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Abstract: The evolution of the eastern Paleo-Asian Ocean (PAO) has controlled the formation of
the southeastern Central Asian Orogenic Belt (CAOB). However, the evolution history and final
closure time of the eastern PAO still remain controversial, which greatly restricts understanding of
the formation process of the CAOB. To address these issues, we provide detailed zircon chronology
and Hf isotope and geochemical data of Paleozoic to Triassic magmatic rocks in the southeastern
CAOB. We have identified four periods of magmatism as evidenced by: Early Silurian quartz diorites
(434.7 Ma), Early Devonian monzogranites (394.2 Ma), Middle Permian granites (260.2-264.5 Ma) and
Late Permian-Early Triassic syenogranite (250.8-253.6 Ma). These rocks have features of low MgO
and mantle-compatible elements, are enriched in Th, U, K, Pb, Sr, Zr and Hf and depleted in Nb, Ta,
La, Ce, P, and Ti. The quartz diorites belong to the medium-K calc-alkaline series with eHf(t) values of
—0.76 to 2.21, indicating that they may be derived from partial melting of mafic lower crust with minor
contribution of mantle magma. The monzogranites and syenogranite have high Zr + Nb + Ce + Y
(260-390; 261461 ppm, respectively), total alkali contents (9.98-10.80; 8.46-9.29 wt.%, respectively),
and high zircon saturation temperature (807-840; 810-885 °C). They can be classified as A-type
granites. Monzogranites have eHf(t) values (between —1.20 and +3.34); hence, we believe that they
were derived from the crust modified by mantle-derived fluids or melts. Syenogranite have high
eHf(t) values (5.49-11.36), and we suggest that they were derived from the juvenile lower crust
that originated from the depleted mantle. The granites have high Sr/Y ratios (118-257), low Y
(1.42-2.82 ppm), and Yb (0.31-0.41 ppm), consistent with the features of adakite. Considering the
eHIf(t) isotopic values (2.99-8.50), we suggest that they originated from thickened juvenile lower crust.
Combining the results from our own and previous studies, we propose a new evolution model of
the eastern PAO from Paleozoic to Triassic. It can be divided into two stages: (1) Late Cambrian to
Early Devonian; (2) Early Permian to Triassic. The first stage is the evolution of the Bainaimiao ocean
(secondary ocean basin of the PAO), which closed in the Late Silurian and led to the Bainaimiao arc
accretion to the North China Cratons. The second stage is the final closure of the eastern PAO during
the Late Permian (~254 Ma).

Keywords: Central Asian Orogenic Belt; Early Silurian to Early Triassic; Paleo-Asian Ocean

1. Introduction

Orogenic belts mainly include collisional orogenic belts, subduction accretionary
orogenic belts and intracontinental orogenic belts [1-5]. The subduction and closure of an
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ocean can produce accretionary orogenic belts, which mainly include accretionary wedges,
oceanic plateaus, island arcs, back-arc basins, etc. [6]. The mechanism of orogenic accretion
has since long been the focus of attention [7,8]. The Central Asian Orogenic Belt (CAOB)
is the largest and longest accretionary orogenic belt on the Earth, and it is adjacent to the
Siberian craton in the North and the Tarim and North China Cratons (NCC) in the south
(Figure 1a) [9,10]. Its formation and evolution are the results of amalgamation of different
island arcs, oceanic island, and micro-continents from the Mesoproterozoic to the Late
Paleozoic, and are closely related to opening, subduction-accretion, and closure of the
Paleo-Asian Ocean (PAO) [8,11-13]. Therefore, clarifying the evolution of the PAO will be
very important for understanding the accretion mechanisms of the CAOB.
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Figure 1. (a) Simplified tectonic sketch map of the southeastern CAOB and (b) the northern margin
of the Northeast China block. Age data and references presented in supplementary material Table S1.

Previous studies show that the breakup of the supercontinent Rodinia has led to
the opening of the PAO in the Neoproterozoic (~1.0 Ga) [11]. Recently, more and more
studies have shown that the PAO experienced double-sided subduction directed southward
and northward [12-16]. The PAO changed from the subduction accretion to the collision
stage in the Paleozoic, and its closure has followed a scissor-like pattern from west to
east [2-4,17,18]. The PAO was closed in the Late Carboniferous in the Tarim area on the
southern margin of the CAOB [15,16] and closed in Early-Middle Permian on the Northern
margin of the Alxa block in the western NCC [18]. However, the evolution of the eastern
PAO in the southeastern CAOB is still controversial. There is no consensus about the
evolution of the eastern PAO from the Paleozoic to the Early Triassic, especially its final
closure time [8,18]. Based on the presence of Late Devonian metamorphic rocks and the
extension-related magmatic activity of the Carboniferous, some scholars believe that the
final closure of the eastern PAO occurred in the Devonian to Carboniferous, which led to
the formation of the Bainaimiao arc belt (Figure 1b) [19-21]. However, this interpretation
does not account for the abundance of arc-related magmatic activity from the Permian to
the Triassic times. Other investigators believe that the final closure happened during the
Late Paleozoic to Early Mesozoic [22-24], but they do not have a detailed understanding of
the timing of events. Obviously, the evolution of the eastern PAO needs further study:.

During oceanic subduction and ocean closure, a large number of magmatic rocks are
usually produced, which can provide a key window for studying the evolution of the
ocean. In the southeast CAOB, there are many Paleozoic to early Mesozoic magmatic rocks
distributed from west to east [12,22-25], and they are closely related to the evolution of the
eastern PAO in time and space, so they are records of the evolution of the eastern PAO. A
combined petrological, geochronological, and geochemical study of these rocks can provide
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important information to solve the evolution issues of the eastern PAO. Here, we provide
detailed whole-rock geochemistry, zircon geochronology and Hf isotopic composition of
Paleozoic to Early Triassic rocks in the southeastern CAOB, in the attempt to clarify the
evolutionary history and final closure time of the eastern PAO.

Geological Setting and Sample Descriptions

Northeast (NE) China is an important part of the southeast CAOB, and it mainly con-
sists of micro-continental blocks and island arcs, including the Erguna, Xing’an and Songnen-
Zhangguangcai blocks, the Baolidao arc and Bainaimiao arc belts, etc. (Figure 1b) [9,14].
Some suture zones and tectonic faults have been identified in NE China, such as the
Ji'ning-Shangyi-Chifeng-Pingquan fault, the Bayan Obo-Chifeng-Kaiyuan fault, and the
Solonker-Xar Moron-Changchun suture zone (Figure 1b) [12,18]. Many studies show the
Erguna and Xing’an blocks” amalgamation along the Xilin-Toudaogiao fault in the Early
Paleozoic (Figure 1b) [26,27], and the Solonker-Xar Moron-Changchun suture zone formed
by the closure of the eastern PAO, although the time of collision is controversial [17,18].
The closure times under discussion mainly are Devonian-Carboniferous and Late Permian
to Middle Triassic [28-32].

The Bainaimiao arc is situated in the north of the NCC and in the south of the Solonker-
Xar Moron-Changchun suture zone (Figure 1b). It is mainly composed of Paleozoic arc
complexes, formed between the Middle Silurian and the Late Cambrian, and includes
diorite, amphibolite, granodiorite, and granite [12,17]. There are also a small number of
metamorphic volcanic and sedimentary rock assemblages distributed along the margin of
magmatic arc rocks. In addition, the strata in the Bainaimiao area consist of the Cambrian-
Ordovician Bainaimiao Group, the Silurian Xuniwusu and the Xibiehe Formation (Fm).
The Bainaimiao Group is essentially a set of metamorphic volcanic sedimentary rocks and
unconformable with the Xuniwusu Fm. The Xuniwusu Fm consists mainly of low-grade
metamorphic marine clastic limestone and dacitic tuff, that are covered unconformably by
Xibiehe Fm. The Xibiehe Fm is a set of conglomerates, shallow marine clastic and carbonate
sedimentary assemblages, which are typical of molasse depositions [21].

The study area is located in the central Jilin Province, southeastern CAOB. The strata
mainly include Early Paleozoic, Cretaceous, Jurassic, and Quaternary strata (Figures 2 and 3).
The Early Paleozoic strata consist of Ordovician volcanic strata, Silurian Taoshan and
Wanyue Fm. The lower part of the Ordovician volcanic strata is gray green dacitic brec-
cia tuff, and the upper part is dominated by foliated dacitic tuff and tuffaceous sand-
stone [33,34]. The lithology consists of sandstones of the Taoshan Fm and foliated rhyolite
of the Wanyue Fm, respectively [34-36]. The Jurassic strata are represented by the Anmin
Fm, which is composed of intermediate-acid volcanic rocks, andesite and dacite. The
Cretaceous strata are made up of the Quantou Fm, which is composed of brownish red
conglomerate and sandstone, and purplish red argillaceous siltstone [34]. The Quaternary
is exposed along the banks of rivers. The study area has been affected by the PAO and
Paleo-Pacific Ocean, resulting in frequent magmatic activities from the Paleozoic to the
Mesozoic. Rocks range from mafic to felsic and are exposed over more than 100 km?
(Figure 2; Supplementary Material Table S1) [37]. Among them, the rocks related to the
PAO mainly developed in the Late Paleozoic to Triassic. For our study we sampled fresh
quartz diorite (Y2001), monzogranite (Y2002), granite (Y2046, Y2047) and K-feldspar granite
(Y2058, Y2059) in the Nanweizi, Taipingling, and Shoushan areas (Figure 3), Jilin Province,
for detailed petrographic analyses.
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Figure 2. Distribution of the Permian to Triassic magmatic rocks in the central Jilin Province, south-
eastern CAOB. Figure 3a—c marked in the figure is the location of the study area in this paper. Age
data and references presented in Supplementary Material Table S1.
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Figure 3. Detailed geological map of the (a) Nanweizi, (b) Taipinling, and (c) Shoushan area in the
central Jilin Province, showing the zircon sample locations.
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All samples are massive, with a medium-coarse grained granitic texture (Figure 4). The
quartz diorites consist of plagioclase (60%-65%), hornblende (~15%), quartz (~10%), and
biotite (~10%). The monzogranites are composed of quartz (~20%), plagioclase (35%—40%),
K-feldspar (~35%), and minor hornblende and biotite (~5%). The granites consist of
plagioclase (30%—-35%), K-feldspar (30%-35%), quartz (20%—25%), and biotite (~5%). The
syenogranite contains perthitic K-feldspar (55%-60%), quartz (~30%) and plagioclase
(~10%). In addition, some accessory minerals are present in the samples, including zircon,
apatite and titanite.

Figure 4. Field photographs (a-d) and photomicrographs (e-i) showing typical features of the
analyzed samples. (a) quartz diorite (Y2001); (b) monzogranite (Y2002); (c) granite (Y2046) and
(d) syenogranite (Y2058). (e-i) cross polarized light. Kfs: K-feldspar; Pl: plagioclase; Qz: quartz; Bt:
biotite; Hbl: hornblende; Perth: perthite.

2. Analytical Methods

Zircon U-Pb dating, major- and trace-element analyses were carried out at the Key Lab-
oratory of Mineral Resources Evaluation in Northeast Asia, Ministry of Nature Resources
of China, Changchun.

2.1. Zircon U-Pb Dating

Zircons from six samples were separated by magnetic and heavy-liquid separation
techniques at the Langfang Regional Geological Survey, Hebei Province, China. The
internal structure of zircon was revealed by transmitted light and cathodoluminescence
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(CL) images. U-Pb ages of zircons were determined using an Agilent 7900 ICP-MS with
193 nm ArF excimer laser system (LA). The beam diameter was 32 um, with a frequency
of 8 Hz and laser energy of 60 ] /cm?. Helium was used as carrier gas. Zircon 91500 was
adopted as the external standard for age calibration and NIST610 silicate glass was used to
quantify trace-element concentrations. The detailed procedures of the test were described
by Liu et al. [38]. The ICP-MS DataCal [38] and Isoplot3 program [39] were used for age
data processing. Common Pb corrections are based on Andersen’s [40] method.

2.2. Major and Trace Element Analyses

Thirteen samples were analyzed for whole-rock major and trace elements. Major
elements were measured by X-ray fluorescence (XRF) using fused glass disks. After
removing the weathering surfaces, samples were smashed to 200-mesh size. The sample
powder (0.8 g) and lithium borate flux (8 g) were mixed well, transferred to a platinum
crucible and melted at 1050 °C. Subsequently, the melt was cooled to form a glass disk that
was used for XRF analysis. Trace elements were analyzed by Agilent 7500a ICP-MS. The
samples were dissolved in 2 mL acid mixture (1:1 HF + HNO3) in a Teflon bomb and dried
at 140 °C on an electric heating plate. 2 mL acid mixture was added, followed by place
in a 190 °C oven for 48 h. The sample was dried again, 2 mL HNOj acid was added and
placement in a 150 °C oven for 12 h. The sample was finally made into an aqueous solution
for analysis. The accuracy of analyses was monitored using China national standard
GBW07103 and GBW07105. The error is less than 5% for major elements and 10% for
trace elements.

2.3. Zircon Hf Isotopic Analyses

Six zircon samples were chosen for Hf isotopic analyses. The analyses were carried out
using a Neptune plus MC-ICP-MS with a 193 nm ArF excimer laser system at the National
Research Center of Geoanalysis, Beijing. The ablation protocol employed a spot diameter of
50 um with repetition rate of 10 Hz and laser energy of ~7 J/cm?. The zircons PLE, Qinghu,
and 91,500 were selected as standards for precision control. The details of the testing steps
and calibration methods are given by Wu et al. [41] and Guo et al. [42].

3. Analytical Results
3.1. Zircon U-Pb Ages and Hf Isotopic Composition

Zircon U-Pb ages and Hf isotopic compositions are listed in supplementary material
Tables S2 and S3. Internal structures of zircons are shown in Figure 5. The morphology
of zircon grains is mainly subhedral to euhedral, with 80-150 um in length. All zircons
display typical oscillatory growth zoning and high Th/U ratios (0.12-1.41), suggesting an
igneous origin [43].

Twenty zircons from sample Y2001 (quartz diorite) show 2%°Pb /238U ages between
431.2 and 438.3 Ma, with a weighted mean age of 434.7 + 2.7 Ma, i.e., Early Silurian
(Figure 6a). Ten zircon crystals yield eHf(t) values of —0.76 to +2.21 (Figure 7).

Twenty-one zircons from sample Y2002 (monzogranite) yield 2°°Pb/?%U ages from
391.4 to 398.9 Ma, with a weighted mean age of 394.2 £ 2.1 Ma, i.e., Early Devonian
(Figure 6b). Eleven zircon grains have ¢Hf(t) values of —1.20 to +3.34 (Figure 7).

Sixteen zircons from Y2046 (granite) show 2°°Pb /238U ages vary from 258.2 to 263.4 Ma,
with a weighted mean age of 260.2 + 2.4 Ma, i.e., Middle Permian (Figure 6c). Ten zircon
crystals yield eHf(t) values of 2.99 to 8.01 (Figure 7).

Twenty zircons from Y2047 (granite) show 2°°Pb /238U ages varying between 260.3 and
267.2 Ma, with a weighted mean age of 264.5 &= 2.2 Ma, i.e., Middle Permian (Figure 6d).
Nine zircon crystals yield eHf(t) values of 3.22 to 8.50 (Figure 7).

Twenty-one zircons from Y2058 (syenogranite) show 2%°Pb /238U ages ranging from
251.2 to 256.0 Ma, with a weighted mean age of 253.6 & 1.6 Ma, i.e., Late Permian (Figure 6e).
Nine zircon crystals yield eHf(t) values of 6.54 to 11.36 (Figure 7).
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Seventeen zircons from Y2059 (syenogranite) show 2%°Pb /23U ages that vary between
248.0 and 253.6 Ma, with a weighted mean age of 250.8 £+ 1.8 Ma, i.e., Early Triassic
(Figure 6f). Ten zircon crystals yield eHf(t) values of 5.49 to 10.43 (Figure 7).
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Figure 5. CL images, zircon U-Pb ages (in Ma) and eHf(t) isotopic compositions for the analyzed zircon
samples. Cyan and red circles represent the locations of U-Pb age and Hf isotope analyses, respectively.
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Figure 6. U-Pb concordia diagrams and weighted mean age for zircons from analyzed samples.
(a) quartz diorite sample (Y2001); (b) monzogranite sample (Y2002); (c,d) granite sample (Y2046,
Y2047); (e,f) syenogranite sample (Y2058, Y2059).
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Figure 7. Diagram showing variations of eHf(t) vs. age (Ma) (a—c) for Paleozoic to Triassic mag-

matic rocks in the southeastern CAOB. Depleted mantle is from Zindler [44]. Hf isotopic data are
from [9,12,19,22,23,30,45].

3.2. Major and Trace Element Geochemistry

The geochemical element composition is given in supplementary material Table S4. All
samples have low loss on ignition (LOL 0.33-1.72 wt.%) and their MgO, P,0Os, TiO,, MnO
contents are less than 1 wt.%. They have medium to high SiO, contents (59.28-76.95 wt.%)
and Al,O3 contents (12.50-17.76 wt.%). The sample Y2001 have high CaO (6.65-7.20 wt.%)
and Fe, 03T (6.83-7.06 wt.%), whereas other rocks have high K;O (3.51-5.73 wt.%) and
Na,O (3.98-5.07 wt.%) contents. According to the QAP diagram (Figure 8), sample Y2001
are quartz diorites, samples Y2002, Y2046 and Y2047 are monzogranites, samples Y2058
and Y2059 are syenogranite.
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Figure 8. A ternary QAP plot showing the relative modal proportions of quartz (Q), alkali feldspar
(A), and plagioclase (P) for the rocks [46,47].

The analyzed samples have low to medium total rare earth element (REE) contents of
22-154 ppm. Granite samples (Y2046 and Y2047) have obvious enrichment in LREE and
are depleted in HREE, with high (La/Yb)y ratios (10.55-15.12), but others show weak to
medium enrichment in LREE with lower (La/Yb)y ratios (1.28-8.16; Figure 9). Syenogranite
(Y2058 and Y2059) display distinct negative Eu anomalies (Eu/Eu* = 0.08-0.27), whereas
others show no obvious Eu anomalies (0.82-2.32; Figure 9). All of them are enriched in Th,
U, K, Pb, Sr, Zr and Hf and depleted in Nb, Ta, La, Ce, P, and Ti (Figure 9).
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Figure 9. Chondrite-normalized REE patterns (a,c,e,g), and primitive mantle-normalized trace
elements diagrams (b,d,f,h) for the analyzed samples [48,49]. Upper and lower continental crust data
are from Ref. [50]; OIB data is from Ref. [49].
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4. Discussion
4.1. Petrogenesis
4.1.1. Early Silurian Quartz Diorites

The Early Silurian quartz diorites are characterized by intermediate SiO, (59.28-61.80 wt.%),
low MgO (0.63-0.68 wt.%) with Mg* 17.7-18.4. These features show that the quartz diorites
originated from crust-derived sources. Furthermore, they have low mantle-compatible
elements, such as Ni (6.14-7.67 ppm) and Co (5.73-7.15 ppm), which suggests that the
mantle-derived materials contributed little to their formation [45,51]. Their incompatible
element ratios, such as Nb/U (3.79-13.06), and Nb/Ta (14.03-15.59) are also close to
continental crust (8.93 and 11, respectively) rather than primitive mantle (30 and 17.5)
levels [52,53]. Based on the normalized REE and trace elements patterns, their sources
nearly match average lower crust (Figure 9a,b). Zircons from quartz diorites yield mainly
low positive eHf(t) values (—0.76 to 2.21; Figure 7), implying that their original magma
may have had little input from the mantle. Therefore, we suggest that they originated from
partial melting of mafic lower crust.

4.1.2. Early Devonian Monzogranites and Late Permian-Early Triassic Syenogranite

Granites are usually classified into I-type, A-type, S-type, and M-type due to the
different source and geochemical characteristics [52,53]. S-type granite usually is strongly
peraluminous, whereas the monzogranites and syenogranite lack the aluminous minerals
(e.g., cordierite, muscovite) and are weakly peraluminous (A/CNK < 1.1). They also
show extremely low P,Os5 contents (~0.01-0.02 wt.%), which is not consistent with the
typical features of S-type granite [54,55]. Monzogranites and syenogranite have high
Zr + Nb + Ce + Y elements (260-390 ppm; 261-461 ppm, respectively) and high total
alkali contents (9.98-10.80 wt.%; 8.46-9.29 wt.%, respectively), consistent with A-type
granite [54,56]. Furthermore, they display high zircon saturation temperatures (807-885 °C;
Supplementary Material Table S4) based on Watson and Harrison’s [57] formula. In the
NaO + K70 vs 10,000Ga/ Al and Zr vs 10,000Ga/ Al diagrams (Figure 10a,b), they also
plot within the region of A-type granite. In conclusion, we believe that the monzogranites
and syenogranite belong to A-type granite.
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Figure 10. (a) Na,O + K;O vs 10,000 Ga/Al, and (b) Zr vs 10,000 Ga/Al diagrams showing the
A-type signature of the analyzed samples [57]. Middle Devonian rocks are from [19]; Late Permian
rocks are from [17].

A-type granites are usually formed in the following ways: fractional crystallization of
mantle-derived basaltic melt [58,59], or partial melting of crust [60], or crust-mantle mix-



Minerals 2022, 12, 1040

13 of 22

ing [61]. High SiO; contents (65.67-76.95 wt.%), low Mg (0.02-0.21 wt.%), Mg# (3.26-16.9)
and low mantle-compatible element contents (e.g., Co, 0.41-2.23 ppm; Ni, 2.06-9.22 ppm;
Cu, 2.26-9.95 ppm) suggest that these rocks originated from partial melting of crustal mate-
rial rather than mantle magma. The monzogranites and syenogranite show positive Zr and
Hf anomalies, negative Nb, Ta, and Sr anomalies (Figure 9d), which also are typical features
of crustal sources. Their Nb/U (4.42-12.04), and Nb/Ta (10.45-15.71) ratios are near to
continental crust rather than mantle. Monzogranites have ¢Hf(t) values (between —1.20
and +3.34); hence, we believe that they originated from crust modified by mantle-derived
source fluids or melts. Syenogranite have high eHf(t) values (5.49-11.36), which suggest
that their source might be juvenile crust generated from partial melting of depleted mantle.

4.1.3. Middle Permian Granites

The Middle Permian granites have high Sr (332-370 ppm), high Sr/Y ratios (118-257),
low Y (1.42-2.82 ppm) and low Yb (0.31-0.41 ppm), showing characteristic of adakite [62].
In the Sr/Y vs. Y and (La/Yb)y vs. Yby diagrams (Figure 11a,b) [63,64], the samples plot
also within the adakite region. Therefore, we feel that the granites match the composition
of adakite. Previous studies show that adakites are mainly formed in the following ways:
partial melting of subducted ocean slabs [62,65], delaminated lower crust [66,67], thickened
mafic lower crust [68,69] or by fractional crystallization of basaltic magma [70,71].
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Figure 11. Sr/Y vs. Y (a), (La/YDb)N vs. (Yb)n (b), Sr/Y vs. Age (c), (La/Yb)N vs. Age (d), for the
Middle Permian granites (after [63,64]). Data are from [30,35,36].

Partial melting of subducted ocean slabs usually results in low K,O/Na,O ratios (~0.5),
high MgO (~4-9 wt.%), and high mantle-compatible elements [62,72]. The melt produced
by partial melting of delaminated lower crust will interact with mantle during the upward
migration, leading to geochemical characteristics similar to those of partially molten sub-
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duction oceanic slabs [73]. The Middle Permian granites have low MgO (0.22-0.26 wt.%),
Ni (4.3-14.1 ppm), Co (1.44-3.29 ppm), and high K;O/Na,O ratios (0.84-1.05), indicating
they were not derived from partial melting of a subducted slab or delaminated lower crust.
There are no contemporaneous mafic rocks in the area, indicating that the granites were not
derived from the crystallization of basaltic magma. High SiO; contents (71.27-72.78 wt.%),
low Mg (0.22-0.26 wt.%), Mg* (18.1-21.1) and low mantle-compatible element contents (e.g.,
Co, 1.44-3.29 ppm; Cu, 4.85-12.06 ppm) also suggest that the rocks originated from partial
melting of crustal material rather than from fractional crystallization of mantle magma.
Rocks from the Late Permian also have high Sr/Y and (La/Yb)y ratios (Figure 11c,d),
which suggests the presence of thickened crust during the Late Permian. In addition, the
high ¢HIf(t) isotopic values (2.99-8.50) of these granites also suggest that their source was
juvenile thickened lower crust.

4.2. Tectonic Evolution and Implications
4.2.1. Tectonic Evolution

The eastern PAO in the southeastern CAOB has a complex evolution history dur-
ing the Paleozoic to Triassic [13,14,74]. Previous studies show that the magmatic rocks
in the southeastern CAOB can be assigned to two periods: (1) Late Cambrian to Early
Devonian [12,13,19]; (2) Early Permian to Triassic [14,18]. Although some valuable con-
clusions have been reached by the study of these rocks, for example, the agreement that
the Solonker-Xar Moron-Changchun suture zone is the final closure location of the eastern
PAQ [14,18], there are still some controversial issues. The biggest controversy is the timing
of the final closure of the eastern PAO. There are mainly two suggestions: (1) Devonian-
Carboniferous [19,28-31]; (2) Late Permian to Middle Triassic [18,22,23].

The Silurian quartz diorites show typical island arc features and resemble the medium-
K calc-alkaline series; they are enriched in large ion lithophile elements (LILE, e.g., Th and
U), depleted in high field strength elements (HFSE, e.g., Nb, Ta and Ti) (Figure 9b). In
the tectonic discrimination diagram Rb vs. Y + Nb (Figure 12a,b), these quartz diorites
fall into the volcanic arc area. Previous studies have shown that the Silurian rocks are
mainly intermediate in SiO; and medium to high in K,O with typical island arc features
(Supplementary Material Figure S2a,b). Hence, we consider that Early Silurian quartz dior-
ites were formed in a subduction setting. During the Late Silurian, angular unconformable
of the strata (Xuniwusu Fm and Xibiehe Fm) were observed. We suggest that the Late
Silurian is a period of tectonic transformation. The tectonic setting changes from subduc-
tion to closure. The Early Devonian monzogranites are A type granites. The Devonian
rocks are mainly granitic high-K rocks (Supplementary Material Figure S2b), and have
some Devonian A-type granites [19], which suggests that the southeastern CAOB was an
extensional tectonic setting during the Devonian.

The eastern PAO experienced subduction-collision-extension from Silurian to De-
vonian, so does it represents the final closure of the eastern PAO? Studies also show
that there is an abundance of subduction-related magmatic rocks in the Permian-Triassic
(Figures 2 and 13) [30,32]. The Paleo-Pacific Ocean in NE China opened after the Trias-
sic [75]. Hence, these Permian magmatic rocks are not associated with Paleo-Pacific Ocean
and so they must have formed during the evolution of the eastern PAO [22,23,76]. This
indicates that the final closure time is not at the Devonian.
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Figure 12. Tectonic discrimination diagrams of (Y + Nb)-Rb (a); (Ta + Yb)-Rb (b) for the analyzed
samples (after [74]). Syn-COLG: syn-collision granites; ORG: Ocean ridge granites; VAG: volcanic arc
granites; WPG: within-plate granites. The data source is the same as for Figure 7.
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The Middle Permian adakites (264.4-260.5 Ma) in this study were formed by partial
melting of a juvenile thickened lower crust. Adakitic rocks are emplaced at the beginning
of a subduction zone. Previous studies show that the Early-Middle Permian rocks are
mainly medium-high K calc-alkaline and subalkaline rocks in an active continental margin
setting (Supplementary Material Figure S3a,b) [30,45,77], indicating southward subduction
of the eastern PAO beneath the northern margin of the NCC during Early-Middle Permian.
Molasse deposits formed during the in Late Permian [76,78]. The Hulan Group has a
deposition age of 287 Ma and a metamorphic age of 250 Ma in the central Jilin Province [79].
This evidence suggests that the eastern PAO was in a collision stage in the Late Permian.
During the Late Permian-Early Triassic, many medium-high K magmatic rocks were formed
(Supplementary Material Figure S3a,b), as well as some A-type granites and bimodal
igneous assemblages (Figure 10) [17,30,76,80]. Hence, considering the age of the A-type
granites in this paper, we believe that the eastern PAO entered the post-collision extension
stage at ~254 Ma, which represents the final closure time of the eastern PAO. After the Late
Triassic, NE China entered the formation of the Pacific Ocean [75].

4.2.2. Tectonic Implications

The above discussion leads to an important question: why are there two stages
of subduction-collision-extension of the eastern PAO from the Paleozoic to the Triassic?
According to the differences between the Bainaimiao arc and the NCC in the early Paleozoic
sedimentary metamorphic rocks and volcanic rocks, the Bainaimiao arc belt is considered
to be an accretionary island arc that divides the ancient Asian ocean into two parts (i.e.,
PAO and Bainaimiao ocean; Figure 14a) [12,81,82]. The first stage is the evolution of the
Bainaimiao ocean from Late Cambrian to Early Devonian (Figures 13 and 14a—c). In fact,
there is also some evidence supporting the existence of the Bainaimiao ocean. For example,
ophiolites (Figure 1b) along the Bayan Obo-Chifeng-Kaiyuan fault zone, recognized in
Wude north to the Bayan Obo and Bainaimiao area (Figure 1b) [13,83,84], could represent
the suture zone of an arc-continent collision. Secondly, the Bainaimiao and Damaogqi regions
have a large area where flysch, volcanic rock, and carbonate formations occur, typical of
an ocean basin, formed in the Early Silurian (441-438 Ma) [85,86]. The Early Paleozoic
volcanic arc rocks distributed on the Bainaimiao arc also support the existence of the ocean
basin (Figure 1b) [12,13]. Due to the Ondor Sum subduction complex in the north of the
Bainaimiao arc having the features of the top-to-the-NW sense of shear and high P/T
facies rocks, the subduction polarity of the Bainaimiao ocean is northward (Figure 1b) [82].
As subduction continued, the Bainaimiao ocean closed in the Late Silurian, forming the
molasse deposits and angular unconformity between Xuniwusu and Xiebiehe Fm [21].
The Bainaimiao arc accretion to North China Cratons could suggest that the arc-continent
collision had an important role in the formation of the CAOB. During the Early Devonian,
the northern margin of the NCC was in an orogenic extension setting, possibly due to the
subducted slab break-off of the Bainaimiao ocean (Figure 14c), resulting in the formation
of some A-type granites (e.g., in this study). The second stage is the final closure of the
eastern PAO from Early Permian to Triassic (Figures 13 and 14d—f). The eastern PAO
experienced double-sided subduction in the Early-Middle Permian that is supported by
occurrence of adakites and high-Mg diorites on both sides [87,88]. The eastern PAO was
in the collision stage in the Late Permian, and entered the extension stage at ~254 Ma
(Figure 14e,f). Hence, the evolution of the eastern PAO can be divided into two orogenic
cycles (Figures 13 and 14).
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CAOB. (a) northward subduction of the Bainaimiao ocean; (b) closure of the Bainaimiao ocean;
(c) post-collision extension of the Bainaimiao ocean; (d) double-sided subduction of the Paleo-Asian
Ocean; (e) final closure of the Paleo-Asian Ocean; (f) post-collision extension of the Paleo-Asian Ocean.



Minerals 2022, 12, 1040

18 of 22

We observe some time variation of Hf isotopes (eHf(t)), which corresponds to the
two-stage evolution of the eastern PAO (Figure 7c). Hf isotope values decrease slowly
during subduction. This may be due to the thickening of the crust caused by subduction.
During this stage, the melts produced from a mantle source cannot easily rise through
the crust due to their relatively high density. Lower-density melts formed by remelting
within the crust are more likely to be emplaced at shallow levels; hence, Hf isotopes will
be relatively low. During the extensional stage, Hf isotope values vary widely. Possibly
the asthenosphere rose and heated the crust, producing large amounts of melt. Under
extensional conditions, mantle-derived rocks with high Hf isotopic compositions value
are more likely to be uplifted and emplaced at shallow levels. The diversity of magmatic
sources leads to a wide range of Hf isotope values. Hence, Hf isotope values also support
the two-stage orogenic cycle of the eastern PAO, consistent with our proposed model.

5. Conclusions

(1) We have identified four periods of magmatism in the southeastern Central Asian Oro-
genic Belt, namely Early Silurian quartz diorites (434.7 Ma), Early Devonian monzo-
granites (394.2 Ma), Middle Permian granites (260.2-264.5 Ma) and Late Permian-Early
Triassic syenogranite (250.8-253.6 Ma).

(2) The quartz diorites originated from partial melting of mafic lower crust with minor, if
any, mantle contribution. The monzogranites were derived from the crust modified
by mantle-derived fluids or melts. The granites are adakitic in composition and
originated from juvenile thickened lower crust. The syenogranites were derived
from juvenile crust that formed by partial melting of depleted mantle. The quartz
diorites and granites were formed in a subduction setting, and the monzogranites
and syenogranite were formed in an extensional setting.

(38) The subduction of the eastern PAO can be divided into two stages. The first stage is
the evolution of the Bainaimiao ocean from the Late Cambrian to the Early Devonian
and the second stage is the final closure evolution from the Early Permian to the
Triassic. The final closure time is Late Permian (~254 Ma).
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