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Abstract: As the world’s largest accretionary orogen, the Central Asian Orogenic Belt (CAOB)
underwent continuous juvenile crustal growth in the Phanerozoic. The northern margin of the North
China Craton (NCC) and its adjacent area form the eastern segment of the CAOB, which is a key
area for learning about the geological evolution of the Paleo-Asian Ocean (PAO). In the Permian,
the west of the northern margin of the NCC was a post-collision extensional environment, while
the east was in a subduction stage. As a connecting area, the Permian evolution of the PAO in
the middle of the northern margin of the NCC has not been systematically studied. In order to
fill the gap and understand the continuous temporal and spatial evolutionary process of the PAO,
this paper focuses on the Permian granitic rocks in the Chifeng area. Zircon U-Pb dating and the
geochemical analysis of whole-rock major and trace elements were conducted to build a granite
chronological framework, and to discuss the genesis and tectonic background of the granitic rocks,
along with tectono-magmatic evolutionary history in the Chifeng area. The respective LA-ICP-MS
zircon U-Pb dating results from eight samples are 269 ± 1, 268 ± 3, 260 ± 4, 260 ± 1, 260 ± 1, 255 ± 2,
254 ± 2 and 256 ± 1 Ma, respectively. These results, combined with previous data, revealed that
the Permian granitic rocks had undergone three events of magmatism: (1) monzogranitic-syenitic
phase (294–284 Ma; Cisuralian); (2) monzogranitic phase (269–260 Ma; Guadalupian) and (3) late
monzogranitic-syenitic phase (256–254 Ma; Lopingian). From the Early Permian (294–284 Ma) to the
Middle Permian (269–260 Ma), granites with fine-medium-grained locally porphyritic texture and
massive structure showed a high-potassium calc-alkaline series formed in a compressional setting,
indicating a continuous collision between the Xing’an-Mongolian Orogenic Belt (XMOB) and the
NCC. During the Late Permian-Early Triassic (256–248 Ma), granites with massive structure and
medium-grained texture in the Chifeng area were magmatism dominated by A- and I-type granites
of high-potassium calc-alkaline series, combined with the coeval basic rocks, which constituted a
typical “bimodal” rock assemblage. This suggests that the Chifeng area was located in an extensional
setting where the subducting slab broke off during the collision between the XMOB and NCC. These
granitic plutons from the Permian are believed to have been generated by the subduction-collision
of the Paleo-Asian oceanic crust beneath the NCC, according to emplacement time and occurrence
location. Our findings provide strong evidence for Permian continuous temporal and spatial tectonic
evolution and the characterization of the eventual closure of the PAO in Chifeng area at the northern
margin of the NCC.
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1. Introduction

As the world’s largest Phanerozoic subduction-accretion orogen, the Central Asian
Orogenic Belt (CAOB) is located between the Siberian Plate (SP) and the North China
Craton (NCC). Its formation is closely related to the evolution of the Paleo-Asian Ocean
(PAO) [1–3]. The CAOB adjacent to the northern margin of the NCC is also known as
the Xing’an-Mongolian Orogenic Belt (XMOB), which is the orogenic belt with the longest
evolutionary history and the most complicated tectonic and magmatic activities in China
(Figure 1a). Its formation is related to the closure of the PAO, continental crust accretion, and
extensive long-lasting tectonic–magmatic activities throughout the Phanerozoic [4,5]. As a
result, the XMOB was formed by the accretion of microcontinents and Phanerozoic orogenic
belts [6]. After intense continental growth and multi-stage geological evolution, the XMOB
had a complex and diverse structure and crustal composition, being rich in oil and gas and
metal mineral resources. Therefore, it has become a natural laboratory for scholars around
the world to study continental dynamic evolution, magmatism, and ore metals [3].

The PAO has undergone a long and complex evolutionary history, as concluded
from various investigations. As the mid-ocean ridge expanded and the ocean reached its
maximum width, the oceanic crust began to subduct toward the continental margins on
both sides. Then, the PAO basins contracted and eventually closed, leading to the collision
and amalgamation of the micro-continents between the two major plates [7,8]. After the
collision, it entered the post-orogenic stage of stress relaxation, and a series of complex
continental crust transformation events began to occur, including extension, structural
collapse, and lithosphere delamination [9–11]. Increasing data show that the Solonker-Xar
Moron-Changchun-Yanji Suture (SXCYS) is the final location where the two major plates
collided and joined [7,12–16]. Currently, the focus of debate is the time of collision and
suturing, including the following four main points of view:

(1) Based on the analysis of sedimentary petrography, mixed accumulation of ophiolite,
formation of stratigraphic deposition, and contact between the Carboniferous strata
and ophiolite, it has been proposed that the northern margin of the NCC and the
XMOB collided and collaged in the early Late Paleozoic, resulting in the complete
subduction of the PAO [17,18]. Since the Late Carboniferous and after the SP and
NCC were united through the XMOB, the study area has been characterized by
intracontinental rifting magmatic and sedimentary activities [17,18]. It is believed that
the Permian basin is a new rift basin with extension-related volcanic activities [17].
Some scholars also believe that the PAO closed before the Early Permian based on
magmatism [19,20].

(2) Based on the study on the Early-Middle Permian alkaline granites in the northern
margin of the NCC, is assumed that the time limit for the final merging of the northern
margin of the NCC and the XMOB to be the Early-Middle Permian [10,13,21,22].

(3) Some scholars consider that the subduction of the PAO occurred in the Late Paleozoic,
and its closure took place in Late Permian to Early Triassic times based on (I) pa-
leomagnetism, mixing of paleontological groups, and biological extinction events
suggesting that the PAO closed at the end of the Permian [2,23,24]. (II) Geochrono-
logical and geochemical data of magmatism show that a post-collision extensional
environment can be interpreted for the Early Triassic. Therefore, the closure of the
PAO was delimited as Late Permian [4,8,12,25–29]. (III) Oceanic Carboniferous basalts
and Permian fossil content were discovered in the north of the Xar Moron River [30,31].
The reefs and marine fossils of the late Permian and the P/T unconformity surface
exposed in Balin Right Banner, Inner Mongolia, and Jiutai County, Jilin, proved that
the PAO closed at the end of the Late Permian [32]. (IV) Ophiolite suites obducted in
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the Late Permian-Early Triassic in the island arc/back-arc environment, indicating
the two plates likely collided in this period [7,33–36]. (V) The zircon U-Pb age of the
Permian clastic deposits in Balin Left Banner showed the final collision and merged
time of the two plates were likely later than 266 Ma [37].

(4) Other researchers believe that the collision between the the NCC and SP occurred at
the end of the Late Permian and lasted for a long time until the Late Triassic, based
on the Middle Permian-Middle Triassic syn-collision granite [28,38] and Late Triassic
post-orogenic granite [8,16,29,31,39,40].
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The Chifeng area of Inner Mongolia, located at the junction of the XMOB and the
northern margin of the NCC, is a key area to study the attributes, boundaries, collision
and merging, and magmatic-tectonic evolution of the two tectonic units [17]. In recent
years, geologists have identified multiple phases of granite assemblages from the Early
Paleozoic to Mesozoic in southeastern Inner Mongolia: high-potassium, calc-alkaline series
rock assemblages formed in an active continental margin environment [5,8,9,15,41,42];
potassium feldspar granites and monzogranite with syn-collision properties formed in a
compressional environment [9,31,41]; and bimodal volcanic rocks and alkaline complex
assemblages formed in a post-orogenic extensional environment [13,37,39]. These granites
were formed in different magmatic-tectonic evolutionary stages during the PAO’s closure
and are controlled by different geodynamic backgrounds. Scholars have established the
Triassic evolution model of the PAO by systematically studying the Triassic granitic rocks
exposed in the Chifeng area [8]. However, the evolutionary process of the PAO in the
Permian remains unclear. This study of the Permian granitic rocks exposed in the Chifeng
area of the central-northern margin of the NCC, based on detailed field geological sur-
veys, petrography, and geochemical and geochronological data, aims to shed light on the
temporal and spatial tectonic–magmatic evolution of the PAO.

2. Geological Setting and Sample Descriptions
2.1. Geological Setting

The Chifeng area is located along the central-eastern part of the CAOB, between
the Solonker-Xar Moron-Changchun-Yanji Suture (SXCYS) and Chifeng-Kaiyuan Fault
(Figure 1b). Due to the quaternary covering, the bedrock mainly is composed of granitic
rocks and the strata from different epochs [8,42]. The study area is bounded by the Chifeng-
Kaiyuan Fault; the northern part belongs to the CAOB, showing Ordovician, Silurian,
Carboniferous, and Permian strata (Figure 1b); and the southern part belongs to the NCC,
showing Neoarchean metamorphic rocks and the Paleoproterozoic Baoyintu Group. During
the Mesozoic, the Paleozoic basement was faulted, and the study area was transformed
into an extensional basin. Continental molasse- and coal-bearing clastic rock formed in
the early and Middle Jurassic; volcanic rocks formed in the Late Jurassic, and coal-bearing
sediment was deposited in the Cretaceous. The graben basin formed in the Mesozoic era
and changed over time due to uneven movements in the Cenozoic era. Sedimentary rocks
were deposited in rivers and lakes, and basic volcanoes erupted [42].

2.2. Geological and Petrological Characteristics of Permian Granitoid Intrusions

There has been a lack of research on the granites in the Chifeng area. In recent years, in
the process of regional geological surveys in Yuanbaoshan, Pingzhuang, Aohan Banner, and
Beizifu in the east of Chifeng City, the author has disintegrated the plutons from 1:200,000
geological maps of Aohan Banner, Xiawa, and Chifeng City. Nine different Permian granitic
intrusions have been identified in the Chifeng area (Figure 2), namely, the Mingshan,
Jianshanzi, Aohan Banner, Daluobogou, Xiaodonghuang, Beizifu, Shangchaoyanggou,
Qixieyingzi, and Erdaogou plutons. Eight samples were collected from each of these
plutons for geochronological analyses (Table 1) and twenty-four samples for geochemical
analyses (Figure 2).

There are only two Early Permian granitoid intrusions in the study area, the Mingshan
and Jianshanzi plutons. The Jianshanzi pluton, dominated by syenogranite, located at
west of the Wutonghua Town of Chifeng City (Figure 2), intrudes into the Carboniferous
Jiujuzi Formation, Permian Sanmianjing and Elitu Formations, and is covered by the
volcanic rocks of the Baiyingaolao and Hannuoba Formations [22]. The Mingshan pluton,
dominated by porphyritic biotite monzogranite, located at south of Laofu Town in Chifeng
City (Figure 2), intrudes into the Late Devonian granite and is covered by the Cretaceous
volcanic rocks [22].
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Figure 2. Simplified geological map of the study area in the north margin of the North China Craton show-
ing sample locations, modified after [8]. AH–Aohan Banner, DLBG–Daluobogou, XDH–Xiaodonghuang,
BZF–Beizifu, SCYG–Shangchaoyanggou, QXYZ–Qixieyingzi, EDG–Erdaogou.

Table 1. Location and lithology for the Permian granitic rocks of this study in the Chifeng area.

Sample No. Name of Intrusion Lithology GPS Location

PM210-12-1 Daluobogou pluton monzogranite 119◦41′28′′ 42◦00′06′′

PM105-2-2 Aohan Banner pluton fine-grained biotite monzogranite 119◦52′48′′ 42◦17′58′′

D3038 Daluobogou pluton medium-grained monzogranite 119◦51′53′′ 41◦59′40′′

PM302-7-1 Xiaodonghuang pluton porphyry monzogranite 119◦05′29′′ 42◦19′21′′

D5695 Beizifu pluton medium-grained monzogranite 119◦18′44′′ 42◦07′51′′

T310 Erdaogou pluton medium-grained monzogranite 119◦47′35′′ 42◦18′50′′

PM401-17-1 Qixieyingzi pluton medium-grained syenogranite 119◦08′56′′ 42◦01′34′′

PM305-21-1 Shangchaoyanggou pluton monzogranite 119◦42′24′′ 42◦07′17′′

The Aohan pluton, located west of Aohan Banner (Figure 2), is covered by the rhyolitic
crystal tuff of the Upper Jurassic Manketouebo Formation and the andesitic tuff of the
Lower Cretaceous Yixian Formation. This granitic pluton is dominated by monzogranites
(samples PM105-2-1, PM105-2-2, PM105-2-3, PM105-2-4, PM105-2-4, and PM105-4-1) with
a fine-grained granite texture and massive structure (Figure 3a). These samples are com-
posed of potassium feldspar (34 wt%±), plagioclase (30 wt%±), quartz (30 wt%±), and
biotite (5 wt%±), with accessory hematite, limonite, zircon, pyrite, and apatite (1 wt%±)
(Figure 3b).

The Daluobogou pluton, located 80 km east of Chifeng City (Figure 2), is covered
by the volcanic and sedimentary rocks of the Lower Cretaceous Yixian Formation. This
pluton is dominated by monzogranites (samples PM210-12-1, D3038-1, D3038-2, D3038-3,
D3047-1, D3048-1, and D3049-1) with fine-medium-grained texture and massive structure
(Figure 3c,e). These samples consist of quartz (25 wt%±), plagioclase (28 wt%±), potassium
feldspar (36 wt%±), and biotite (5 wt%±), with accessory limonite, zircon, and apatite
(1 wt%±) (Figure 3d,f).
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(c,d) Daluobogou pluton (fine-grained monzogranite); (e,f) Daluobogou pluton (medium-grained
monzogranite) (g,h) Xiaodonghuang pluton (porphyritic biotite monzogranite); (i,j) Beizifu pluton
(medium-grained monzogranite); (k,l) Shangchaoyanggou pluton(medium-grained monzogranite);
(m,n) Qixieyingzi pluton (medium-grained syenogranite) and (o,p) Erdaogou pluton (medium-
grained monzogranite); Qtz: quartz; Pl: plagioclase; Mic: microcline; Or: orthoclase; Bt: biotite.

The Xiaodonghuang pluton, located at Xiaodonghuang, Sijianfang, and Tengjiawopu
in the northeast of Fengshou Town Aohan Banner (Figure 2), intrudes into the Upper Car-
boniferous Shizuizi Formation and is covered by the rhyolite and rhyolitic crystal tuff of the
Upper Jurassic Manketouebo Formation. This pluton is dominated by biotite monzogranite
(sample PM302-7-1) with porphyritic texture and massive structure (Figure 3g). The matrix
is phanerocrystalline with medium-fine-grained granitic texture. These samples consist
of quartz (25 wt%±), plagioclase (39wt%±), potassium feldspar (30 wt%±), and biotite
(5 wt%±), with accessory zircon, magnetite, and titanite (1 wt%±) (Figure 3h).

The Bizifu pluton, located at Beizifu Town 30km east of the Aohan Banner (Figure 2), is
intruded by the Mesozoic intrusions. This pluton is dominated by monzogranites (sample
5695-1) with massive structure and medium-fine-grained texture (Figure 3i). These samples
consist of quartz (30 wt%±), plagioclase (32wt%±), potassium feldspar (34 wt%±), and
biotite (3 wt%±), with accessory apatite, zircon, and titanite (1wt%±) (Figure 3j).

The Shangchaoyanggou pluton, located at Shangchaoyanggou, Yangjiaogou, and
Weijiataizi in north of Jianping County (Figure 2), has fault contact with the Cretaceous
Yixian Formation and the Sunjiawan Formation. This pluton is dominated by monzogranite
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(sample PM305-21-1) with massive structure and fine-grained texture (Figure 3k). These
samples consist of quartz (25 wt%±), plagioclase (25wt%±), potassium feldspar (44 wt%±),
and biotite (5 wt%±), with accessory hematite, titanite, and zircon (1 wt%±) (Figure 3l).
The minerals in this monzogranite showed a weak certain orientation in the northeast
direction locally because of the influence of Nenjiang–Balihan Fault.

The Qixieyingzi pluton, located at Qixieyingzi, Jiangjiagou, and Guluyingzi in the
southeast of Aohan Banner (Figure 2), is intruded by Cretaceous monzogranite and
covered by volcanic rocks from the Lower Cretaceous Yixian Formation. This pluton
is dominated by syenogranite (samples PM403-2-1, PM403-2-2, PM403-2-3, PM403-2-4,
PM403-2-5, PM403-2-6) with massive structure and medium-grained texture (Figure 3m).
These samples consist of potassium feldspar (55 wt%±), quartz (25 wt%±), plagioclase
(15wt%±), and biotite (4wt%±), with accessory apatite, zircon, and titanite (1 wt%±)
(Figure 3n).

The Erdaohou pluton, located at Erdaogou, Gaojiayaozi, and Sanlamayaozi 15km
northwest of the Aohan Banner (Figure 2), intrudes into the Permian strata (i.e., the Sanmi-
anjing, Elitu, and Yujiabeigou Formations) and is covered by rhyolite and andesite from the
Lower Cretaceous Yixian Formation. This pluton is dominated by monzogranites (samples
T310, PM103-2-1, PM103-2-3, PM103-4-2, PM103-6-1, PM103-6-2, PM103-6-4,) with massive
structure and medium-grained texture (Figure 3o). These samples consist of potassium
feldspar (36 wt%±), quartz (30 wt%±), plagioclase (30wt%±), and biotite (3 wt%±), with
accessory zircon, magnetite, hematite, and limonite (1 wt%±) (Figure 3p).

3. Analytical Methods
3.1. Sample Preparation

After being collected from the field, samples for geochronological analyses were
cleaned, crushed, and ground. Next, zircon crystals were separated from these samples
by means of conventional heavy liquid and magnetic techniques, and the separates were
hand-picked and purified under a binocular microscope at Langfang Yuneng Mineral
Separation Co., Ltd. (Langfang, China). Next, the zircons were selected and embedded
in epoxy resin and polished, then imaged through a scanning electron microscope via
cathodoluminescence (CL) to reveal their internal structures. CL images of five samples
(PM105-2-2, D3038, PM302-7-1, PM401-17-1, and T310) were obtained from the Zhongnan
Mineral Supervision and Testing Center of the Ministry of Land and Resources, and the
others (PM210-12-1, PM305-21-1 and D5659-1) from the electron microprobe Laboratory of
the Institute of Geology and Geophysics, Chinese Academy of Sciences.

3.2. Zircon LA-ICP-MS U-Pb Isotope Dating

The U-Pb zircon ages for the Permian granites in the Chifeng area were obtained using
an Agilent 7500a inductively coupled plasma–mass spectrometry (ICP-MS) instrument,
equipped with a 193 nm ArF Excimer laser-ablation (LA) system. The spot size for the
analyses was 36 µm, with an energy density of 8.5 J/cm2 and repetition rate of 10 Hz.
Helium was used as the carrier gas to transport the ablated material from the standard
LA cells. Zircon 91500 (206Pb/238U age of 1062.4 ± 0.4 Ma (2σ) and 206Pb/207Pb age of
1065.4 ± 0.3 Ma (2σ)) was used as the external standard for age calibration, while standard
silicate NIST 610 glass was used to calibrate content calculations [43]. Zircon standards
TEMORA (206Pb/238U age of 416.78 ± 0.33 Ma (2σ), [44]) and QH (160 ± 1 Ma) were
also used as secondary standards to monitor any deviation in age measurement. Isotopic
ratios and element contents were calculated using Glitter software (version 4.0; Macquarie
University, Sydney, Australia), and the age calculation and concordant plots were obtained
using Isoplot (v. 3.0) [45]. Common Pb was corrected using the method described by
Andersen (2002) [46]. The analytical data are presented on U-Pb concordia diagrams
with 1σ errors, and the mean ages are weighted means at the 95% confidence level [47].
Analyses of five samples (PM105-2-2, D3038, PM302-7-1, PM401-17-1, and T310) were
conducted at the Zhongnan Mineral Supervision and Testing Center of the Ministry of
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Land and Resources, and the others (PM210-12-1, PM305-21-1, and D5659-1) at the Geologic
Laboratory Center, China University of Geosciences (Beijing, China). The analytical results
are listed in Table S1.

3.3. Major- and Trace-Element Analyses

Next, major-, trace- and rare-earth-element (REE) analyses for 24 samples were con-
ducted at the Northeast China Supervision and Inspection Center of Mineral Resources,
Ministry of Land and Resources (Shenyang, China). After petrographic examination and
removal of altered rock surfaces, the samples were crushed and ground to 74 µm in an agate
mill. Then, whole-rock major-element contents were determined using X-ray fluorescence
spectrometry (XRF), yielding analytical precisions exceeding 2%. The trace-element and
REE contents were determined using ICP-MS and yielded analytical precisions exceeding
5% for elements with contents of >10 ppm, exceeding 8% for elements with contents of
<10 ppm, and 10% for the transition metals. The results are listed in Table S2.

4. Analytical Results
4.1. Zircon U-Pb Ages
4.1.1. Early-Middle Permian

Sample PM210-12-1 is a monzogranite with fine-grained texture collected from the
Daluobogou pluton in the Machang area. Zircons within this sample are generally col-
orless, transparent, and mostly subhedral to euhedral columnar in shape. They have
length-to-width ratios of 3:2 to 4:1. In the cathodoluminescence (CL) images (Figure 4),
most grains display fine-scale oscillatory growth zoning and clear internal structure. The
zoning, combined with Th/U ratios of 0.42–1.57 (Table S1), indicates a magmatic ori-
gin [48,49]. A total of 24 isotopic analyses were conducted on 24 zircons grains from this
sample. Most of the analyses are concordant and define a weighted mean 206Pb/238U age
of 269 ± 1 Ma (MSDW = 0.90) (Figure 5a), which is interpreted as the crystallization age of
the monzogranite.
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Sample PM105-2-2, a fine-grained biotite monzogranite, was collected from the Aohan
pluton. Zircons from this sample are translucent and euhedral to subhedral or form short
prisms to long columns in shape. They have length-to-width rations ranging from 2:1 to
3:1. CL imaging reveals that most zircons are bright with fine-scale oscillatory growth
zoning (Figure 4), indicating a magmatic origin [48,49]. A total of 18 analyses were made
on 18 zircons, which were shown to have high Th/U ratios (0.43–0.88) (Table S1). Three
analysis points were not considered in the concordia diagram due to the low confidence
(less than 90%) (Figure 5b). The remaining 15 analysis points were plotted on or near
the concordia line. The concordant zircon data give a weighted mean 206Pb/238U age of
268 ± 3 Ma (MSDW = 2.90), interpreted as the crystallization age of the sample.

4.1.2. Late-Middle Permian

Sample D3038 is a medium-grained monzogranite from the Daluobogou pluton near
the Luofugou area. The zircon grains from the sample are mostly euhedral elongate prisms
with oscillatory zoning. They have length-to-width ratios of 2:1 to 4:1, and Th/U ratios
of 0.52 to 1.31 (Figure 4), indicating magmatic origin [48,49]. A total of 15 analyses on
15 zircon grains were conducted. All but two of the analyses were concordant and yield a
weighted mean 206Pb/238U age of 260 ± 4 Ma (MSDW = 8.8) (Figure 5c), which is regarded
as the monzogranite’s emplacement age.

Sample PM302-7-1, a porphyry monzogranite, was collected from the Xiaodonghuang
pluton of Fengshou Village, Aohan Banner. Zircon grains from this sample are prismatic
and stubby in shape, and the Th/U ratios mostly cluster around 0.43–1.38 (Table S1). A
total of 23 analyses were conducted on 23 zircons; 10 analyses were excluded because of
high discordancy, and the remaining 13 analysis spots yielded a weighted mean 206Pb/238U
age of 260 ± 1 Ma (MSDW = 0.96) (Figure 5d), which is considered as representing the
crystallization age of porphyritic monzogranite.

Sample D5695, a medium-grained monzogranite, was collected from the Beizifu pluton.
Zircons from this sample are generally colorless, transparent, and euhedral in shape. In
the CL images, most of them display fine-scale oscillatory zoning, with high Th/U ratios
of 0.29–1.35, indicating magmatic origin [48,49]. A total of 25 spots were analyzed on
25 zircons from this sample; 3 analyses were excluded due to high discordancy, and the
remaining 22 spots were concordant. The concordant zircon data give a weighted mean
of 206Pb/238U age of 260 ± 1 Ma (MSDW = 0.96) (Figure 5e), interpreted as the sample’s
emplacement age.

4.1.3. Late Permian

Sample PM401-17-1, a medium-grained syenogranite, was collected from the Qixiey-
ingzi pluton. Zircons within sample PM401-17-1 are generally euhedral and prismatic with
length-to-width ratios of 2:1–4:1. They show variable degrees of oscillatory zoning visible
during CL imaging (Figure 4) and have Th/U ratios of 0.43–2.83 (Table S1), characteristic
of magmatic zircons of acid rocks [48,49]. Excluding three discordant data points likely
caused by lead loss, the remaining 17 analysis spots yielded a weighted mean 206Pb/238U
age of 255 ± 2 Ma (MSDW = 1.08) (Figure 5f), which is interpreted to be the crystallization
age of the syenogranite.

Sample T310, a medium-grained monzogranite, was collected from the Erdaogou
pluton. Zircon grains within this sample are generally colorless, transparent, and short
columnar in shape, with a maximum length-to-width ratio of 2:1. The CL imaging reveals
that most grains have fine oscillatory zones (Figure 4). These properties, together with
their relatively high Th/U ratios (0.43–2.97) (Table S1), suggest the zircons are of magmatic
origin [48,49]. The results of all 15 analyses are consistent and define a weighted mean
206Pb/238U age of 254 ± 2 Ma (MSDW = 0.73) (Figure 5g), which is interpreted as the time
of crystallization of the monzogranite.

Sample PM305-21-1 is a monzogranite collected from the Shangchaoyanggou pluton.
Zircons from this sample are generally euhedral and prismatic with length-to-width ratios



Minerals 2023, 13, 1554 11 of 27

of 2:1 to 3:1. In the CL images, most grains display fine-scale oscillatory growth zoning
(Figure 4), with high Th/U values of (0.28–1.92) (Table S1). A total of 23 spots were analyzed
on 23 zircons from this sample; 2 analyses were excluded due to high discordancy, and
the remaining 21 analysis points were plotted on or near the concordant line, and gave
four groups of ages (Figure 5h). The first group comprises one analysis (No. 16) with
a 207Pb/206Pb age of 2147 ± 27 Ma, representing a middle Paleoproterozoic magmatic
event. The second group consists of three analyses (Nos. 11, 18, 20), yielding a weighted
mean 207Pb/206Pb age of 1,805 ± 33 Ma, which is consistent with their upper intercept age
of 1798 ± 58 Ma, representing late Paleoproterozoic magmatic activity. The third group
comprises two analyses (Nos. 14 and 15), yielding a weighted mean 206Pb/238U age of
352 ± 5 Ma (MSDW = 0.50) (Figure 5h). The fourth group comprises 15 analyses, yielding
a weighted mean 206Pb/238U age of 256 ± 1 Ma (MSDW = 1.13). The youngest age of
256 ± 1 Ma is interpreted to be the emplacement age of the monzogranite, whereas the
other three ages (ca. 2147, 1805, and 352 Ma) are interpreted to represent the crystallization
ages of captured zircon entrained by the granitic magma.

4.2. Major and Trace Element Geochemistry
4.2.1. Early-Middle Permian Monzogranite

The monzogranites are high in SiO2 (72.00–73.37 wt%), K2O (4.32–4.70 wt%), and
(Na2O + K2O) (14.17–14.62 wt%), with Na2O/K2O ratios of 0.88–1.01, yet low in TiO2
(0.12–0.20 wt%), MnO (0.02–0.03 wt%), MgO (0.04–0.15 wt%), and P2O5 (0.04–0.07 wt%)
(Table S2). They are classified in the alkalic series, and assigned to the high-K calc-alkaline
igneous rocks (Figure 6a). Their A/CNK (molar Al2O3/(CaO + Na2O + K2O)) values
range from 1.08 to 1.23, indicative of weakly peraluminous granites (Figure 6b). The total
rare earth elements (REEs) range from 143.96 to 156.29 µg/g (with the exception of one
datum lower than 66.45 µg/g). In the chondrite-normalized REE diagram (Figure 7a), the
monzogranite samples have a pattern of slightly enriched LREEs but flat HREEs, with
(La/Yb)N and ΣLREE/ΣHREE (total light rare-earth elements versus total heavy rare-
earth elements) ratios of 3.54–19.62 and 5.29–10.06 and moderately negative Eu anomalies
(Eu/Eu* = 0.42–0.57). In the primitive-mantle (PM) normalized trace element diagram
(Figure 7b), all samples show negative Ba, Nb, Sr, P, and Ti anomalies and are all enriched
in Rb, Th, K, La, Zr, and Hf.
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4.2.2. Late-Middle Permian Monzogranite

All of the monzogranite samples are alkalic- and silica-rich high-K calc-alkaline ig-
neous rocks (Figure 6a). The whole-rock analysis results yield SiO2 = 73.40–74.11 wt%,
Na2O/K2O ratios = 0.65–070, and total Na2O + K2O = 9.30–9.76. The samples are low
in TiO2 = 0.16–0.18 wt%, MnO = 0.03–0.04 wt%, MgO = 0.20 wt%, and P2O5 = 0.03 wt%
(Table S2). They are classified as potassium basalt series and weakly peraluminous gran-
ites, due to their respective A/CNK, K2O, and Al2O3 values of 1.07–1.11, 5.47–5.80 wt%,
and 13.93–14.21 wt% (Figure 6b). The total REEs range from 272.5 to 340.64 µg/g. The
chondrite-normalized REE diagrams invariably show a relative enrichment in LREEs, with
(La/Yb)N and ΣLREE/ΣHREE ratios of 19.58–26.88 and 18.36–20.38, and moderate to
significant negative Eu anomalies with Eu/Eu* ratios of 0.31–0.41 (Figure 7a). Furthermore,
in the PM-normalized trace element diagram (Figure 7b), the rocks are enriched in large ion
lithophile elements (LILEs; e.g., Rb, Th, K, La, and Ce) and depleted in high field-strength
elements (HFSEs; e.g., Nb, P, and Ti). Finally, all samples show negative Ba anomalies.

4.2.3. Late Permian Monzogranite and Syenogranite

The Late Permian monzogranites have SiO2 = 76.29–77.30 wt% and contain Al2O3
of 12.75–12.93 wt%, TiO2 of 0.06–0.07 wt%, MnO of 0.01–0.08 wt%, MgO of 0.11 wt%,
P2O5 of 0.01 wt%, and total Na2O + K2O of 8.40–8.79 wt%, with Na2O/K2O ratios of
0.95–1.09 (Table S2). They are classified as the weakly peraluminous high-K calc-alkaline
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series on a plot of K2O against SiO2 (Figure 6a), and plot in the peraluminous field in the
A/CNK vs. A/NK diagram (Figure 6b). The total REEs range from 101.75 to 128.91 µg/g.
In the chondrite-normalized REE diagram, they are weakly fractionated, with (La/Yb)N
and ΣLREE/ΣHREE ratios of 3.28–5.06 and 4.73–7.25 and strong negative Eu anomalies
(Eu/Eu* = 0.13–0.28) (Figure 7c). In the PM-normalized trace-element diagram (Figure 7d),
they show similar patterns, albeit with notable differences in the absolute element concen-
trations. All samples are enriched in Rb, Th, U, K, Nd, Zr, and Hf, but depleted in Ba, Sr, P,
and Ti.

The Late Permian syenogranites are high in SiO2 (76.22–77.58 wt%) and K2O (4.35–5.62 wt%),
but low in Al2O3 (12.05–12.63 wt%), TiO2 (0.09–0.16 wt%), MnO (0.01–0.05 wt%), MgO
(0.20–0.56 wt%), and P2O5 (0.01–0.02 wt%). They are high-K calc-alkaline, and weak
peraluminous igneous rocks (Figure 6a), with total Na2O + K2O of 0.49–0.86, and A/CNK
ratios ranging from 1.05 to 1.16 (Figure 6b). All but two have high total REEs, with the
total REE values ranging from 107.94 to 215.80 µg/g. The chondrite-normalized REE
diagram shows that they are enriched in LREEs, with (La/Yb)N and ΣLREE/ΣHREE ratios
of 18.05–32.16 and 16.77–25.86, respectively (Figure 7c). The granites also have moderately
negative Eu anomalies (Eu/Eu* = 0.39–0.54). Finally, the PM-normalized trace-element
diagram shows that they are enriched in LILEs (e.g., Rb, Th, K, La, and Ce) and LREEs
(e.g., Nd, Zr, and Hf), and depleted in HFSEs (e.g., Ba, Nb, P, Ti, and Sr) (Figure 7d).

5. Discussion
5.1. Permian Magmatism in the Chifeng Area

Previous research on the Permian magmatism in the Chifeng area has been quite scarce,
only covering the granodiorite located in the Late Permian in Mengguyingzi [15], diorite
(256 ± 6 Ma) in Chaihuyingzi [53], gneissic monzogranite in the Liangjin mining area of
Jinchanggou (249 ± 1 Ma) [40], Early Permian monzogranite in the Mingshan pluton, and
syenite in the Jianshanzi pluton (284.4 ± 7.9 Ma, 294.7 ± 8.5 Ma) [22]. The coeval volcanic
rocks include the andesite of the Permian Elitu Formation exposed in the Mingshan uplift
belt in the west of Chifeng (273 Ma). Based on the available data, combined with those of
this study, the Permian granitic chronology framework was established in the Chifeng area
(Table 2).

Table 2. Geochronological data for the Permian granitic rocks in the Chifeng area.

Order Sample Pluton Lithology Age (Ma) Method References

1 14CH10 Jianshanzi Monzogranite 294 ± 2 LA-ICPMS [22]
2 14CH24 Mingshan Granodiorite 284 ± 2 LA-ICPMS [22]
3 PM210-12-1 Daluobogou Monzogranite 269 ± 1 LA-ICPMS This study
4 PM105-2-2 Aohan Banner Monzogranite 268 ± 3 LA-ICPMS This study
5 D3038 Daluobogou Monzogranite 260 ± 4 LA-ICPMS This study
6 PM302-7-1 Xiaodonghuang Monzogranite 260 ± 5 LA-ICPMS This study
7 D5695-1 Beizifu Monzogranite 260 ± 1 LA-ICPMS This study
8 Sidaogou Syenogranite 267 ± 5 LA-ICPMS

Inner Mongolia 1:250,000 Chifeng
regional geological survey

9 Jianshanzi Monzogranite 263 ± 2 LA-ICPMS
10 Majiadi Granite 274 ± 4 LA-ICPMS
11 Zhaojiawopu Diorite 253 ± 3 LA-ICPMS
12 PM305-21-1 Shangchaoyanggou Granodiorite 256 ± 1 LA-ICPMS This study
13 PM401-17-1 Qixieyingzi Syenogranite 255 ± 2 LA-ICPMS This study
14 T310 Erdaohou Monzogranite 254 ± 2 LA-ICPMS This study
15 T101 Mengguyingzi Granodiorite 251 ± 4 LA-ICPMS [8]
16 D2711-1 Xiaxinjing Monzogranite 250 ± 2 LA-ICPMS [8]
17 PM210-6-1 Daluobogou Monzogranite 248 ± 1 LA-ICPMS [8]
18 CH2 Chaihulanzi Diorite 257 ± 6 SHRIMP [53]
19 DJ10-18 Shuangjingzi Granite 278 ± 1 LA-ICPMS [54]
20 PM003-1 Mengguyingzi Granodiorite 253 ± 3 LA-ICPMS [15]
21 Dayingzi Syenogranite 268 ± 3 LA-ICPMS [55]
22 XG01 Jinchanggouliang Monzogranite 250 ± 1 LA-ICPMS [40]
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5.1.1. Early Permian (294–284 Ma)

The magmatic activities are intense in the Permian in the northern margin of the NCC.
However, these magmatic activities are mainly concentrated in the central region of Inner
Mongolia and are rare in the Chifeng area. The Early Permian granite studied in this
paper includes the syenite in the Jianshanzi pluton (294 Ma) and the monzogranite in the
Mingshan pluton (284 Ma), indicating that the Early Permian granite of the Chifeng area
formed during 294–284 Ma [22].

5.1.2. Middle Permian (269–260 Ma)

Late Paleozoic magmatic rocks are linearly distributed in the study area and its
adjacent area, among which the Middle Permian magmatic rocks are the most widely dis-
tributed. They are exposed on the northern margin of the NCC and XMOB. In the Chifeng
area, rocks that have been identified include syenogranite (269 ± 1 Ma) and monzogranite
(260 ± 4 Ma) in the Daluobogou pluton, fine-grained monzogranite in Aohan Banner
(268 ± 3 Ma), porphyritic medium-coarse monzogranite in Xiaodonghuang (260 ± 5 Ma),
and medium-grained monzogranite in Beizifu (260± 1 Ma). The syenogranite at the margin
of the Dayingzi pluton in the northwestern Chifeng has an age of 268 ± 3 Ma [55]. The
geochronological results show that the Middle Permian intrusive rocks formed between
269 and 260 Ma, indicating that magmatism occurred in the Chifeng area in this period.

5.1.3. Late Permian-Early Triassic (256–248 Ma)

The Late Permian-Early Triassic granitic magmatism in the study area occurred fre-
quently in the same tectonic background, and the volcanic activity in the Early Triassic was
a continuation of that in the Late Permian [13,37]. The Late Permian granitic rocks identified
in the research area include the weak gneissic monzogranite of the Shangchaoyanggou plu-
ton (256 ± 1 Ma), the medium-grained syenogranite of the Qixieyingzi pluton (255± 2 Ma),
and medium-grained monzogranite of the Erdaogou pluton (253 ± 2 Ma). There are also
many other magmatic activities, such as the diorite hosting the granulite in Chaihuyingzi
(257 ± 6 Ma) [53], fine-grained granodiorite in Mengguyingzi (252 ± 2 Ma) [15], gneissic
monzonite in the Liangjin mining area of Jinchanggou (249 ± 1 Ma) [40], fine-grained
granodiorite in the Mengguyingzi pluton (251 ± 2 Ma), medium-grained monzogranite
in the Xiaxinjing pluton (250 ± 2 Ma), and medium-grained syenogranite in the Dalu-
obogou pluton (247 ± 1 Ma) [8]. The zircon U-Pb ages of these granitic intrusions range
from 256 to 247 Ma, indicating that the most intense magmatism occurred in the Late
Permian-Early Triassic.

5.2. Genetic Types of the Middle-Late Permian Granitic Rocks in the Chifeng Area
5.2.1. Middle Permian Monzogranite

The early Middle Permian monzogranite (269± 1 Ma) is alkali-rich and high-potassium,
calc-alkaline rock, and is rich in Si and Al. The A/CNK is between 1.08 and 1.23, indi-
cating that it is peraluminous. The fine-grained monzogranite is aluminum-saturated,
high-potassium, calc-alkaline rock. ΣREE is low, and close to the average level of the
continental crust. Europium is moderately depleted. All of these granites fall in the range
of classic island arc rocks in the (La/Yb)N–YbN diagram and Y–Sr/Y diagram (Figure 8). By
comparing the trace element ratio of fine-grained monzogranite to that of the continental
crust average value and differentiated granite, it is concluded that the monzogranite of this
phase is I-type granite.

The late Middle Permian monzogranite is alkali-rich, high-potassium, calcium-alkaline
rock, rich in Si, with medium Al. The A/CNK value is between 1.07 and 1.11, indicating
that it is slightly peraluminous. The medium-grained monzogranite is slightly aluminum-
saturated, alkali-rich, high-potassium, calc-alkaline rock. The ΣREE content is much
higher than the average level of the continental crust. Europium is moderately depleted,
and these samples fall in the range of classic island arc rocks in the (La/Yb)N–YbN and
Y–Sr/Y diagrams (Figure 8). By comparing the trace-element ratio of medium-grained
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monzogranite to that of the continental crust average value and differentiated granite, it is
concluded that this monzogranite in the Daluobogou pluton is I-type granite.
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5.2.2. Genesis of the Late Permian Granite

The geochemistry characteristics show that the Late Permian monzogranite is alkali-
rich, high-potassium, calc-alkaline rock, rich in Si and poor in Al. The A/CNK value is
in the range of 0.95–1.05, indicating moderately peraluminous rock. The monzogranite
belongs to alkali-rich, medium-Al, high-potassium, calc-alkaline rock. ΣREE is close to
the average level of the continental crust. The trace elements have similar characteristics
to those of A-type granite [57]. The light and heavy rare-earth elements are obviously
fractionated, with strongly negative Eu anomalies. The rare-earth element distribution
pattern forms a “V” shape. A-type granite has high heavy rare-earth elements and Zr,
Nb, Ce, and Y content levels due to their rich alkalinity [57]. The observed enrichment of
heavy rare-earth elements show high contents of high field-strength elements such as Nb,
Zr, and Hf, yet low Sr and Ba contents (Figure 7), showing the characteristics of A-type
granite. In the 10,000 Ga/Al-Zr, 10,000 Ga/Al-Nb, and 10,000 Ga/Al-Na2O + K2O diagrams
(Figure 9a, Figure 9b, and Figure 9c, respectively) of the Late Permian intrusive rocks, the
monzogranite falls in the range of A-type granite. The (Zr + Nb + Ce + Y) content of the
monzogranite is low (288.49–354.33 µg/g, less than 350 µg/g [57]), being slightly lower than
the (Zr + Nb + Ce + Y) value of A-type granite (usually greater than 350 µg/g); however,
there were some exceptions [58]. This puts the rock in the range of A-type granite in the
(Zr + Nb + Ce + Y)–(K2O + Na2O)/CaO diagram (Figure 9d). Zhang et al. (2012) suggested
that A-type granite should be distinguished based on the comprehensive analyses of
the (Zr + Nb + Ce + Y), rare-earth-element and trace-element diagrams rather than the
(Zr + Nb + Ce + Y) diagram alone [57]. The most important geochemical characteristics
of A-type granite are rich in SiO2 (usually >70%, mostly >75%); rich in K2O (4–6% or
higher); depleted in Al2O3 (content of 12–13%), Sr, Ba, Eu, Ti, and P; and a “V”-shaped REE
pattern with an obviously negative Eu anomaly [57]. The monzogranite has a SiO2 content
of 76.32–77.20%, a K2O content of 4.15–4.47%, and an Al2O3 content of 12.77–12.93%,
showing negative anomalies of Sr, Ba, Ti, and P. The monzogranite has a rare-earth element
distribution pattern of a “V” shape with an obviously negative Eu anomaly, which is the
same as the A-type granite distributed in northeastern China [6]. A-type granite is generally
formed in high-temperature environments [57]. With the Zr saturation temperature of
807–828 ◦C, the monzogranite in the EDG pluton is not high-temperature granite. However,
experimental petrology shows that when the pressure is less than 0.5 GPa and the water
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content is 1–6%, then the partial melting temperature of A-type granite can be reduced to
800–830 ◦C [59], or even lower [60–62]. In summary, it is concluded that the Late Permian
monzonitic granite can be classified as A-type granite.
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K2O/CaO) (d) for the Late Permian granitic intrusions [56]. A, A-type granite; FG, highly fractionated
I-type granite; I, S&M, OGT, unfractionated I, S, and M-type granite.

The syenogranite is high-potassium, calc-alkaline rock, rich in Si, and depleted in
Al. The A/CNK value is in the range of 1.05–1.16, indicating slight peraluminum. The
content of the ΣREE is close to the crust average level and the existing Eu moderately
negative anomaly. The syenogranite does not fall in the range of A-type granite in the
10,000 Ga/Al–Zr and 10,000 Ga/Al–Nb diagrams (Figure 9). The syenogranite presented
here shows the characteristics of A-type granite, with SiO2 content of 76.22–77.58%, K2O
content of 4.35–4.87%, Al2O3 content of 12.05–12.56%, and negative anomalies of Sr, Ba,
Eu, Ti, and P [57]. The samples fall in the transitional range of I-, S-, and A-type granite in
the 10,000 Ga/Al–Na2O + K2O diagram (Figure 9a–c), but in the range of A-type granite
in the (Zr + Nb + Ce + Y)–(K2O + Na2O)/CaO diagram (Figure 9d). In the standardized
diagram of chondrite-normalized REE patterns (Figure 7c), the syenogranite does not
show the “V”-shaped pattern or obviously negative Eu anomaly, which is inconsistent
with the characteristics of A-type granite [6]. Combined with its relatively low content of
(Zr + Nb + Ce + Y) (132.44–185.68 µg/g), it is considered that the syenogranite belongs to
I-type rather than A-type granite.

5.2.3. Petrogenesis of High-K, I-Type Granitic Rocks of the Permian

As discussed above, both the Middle Permian monzogranite and Late Permian
syenogranite in the Chifeng area are high-K calc-alkaline I-type granite, and the origins of
such granite are still under debate [63,64]. Some geologists uphold the model of fractional



Minerals 2023, 13, 1554 17 of 27

crystallization and crustal assimilation of mantle-derived basaltic magma [65,66], while
some insist on the model of mixing of crust-derived and mantle-derived magmas [67–70],
and still others attribute the model of partial melting of hydrous medium- to high-K
andesitic to basaltic meta-igneous rocks under crustal conditions [63,71,72].

The Permian granitic rocks are classic high-K, I-type granite. They have high silica
and alkali contents, low MgO, TFe2O3, CaO, and transition-element contents, positive Th,
Zr, and Hf anomalies, and negative Ba, Nb, Ta, P, and Ti anomalies in a primitive mantle-
normalized diagram. These different characteristics indicate that the primary magma of
these rocks originated from the partial melting of the continental crust, and may have
been produced by the chemical differentiation of arc-derived magma [73,74]. The low Cao,
Fe2O3, and MgO contents suggest that the source rock with this granitic component was
likely formed under partial melting low-pressure conditions and that its source depths were
relatively shallow. The negative anomalies of Nb were caused by the residual of rutile in the
melt, since rutile is the main carrier mineral of Nb [75]. Therefore, the obvious depletions
of Nb indicate residual rutile in the magma source of the Middle Permian monzogranite.
Plagioclase, as the main carrier mineral of Ba, Sr, and Eu, becomes a residual mineral in
the magma source in the event of negative anomalies in these elements. The negative Ba,
Sr, and Eu anomalies of the granite sample indicate that plagioclase was retained in the
residue of the source, or fractionated during magma evolution [76]. In conclusion, these
Permian-age high-K, I-type granites were formed by partial melting of a lower crustal
source under relatively low-pressure conditions.

5.3. Tectonic Implications and Geological Significance
5.3.1. Tectonic Setting
Tectonic Setting of the Middle Permian Monzogranite

In recent models, some scholars hold that the PAO closed in the Early Permian based
on a late Early Permian-Middle Permian alkaline-peralkaline intrusion (276–259 Ma) dis-
tributed on the northern margin of the NCC, which indicates a post-collision environment
in the Middle Permian [10,21,31]. All these intrusions studied by scholars are in the Jining
area in the west section of the NCC’s northern margin. However, the characteristics of
the rock assemblages in the Middle Permian in the Changchun-Yanji area of the eastern
section of the northern margin of the NCC show an active continental margin [74], while the
widespread diorite, tonalite, and granodiorite indicate that the active continental marginal
environment lasted until the Late Permian [38,77]. Therefore, the eastern section of the
NCC’s northern margin was still under the subduction background of the PAO in the
Middle Permian [77]. In this case, then, what is the tectonic background of the Chifeng area
in the central of the north margin of the NCC during the Middle Permian?

The Middle Permian granitic magma covers a large area in the Chifeng and is mainly
dominated by monzogranite. Geochemical characteristics show that the monzogranite is
the I-type granite originating from the lower crust. In the Y-Nb diagram, all samples fall into
the volcanic arc and syn-collision area (Figure 10a). However, they fall into the transitional
range between the volcanic arc and syn-collision and deviate to the syn-collision area in the
Yb + Ta vs. Rb diagram (Figure 10b). In the R1-R2 structural environment discrimination
diagram, they are in the group of syn-collision granite (Figure 11). Compared to the
tectonic environment discriminant ratio of the orogenic granite proposed by Maniar and
Piccoli (1989) [51], the monzogranite has characteristics like continental collision granite
(CCG). Therefore, the Middle Permian monzogranite in the Chifeng area formed in a
syn-collision environment.

Tectonic Setting of Late Permian Granite

Previous studies have shown that the Late Permian-Triassic magmatic rocks on the
northern margin of the NCC exhibit post-collision/post-orogeny magmatism in terms of
rock assemblage, mineral composition, high-potassium and calc-alkaline-based geochem-
ical characteristics, magmatic evolution and isotope composition [8,28,29,37,53]. In the
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R1-R2 diagram (Figure 11), all the Late Permian granites fall within the range of post-
orogenic area, suggesting that the granite in the study area is related to the post-orogenic
extension environment.
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granite (after [79]).

The granites that formed in the Chifeng area in the Late Permian and Early Trias-
sic were of I- and A-type. Combined with the available data [8,15,40,53], these granites
represent the acidic unit (256–248 Ma).The ophiolite formed from 256 to 246 Ma repre-
sents coeval basic members [7,33,35,36]. “Bimodal volcanic rocks” appeared between
the northern margin of the NCC and XMOB in the Late Permian-Early Triassic. Previ-
ous studies have shown that bimodal volcanic rocks can be formed under the following
extensional environments: continental rift, oceanic island extensional, plate margin exten-
sional, post-orogenic extensional, oceanic island arc, mature island arc, and initial back-arc
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basin [80,81]. The Late Permian granitic rocks in the Chifeng area are dominated by middle-
high potassium calc-alkaline I- and A-type granite, indicating a post-orogenic extensional
environment [57,82–86].

The Late Permian granite is characterized by the enrichment of light rare-earth el-
ements and large ion lithophile elements (LILEs), and depletion of high field-strength
elements (HFSEs) and elements such as Nb, Ti, and P, showing the characteristics of the
granite in the post-collision evolutionary stage of continental orogenic belts. The tectonic
environment discriminant map (Figure 12a–c) shows that all granites fall in the range of
post-collision granite. In the Y + Nb-Rb and Yb + Ta-Rb diagrams, all the samples fall in
the post-collision range, too (Figure 12d,e).
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Figure 12. Identification diagram of tectonic setting for the Late Permian granites in the Chifeng area.
(a) SiO2 (wt%) versus TFeO/(TFeO + MgO); (b) SiO2 (wt%) versus Al2O2 (wt%); (c) MgO (wt%) versus
TFeO (wt%), IAG—island arc granite; CAG—continental arc granite; CCG—continental collision
granite; POG—post-orogenic granite; RRG—rift related granite; CEUG—continental epeirogenic
uplift granite (after [51]). (d) Yb + Nb versus Rb, (e) Yb + Ta versus Rb (after [78]), VAG—volcanic
arc granites; syn-COLG—syn-collisional granites; WPG—within-plate granites; ORG—oceanic ridge
granites; post-COLG—post-collisional granites.

The post-collisional, which is usually considered to begin after the closure of the main
ocean, is a complex period when large-scale horizontal block movement still occurred along
the giant shear zone [64]. Most post-collision granites in orogenic belts are dominated by
medium-high potassium calc-alkaline I-type granite, along with some S-type and A-type
granites [87]. The appearance of various types of rock assemblages shows the complexity
and diversity of post-collision magmatism [37,87]. In a post collision environment, the
pressure decreases under the action of extension, which facilitates rock melting. The
extensional environment leads to lithospheric crust thinning and mantle-derived magma
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underplating. Sufficient heat then further drives the crust’s partial melting, leading to
the formation of many acidic rocks. Consequently, the appearance of these post-collision
intermediate-acid igneous rocks may represent a transition environment from continental
convergence to extension [64,88].

The following dynamic mechanisms may result in post-collision or post-orogenic
magmatism: mantle convective thinning, gravity collapse, slab fragmentation, and de-
lamination. As previously mentioned, the Late Permian-Early Triassic intrusive rocks
with post-orogenic characteristics constitute a long and narrow magmatic rock belt, which
spreads along both sides of the deep fault zone in the middle section of the northern margin
of the NCC. The distribution pattern of Late Permian granites in the study area indicates
that they were emplaced in an extensional environment caused by the slab breaking off
after final closure of the PAO between the XMOB and NCC [8,89].

5.3.2. Permian Tectonic-Magmatic Evolution in the Chifeng Area

The chronological results show three phases of tectonic-magmatism in the Chifeng
area during the Permian. The rock assemblage, geochemical characteristics, genesis, and
tectonic setting of the granite from each phase are discussed here. Then, combined with
previous research results, the Permian tectonic-magmatic evolution model is constructed
(Figure 13), the specific dynamic process of which is as follows.
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Belt. (a): Subduction, Continental Margin Arc Environment; (b): Syn–collisional Environment;
(c): Extensional Environment.

Early Permian–Active Continental Marginal Environment

The Early Permian granite in the Chifeng area formed in an active continental margin
environment against the background of the PAO’s southward subduction. The coeval volcanic
rocks of the Permian Elitu Formation are also products of the subduction environment [22].

Regionally, the PAO began to subduct southward from the late Early Carboniferous,
and magmatic rocks from the late Early Carboniferous to Middle Permian showed charac-
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teristics of active continental margins in terms of distribution, rock assemblages, mineral
compositions, geochemical characteristics, and isotopes, also known as an Andean active
continental marginal arc [12,21,25]. The results of the SHRIMP U-Pb ages and geochemistry
of several granite intrusive rocks in the northern margin of the NCC show that the granite
has the characteristics of calc-alkaline and subduction-related I-type granite, with an em-
placement age of 300–320 Ma. This indicates that there was an Andean continental arc in
the NCC’s northern margin, and that the PAO still existed in the Late Carboniferous-Early
Permian, then eventually closed after 290 Ma [25]. Continuous Late Carboniferous-Early
Permian (324–274 Ma) rock assemblages were identified on the northern margin of the
NCC, including hornblende gabbro, diorite, quartz diorite, granodiorite, and granite. Ac-
cording to the geochemical characteristics of this group of intrusions, it is believed that
the continental arc in the northern margin of the NCC lasted at least 50 Ma [90]. By
studying the Early Permian granite in Xilinhot, Li et al. (2018) also confirmed that the
northern margin of the NCC was in a continental marginal arc environment from the Late
Carboniferous to the end of the Early Permian [22]. By studying the granite in Siziwang
Banner, Wang (2014) proposed that the Early Permian quartz diorite formed in a continental
marginal arc environment [10]. Li et al. (2018) also held that the Early Permian monzo-
granite and syenogranite in the western Chifeng area formed in a continental marginal arc
environment [22].

From the above studies, the middle section of the northern margin of the NCC was
under the tectonic environment of the active continental margin, due to southward subduc-
tion of the PAO during the Early Carboniferous-Early Permian (Figure 13a). As a result,
Andean-type active continental margin calc-alkaline rock assemblages of west-east trending
formed along the northern margin of the NCC. Based on previous data, the existence of the
Early Carboniferous-Early Permian intrusive rocks (330–280 Ma) with high-potassium and
calc-alkaline characteristics related to subduction implies that the subduction of the PAO
lasted for at least 50 Ma [10,13,19,22,54].

The evidence of magmatic events indicates a magmatic arc lasting about 80 Ma in the
Jining-Chifeng area in the middle section of the northern margin of the NCC during the
Early Carboniferous-Early Permian (330–280 Ma) (Figure 13a). The entire northern margin
of the NCC was likely in an active continental margin environment under the subduction,
indicating that the PAO was not closed at this time.

Middle Permian-Continent-Continent Collision Environment

Geochemical characteristics show that the Middle Permian granite in the study area is
monzogranite formed in a syn-collisional environment, indicating that the XMOB collided
with the NCC at this time (Figure 13b). Collisional granite with an age of 230–250 Ma
was identified in Sonid Left Banner, thus indicating that the PAO closed between 310 and
230 Ma [9,41]; thus, the collision between the XMOB and the NCC lasted from the Middle
Permian to the Middle-Late Triassic. Li et al. (2007) discovered granite with SHRIMP U-Pb
ages of 229 and 237 Ma and considered it to be S-type granite formed by the crystallization
of younger remelted crust. The geochemical characteristics show that the Shuangjingzi
intrusions were like syn-collisional granite, implying they likely emplaced in the late-
collisional orogenic period. It was thus concluded that the XMOB and NCC collided along
the Xar Moron suture zone beginning at about 270 Ma, and ending at 230 Ma [31].

During the early Middle Permian, the plant fossils in the Yujiabeigou Formation (the
zircon age of crystalline tuff of which was 270 Ma) all belong to Cathaysian flora, and
there was no mixing growth phenomenon, indicating the study area was a Cathaysian flora
distribution area. At that time, the Solonker-Xar Moron-Changchun-Yanji suture zone was
not yet closed [91], and the PAO developed into an intercontinental residual ocean basin.
Subsequently, the oceanic crust was subducted, and continent-continent collision occurred,
in turn forming multiple Middle Permian syn-collisional granitic intrusions. The gray-black
slate and shale of the Linxi Formation from the Late Permian distributed in the southern
margin of Inner Mongolia are rich in freshwater bivalves, leaf limbs, and plant fossils [39].
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The Linxi Formation, which has marine sediments at the bottom and delta-lacustrine-delta
continental deposits in the middle-upper part, indicates that two large plates had collided
and collaged together, then jointly assimilated the deposition during the Late Permian [14].
The above evidence shows that the northern margin of the NCC was in a co-collisional
environment, and that the monzogranite formed in the Chifeng area.

During the Middle Permian, the Jining area in the western section of the northern
margin of the NCC was in a post-collisional environment [10,21,31], yet the Yanbian area in
the eastern section was in an active continental margin environment [14,74]. The study area
covered in this paper was between these two areas; thus, in the Middle Permian, it was
also in a co-collisional environment. This proves that the PAO closed in a “scissor closure”
mode from west to east.

Late Permian-Early Triassic-PAO Final Closure and Subduction Slab Break-off

The granite of the Late Permian-Early Triassic consisted of A- and I-type granite, and
it formed in a post-collisional extensional environment in response to slab fragmentation
after the collisional orogeny between the XMOB and the NCC (Figure 13c).

Today, there is much evidence to support the conclusion that the PAO was closed from
the Late Permian to the Early Triassic. The build-up types, biota, and tectonic activities
on both sides of the Xar Moron fault were obviously different during the Carboniferous-
Permian. The paleobiogeographical flora were in disarray until the Middle or Late Per-
mian [92]. Moreover, the Linxi Formation from the Late Permian and the Xingfuzhilu
Formation from the Early Triassic were in conformity contact, indicating that the study area
was in the same tectonic environment from the Late Permian to the Early Triassic [39]. There
were continental deposits and terrestrial flora and fauna fossils in the Late Permian [39],
thus indicating that the two major plates had collided and assimilated sedimentation to-
gether, resulting in the formation of the Linxi Formation [14]. According to the age of the
radiolarian in the siliceous rocks of the Xar Moron, the final mixed accumulation time of
the ophiolite belt was proposed to be the Middle-Late Permian [10]. Both the biological
extinction event and paleomagnetic evidence indicated that the PAO closed at the end of
the Late Permian [24].

There were large quantities of intrusive rocks with continental margin arc magmatic
character on the northern margin of the NCC, and the emplacement age ranged from 358 to
260 Ma [21,37,42,93]. The appearance of the post-collisional A-type granite and the bimodal
volcanic rocks and the emplacement of the coeval ophiolite also indicated that the PAO
completely disappeared during the Permian-Early Triassic, and finally closed along the Xar
Moron Suture Zone [7,8,25,28,29,94].

In summary, immediately after the Middle Permian continental collisional orogeny,
the subducted slabs remaining in the lithospheric mantle experienced eclogite facies meta-
morphism and fragmented under the influence of gravity from the Late Permian to Early
Triassic (Figure 13c). After the collision between the XMOB and the NCC, the Chifeng area
was in an extensional environment. The crust underwent partial melting in response to
the underplating of mantle-derived magma, the upwelling of deep asthenospheric mantle
materials, increasing heat, and decreasing pressure. As a result, the post-collisional A-type
granite of west–east trending, bimodal volcanic rock, and ophiolite formed during the Late
Permian-Early Triassic. The lacustrine Linxi Formation had abundant freshwater bivalves
and gray-black slate and shale containing leaf limbs and plant fossils [14]. In addition,
the paleobiogeographical divisions disappeared. All of these indicate that the PAO finally
closed along the Solonker-Xar Moron-Changchun-Yanji Suture (SXCYS) during the Late
Permian-Early Triassic, at which time the ocean basin completely disappeared [8,28,29].

6. Conclusions

In this study, on the Permian granitic rocks of the northern margin of the NCC, the
following conclusions were obtained:
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(1) According to the zircon U-Pb dating results, three events of Permian granitic mag-
matism were identified in the Chifeng area: (1) a suite of syenogranites and monzo-
granites dated at ca. 294–284 Ma (Cisuralian); (2) a suite of monzogranites dated at ca.
269–260 Ma (Guadalupian); and (3) a suite of monzogranites and syenogranites dated
at ca. 256–254 Ma (Lopingian).

(2) The two events related to the Middle Permian monzogranite represent I-type granite
with Al-saturated, Si- and K-rich, negative Eu anomaly; enrichment of LILEs (Rb, Th,
K, and La); and negative Sr, P, and Ti anomalies. The Late Permian syenogranite is
rich in Si and K and poor in Al, classified as I-type granite with moderately negative
Eu anomalies; enrichment of LILEs (Rb, Th, K, La, and Ce); minor enrichment in
HFSEs (Nd, Zr, and Hf); and negative anomalies of Ba, P, Ti, and Sr. These Permian
high-K I-type granites were formed by partial melting of the lower crustal source
under relatively low-pressure conditions. The Late Permian monzogranite is A-type
granite, displaying a “V” shape of rare-earth elements, with strongly negative Eu
anomalies; enrichment of LILES (Rb, Th, U, and K); negative anomalies of Ba, P, and
Ti; and obvious Sr negative anomalies, formed in a low-pressure environment caused
by tension.

(3) The Permian tectono-magmatic evolution of the PAO can be divided into three events:
(1) Early Permian granite formed in the setting of the PAO subducting to the NCC;
(2) Middle Permian granite formed during the collision of the XMOB and the NCC;
and (3) Late Permian-Early Triassic granite formed in an extensional setting induced by
the slab breaking off after the collision between the XMOB and the NCC, responsible
for the closing of the PAO.
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