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The tectonic evolution of the Paleo-Asian Ocean (PAO) has been well studied, including its gradual narrowing and closure by
subduction. However, aspects of the tectonic evolution of the oceanic domain remain unclear, including the exact timing and
nature of the closure. The Central Asian Orogenic Belt (CAOB) was formed by the closure of the PAO and, therefore, contains
information about the tectonic evolution of the oceanic domain. Here, we report a study of the petrology, geochronology, and
geochemistry of the Taohaiyingzi section of the Permian Linxi Formation in Alukhorqin Banner (Northeast China) in the
central part of the CAOB. A newly discovered andesitic tuff from the lower part of the Linxi Formation yields a weighted mean
25Pb/>8U age of 262.2 + 1.1 Ma (n = 87), indicating that the lower part of the Linxi Formation of the Taohaiyingzi section
was deposited during the late Guadalupian. Provenance weathering indicators show that the sedimentary rocks of the Linxi
Formation are of low maturity. Element geochemical characteristics indicate that the Linxi Formation clastic rocks were derived
from eroded magmatic rocks that formed in a continental arc setting and were deposited close to the arc in a continental arc
basin environment. The active margin setting was generated by the subduction of the paleo-Asian oceanic plate beneath the
Xilinhot-Songliao block. The inferred palacosalinity of the sedimentary environment changed gradually from brackish to fresh
water, suggesting the end of oceanic plate subduction during the late Guadalupian, and the closure of the PAO during or after the
Lopingian.

1. Introduction

The gradual subduction of the Paleo-Asian oceanic plate
and the closure of the Paleo-Asian Ocean (PAO) during the
Late Permian to Early Triassic formed a huge suture belt,
namely, the Central Asian Orogenic Belt (CAOB) [1-6].
The CAOB is the largest accretionary orogenic belt in the

world and is located between the Siberia-Europe plates and
the North China-Tarim plates. The belt extends from the
Ural Mountains in the west and passes through Kazakhstan,
Kyrgyzstan, Mongolia, and Northeast China, and eastward
to the west coast of the Pacific Ocean, although the eastern
Nadanhada and Sikote-Alin terranes are not included [1-
10]. The CAOB was formed between 600 and 250 Ma by
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the convergence and subduction in different directions of
multiple oceanic basins, including the Paleo-Asian oceanic
basin, and is a complex collage of numerous magmatic arcs,
accretionary terranes and complexes, arc-related basins, and
micro-continental blocks [3-6, 11-15].

Northeast China is located in the central-eastern part
of the CAOB, bordered by the North China Plate to the
south and the Siberian Plate to the north. The tectonic
evolution of Northeast China is complex, as the area has
been influenced by the superposition of the Paleozoic PAO,
Mesozoic Mongolia-Okhotsk Ocean, and Meso-Cenozoic
circum-Pacific tectonic domains [1, 6, 14, 16].

Several blocks with Precambrian basement have been
identified in the central-eastern part of the CAOB; that
is, the Erguna, Xing'an, Xilinhot-Songliao, and Bureya-Jia-
musi-Khanka blocks. At the end of the late Paleozoic,
these blocks collided with the North China Plate and were
amalgamated into a single composite block, following which
the PAO was closed between the Siberia and North China
plates (Figure 1) [6, 14, 16, 17].

The location and timing of the formation of the PAO
suture are disputed. Most studies have regarded the Xar
Moron-Changchun-Yanji line as the suture zone between
the Siberian and North China plates [8, 18-23]. However,
others have considered that the amalgamation zone of
the two plates is located along the Hegenshan-Heihe fault
zone [24-27]. There are also differing views on the timing
of the closure of the PAO. Although some studies have
proposed a Middle Devonian [25, 28] or Late Devonian to
early Carboniferous [29, 30] closure, most have argued for
closure during the Guadalupian-Lopingian to Early-Middle
Triassic [8, 23, 31-34].

Previous studies of the tectonic evolution of the
PAO have focused mainly on magmatic (including
volcanic) rocks, palacontology, and palacomagnetism, with
fewer investigating sedimentological aspects. Sedimentary
systems record the weathering and denudation processes
of their source area and can also provide a reliable
geological record of tectonic activity and geodynamic
setting. The Permian Linxi Formation in Northeast China
has been extensively investigated because of its age,
tectonic setting, and significance. Studies have exam-
ined the age [35-39], palaeontological evidence [40, 41],
sedimentary environment [42-44], and tectonic setting
[31, 45, 46] of the Lopingian Linxi Formation in the
study area. Furthermore, oil and gas geological surveys
have shown that the Linxi Formation has high oil and gas
resource prospectivity [47, 48].

Several major biological and geological events occur-
red during the Permian, including the final amalgamation
of Pangea. Dramatic changes in marine and continental
environments eventually led to the largest extinction event
in geological history at the end-Permian [49-54]. The
Permian was also a period of widely variable palaeogeo-
graphic environments, meaning that comparing Permian
strata from different regions is challenging. In Northeast
China, many aspects of Permian strata remain uncer-
tain, and a comprehensive timescale has not yet been
constructed, thus hampering the comparison, correlation,
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and understanding of regional geological events. Detailed
studies of critical Permian stratigraphic intervals in
Northeast China would provide important constraints on
the tectonic evolution of the PAO; however, such studies are
lacking.

High-precision dating plays an important role in
constraining stratigraphic ages and regional stratigraphic
correlation [51, 52, 54]. A precise age for the Permian Linxi
Formation is required to improve the regional correlation of
strata and reconstruct the evolution of the PAO, including
its closure. The Permian Linxi Formation was deposited
during the tectonic transition between the PAO and Pacific
Ocean tectonic domains. Here, we report a precise age for
the Linxi Formation and analyze its sedimentary environ-
ment and tectonic setting to better constrain the evolution
of the PAO.

2. Geological Setting

The study area is located in the Xilinhot-Songliao block
of Northeast China, in Alukhorqgin Banner of the Inner
Mongolia Autonomous Region (Figure 2(a)). The area
includes the location of the final closure of the PAO,
as represented by widely exposed late Palaeozoic strata
[33, 35, 36, 55-57]. Stratigraphic units in the study area
include the Cisuralian Shoushangou (P;ss) and Dashiz-
hai (P1d) formations, the Guadalupian Zhesi Formation
(Pyz), and the Lopingian Linxi Formation (P3l). The
Shoushangou Formation is composed of clastic rocks
that contain limestone lenses, with the latter contain-
ing abundant fusulinid, coral, and brachiopod fossils.
The Dashizhai Formation is a marine volcano-sedimen-
tary deposit containing suites of intermediate—felsic to
intermediate-mafic volcanic rocks. A rhyolite from the
Dashizhai Formation adjacent to the study area has yielded
zircon U-Pb ages of 279 + 3 Ma [58] and 292.8 *
2.7 Ma [59]. The Zhesi Formation consists of sandstone,
slate, and limestone and locally contains felsic pyroclastic
rocks and abundant marine fossils. The Linxi Formation
comprises sandstone, slate, and mudstone and contains
fossils. Mesozoic strata are widely exposed in the study area,
including the Middle Jurassic Xinmin Formation (J,xm),
Upper Jurassic Manketouebo Formation (Jsmk), Manitu
Formation (Jsmn), and Baiyingaolao Formation (Jsb;
Figure 2(a)). The lithologies are mainly intermediate-felsic
volcanic rocks and pyroclastic rocks. Most previous studies
of the Linxi Formation have focused on its lithological
associations, palaeontology, and detrital zircon chronology
[33, 35, 36, 40]. However, there have been no reports of
volcanic rock chronology, which would provide the most
reliable basis for accurately constraining the age of the Linxi
Formation. The lack of such age data has hindered our
understanding of the Linxi Formation and the reconstruc-
tion of the regional tectonic evolution.

The Taohaiyingzi section is located in Baiyintala town,
Alukhorqin Banner (Figure 2(a)). The section extends
from 44°24'55.06"N, 120°14'00.08"E to 44°25'08.90"N,
120°1326.88"E. The strata of the section dip northwest at
50°. The section is 950m long and 702m thick, and its base is
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F1GURE 1: Fundamental palaeotectonic units of Eurasia (modified after Liu et al. [16]). The rectangle shows the study area.

obscured by Quaternary sediments. It is divided into upper
and lower parts. The lower part comprises a set of gray-
black mudstone and gray-green sandstone. The upper part
contains interbedded fine-grained sandstone and mudstone.
Cross-bedding, wavy cross-bedding, and ripple marks are
developed in the sandstone. The feldspathic lithic sandstone
haslow compositional maturity, indicating that the study area
lay close to the provenance area. In 1996, the Inner Mongolia
Bureau of Geology and Mineral Resources classified the
Taohaiyingzi section as one of the representative sections of
the Linxi Formation. Fossils of sporopollen, spinicaudatans,
bivalves, and plants have been collected from several horizons
in the lower part of the Taohaiyingzi section, on which basis a
Lopingian age has been assigned [60].

In this study, an andesitic tuff interlayer was discovered
in the upper part of the Taohaiyingzi section and was dated
using U-Pb zircon geochronology. Samples were collected
from the section for geochemical analysis, and previously
published geochemical data were incorporated from clastic
rocks of the section and well TD1 (Table S2). This borehole
was drilled into Permian rocks for petroleum and natural
gas exploration. Well TD1 is located 100m from the section
and intersects the same layers of the Linxi Formation as
those exposed in the upper part of the Taohaiyingzi section

(Figures 2 and 3); fresh mudstone samples were obtained
from well TD1.

3. Samples and Methods

Foursamples of volcanic rock and eight samples of clastic
rocks were collected from the Taohaiyingzi section for
zircon isotope dating and geochemical analyses, respec-
tively. Samples for geochemical analysis were collected from
beds 32 to 56 of the section and are composed of fine gray
sandstone and gray-black mudstone. Data from previous
studies of the section are also referred (e.g., Zhen et al.,
2018; Zhang et al., 2019b; Table S1).

3.1. U-Pb Zircon Geochronology of Volcanic Rock. The dated
sample (ABP1-51TWS) is an andesitic tuff collected from
Bed 51 of the studied section (Figure 3). The tuff occurs
as an interlayer in black mudstone and is 15-20cm thick
(Figures 4(a)-4(c)).

The andesitic tuff is massive and consists mainly of
tuffaceous and interstitial sedimentary material. Crystal
fragments are 0.3-1.2mm long and comprise plagioclase
and quartz. Plagioclase fragments constitute 77vol% of
the tuff, with most being subidiomorphic and some being
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FIGURE 4: Field photographs and petrographic characteristics of the sample obtained for zircon U-Pb dating (ABP1-51TWS). (a-c) Field
occurrence of andesitic tuff. (d) Characteristics of andesitic tuff under the microscope.

sericitized. Quartz fragments constitute 3vol% of the tuff
and are subangular and fractured. The rock debris consists
of graphic granite composed of K-feldspar and quartz.
Sedimentary interstitial material includes recrystallized clay
minerals (Figure 4(d)).

Zircon crystals were extracted from a whole-rock
sample of andesitic tuff using combined standard magnetic
and heavy liquid separation techniques at the Langfang
Chengxin Geological Service Company, Langfang, China.
Selected zircons were examined under both transmitted and
reflected light using an optical microscope. Crystals free
of major fractures and visible inclusions were handpicked,
mounted in epoxy resin, and then polished to expose their
centers. Cathodoluminescence (CL) images were obtained
using a CL spectrometer (Garton Mono CL3+) attached to a
scanning electron microscope (Quanta 200F) with a 2-min
scanning time operated at 15 kV and 120 nA at Peking
University, Beijing, China. Distinct domains within the
zircons identified in CL images were selected for analysis
(Figure 5). U-Pb geochronological analysis employed a
quadrupole inductively coupled plasma-mass spectrometer
(ICP-MS; Agilent 7500a) equipped with a UP-193 solid-
state laser (193 nm, New Wave Research), housed at the
Geologic Laboratory Center, China University of Geoscien-
ces, Beijing, China. Analyses employed a laser energy
density of 8.5 J/cm? repetition rate of 10Hz, and beam
diameter of 36um. The ablated material was carried into
the ICP-MS by a high-purity He gas stream with a flux of
0.8 L/min. Zircon 91,500 was used as the external stand-
ard, and the standard silicate NIST 610 glass was used for
instrument optimization [61]. Zircon standards TEMORA
[62], Qinghu [63], and GJ-1 [64] were used as secondary
standards to monitor age measurements, and common Pb
was corrected following Andersen [65]. Standards 91,500,
GJ-1, and Qinghu zircons were analyzed after every ten

unknowns. Analysis of each block of five unknowns was
followed by analysis of these threestandards, with each
analysis involving a 30s blank measurement followed by a
further 40s of measurement during ablation. The weighted
mean 2Pb/>*U ages for 91,500 and GJ-1, as obtained in
this study, are 1063.1 + 5.8 Ma (20, n = 32) and 600.7 £
5.4 Ma (20, n = 8), consistent with the recommended values
within analytical uncertainties [64, 66]. Isotopic ratios and
element contents were calculated using GLITTER (version
4.4, Macquarie University). Age calculations and concordia
plots were completed using Isoplot (ver 3.0) [67].

3.2. Analysis of Major, Trace, and Rare Earth Ele-
ments. Samples of clastic rocks for geochemical analysis
were collected from Beds 6to57 of the section, and samples
of volcanic rocks were collected from Bed 51. The clas-
tic rocks are composed mainly of gray feldspathic lithic
sandstone, gray-black siltstone, and black mudstone. The
volcanic rock is gray-yellow andesitic tuff.

Major oxide compositions were analyzed using a
PANalytical Axios Advance (PW4400) X-ray fluorescence
spectrometer at the Northeast China Supervision and
Inspection Center of Mineral Resources, Ministry of
Natural Resources, Shenyang, China. Loss on ignition was
measured using 1g of powder heated to 1100°C for lhour.
Major oxides were analyzed in fused glass with an uncer-
tainty of <2%.

Trace element and rare earth element (REE) composi-
tions were measured using a PerkinElmer SCIEX ELAN
6000 ICP instrument at the Northeast China Supervision
and Inspection Center of Mineral Resources, Ministry of
Natural Resources. The powdered samples were dissolved
in a mixture of HNO3 + HF in a high-pressure Teflon
bomb for 48hours at 190°C [68]. Rhodium was used as
an internal standard to monitor instrumental drift during
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counting, and the international standard GBPG-1 was used
for quality control. Measurement results of international
standards OU-6 and GBPG-1 were in agreement with the
recommended values. The analytical uncertainty for all
element contents was <5%.

4. Analytical Results

4.1. Geochronology. Laser ablation-ICP-MS U-Pb isotope
analysis was performed on 98 zircons from the sample
of andesitic tuff. CL images reveal that most zircons are
euhedral to subhedral and show the crystal form of typical
magmatic zircon (Figure 5). The zircons have grain sizes of
90-150pum, aspect ratios of ~2:1, and magmatic oscillatory
zoning, with Th/U ratios of 0.23-1.87 (mean of 0.55),
indicating a magmatic origin (Figure 5).

The results for the analyzed zircons (Figure 6(a)) show
that 87 of the age data fall on the concordia. The weigh-
ted mean age of 87 data (excluding eleven spots with a
concordance of <95%) is 262.2 + 1.1 Ma (Mean Square
of Weighted Deviates (MSWD) = 0.89; Figures 6(a) and
6(b); Table S1), indicating a late Guadalupian age for the
andesitic tuff.

4.2. Geochemical Analyses

4.2.1. Major Oxides of Clastic Rocks and Volcanic Rocks. The
SiO; contents of the sampled sandstone and mudstone
range from 63.73 to 67.89wt%, with a mean of 66.49wt%.
Al,O3 contents range from 10.49 to 16.72wt% (mean
of 15.32wt%; Figure 7). Other major oxide contents

260 £ 6 Ma

Ficure 5: CL images and **Pb/**U ages of analyzed zircons from the andesitic tuff. Red circles indicate analytical spots for U-Pb dating.

100 ym

255+5Ma 2577 Ma

include TiO; (0.39, 0.73wt%, mean of 0.63wt%), FeO
(1.16, 4.61wt%, and mean of 2.13wt%), total Fe,O3 (2.84,
5.26wt%, and mean of 3.97wt%), MgO (1.13, 2.47wt%,
and mean of 1.49wt%), CaO (0.47, 0.96wt%, and mean of
0.68wt%), Na,O (0.32, 2.30wt%, and mean of 1.62wt%), and
K5O (1.44, 3.73wt%, and mean of 3.06wt%). Values of K,O/
Na,O range from 1.26 to 4.52, and Al,O3/(CaO + Na;0)
values range from 5.78 to 10.58. Contents of SiO,, Al,O3,
MgO, P05, MnO, and TiO; vary within a narrow range,
whereas those of NayO, K;O, and CaO have wider ranges
(Figure 7). Al,O3 correlates positively with Fe;O3 and K;O,
negatively with SiO; and Na,O, and shows no relationship
with TiO, (Figure 7; Table S2). These results indicate that
the samples have undergone negligible late alteration [69].
The high content of total Fe,O3 + MgO (4.0, 7.6wt%, and
mean of 5.5wt%) reflects the abundant siliceous minerals
in the samples, implying that these clastic rocks have low
maturity and that the source area may have comprised
rocks from a volcanic arc [70].

Geochemical analysis was conducted for four volcanic
rock samples. The SiO; contents of the andesitic tuff range
from 57.56 to 58.47wt%, with a mean of 58.09wt%. The
tuff is enriched in aluminum, and Al;O3 contents range
from 24.67 to 25.18wt% (mean of 24.85wt%). The rocks
are rich in alkalis (Na,O + K,O = 7.79-8.20wt%, mean
of 7.99wt%). The contents of other major elements are
relatively low: CaO (0.99, 1.04wt%, and mean of 1.01wt%),
TiO, (0.80, 0.87wt%, and mean of 0.85wt%), total Fe,O3
(3.16, 4.10wt%, and mean of 3.81wt%), and MgO (1.36,
1.48wt%, and mean of 1.41wt%). In a total-alkalis-silica
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diagram, the samples fall in the trachyandesite field (Figure
8(a)). In an SiO, versus Nb/Y diagram, the samples
plot in the andesite field (Figure 8(b)). In a K;O versus
SiO, diagram (Figure 8(c)), the samples are classified as
shoshonite series.

4.2.2. Trace Elements. The analyzed sandstone and
mudstone have similar contents (Table S2) of high-field-
strength elements (HFSEs; e.g., Nb, Ta, Zr, Hf, P, Th, Ce,
U, and Ti) and are enriched in large-ion lithophile elements
(LILEs; e.g., K, Rb, Cs, and Ba; Figure 9(a)). The contents
of the LILEs Rb, Sr, Cs, Ba, and U are 63.2-137, 108-144,
4.94-20.7, 309-696, and 2.7-4.5 pg/g, respectively (Table
S2). The contents of Cs, Ba, and U are similar to those of
post-Archean Australian shale (PAAS) [71], whereas the
contents of K and Sr are lower. Al,O3 displays a posi-
tive correlation with Rb but no clear relationship with Cr
(Figure 7), suggesting that clay minerals are not the only
control on the contents of these elements [72].

The clastic rock samples have similar patterns of REE
contents, with similar mean abundances ranging from 156
to 192ug/g and a mean of 176pg/g, similar to the value
for PAAS. All of the samples are enriched in light REEs
(LREEs) [(La/Yb)y = 5-6] and have relatively flat HREE
patterns (Figure 9(b)). The samples have marked negative
Eu anomalies (Eu/Eu* = 0.48-0.61), slight negative Ce
anomalies (Ce/Ce* = 0.87-0.96), and moderately differen-
tiated REE patterns, with LREE/HREE ratios of 4.38-6.71
(mean of 5.93).

The four andesitic tuff samples are enriched in LILEs
(e.g., Ba, U, K, and Sr) and depleted in HFSEs (e.g., Nb,
Ta, Zr, and Ti; Figure 9(c)). These samples yield similar
patterns of REE contents, with similar mean abundances
of 84.45-93.45ug/g and a mean of 89.81ug/g. The samples
are enriched in LREEs [(La/Yb)yN = 12.78-16.15] and show
depleted HREE patterns (Figure 9(d)). They have negative
Eu anomalies (Eu/Eu* = 0.70-0.78), positive Ce anoma-
lies (Ce/Ce* = 1.14-1.29), and clearly differentiated REE
patterns, with LREE/HREE ratios of 8.88-10.79 (mean of
9.76). The rare earth and trace element characteristics of the
andesitic tuff are clearly different from those of sandstone
and mudstone.

5. Discussion
5.1. Age of the Linxi Formation

5.1.1. Age of the Analyzed Andesitic Tuff. The andesitic tuff
in the fine clastic rocks of the Taohaiyingzi section provides
an opportunity to precisely date the Linxi Formation. Our
zircon U-Pb dating of the tuff (sample ABP1-51TWS;
Figure 6) provides highly consistent results for a large
number of determinations (n = 87) and gives a forma-
tion age of 262.2 + 1.1 Ma for the tuff. The age of the
Linxi Formation in Northeast China has not been well
constrained in previous studies owing to the lack of volcanic
rocks that can be accurately dated. The newly discovered
tuff in this study is the first reported volcanic rock from
the Linxi Formation, and its age precisely defines the age of
the Linxi Formation in the Taohaiyingzi section. Accord-
ingly, we infer that the lower part of the Linxi Formation
in the Taohaiyingzi section was deposited during the late
Guadalupian.

5.1.2. Constraints on the Depositional Age of the Linxi
Formation. Previous studies have investigated the age of the
Linxi Formation using palaeontology and isotope geochro-
nology. The Linxi Formation is widely distributed in the
Great Xingan Range area and was previously assigned
to the Lopingian on the basis of assemblages of esthe-
ria, plants, and bivalve fossils. Abundant bivalves and
plant fossils occur in the Taohaiyingzi section, includ-
ing Pecopteris, Rhipidopsis, Callipteris, Compsopteris, and
Schizoneura manchuriensis [40, 60]. The bivalves are part
of the Palaeonodonta-Palaeomutela assemblage, dated as
Lopingian [40]. Wang [60] reported estheria from this
section, including Palaeolimnadia cf. glabra, P rossica,
Costestheria taohaiyingziensis, C. scoliogabata, Pemphicyclus
baiyintalaensis, P. trochoides, P. cf. arangastachus, Palaeo-
limnadiopsis deminuta, Rhyssestheria lampra, R. perfecta,
Sphaerestheria cf. sibirica, and Estheriina aspred, which
are Lopingian in age. Zheng et al. [35] studied esthe-
ria, sporopollen, and other fossils from the middle and
lower parts of the Taohaiyingzi section. Fossils are from
beds 35, 38, 48, 52, 53, and 54 of the section, and the
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newly discovered estheria are Cyclotunguzites cf. gazimuri
Novojilov and Pseudestheria sp. The estheria Cyclotungu-
zites is representative of assemblages from the Guodi-
keng Formation. The Guodikeng Formation is located
in the Junggar Basin and belongs to the Lopingian,
with Lopingian fossils. Sporopollen fossils include Alis-
porites communis, Falcisporites sp., Protohaploxypinus sp.,
Scutasporites xinjiangensis, and Kraeuselisporites spinulosus.
It is considered that the Linxi Formation exposed in the
Taohaiyingzi section can be correlated with the Wutong-
gou Formation and the middle and lower parts of the

Guodikeng Formation exposed in the Dalongkou section
at Jimusar, Xinjiang, which are generally acknowledged as
being equivalent to the late Wuchiapingian-Changhsingian
(Figure 3). Zhang et al. [41] reported that the middle and
upper parts of the Guandi section, which is located ~150
km southwest of the Taohaiyingzi section, also contain
Lopingian estheria fossils. The abovementioned palaeonto-
logical and stratigraphic findings show that the age of
deposition of the upper part of the Linxi Formation in the
study area was Lopingian.
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Zheng et al. [36] performed U-Pb detrital zircon dating
of a feldspathic lithic sandstone sample from the Linxi
Formation in the Taohaiyingzi section (Bed 1) and obtained
a youngest peak age of 261 Ma (Figure 3). The youngest
group of zircons from the sandstone at the bottom of
the section ranges in age from 301 to 248 Ma (n = 40),
accounting for 42% of the total number of grains. Wang et
al. [57] conducted SHRIMP U-Pb dating of zircon from
feldspar lithic sandstone from Bed 1 of this section, which
yielded a weighted mean age of 260.7 + 1.2 Ma (MSWD =
1.13, n = 13), with the youngest zircon age of 256.0 + 2.5
Ma, which may represent the maximum depositional age
of the Linxi Formation at this locality. Zhang et al. [73]
performed U-Pb isotopic dating of zircon from feldspathic
lithic sandstone from Bed 61 of the section and obtained
a peak age of 263 Ma (n = 41) for the youngest group
of detrital zircons. The youngest group of zircons, ranging
in age from 302 to 250 Ma, accounts for 41% of the total
number of grains. Twodetrital zircon sample ages previously
published for the section [36, 73] were reprocessed in this
study, involving the re-screening and analysis of data, and
yielded weighted mean ages of 264.0 + 3.7 and 261.2 + 2.2
Ma, respectively (Figure 3). Combining these previous ages
for detrital zircons from the Taohaiyingzi section gives a
stratigraphic age of 264.2 + 3.4 to 256 + 2.5 Ma, which is
consistent with our age of 262.2 + 1.1 Ma for the andesitic
tuff.

Previous studies have investigated the ages of detrital
zircons from the Linxi Formation in other sections of
Northeast China. Han et al. [33] dated zircons from clastic
rocks in the Linxi area and obtained maximum depositional
ages of 278 and 250 Ma from twosites. Han et al. [74]
conducted zircon U-Pb dating of zircon from the Linxi
Formation sandstone in the Linxi area and determined a
maximum depositional age of 256 Ma. Song et al. [75]
dated detrital zircons from the sandstones of the Zhesi
Formation in the Xiwuqi area, Inner Mongolia, giving a
maximum depositional age of 263 Ma. Zhang et al. [56]
conducted detrital zircon isotope dating of Linxi Forma-
tion samples from Bairin Left Banner of Inner Mongolia
and obtained a maximum depositional age of 266 Ma.
Finally, Chen et al. [76] dated detrital zircons from the
Linxi Formation in Horqin Right Middle Banner, Inner
Mongolia, and proposed a maximum depositional age of
263 Ma. In summary, the age of detrital zircons of the
Linxi Formation from the Taohaiyingzi section is consistent
with the ages determined in the Linxi, Bairin Left Banner,
and Horgin Right Middle Banner areas within the range
of errors of detrital zircon ages. However, there is a wide
range in estimates of the maximum depositional age based
on detrital zircon chronology, with ages of 278-250 Ma,
although most lie between 266 and 256 Ma.

In summary, fossil assemblages, detrital zircon dat-
ing, and regional geological data indicate that the Linxi
Formation has an extensive distribution. The tuff sample
obtained from the Taohaiyingzi section in this study yielded
an age of 262.2 + 1.1 Ma, which is the first direct (i.e.,
nonpalaeontological and nondetrital zircon) age for the
Linxi Formation in the study area. Our zircon U-Pb dating
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of the andesitic tuff of the Taohaiyingzi section establishes
the initiation of deposition of the Linxi Formation as no
later than 262.2 + 1.1 Ma.

5.2. Sedimentary Environment and Provenance of the Linxi
Formation. The source rocks of the Linxi Formation are
likely to have been variable and complex, and the poten-
tial effects of sedimentary differentiation, recycling, further
weathering in the provenance area, and metasomatism
during diagenesis should be considered when undertaking
a quantitative analysis of the intensity of palacoweathering
and palaeoclimate in the source area.

Silica in clastic sedimentary rocks is contributed mainly
by quartz particles, and Al;O3 is contributed mostly by
feldspar and clay minerals, meaning that the SiO,/Al;03
ratio can be used to reflect the maturity of sedimen-
tary rocks. With increasing quartz content and decreas-
ing feldspar and clay mineral contents, the SiO,/Al,03
ratio increases, reflecting an increase in maturity [77]. The
mean Al,O3 content of the studied samples is relatively
high (mean of 15.32 wt%), and SiO,/Al,O3 is relatively
low (mean of 4.4), implying that the clastic rocks in the
Taohaiyingzi section have low maturity. Clastic rocks from
the section are interpreted to be the products of near-source
and rapid sedimentation.

The REE contents of clastic rocks are determined mainly
by the compositions of rocks in the provenance region.
REEs are insoluble and have very low concentrations in
water, and they are instead transported in the form of lithic
fragments and are less affected by diagenetic processes.
Patterns of REE contents can faithfully reflect the nature of
the source area, meaning that they can be used as important
tracers of provenance [71, 78-82]. The chondrite-normal-
ized REE patterns of the studied clastic rocks are highly
consistent, showing LREE enrichment, uniform and slightly
depleted HREE contents, and negative Eu anomalies (Figure
9(b)). This pattern is consistent with that of post-Archean
REE:s in the upper crust, indicating that the source rocks of
the Linxi Formation sedimentary rocks were derived from
the upper crust. The trace element contents of the samples
also have similar patterns (Figure 9(a)), characterized by
depletion in Nb, Ta, and Sr, and enrichment in Rb, Ba, La,
Ce, Pb, Nd, and Sm, suggesting that the Linxi Formation
sedimentary rocks were derived mainly from felsic rocks.

Previous studies have shown that high Rb/Sr values for
sedimentary rocks indicate warm and humid environments,
whereas low Rb/Sr values indicate dry and cold environ-
ments [83]. The studied samples display high Rb/Sr ratios
of 0.46-3.86, with a mean of 1.35, which is higher than
the average PAAS (~0.8 [71]), indicating warm and humid
climatic conditions. During weathering, U is more mobile
than Th. With increasing intensity and/or duration of
chemical weathering, U tends to be oxidized and therefore
depleted, meaning the Th/U ratio increases [71, 84, 85].
The mean Th/U value of the samples is 2.8, which is lower
than the upper continental crust (UCC) value of 3.8 [71],
suggesting weak chemical weathering in the provenance
area. In addition, the samples show broadly parallel patterns
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in spider diagrams (Figure 9), implying that the rocks
have retained the original REE and HFSE characteristics,
or probably had a uniform source area, meaning that the
element content patterns can be reliably used to trace the
provenance and tectonic setting of the clastic rocks.

An Al,O3-(Ca0O+Nay0)-K;0 (A-CN-K) diagram can
be used to investigate the weathering, metasomatism, and
provenance of clastic rocks [86, 87]. Under ideal conditions,
data are distributed parallel to A-CN or A-K in such a
diagram [88], whereas metasomatic processes will result
in the data deviating from either of these directions, with
greater deviation signifying stronger metasomatism. In the
A-CN-K diagram of Figure 10(a) , the data are distributed
mostly parallel to A-CN, suggesting that metasomatism
of the samples after deposition was weak. We propose
that the geochemical characteristics of the clastic rocks of
the Linxi Formation have been negligibly affected by late
diagenesis or metamorphism, and therefore, weathering was
the main control on the geochemical compositions of the
rocks, thereby allowing them to be used for the study of
provenance and weathering.

Source weathering is a key influence on the chemical
and mineral composition of clastic sedimentary rocks. The
chemical index of alteration (CIA) can be used to measure
the degree of chemical weathering in the source area [89].
It is considered that the CIA value can be used to infer the
chemical weathering intensity and palaeoclimate during the
period of sedimentation, as follows [90, 91]: CIA values
of 50-65 reflect a low intensity of chemical weathering
under cold and dry climatic conditions; CIA values of 65-85
represent a moderate intensity of weathering under warm
and humid climatic conditions; and CIA values of 85-100
reflect intense weathering under hot and humid tropical
and subtropical climatic conditions. CIA values measured
for the studied mudstones of the Linxi Formation range
from 60.0 to 80.3, with a mean of 66.7 (Figure 10(b);
Table S2), suggesting that the provenance was affected by
moderately intense chemical weathering under warm and
humid climatic conditions, consistent with the environmen-
tal characteristics inferred from Rb/Sr values.

The index of chemical variation (ICV) can be used to
determine the chemical composition of the source area
[70]. Clastic rocks with ICV values of <1 are generally
derived from sources containing abundant clay minerals,
indicating recycling in an active tectonic setting or intense
weathering. Clastic rocks with ICV values of >1 indicate
primary deposition in an active tectonic setting [92, 93].
The ICV values of the studied samples indicate that they are
composed of immature sedimentary rocks (Figure 10(b)),
with values of 1.01-1.23 (mean of 1.09) indicating that the
rocks were derived mainly from immature source areas in
an active tectonic regime. In addition, higher ICV values
may indicate sediment from the first cycle of deposition
(i.e., not recycled) in an active tectonic setting [94-97]. This
inference is consistent with the conclusion based on the
major oxide data that the source was situated adjacent to the
depositional area, and the sediments were rapidly accumu-
lated. In a TiO,-Ni diagram (Figure 11(a)), almost all of
the samples fall in the felsic magmatic rock field, and most
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plot far from the mature sedimentary rock field, which also
implies that the sediments were derived from an immature
source area.

Source-rock properties have important controls on the
chemical composition of sedimentary rocks [98]. Inter-
mediate—felsic rocks have higher values of K,0, Rb, and
Al;03/TiO,, and lower values of TiO,/Zr compared with
mafic rocks [99-101]. The mean K,O content of the studied
rocks from the Taohaiyingzi section is 3.06wt% (Table S2),
which is higher than that of the average crust (1.81wt%) and
slightly higher than that of the UCC (2.8wt%) [102]. The
mean content of Rb for the studied rocks is 116 ppm (Table
S2), which is much higher than that of the average crust
(49 ppm) and upper crust (82 ppm; [102]). In a K,O-Rb
diagram (Figure 11(b)), the data are clustered and fall in the
intermediate—felsic composition domain, indicating that the
source rock was of this composition.

AlyO3/TiO, ratios of sedimentary rocks can be used
to infer provenance characteristics. Al,O3/TiO, ratios of
<14 suggest that the provenance was composed of mafic
rocks, and ratios of 19-28 suggest that the provenance may
correspond to granodiorite and tonalite (or andesite and
rhyolite) [103]. Al,O3/TiO, ratios for sedimentary rocks
from the Taohaiyingzi section range from 21.73 to 27.22
[104, 105], indicating that granodiorite and rhyolite were
probably the main constituent rocks of the source area. In
an A-CN-K diagram (Figure 10(a)), the sample data are
distributed along the line of granitoids, further indicating
that the source area was granitic. All of the samples exhibit
negative Eu anomalies, similarly suggesting that they were
derived from eroded felsic rocks. Magmatic and volcanic
rocks related to plate subduction during the late Palaeozoic
may thus have been the main provenance.

In summary, the studied clastic rocks from the Linxi
Formation represent primary deposition mainly from an
immature area of felsic rocks, with rapid accumulation in an
active tectonic environment.

5.3. Implications for the Tectonic Evolution of the
PAO. Trace elements in terrigenous clastic rocks show
more uniform contents compared with major elements.
Elements Cr, Co, Th, Sc, La, and Zr generally display
consistent patterns within the same sedimentary setting
and can therefore be used to determine the nature of
the source area and the tectonic setting [106]. In Th-
Sc-Zr/10 and La-Th-Sc diagrams (Figure 12; [107]),
data for the studied samples lie within the continental
arc field, indicating that the provenance of the Linxi
Formation in the study area was dominated by an active
continental margin, in turn suggesting that the Linxi
Formation was deposited in a back-arc basin close to
a continental arc.

The andesitic tuff is enriched in LILEs (e.g., Ba, U, and
K) and depleted in HFSEs (e.g., Nb, Ta, and Ti; Figure 9(c)),
which are similar features to those of volcanic rocks from
subduction zones [108]. In La/Yb versus Th/Yb and Th/Yb
versus Nb/Y diagrams, the sample data are distributed in
(or very close to) the continental arc field (Figure 13).
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The characteristics of REEs are often used to determine
the tectonic setting and/or provenance of modern and
ancient sediments. Murry [109] showed that the sign and
size of Ce anomalies can be used to help distinguish the
tectonic setting of sedimentary basins. Taking the content
of REEs in North American shale as the reference value,

spreading ridges within 400km from the top of the ridge
are characterized by pronounced negative Ce anomalies,
with a Ce content of 0.29; ocean basins show a moderate
negative Ce anomaly of 0.55, and continental margins have
negligible or slight positive Ce anomalies of 0.9-1.30. The
studied clastic rocks display weak negative Ce anomalies,
ranging from 0.87 to 0.96, suggesting that the sedimentary
environment during the deposition of the Linxi Formation
was located close to a continental margin.

The Mg:Al ratios of sedimentary rocks [b = 100 x
(MgO/Al,03)] can be used to infer the salinity of water
masses [110]. Freshwater sedimentary settings have b values
of <1, land-sea transitional settings have b values of 1-
10, seawater has b values of 10-500, and epicontinen-
tal sea settings (or lagoon carbonate sedimentary environ-
ments) have b values of >500. Most measured b values for
sedimentary rocks of the Linxi Formation range from 1 to
10 (6.9, 8.3), and a few range from 10 to 500, indicating
these rocks were deposited in a transitional sedimentary
environment. Zhang et al. [48] analyzed the palaeosalin-
ity in the study area and proposed a gradual desalination
during the period of deposition of the Linxi Formation,
from brackish water during deposition of the lower part
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to a freshwater lake setting during deposition of the upper
part. Li et al. [111] considered that the Linxi Formation
was formed in a continental sedimentary setting, with
marine—continental interaction during the early stage of
its deposition. Zhang et al. [112] identified marine fossils
in the upper part of the Linxi Formation in the study
area, from which they inferred both marine and continen-
tal sedimentary environments during the deposition of
the Linxi Formation. These inferred sedimentary settings
indicate that the PAO was not completely closed during the
late Guadalupian.

In summary, strata of the Linxi Formation were
deposited during the late Guadalupian in or near a
continental arc. During the period of deposition, the
PAO plate continued to subduct northward beneath the
northern Songliao-Xilinhot block (Figure 14), with partial
melting of the lithospheric mantle generating magma that
ascended to form a continental arc. The magmatic rocks
of the arc were denuded, with the eroded products being
deposited in a continental arc basin and forming the
sediment supply for the Linxi Formation (Figure 14).
Zhang et al. [113] considered that the Linxi Formation

Downloaded from http://pubs.geoscienceworld.org/gsallithosphere/article-pdf/doi/10.2113/2023/lithosphere_2023_192/5953664/lithosphere_2023_192.pdf

bv auest



Lithosphere

was deposited in a continental arc during the closure of
the PAO, with a transition from subduction to collision
during the late Permian. With continuing subduction,
collision, and associated uplift of continental crust during
the latest Guadalupian, the depositional setting of the Linxi
Formation gradually changed from a marine-continental
transitional setting to a continental environment, with the
water gradually changing from brackish to fresh. The final
closure of the PAO occurred after 262.2 + 1.1 Ma, which is
the age of the Linxi Formation tuff dated in this study.

6. Conclusions

Our petrological, geochemical, and isotope geochronolog-
ical study of the Permian Linxi Formation in Northeast
China allows the following conclusions to be drawn.

(1) Zircon U-Pb dating of an andesitic tuff from the
Taohaiyingzi section of the Linxi Formation yielded
an age of 262.2 + 1.1 Ma, which is the first precise
age reported for volcanic rocks from the formation.
Combining this new date with existing
palaeontological and detrital zircon age data,
deposition of the Linxi Formation is inferred to have
occurred from the late Guadalupian to the
Lopingian.

(2) Geochemical characteristics of clastic rocks of the
Linxi Formation show that they are of low maturity
and were deposited near the source. Provenance
weathering indicators reveal that the sediments were
derived from source rocks in a continental arc
setting and were not recycled. In addition, the source
area was characterized by weak-moderate chemical
weathering under a warm and humid climate.

(3) The PAO plate was subducted northward in
Northeast China. The source rocks of the Linxi
Formation were mainly immature felsic magmatic
rocks that formed in a continental arc generated by
the subduction of Paleo-Asian oceanic crust beneath
the Xilinhot-Songliao block. The Linxi Formation
was deposited in a back-arc basin setting adjacent to
a continental arc. Deposition of the Linxi Formation
overlapped with the transition from subduction to
PAO closure, which occurred after 262.2 + 1.1 Ma.
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