%) and a SiO, content ranging from 53.46% to
61.57%, with an average of 58.03%. The volcanic rocks in island arcs
are mainly formed by the dehydration of subduction plates to form
a fluid metasomatism mantle wedge rich in large ion lithophile
elements, which are then partially melted, resulting in volcanic
rocks with some distinctive geochemical characteristics. Notably,
these rocks are enriched in large ion lithophile elements, while
exhibiting a depletion in high field strength elements (Tatsumi and
Kogiso, 2003). The magma reflects the partial melting of a water-
rich mantle wedge, which may originate from subduction fluid
alteration. Unlike the high MgO content (6-9 wt%, with prominent
high-magnesium characteristics) of the high-magnesium diorites
in Southern Junggar (Pan et al., 2022), which may imply a direct
reaction between magma and mantle peridotite (such as slab melt
interacting with the mantle). Therefore, the bimodal volcanic
rocks in Eastern Junggar are more consistent with a crustal
stretching-mantle upwelling mechanism under rift or post-
collision extensional environments. The standardized rare earth
element partition map of chondrites (Fig. 4(a)) shows that the
volcanic rocks in the Kebai Fault Zone are enriched in light rare
earth elements, and the light and heavy rare earth elements are
clearly differentiated. The large ion lithophilic elements, such as
Ba, Th, U, and Sr, are relatively enriched, while the high field
strength elements, such as Nb, Ta, Zr, and Hf, are relatively
depleted (Fig. 4(b)), which is typical of island arc magma origins.
The significant Nb-Ta depletion (Nb/La = 0.16-0.30) and large ion



Table 2

SHRIMP and LA-ICP-MS zircon U-Pb isotopic dating results of Late Carboniferous tuff in Kebai Fault Zone.

Spot Element content, ppm 232Th 238y Isotope ratio Age and error
Pb Th U 207D}y 206}, 1y 207ppy 235 1y 206pp, 238y Ty 207pp, 206p}, - 206pp, 238 - 208pp, 2327 -
BW28 SHRIMP zircon U-Pb
BW28-1 6.30 42.00 107.00 0.41 0.052 7.9 0.487 8.0 0.068 1.3 294 +180 421.8 +5.2 374 +34
BW28-2 7.29 129.00 175.00 0.76 0.050 53 0.332 5.6 0.048 1.6 194 +120 303.4 +4.8 279 +10
BW28-3 9.07 122.00 210.00 0.60 0.051 3.8 0.352 39 0.050 1.0 235 +87 316.1 +3.2 314.9 +9.2
BW28-4 5.96 63.00 141.00 0.46 0.051 6.3 0.345 6.4 0.049 1.2 252 +140 307.2 +3.5 280 +16
BW28-5 11.00 212.00 279.00 0.79 0.049 5.1 0.309 5.2 0.046 1.0 161 +120 287 +2.8 279 +14
BW28-6 10.70 143.00 247.00 0.60 0.054 2.7 0.373 29 0.051 1.0 352 +61 317.6 +3.0 321.1 +7.1
BW28-7 8.34 88.00 190.00 0.48 0.052 4.5 0.362 4.6 0.051 1.1 264 +100 320.8 +3.4 316 +13
BW28-8 7.15 94.00 166.00 0.59 0.053 5.7 0.364 5.8 0.050 1.1 317 +130 314.7 +3.5 313 +14
BW28-9 8.58 87.00 194.00 0.46 0.052 3.0 0.369 3.2 0.051 1.1 289 +69 322.8 +3.3 3124 +8.9
BW28-10 12.00 175.00 278.00 0.65 0.054 23 0.371 25 0.050 1.0 360 +52 3154 +3.0 317.2 +6.2
BW28-11 15.20 320.00 361.00 0.92 0.052 3.0 0.350 3.2 0.049 0.9 283 +69 307.4 +2.8 301.4 +6.4
BW28-12 12.30 178.00 287.00 0.64 0.053 3.0 0.361 3.2 0.050 1.0 315 +68 313.1 +2.9 305.7 +7.2
BW28-13 9.02 127.00 210.00 0.62 0.053 4.6 0.366 4.7 0.050 1.1 321 +100 315.9 +3.3 334 +11
BW28-14 15.10 258.00 361.00 0.74 0.053 23 0.353 2.5 0.049 0.9 313 +53 306.4 +2.8 313 +7.1
BW28-15 7.75 144.00 178.00 0.83 0.052 2.7 0.363 2.9 0.051 1.1 288 +62 317.8 +3.3 3164 +6.6
BW28-16 7.60 93.00 178.00 0.54 0.051 8.4 0.348 8.5 0.050 1.2 239 +190 312 +3.6 291 +19
BW28-17 8.31 111.00 191.00 0.60 0.051 4.0 0.356 43 0.050 1.5 248 +92 3175 +4.7 310 +10
BW28-18 14.90 229.00 345.00 0.68 0.054 2.0 0.374 2.2 0.050 0.9 371 +44 316.1 +2.9 320.8 +5.5
BW28-19 19.10 474.00 431.00 1.14 0.053 3.6 0.373 3.7 0.051 0.9 314 +81 3228 +2.9 319 +5.8
BW28-20 15.30 365.00 358.00 1.05 0.053 2.1 0.366 23 0.050 0.9 344 +49 313.1 +2.9 308.7 +4.8
Spot Element content, ppm 2321238y Isotope ratio Age and error
b Th U 207p,206pp, 1y 207ppy 235 1 206pp, 235 1y 207pp,206py " 206pp, 235 . 207ppy 235 .
G54-8 LA-ICP-MS zircon U-Pb
G54-8-1 10.00 63.93 103.29 1.62 0.055 0.0 0.412 0.1 0.056 0.0 501.09 1.7 349.42 16.5 325.41 68.7
G54-8-4 8.49 55.34 73.31 1.32 0.064 0.0 0.408 0.1 0.050 0.0 466.56 517.8 314.26 22.9 320.31 72.8
G54-8-5 13.59 88.66 97.98 1.11 0.050 0.0 0.395 0.1 0.054 0.0 515.34 78.9 339.40 19.1 316.35 65.1
G54-8-6 14.12 99.74 129.93 1.30 0.057 0.0 0.401 0.1 0.052 0.0 533.80 277.2 324.45 16.6 320.01 66.0
G54-8-8 7.25 45.13 65.63 1.45 0.067 0.0 0.450 0.1 0.051 0.0 487.50 893.5 320.20 221 338.60 86.9
G54-8-9 14.35 91.68 113.02 1.23 0.061 0.0 0.412 0.1 0.052 0.0 548.97 242.7 329.02 17.8 328.71 64.9
G54-8-10 15.30 105.05 123.30 117 0.053 0.0 0.375 0.1 0.050 0.0 626.87 —394.6 314.22 17.0 306.24 56.9
G54-8-11 8.34 51.54 89.25 1.73 0.059 0.0 0.418 0.1 0.050 0.0 391.56 597.1 311.64 17.2 328.49 71.6
G54-8-13 8.84 55.45 100.79 1.82 0.058 0.0 0.390 0.1 0.049 0.0 488.58 135.3 309.16 18.3 319.72 54.3
G54-8-14 4.68 24.60 47.23 1.92 0.053 0.0 0.380 0.1 0.053 0.0 431.13 907.7 330.69 28.6 315.85 82.0
G54-8-19 12.07 75.33 107.69 143 0.050 0.0 0373 0.1 0.053 0.0 493.01 -32 329.92 16.2 308.54 51.1
G54-8-21 8.53 59.68 97.45 1.63 0.054 0.0 0.389 0.1 0.049 0.0 535.79 23.1 309.72 19.2 316.42 57.7
G54-8-25 9.70 67.47 102.26 1.52 0.062 0.0 0.389 0.1 0.046 0.0 546.43 2033 289.44 154 316.98 57.7
G54-8-26 18.28 126.25 139.75 1.11 0.051 0.0 0.379 0.1 0.054 0.0 458.63 —222.4 337.43 174 316.38 44.7
G54-8-28 21.32 153.53 170.22 1.11 0.054 0.0 0.374 0.1 0.051 0.0 345.85 264.3 319.25 13.7 310.69 491
G54-8-30 21.20 141.75 160.50 113 0.055 0.0 0.347 0.0 0.048 0.0 615.13 —255.7 303.75 14.5 304.62 41.3
G54-8-31 25.88 173.27 189.91 1.10 0.060 0.0 0.421 0.1 0.051 0.0 431.08 249.9 323.60 11.6 345.40 46.5
G54-8-32 6.56 41.80 75.61 1.81 0.056 0.0 0.384 0.1 0.052 0.0 498.05 106.9 328.88 214 312.51 58.2
G54-8-33 7.71 53.03 88.74 1.67 0.057 0.0 0.401 0.1 0.049 0.0 408.27 4433 305.24 14.2 325.53 57.7
G54-8-34 23.57 154.45 172.19 1.11 0.055 0.0 0.413 0.1 0.055 0.0 311.26 323.0 347.09 12.8 339.36 48.6
G54-8-38 15.07 110.82 133.35 1.20 0.058 0.0 0.378 0.1 0.049 0.0 542.87 1014 311.23 123 312.39 50.7
G54-8-39 11.97 84.14 122.79 1.46 0.053 0.0 0.344 0.1 0.050 0.0 569.14 —105.2 312.49 15.0 288.66 47.6
G54-8-40 8.60 54.97 99.37 1.81 0.056 0.0 0.388 0.1 0.051 0.0 530.13 196.5 32047 19.0 316.78 56.4
G54-8-45 23.60 153.99 185.16 1.20 0.061 0.0 0.415 0.1 0.052 0.0 315.01 491.7 325.74 10.2 344.60 40.5
G54-8-47 9.22 57.91 88.13 1.52 0.057 0.0 0.382 0.1 0.052 0.0 632.30 —-106.9 325.71 15.5 312.79 56.3
G54-8-50 122.79 908.60 351.74 0.39 0.057 0.0 0.381 0.0 0.049 0.0 189.25 481.1 306.71 8.7 323.59 29.2
G54-8-51 23.73 162.53 155.35 0.96 0.061 0.0 0.403 0.1 0.048 0.0 342.90 351.7 303.86 11.8 334.02 44.5
G54-8-54 20.22 12347 147.01 1.19 0.055 0.0 0.416 0.1 0.056 0.0 337.12 268.7 348.10 13.2 355.74 41.8
G54-8-56 13.66 85.66 108.50 1.27 0.057 0.0 0.417 0.1 0.054 0.0 497.66 -24 33935 115 341.92 48.9
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lithophile element enrichment (especially Pb enrichment) are
typical characteristics of magma in subduction zones, indicating
that their source region was strongly influenced by the dehydra-
tion fluids released from subducting slabs. In contrast, the volcanic
rocks in Eastern Junggar and West Tianshan lack Nb-Ta depletion
(Nb/La ~1), suggesting that they may have formed in an intra-plate
extensional setting (such as a rift or post-collision spreading)
where the magma source region was less affected by subduction
fluids.

The Zr/Nb (29.36-65.60) and Hf/Ta (12. to 30.16) ratios of the
samples are significantly higher than those of Ocean island basalt
(OIB: Zr/Nb = 5.8, Hf/Ta = 2.9) or normal mid-ocean ridge basalt
(N-MORB: Zr/Nb = 30, Hf/Ta = 2.9). The volcanic samples exhibit
low initial (87Sr/80Sr); values (0.703941-0.705675) and positive
end(t) values (7.5-8.0), indicating that their source was predomi-
nately a relatively depleted mantle with minor contamination
from subducted sediments. In contrast, the volcanic rocks from
Eastern Junggar, with low eng(t) (4.0-6.0) and low Sr isotopes
(0.7030-0.7040), reflect a more depleted mantle source (likely
linked to asthenospheric upwelling), whereas the rocks from
Western Tianshan, characterized by low eng(t) (—2.0 to +1.0) and
high Sr isotopes (0.7060-0.7080), suggest significant contamina-
tion by ancient crustal materials, consistent with an intra-
continental rift or post-collisional extensional setting (Pan et al.,
2022). In the Sr-Nd isotope diagram (Fig. 6(a)), the samples plot
close to the early Carboniferous island arc volcanic rocks
from Western Junggar, implying a magmatic source similar to
the Junggar oceanic crust. Compared to Hatu back-arc basalt,
Baikouquan volcanic rocks have higher eng(t) values, suggesting
derivation from a more depleted mantle source (Xiao et al., 2023).
This is corroborated by the (87Sr/®6Sr)i-(143Nd/'#4Nd);,
(206Pb/204pb)i—(207Pb/204pb)i, and (ZOGPb/204Pb)i_(ZOSPb/204Pb)i di-
agrams (Fig. 6(c), (d), (e), (f)), in which the datapoints fall near the
mantle evolution line, indicating a depleted MORB-like mantle
component in the source. As immobile elements, Zr and Nb are
effective tracers of magmatic source properties. In the Zr-Nb dia-
gram (Fig. 8(a)), the samples display characteristics of a depleted
mantle. Th and Ta are highly incompatible elements closely asso-
ciated with subduction, maintaining nearly constant ratios during
mantle melting (Xiao et al., 2023). However, during plate sub-
duction, Th is more mobile than Ta, leading to their fractionation
and resulting in high Th/Yb ratios in subduction-zone volcanic
lavas (Xiao et al., 2023). Additionally, minor sediment melts can
elevate the Th content, causing positive anomalies (Plank, 1988;
Hawkesworth et al., 1997). The Th/Yb ratio thus reflects the
contribution of sediment melts to the source magma (Elliott et al.,
1997; Class et al., 2000; Singer et al., 2007). In the Th/Zr-U/Th di-
agram (Fig. 8(b)), the samples exhibit a vertical trend, suggesting
the involvement of subduction-derived fluids. The Ce/Pb values
(2.52-13.38, average 4.61) are significantly lower than those of
depleted mantle source magma (Hofmann, 1988), further depleted
by subduction-zone fluids (Klein and Karsten, 1995). Collectively,
these observations, combined with the Th/Zr-U/Th diagram, indi-
cate that the Kebai Fault Zone volcanic rocks experienced meta-
somatism by subduction fluids during their formation. The
relatively concentrated Th/Yb and Ta/Yb values, with the Th/Yb
values higher than the MORB values, suggest that mantle magma
was metasomatized by subduction fluid and melts. The melting of
subduction-related sediments introduced Th into the mantle
wedge, increasing its concentration and causing deviations from
the mid-ocean ridge mantle evolution trend, including the
elevated Th/Yb ratios characteristic of subduction-modified
sources.

The content and ratios of earth elements and high-field
strength elements are often used to identify magma source
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Fig. 5. U-Pb isotopic age of zircon from Late Carboniferous volcanic rocks in Kebai Fault Zone.
Table 3
Sr-Nd-Pb isotopic composition of Late Carboniferous volcanic rocks in Kebai Fault Zone.
Sample G53-3 G53-4 G54-8 G54-10 G53-12 B55-3
Isotopic initial ratio correction age, Ma 316 316 316 316 316 316
Sr isotopes Rb, ppm 11.6 12.6 2.03 9.51 18 1.41
Sr, ppm 515 491 161 1381 433 204
875r/86sr 0.703926775 0.703935623 0.704046657 0.704351879 0.705564957 0.705670542
(37sr/3sr); 0.703941 0.703952 0.704055 0.704356 0.705592 0.705675
26 0.000006 0.000007 0.000008 0.000005 0.000009 0.000007
Nd isotopes Sm, ppm 2.10 2.00 1.90 1.80 3.70 7.80
Nd, ppm 7.10 6.70 7.30 6.40 13.00 29.00
1475 m/144Nd 0.17872 0.18037 0.15727 0.16995 0.17198 0.16252
(*3Nd/"Nd); 0.512232 0.512232 0.512232 0.512232 0.512232 0.512232
26 0.000011 0.000009 0.000007 0.000010 0.000011 0.000011
ena(t) 7.5 7.5 8.0 7.5 8.0 8.0
Tpm, Ma 728 741 508 652 573 527
Tpm, Ma 466 464 429 469 428 429
Pb isotopes Pb, ppm 3.34 3.06 2.86 2.09 4.42 6.07
Th, ppm 0.71 0.7 0.89 0.57 2.03 0.74
U, ppm 0.23 0.25 0.3 0.21 0.64 0.28
208pp [204pp 37.9970 38.0150 38.0840 38.0400 38.1960 37.8520
207pp294ph 15.5150 15.5170 15.5150 15.5140 15.5270 15.5010
206ppy204p 18.1390 18.1450 18.2300 18.2110 18.3400 18.0670
(?98Pb/294pb); 37.7834 37.7851 37.7712 37.7659 37.7344 37.7295
(?%7Pb/?94pb); 15.5037 15.5036 15.4978 15.4976 15.5033 15.4935
(295pb/204pp); 17.9254 17.8916 17.9047 17.8994 17.8910 17.9239

regions and melting degree (Aldanmaz et al., 2000). With an in-
crease in the degree of partial melting, the Sm content gradually
decreases relative to that of the heavy rare earth elements
(Aldanmaz et al., 2000). Partial melting of spinel peridotite does
not significantly change the Sm/Yb and La/Sm values, whereas
partial melting of garnet dipyroxene peridotite significantly
changes the Sm/Yb values. The Sm/Yb-Sm diagram (Fig. 8(c))
shows that the volcanic rocks in the Kebai Fault Zone fall on the
evolution curve of garnet spinel dipyroxene peridotite, indicating
that the source area was mainly garnet and spinel dipyroxene
peridotite, and that 10%-30% melting occurred, which is similar to
the melting degree of the Baikouquan volcanic rocks and the
porphyry basalt of the Hala'alat Formation (20%-30%) (Xiang et al.,
2015; Xiao et al., 2023). In the Ta/YB-TH/Yb diagram (Fig. 8(d)), the
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samples fell into the inter-oceanic arc region, similar to the
basaltic andesite in the Baikouquan area (Xiao et al., 2023).
Therefore, the unique geochemical features of the Carbonif-
erous volcanic rocks in the Kebai Fault Zone (Nb-Ta depletion, large
ion lithophile element enrichment, and calcalkaline series) show
significant differences from those in surrounding areas. These
differences consistently point to their formation in a post-arc basin
extensional environment, related to island arc magmatism. The
source area might be the mantle wedge, modified by subduction
sediment melts and fluids and having undergone partial melting.
In addition, there is evidence of a small amount of crustal
contamination. In contrast, the volcanic rocks in other regions
(such as the bimodal volcanism in Eastern Junggar and the alkaline
series in Western Tianshan) are more closely related to intra-plate
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Fig. 6. Sr, Nd, Pb isotopic diagrams of Late Carboniferous volcanic rocks in Kebai Fault Zone. (a) "*Nd/'#4Nd vs. 87Sr/3®Sr isotope discrimination diagram (according to Xiao et al.
(2023); (b) eng vs. (37Sr/%5Sr) isotope discrimination diagram (according to Zindler and Hart (1986)); (c) and (e) 2°7Pb/?°4Pb vs. 2°6Pb/2%4Pb lead isotope discrimination diagram
(according to Allegre (1988)); (d) and (f) 2°8Pb/2%4Pb vs. 205Pb/2%4Pb lead isotope evolution curve discrimination diagram for crust and mantle (according to Zartman (1981)).

extension or crustal contamination mechanisms. This reveals the
diversity of magmatic responses in different tectonic units during
the closure of the Paleo-Asian Ocean. In the future, it will be
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necessary to include deep geophysical data (such as mantle
structure) to further verify the dynamic relationship between the
morphology of the subducted plate and magmatic activity.
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Fig. 7. Age histogram of volcanic rocks in Western Junggar and its vicinity.

5.3. Tectonic environment and significance

The Late Carboniferous andesite in Western Junggar has the
typical characteristics of a subduction zone arc volcanic rock,
originating from the partial melting of a water-rich mantle wedge,
related to the dehydration of the subducting slab. The zircon U-Pb
age (about 322 Ma) indicates that, in the mid-Carboniferous, the
residual oceanic basin was still subducting and not completely
closed, creating an arc-back extensional environment. Han et al.
(2006) believes that subduction consumption in the southern
part of Western Junggar ended during the Late Carboniferous
—early Permian, and that the region was a post-collision exten-
sional environment. The volcanic rocks exposed in the Baobei and
Bagutu areas have formation ages of 358-332 Ma, formed in an
Early Carboniferous island arc environment (Wang et al., 2007;
Guo et al., 2010), while the Bagutu-Darbut area is an intra-
oceanic island arc environment (Shen et al., 2013), and the basic-
neutral volcanic rocks in the Hatu-Bagutu area have formation
ages of 325-324 Ma, belonging to an arc-back basin. The andesite
north of Urho has a formation age of 306-304 Ma and was still
formed in an island arc environment (Li et al., 2016). Liu et al.
(2009) identified E-MORB-type basalt in Darbut, suggesting that
subduction may have continued until the Late Carboniferous
(302 Ma). Xiao et al. (2023) believes that the volcanic rocks in the
Baikouquan area are related to the subduction consumption of the
late Paleozoic oceanic basin in Western Junggar. During the
Carboniferous period in Western Junggar, the subduction and
reduction of the oceanic basin caused intense island arc magma-
tism, which was an important magmatic event in the inner arc of
the Junggar Ocean. Li et al. (2016) proposed that a set of basic
volcanic rocks in the Urho area showed “lagged arc” characteristics
in the early Permian (~283 Ma), and believe that subduction in
Western Junggar ended in the late to early Permian. The early
Carboniferous adakitic rock walls (334 Ma) in the northern part of
Western Junggar are related to low-angle slab subduction, while
the Late Carboniferous rock walls in the southern part may be
affected by mid-ocean ridge subduction. Overall, this demon-
strates the multi-stage subduction-closure process of the ancient
Asian Ocean (Yin et al., 2012). Xiao et al. (2023) obtained a zircon
U-Pb age of 342 Ma for basaltic andesite from the Baikouquan area,
indicating that there was magmatism in Western Junggar in the
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early Carboniferous, consistent with the island arc environment
era. The petrogenesis of these rocks was related to slab subduction
and the source area was affected by subducted sediments, all
indicating that this volcanic rock is likely related to the subduction
consumption of the late Paleozoic oceanic basin in Western
Junggar. Tang et al. (2010) studied the exposed basalt in the Hatu
area and obtained a crystallization age of 315-290 Ma (early to Late
Carboniferous. These rocks are mid-ocean ridge basalt (MORB)-
like tholeiites, indicating they are products of a mid-ocean ridge
subduction system. In Western Tianshan, Carboniferous alkaline
bimodal volcanic rocks (basalt-rhyolite association) developed,
which may indicate an intra-continental rift environment related
to post-plate suture extension (Li et al., 2006). In the eastern part
of the Junggar Basin, there is a regional unconformity at the top of
the Carboniferous strata, which may reflect a tectonic event
involving the transition from compression to extension, rather
than post-arc extension (Yi et al., 2018). The Early Carboniferous
adakitic rock walls in northern Xinjiang may reflect different tec-
tonic mechanisms (such as delamination or underplating) rather
than a unified post-arc system. They may originate from the partial
melting of the lower crust due to delamination, rather than the
melting of the subducted slab (Yin et al, 2015). In the Late
Carboniferous, the Junggar Basin transitioned from marine to
terrestrial sedimentation, which may be accompanied by gravi-
tational collapse after crustal thickening, triggering an extensional
environment (Yi et al., 2018). However, the trace element charac-
teristics of the andesite (such as Nb-Ta deficiency and Pb enrich-
ment) are consistent with the melting of the mantle wedge by
subduction zone fluids, which is difficult to explain using rift or
delamination mechanisms (Yin et al., 2015; Shao et al., 2022).
Although the high Sr/Y ratio and low Yb content of adakite may
originate from various mechanisms, their spatiotemporal distri-
bution is highly consistent with melting conditions against a
background of low-angle subduction (Yin et al., 2015). The residual
oceanic basin in Western Junggar was not completely closed in the
Middle Carboniferous (about 322 Ma), and subduction continued
until the Late Carboniferous, connecting with the back-arc exten-
sion stage after the closure of the Darbut-Kalamaili Oceanic Basin
(Chen and Arakawa, 2005; Shao et al., 2022). The difference be-
tween the low-angle subduction in the north and mid-ocean ridge
subduction in the south can explain the diversity of rock assem-
blages in different regions, while overall, they still represent
segmented responses of the subduction system (Chen and
Arakawa, 2005; Yin et al, 2015). A trench-arc-basin system
(forearc-island arc-backarc) was explicitly developed in Western
Tianshan during the Early Carboniferous, while in the Late
Carboniferous, the tectonic sequence in the eastern part of the
Junggar Basin showed intra-continental extension, which may
have been a continuation of the transformation from back-arc
basin to continent (Chen and Arakawa, 2005; Yi et al., 2018).
Based on multi-dimensional evidence, including petrological
geochemistry, chronology, and regional tectonic evolution, a back-
arc basin tectonic environment can explain the spatiotemporal
differentiation characteristics of the Late Carboniferous magmatic
activity in Western Junggar. Other tectonic explanations (such as
rift or delamination environments) can explain local phenomena,
but lack a systematic connection to the regional subduction
background. Further research is needed to combine deep
geophysical data (such as mantle structure) and high-precision
chronological frameworks to clarify the dynamic relationships
between subduction plate morphology and magmatic responses.
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Table 4

Statistical table of age results of volcanic rocks in Western Junggar and its vicinity.
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Location or sampling well Lithology Zircon U-Pb for age, Ma Test method Sources of date
SiCan 1 Tuff 354.6 + 2.6 LA-ICP-MS Li et al. (2016)
HongShan 4 Tuff 3183 £ 5.1 LA-ICP-MS
Tuff 322.0 £ 23 LA-ICP-MS
Guai 26 Granite 3273 +33 SIMS
JinLong 5 Granite 324.6 +£ 2.1 SIMS
Guai 3 Basalt 303.1 +34 SIMS
Jin9 Tuff 3135+ 53 LA-ICP-MS
Tuff 325.1+24 LA-ICP-MS
Tuff 3358 + 2.7 LA-ICP-MS
Ke 85 Tuffite 289.5 + 12 LA-ICP-MS
Tuffite 3313+ 26 LA-ICP-MS
XiaJi 2 Tuff 3235+ 1.8 LA-ICP-MS
XiaGu 2 Tuffite 3129+ 1.2 LA-KP-MS
MoShen 1 Tuffite 331.7 £ 3.8 SHRIMP
ShiXi 4 Dacite 2973 + 44 LA-ICP-MS
Rhyolite 3072 +79 LA-ICP-MS
MaDong 4 Dacite 326.6 + 2.8 SIMS
DiXi 14 Tuff 337.2 + 4.1 SHRIMP
LuDong 1 Tuff 3133 + 4.6 LA-ICP-MS
ShiNan 1 Basalt 306.8 + 4.7 SIMS
DiZhong 1 Tuff sandstone 3146 £ 1.2 LA-ICP-MS
Ying 2 Tuff 319 £ 11 LA-ICP-MS
SanCan 1 Basalt 3004 + 1.3 SIMS Su et al. (2010)
WucCan 1 Tuff 3243 +£23 LA-ICP-MS Li et al. (2016)
LunCan 1 Tuffite 3979 + 1.7 LA-ICP-MS
Lun 8 Dacite 376.6 + 4.1 SIMS
Lun 5 Andesite 3134 +£53 SIMS
GuCheng 1 Tuff 317.7 + 3.1 LA-ICP-MS
DongQuan 1 Andesite 316.1 + 2.7 LA-ICP-MS
Cai 58 Tuff 325.0 £ 4.7 LA-ICP-MS
JiCan 1 Basalt 3132+ 21 SIMS
FuQian 1 Dacite 3154+ 16 LA-ICP-MS
Basaltic andesite 3174 + 2.1 LA-ICP-MS
TaCan 1 Tuff 3153+ 1.6 LA-ICP-MS
ZhaoCan 1 Diorite 4219 + 3.1 SIMS
North of Baijiantan Dacitic tuff 3451+ 2.0 Zircon U-Pb Xinjiang Oilfield (2022)
Andesite 3746 + 3.6 LA-ICP-MS
424 Basaltic andesite 306.2 + 5.8 LA-ICP-MS
Bai 72 Rhyolite 303.2 + 4.8 LA-ICP-MS
Granite 300 + 3.6 LA-ICP-MS
Concomitant conglomerate basalt 3024 + 5.0 LA-ICP-MS
Gu 96 Amygdaloidal andesite 3141 LA-ICP-MS
Gu 131 Amygdaloidal andesite 314 LA-ICP-MS
Ke 84 Amygdaloidal basalt 3071 LA-ICP-MS
555 Glauconite-bearing fine-grained debris sandstone 306 LA-ICP-MS
Gu 66 Basaltic andesite 303 +2 LA-ICP-MS
Basalt 304 +3 LA-ICP-MS
Feng 19 Andesite 295 LA-ICP-MS
CheTan 1 Andesite 310.7 £ 2.9 LA-ICP-MS
Andesite 3129 +3.2 LA-ICP-MS
Urho Rich porphyry basalt 302 +2 LA-ICP-MS Li et al. (2024)
Baikouquan Basaltic andesite 3422 +1.0 LA-ICP-MS Xiao et al. (2023)
Urhe section Grayish green basaltic andesite 304 +£3.5 LA-ICP-MS Tong (2023)
Light grey-green lithic tuff 304 +£43 LA-ICP-MS
Purple andesite 308.5 + 3.9 LA-ICP-MS
Yellowish brown rhyolite 3089 +2.3 LA-ICP-MS
Grey-purple basalt porphyrite 305.9 + 2.0 LA-ICP-MS
Bronzing amygdaloidal basalt 303.3 +£3.7 LA-ICP-MS
BW28 Rhyolitic crystal tuff 316.8 + 1.7 SHRIMP This study
G54 Basalt 321.7 £ 1.8 LA-ICP-MS
B527 Rhyolitic crystal tuff 3163 +£ 2.9 SHRIMP Xinjiang Oilfield (2025)
430 Rhyolitic crystal tuff 3162 £2.2 SHRIMP
440 Rhyolitic crystal tuff 3152 £ 2.7 SHRIMP

Owing to the varying sensitivities of different element suites to
magma source properties, degrees of partial melting, and evolu-
tionary processes, there are distinct differences in the geochemical
information captured by Hf-Th-Ta and Zr-Nb-Y assemblages. Ratios
of high field strength elements to incompatible elements, such as
those in the Hf/3-Th-Ta diagram (Fig. 9(a)), are used to characterize
tectonic environments. Volcanic samples from the Kebai Fault
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Zone plot within the calc-alkaline basalt field of the island arc,
indicating a tectonic setting associated with the subduction of the
Junggar Ocean. Specific element behaviors allow further classifi-
cation of island arcs into intra- or marginal arcs (Xiao et al., 2023),
as their migration and enrichment trends reflect ocean—continent
transformation and evolutionary stages. In the Ta/YB-TH/Yb dia-
gram (Fig. 8(d)), the Kebai Fault Zone volcanic rocks exhibit low
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Fig. 8. Geochemical discrimination diagrams. (a) Nb vs. Zr diagram for mantle endmember (according to Pearce and Cann (1973)), (b) U/Th vs. Th/Zr diagram indicating marine
organism and sediment component signatures (according to Pearce (1982)), (¢) Sm/Yb vs. Sm diagram for mantle enrichment-depletion and rock type (WAM, N-MORB, etc.)
discrimination (according to Hawkesworth et al. (1997)), (d) Th/Yb vs. Ta/Yb diagram for tectonic setting (MORB, island arc, WPB) and mantle source discrimination (according to

Aldanmaz et al. (2000)).

Th/Yb (0.61-1.91) and Ta/Yb (0.04-0.16) ratios, with the data
plotted within the inner arc field, comparable to the basaltic
andesite from the Baikouquan area (Xiao et al., 2023).

The spider diagram of the normalized trace elements in the
original mantle (Fig. 3(a) and (b)) shows that large ion lithophilic
elements, such as Ba, Th, U, and Sr, are relatively enriched, whereas
high field strength elements, such as Nb, Ta, Zr, and Hf, are rela-
tively depleted, characteristics typical of island arc volcanic rocks
associated with subduction. This suggests that the tectonic envi-
ronment was closely related to an island arc. Previous studies have
shown that the Late Carboniferous to Early Permian was an
ocean-continental transition period in the southern part of
Western Junggar, that the region comprised mainly island arc
environments related to subduction (Zhang et al., 2006; Yin et al.,
2012; Xiang et al., 2015; Li et al., 2016) and post-collision extension
(Han et al., 2006; Zheng et al., 2007), and arguing that Western
Junggar was formed in an inter-oceanic arc environment (Chen
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et al., 2005; Zheng et al., 2007; Zhang et al., 2011). Because of
the uniqueness of elements such as Zr and Y to magma differen-
tiation and the characteristics of the source area, in the Nb x 2-Zr/
4-Y discriminant diagram (Fig. 9(b)), all samples fell within the
range of intra-plate tholeiiticc N-MORB, and volcanic arc basalt.
Using the content relationship between the large ion lithophilic
element V and the transition metal element Ti, the sample points
in the V-Ti/1000 discrimination diagram (Fig. 9(c)) fell in the
overlapping areas of the mid-ocean ridge and back-arc basin
basalt. In contrast, in the La/10-Y/15-Nb/8 discrimination diagram
(Fig. 9(d)), the sample points fell in the overlapping areas of calc-
alkaline and volcanic arc basalt. This reveals that the samples were
composed of both mid-ocean ridge basalt and island arc igneous
rocks. Therefore, the genesis of the volcanic rocks in the Kebai
Fault Zone was controlled by ocean ridge extension and subduc-
tion, reflecting a tectonic environment of extension in a back-arc
basin.
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Fig. 9. (a) Th-Hf-Ta diagram of the Kebai Fault Zone (according to Wood (1980)), (b) Nb x 2-Zr/4-Y discrimination diagram (according to Meschede (1986)), (¢) V-Ti/1000
discrimination diagram (according to Shervais (1982)) and (d) La/10-Y/15-Nb/8 discriminant chart (according to Cabanis and Lecolle (1989)).

6. Conclusions

(1)

(2)

(3)

Zircon U-Pb chronology results showed that the SHRIMP U-
Pb age of the tuff in the Kebai Fault Zone is 316.8 &+ 1.7 Ma,
and the LA-ICP-MS zircon U-Pb age of the andesite is
321.7 + 1.8 Ma, representing a Late Carboniferous volcanic
eruption age. The horizon can be compared with the upper
Chengjisihanshan Formation in the region.

The volcanic rocks in the Kebai Fault Zone are calc-alkaline
rocks, and are sodium-rich and potassium-poor. The
consolidation index (SI) ranged from 8.53 to 25.84, indi-
cating a high degree of crystallization differentiation. Their
light rare earth elements are relatively enriched, while their
heavy rare earth elements are relatively depleted. The light
and heavy rare earth elements are clearly differentiated.
Large ion lithophile elements, such as Ba, Th, U, and Sr, are
relatively enriched and high field strength elements, such as
Nb, Ta, Zr, and Hf, are relatively depleted. The source area
was primarily composed of garnet and spinel diopside
peridotite and underwent 10%-30% melting.

The Zr/Nb and Hf/Ta values are higher than those of ocean
island basalts or standard mid-ocean ridge basalts, the
(87sr/%8sr); values are lower, and the eng(t) values are
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positive. The Sr-Nd-Pb isotopes showed affinities similar to
those of the mantle, along with a small amount of crustal
contamination. Combined with the Hf/3-Th-Ta, Nb x 2-Zr[4-
Y, V-Ti/1000, and La/10-Y/15-Nb/8 tectonic environments, it
is considered that the genesis of the volcanic rocks in the
Kebai Fault Zone was controlled by the extension of the
ocean ridge and subduction, with a tectonic environment of
extension in a back-arc basin.
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