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Editorial

Editorial for the Special Issue “Formation and Evolution of the
Continental Crust in North China Craton during Precambrian”
Jin Liu 1,*, Jiahui Qian 2,* and Xiaoguang Liu 3,*
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* Correspondence: liujin@jlu.edu.cn (J.L.); qianjh5@mail.sysu.edu.cn (J.Q.); liuxiaoguang@ouc.edu.cn (X.L.)

The North China Craton (NCC) preserves ancient rocks dating back to ca. 3.8 Ga, and
has witnessed multiple magmatic–metamorphic events during the Archean–Proterozoic
era [1–3]. This critical period may have marked the transformation of the geodynamic
regime on early Earth. As a result, the NCC serves as an ideal natural laboratory for
deciphering the growth and evolution of continental crust, the onset of plate tectonics,
and the architecture of the Archean geodynamic regime. To better understand the geo-
logical evolution of the NCC during Precambrian, we collected 11 contributions for this
Special Issue.

A significant component within the NCC is the Khondalite Belt, a major Paleoprotero-
zoic orogenic belt. In this Special Issue, three contributions focus on the tectonic evolution
of the Khondalite Belt, examining it from the perspectives of magmatism and deformation.
Zhu et al. [4] proposed that the Sanchakou gabbro in the Khondalite Belt formed during
the late Paleoproterozoic, based on zircon U-Pb dating. A comprehensive analysis of
elemental and Hf-O-Sr-Nd isotopes further revealed a complex process involving assim-
ilation and fractional crystallization within a post-collision tectonic environment. Qiao
et al. [5] provided geochronological constraints for the Paleoproterozoic gneiss domes in
the Qianlishan region. They identified two phases of deformation during the late Paleo-
proterozoic: D1 deformation, characterized by isoclinal folds and penetrative transposed
foliations/gneissosities, occurring at ~1.95 Ga; and D2 deformation, featuring doubly
plunging upright folds, formed between 1.93 and 1.90 Ga. The authors suggested that the
collision between the Yinshan and Ordos Blocks led to the formation of the Qilishan gneiss
domes. Qiao et al. [6] presented time and structural constraints for the Qianlishan ductile
shear zones within the Khondalite Belt. The zircon U-Pb dating of mylonites is indicative
of the metamorphic ages of 1.90–1.88 Ga, interpreted as the activity timing of Qianlishan
ductile shear zones. Notably, their findings revealed three phases of deformation dur-
ing Orosirian, suggesting that the Khondalite Belt underwent an orogenesis lasting over
100 Ma.

In this Special Issue, three contributions specifically focused on the Paleoproterozoic
granitic dykes, felsic metavolcanic rocks, and meta-sedimentary rocks within the Jiao–
Liao–Ji Belt. Zhao et al. [7] investigated newly identified late Paleoproterozoic granitic
dykes from the Liaodong Peninsula. Zircon U-Pb dating indicated crystallization ages of
1859–1852 Ma for these dykes. Geochemical and zircon Hf isotopic analyses suggested that
these granitic dykes formed through the partial melting of early Paleoproterozoic granitoids
and meta-sedimentary rocks in a post-collisional environment. Cheng et al. [8] conducted
systematic analyses of zircon geochronology, geochemistry, and zircon Hf isotope on
the 2.2–2.1 Ga felsic metavolcanic rocks from the Li’eryu Formation in the Liaodong
Peninsula. They proposed that these metavolcanic rocks originated from the partial melting
of Archean TTG rocks, with some contributions from lower crustal materials. Additionally,
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they suggested an intra-continental rift setting for the Jiao–Liao–Ji Belt during 2.2–2.1 Ga.
Gao et al. [9] reported new detrital zircon ages for the Paleoproterozoic Langzishan and
Li’eryu Formations within the Jiao–Liao–Ji Belt. The geochronological results indicated
deposition ages of 2136 Ma for Langzishan and 1974 Ma for Li’eryu. Combining those
findings with previous magmatic studies, they proposed a back-arc basin environment for
these sedimentary rocks.

Two contributions explore the affinity between the NCC and the Alxa Block based on
magmatism and metamorphism. Niu et al. [10] conducted systematic zircon geochronolog-
ical analyses, revealing magmatic activities at ~2.84, ~2.76, ~2.54, and ~2.49 Ga within the
Alxa Block, previously considered part of the NCC. Geochemical and zircon Hf isotopic
data suggest a distinct crustal evolutionary history for the Alxa Block during the Archean.
Zhou et al. [11] used zircon U-Pb dating, mineral geochemistry, detailed petrological obser-
vations, and phase equilibrium modeling to constrain the P–T conditions of amphibolites
in the Diebusige and Bayanwulashan complexes of the Alxa Block. These amphibolites
experienced amphibolite–facies metamorphism at temperatures ranging from 800 to 910 °C
and pressures of 7.0–10.8 kbar during 1901–1817 Ma. A post-collision extensional setting
played a critical role in this metamorphic event.

In this Special Issue, researchers also discussed three key aspects: the oldest fuchsite
quartzite from the eastern Hebei, the oldest clastic strata of the Xiong’er Group, and newly
identified Paleoproterozoic mafic igneous rocks in the northern Liaoning. Zhao et al. [12]
presented new zircon ages for the oldest fuchsite quartzite found in the Lulong area of the
eastern Hebei terrane. Numerous 3.8–3.4 Ga detrital zircons were identified, suggesting a
depositional age of 3.3–3.1 Ga for this fuchsite quartzite. Zircon Hf isotopes further implied
significant crustal growth during the Eoarchean–Paleoarchean in the NCC. Zhang et al. [13]
reported new detrital zircon ages for the earliest clastic strata of the Xiong’er Group from
the southern margin of the NCC. Zircon U-Pb dating revealed four distinct age groups:
1905–1925, 2154–2295, 2529–2536, and 2713–2720 Ma, indicating a provenance link to the
NCC basement. They proposed that these sedimentary rocks of the Dagushi Formtion
formed through continuous crust fracturing. Chen et al. [14] identified four stages (~2.21,
~2.15, ~2.06, and ~2.02 Ga) of mafic magmatism in northern Liaoning. These mafic rocks
constrain their surrounding strata to be Paleoproterozoic rather than Neoproterozoic. These
mafic rocks likely formed in island arc or oceanic island environments associated with the
oceanic subduction and extension during the Paleoproterozoic.

In conclusion, this Special Issue significantly contributes to our understanding of
the Archean and Paleoproterozoic evolution of the NCC. However, further investiga-
tions into magmatism, sedimentary processes, metamorphism, and structural analyses
remain essential.

Conflicts of Interest: The authors declare no conflicts of interest.
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Paleoproterozoic Crust–Mantle Interaction in the Khondalite
Belt, North China Craton: Constraints from Geochronology,
Elements, and Hf-O-Sr-Nd Isotopes of the Layered Complex
in the Jining Terrane
Wei-Peng Zhu 1,2, Wei Tian 1,*, Bin Wang 1, Ying-Hui Zhang 2 and Chun-Jing Wei 1

1 MOE Key Laboratory of Orogenic Belts and Crustal Evolution, School of Earth and Space Sciences,
Peking University, Beijing 100871, China

2 Key Laboratory of Deep-Earth Dynamics of Ministry of Natural Resources, Institute of Geology,
Chinese Academy of Geological Sciences, Beijing 100037, China

* Correspondence: davidtian@pku.edu.cn

Abstract: The Paleoproterozoic Khondalite Belt, located in the northwestern segment of North China
Craton (NCC), is characterized by widespread high-temperature/ultrahigh-temperature (UHT)
granulite/gneiss and large-scale magmatic activity. The tectonic evolution is still controversial. Here,
we report new geochronological, elemental, and Hf-O-Sr-Nd isotopic data for a Paleoproterozoic
layered complex in the Jining terrane to constrain the tectonic evolution of the Khondalite Belt. In
situ zircon U-Pb dating indicates that the Sanchakou gabbros were emplaced between ~1.94 Ga and
~1.82 Ga, which might be the heat source of UHT metamorphism. The elemental and Hf-O-Sr-Nd
isotopic analysis shows that the formation of Sanchakou gabbros is consistent with the assimilation
and fractional crystallization (AFC) process. The magma originates from the 10%~20% partial melting
of the spinel + garnet lherzolite mantle. The Sanchakou gabbros are magmatic crystallization products
mixed with crustal wallrocks in the magma chamber. We have established a tectonic evolution model
involving asthenosphere upwelling after the amalgamation of the Ordos and Yinshan Blocks at
~1.95 Ga.

Keywords: NCC; Paleoproterozoic Khondalite Belt; UHT granulite/gneiss; layered complex; AFC;
tectonic evolution

1. Introduction

The concept of “layered complex” was first recorded in Layered Igneous Rocks [1].
Most of the layered complex is close to gabbros, mainly composed of basic or ultrabasic
rocks. The most notable feature is the well-developed layered rhythmic structure. The
layered complexes formed mainly in Archean and Proterozoic [2–6], with a lesser amount in
Phanerozoic [7–9]. The tectonic environment is related to mantle plume or intracontinental
rifting [10–13], controlled by regional fractures. Crustal contamination plays an important
role in the formation of layered complexes, which can greatly change the composition
of magma and result in the difference in products [14,15]. Therefore, the compositional
changes in layered complexes in the open magmatic system are significant for revealing
crust-mantle interaction [16–19].

The North China Craton (NCC) is a fundamental geological unit of the early Precam-
brian in China [20]. The Jining terrane, located in the eastern Khondalite Belt of the NCC,
has been widely studied by researchers in past decades. A large number of ultrahigh-
temperature (UHT) metamorphic rocks have been reported in this area [21–32]. In addition,
there are small amounts of basic intrusive rocks dominated by gabbros, some of which
occurred as multiple sets of layered complexes [33]. The episodic crystallization ages are
2.45~2.10 Ga, 1.97~1.92 Ga, and 1.85~1.84 Ga [34–37]. The magma may have originated
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from a deep mantle of ~3.0 GPa, and ~1550 ◦C [35]. However, the genesis of these basic
intrusive rocks and tectonic environment have not been determined yet.

In this paper, we focus on a Paleoproterozoic layered complex in the Jining area,
northwestern margin of the NCC, which is accompanied by extensive granulites/gneisses.
Through the chronological, elemental, and Hf-O-Sr-Nd isotopic analysis methods, we have
found that the layered complex is a product of crust–mantle interaction, which reflects the
large-scale thermal fluctuation under the influence of the upwelling asthenosphere.

2. Geological Setting

The NCC is one of the rare ancient continental blocks with ~3.8 Ga crustal rock in
the world [38–40]. There are different views about the formation and evolution of the
NCC [20,41,42]. The Khondalite Belt is in the western part of the NCC (Figure 1a), consid-
ered to be formed via a collision between the Ordos and Yinshan Blocks at ~1.95 Ga [20,43].
From west to east, there are Qianlishan-Helanshan terrane, Daqingshan-Helanshan terrane,
and Jining terrane. The Jining terrane is located in the eastern segment of the Khondalite
Belt (Figure 1b), where UHT granulites/gneisses, S-type granites, and a small amount of
basic intrusive rocks are mainly exposed (Figure 1c).
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Figure 1. The regional geological map of the Jining terrane in the Khondalite Belt of the NCC.
(a) The structural sketch of the NCC (modified from [20]); (b) The distribution map of structural
units contained in the Khondalite Belt and adjacent structural units of the Khondalite Belt (modified
from [20]); (c) The lithology distribution map of the Jining terrane (modified from [34]).

The UHT granulites/gneisses are scattered in Tuguishan, Dajing, Tianpishan, Xuwujia,
Xumayao, Helinger, Hongsigou, Zhaojiayao, Liangcheng, and Hongshaba [23–26,28–31,44–50],
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continuously forming a UHT metamorphic zone of about 250 × 150 square kilometers.
Most of these UHT granulites/gneisses are sillimanite-garnet gneisses, and only a few
contain spinel/sapphirine + quartz assemblages. They have average metamorphic ages of
1.92~1.91 Ga [30,31,44,50] and ~1.88 Ga [28]. The peak temperature of UHT metamorphism
is mainly concentrated at 950~1050 ◦C [23–26,28–31,44–50].

The vast majority of the S-type granites are garnet granites, which intruded into the
khondalite and covered more than 40% of the Jining terrane. The crystallization age is
about 1.94~1.90 Ga [51,52]. One view [51] believed that garnet granite is a mixture of the
mantle-derived basic magma and the melt produced by the anatexis of metasedimentary
rocks, formed in the process of UHT metamorphism (1.93~1.92 Ga). The other view [52]
believed that the garnet granite was formed before UHT metamorphism (1.94~1.93 Ga) and
underwent UHT metamorphism (~1.92 Ga) with metasedimentary rocks.

A few basic intrusive rocks are mainly gabbros with an average crystallization age
of ~1.93 Ga, believed to originate from the mantle plume or mantle upwelling under the
background of the mid-ocean ridge [35].

3. Samples and Methods
3.1. Sample Description

The studied sample is from a drilling core of the layered complex, taken from San-
chakou town, Jining District, Ulanqab City, Inner Mongolia Autonomous Region (Figure 1c).
We selected a section in which the overall lithology is gabbro, with obvious changes in
feldspar content in the vertical direction (Figure 2a). Therefore, the layered complex was
named the Sanchakou gabbros. We chose typical positions of the drilling core, cut into rock
thin slices, ground the rock into powder, and numbered SCK-1 to SCK-6, respectively.
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assemblage of magnetite and ilmenite. Mineral abbreviations: Amp, amphibole; Cpx, clinopyroxene;
Ilm, ilmenite; Mag, magnetite; Pl, plagioclase.
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The rock has a full-crystalline unequal granular texture. The main minerals include
clinopyroxene, amphibole, and plagioclase. The altered minerals mainly include zoisite
and epidote. The representative accessory minerals include ilmenite, magnetite, apatite,
and zircon. The clinopyroxene is mostly irregular prismatic, widely developing a group
of parallel cleavage (Figure 2b). The amphibole has obvious pleochroism, and its interfer-
ence color is lower than that of the clinopyroxene. The primary amphibole is generally
subhedral plate-prismatic. The secondary amphibole is in a xenomorphic long-prismatic
shape, growing along the edge of other minerals. The plagioclase has undergone intense
zoisitization and idolization alteration. The opaque minerals mainly include ilmenite and
magnetite, some of which form the equilibrium assemblages (Figure 2c). The apatite is
transparent and round. The zircon is subhedral long-prismatic, developing a higher white
interference color.

3.2. Analytical Methods
3.2.1. Mineral Major Elements Analysis

Mineral major elemental analysis was conducted by EPMA at the MOE Key Laboratory
of Orogenic Belts and Crustal Evolution, School of Earth and Space Sciences, Peking
University, Beijing, China. We used JEOL JXA-8230 for in situ analysis, equipped with
four-channel spectrometers (CH1-CH4). PETJ crystal (CH1) was used to determine K, Ca,
and Ti. Two TAP crystals (CH2, CH4) were used to determine Na, Si, Mg, and Al. LIFH
crystal (CH3) was used to determine Cr, Mn, Fe, and Ni. The acceleration voltage, the
beam current, and the beam spot were set to 15 kV, 10 nA, and 2 µm. The counting times
for the background and peak values of Ca, Mg, Al, and Fe are 5 s and 20 s, and those
of other elements are 5 s and 10 s. The standard samples are 53 kinds of minerals from
American Structure Probe Inc. SuppliesTM Company. We used the stoichiometric method
to calculate and the PRZ method to correct. Detailed information for the configuration of
crystal spectrometers and the mineral standard samples of related elements was the same
as described by [53].

3.2.2. In Situ Zircon U-Pb Isotopic Analysis

In situ zircon U-Pb isotopic analysis was conducted by LA-ICP-MS at the Wuhan
SampleSolution Analytical Technology Company Limited, Hubei, China. Detailed operat-
ing conditions for the laser ablation system and the ICP-MS instrument were the same as
described by [54]. Laser sampling was performed using a GeolasPro laser ablation system
that consists of a COMPexPro 102 ArF excimer laser (wavelength of 193 nm and maximum
energy of 200 mJ) and a MicroLas optical system. We used an Agilent 7900 ICP-MS instru-
ment to acquire ion-signal intensities. Helium was applied as a carrier gas. Argon was
used as the make-up gas and mixed with the carrier gas via a T-connector before entering
the ICP. A “wire” signal smoothing device is included in this laser ablation system [55].
The spot size and frequency of the laser were set to 24 µm and 5 Hz. International zir-
con standard 91500 and glass NIST610 were used as external standards for U-Pb dating
and trace element calibration, respectively. TEMORA-2 was treated as a blind sample to
monitor the working state of the instrument. Each analysis incorporated a background
acquisition of approximately 20~30 s followed by 50 s of data acquisition from the sample.
We used ICPMSDataCal to perform offline selection and integration of background and
analyze signals, time-drift correction, and quantitative calibration [56,57]. Concordia dia-
grams, probability density diagrams, and weighted mean calculations were made using
Isoplot 4.15 [58].

3.2.3. Whole-Rock Major and Trace Elements Analysis

Whole-rock chemical pretreatment and major and trace element analysis were con-
ducted at Nanjing FocuMS Technology Company Limited, Jiangsu, China. For major
elements, we adopt the acid dissolution method to dissolve the sample powder to analyze
the major elements except for Si and the alkali fusion method to liquate the sample powder
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to analyze Si. The analytical instrument was Agilent 5110 ICP-OES. The analysis accuracy
of SiO2 is better than 1%; that of Al2O3, TFeO, MgO, K2O, Na2O, and CaO is better than 3%;
and that of TiO2, MnO, and P2O5 is better than 5%. For trace elements, we adopt the acid
dissolution method to dissolve the sample powder. The analytical instrument was Agilent
7700x ICP-MS. Among them, the analysis accuracy of trace elements with content more
than 50 × 10−6 is better than 5%; that of trace elements with content between 5 × 10−6 and
50 × 10−6 is better than 10%; and that of trace elements with content between 0.5 × 10−6

and 5 × 10−6 is better than 20%. Geochemical reference materials of BHVO-2 and AGV-2
were treated as blind samples for quality assurance of measurement, the measured values of
which were compared with Geological and Environmental Reference Materials (GeoReM) [59].
The detailed operating process was the same as described by [60].

3.2.4. In Situ Zircon Hf-O Isotopic Analysis

In situ zircon Hf isotope ratio analysis was conducted using a Neptune Plus MC-ICP-
MS in combination with a Geolas HD excimer ArF laser ablation system that was hosted
at the Wuhan SampleSolution Analytical Technology Company Limited, Hubei, China. A
“wire” signal smoothing device is included in this laser ablation system, by which smooth
signals are produced even at very low laser repetition rates down to 1 Hz [55]. Helium
was used as the carrier gas within the ablation cell and was merged with argon after the
ablation cell. Small amounts of nitrogen were added to the argon makeup gas flow for
sensitivity improvement [61]. The single spot size and energy density of the laser were
set to 32 µm and ~7.0 J cm−2. Each measurement included 20 s of background signal
acquisition and 50 s of ablation signal acquisition. Detailed operating conditions for the
laser ablation system, the MC-ICP-MS instrument, and the analytical method were the
same as described by [61]. The interference of 176Lu and 176Yb on 176Hf was corrected
according to [62]. Off-line selection and integration of analytical signal and mass bias
calibrations were performed using ICPMSDataCal [57]. To ensure the data reliability, three
international zircon standards of Plešovice, 91500, and GJ-1 were analyzed simultaneously
with the actual samples, the Hf isotopic compositions of which have been reported by [63].
The external accuracies (2σ) of Plešovice, 91500, and GJ-1 were better than 0.000020. The
test values were consistent with the recommended value within the error range.

In situ zircon O isotopic analysis was conducted using a SHRIMP IIe-MC that was
hosted at the Beijing SHRIMP Center, Institute of Geology, Chinese Academy of Geolog-
ical Sciences, Beijing, China. Detailed operating conditions were the same as described
by [64,65]. Two groups of scans were set for each data analysis. Each group was scanned
6 times, and the integral time of each scan was 10 s. Between the two groups of scans, the
instrument can automatically readjust the parameters of the primary ion current and the
secondary ion current to achieve the best result. During the analysis process, the ratio of
sample zircon data points to standard zircon data points was 1:2~1:4. The internal accu-
racy of single analysis data was generally better than ±0.3‰ (2σ). We used TEMORA-2
(δ18O = 8.20‰) [66] and 91500 (δ18O = 9.86‰) [67] to monitor the working state of the in-
strument and correct for the mass fractionation. Vienna standard mean ocean water (V-SMOW)
was adopted to standardize the O isotopic analysis results.

In particular, the zircon number and position of in situ Hf-O isotopic analysis were
consistent with those of in situ U-Pb isotopic analysis.

3.2.5. Whole-Rock Sr-Nd Isotopic Analysis

Whole-rock chemical pretreatment and Sr-Nd isotopic analysis were conducted at
Nanjing FocuMS Technology Company Limited, Jiangsu, China. We adopt the acid dissolu-
tion method to dissolve the sample powder, followed by extraction and chromatographic
separation according to the method of [68]. The detailed operating process was the same
as described by [69]. The analytical instrument was Nu Plasma II MC-ICP-MS. Raw
data of isotope ratios were internally corrected for the mass fractionation by normalizing
86Sr/88Sr = 0.1194 for Sr, 146Nd/144Nd = 0.7219 for Nd with exponential law. International
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isotopic standards (NIST SRM 987 for Sr, JNdi-1 for Nd) were periodically analyzed to
correct instrumental drift. Geochemical reference materials of BCR-2 and BHVO-2 were
treated as blind samples for quality assurance of measurement. These isotopic results
agreed with previous publications regarding analytical uncertainty [70].

4. Results
4.1. Mineral Chemistry

The EPMA analytical results of clinopyroxene, amphibole, plagioclase, magnetite, and
ilmenite in the Sanchakou gabbros are listed in Table 1.

Table 1. The major elemental data (wt.%) of representative minerals in the Sanchakou gabbros.

Mineral SiO2 TiO2 Al2O3 Cr2O3 TFeO MnO NiO MgO CaO Na2O K2O Total

Cpx 52.42 0.25 1.99 0.01 8.09 0.36 0.01 14.05 23.87 0.39 0.01 101.45
Amp 43.89 2.01 10.65 0.03 13.03 0.21 0.02 12.98 12.38 1.46 1.21 97.87

Pl 55.91 0.01 28.08 0.01 0.15 0.01 0.03 0 11.17 5.11 0.25 100.73
Mag 0.31 0.10 0.17 0.04 93.65 0.02 0.01 0.14 0.11 0.06 0.01 94.62
Ilm 0.03 50.58 0.03 0.02 46.29 2.63 0.01 0.05 0.01 0.03 0.00 99.68

Notes: Amp, amphibole; Cpx, clinopyroxene; Ilm, ilmenite; Mag, magnetite; Pl, plagioclase.

4.1.1. Clinopyroxene

According to the classification of [71], the clinopyroxene of Sanchakou gabbros corre-
sponds to the Ca-Mg-Fe pyroxenes (Figure 3a). Its composition is Wo46.71~47.48En36.26~39.35
Fs12.17~14.74, belonging to the diopside (Figure 3b). The Mg# of the clinopyroxene ranges
from 72.11 to 77.20, with an average value of 75.58. The Cr# is mostly 0. The clinopyrox-
ene has relatively low contents of TiO2 (0.14~0.56 wt.%), Al2O3 (1.42~3.61 wt.%), TFeO
(7.57~8.97 wt.%), and Na2O (0.30~0.55 wt.%).

4.1.2. Amphibole

The amphibole of Sanchakou gabbros has relatively high contents of Al2O3
(10.14~10.97 wt.%), TFeO (12.12~14.12 wt.%), MgO (12.30~13.84 wt.%), and CaO
(11.76~12.86 wt.%) and relatively low contents of SiO2 (42.15~45.53 wt.%), Na2O
(1.21~1.61 wt.%), and K2O (0.96~1.32 wt.%). In general, its composition has little change.
According to the classification of [72], the amphibole belongs to the pargasite and edenite
(Figure 3c).

4.1.3. Plagioclase

The plagioclase of Sanchakou gabbros has relatively high contents of Al2O3
(27.46~29.03 wt.%) and CaO (10.49~11.94 wt.%) and a relatively low content of K2O
(0.14~0.35 wt.%). Its composition is An50.20~57.16Ab41.42~48.12Or0.80~1.99. According to the
classification of [73], the plagioclase belongs to the labradorite (Figure 3d).

4.2. In Situ Zircon Isotopic Characteristics
4.2.1. Zircon U-Pb Dating

The in situ zircon U-Pb isotopic data of the Sanchakou gabbros are listed in Table 2. The
zircons selected from the Sanchakou gabbros are irregularly rounded crystals, ranging from
70 µm to 180 µm in diameter. Almost all zircons have bright growth edges in CL images,
which vary in width (Figure 4a). The core of zircons is generally dark. A few of the cores
have obvious growth stripes inside. Small amounts of zircons have 2225~2375 Ma inherited
cores. All characteristics reflect the crystallization history of zircons and the superposition
of multi-stage magmatism. The zircon Th/U ratios range from 0.11 to 7.53, with an average
value of 1.44. Based on these features, the zircon belongs to the magmatic zircon.
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Figure 3. Mineral compositions of the Sanchakou gabbros from the Jining terrane. (a) The Q-J
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Wo, wollastonite.
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SCK-8.1 91.48  13.31  6.87  0.1214  0.0052  5.6946  0.3648  0.3514  0.0088  1977  123  1977  75  
SCK-8.2 65.32  164.50  0.40  0.1175  0.0027  5.6357  0.1866  0.3434  0.0042  1920  66  1919  40  
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SCK-12.3 94.04  21.42  4.39  0.1107  0.0042  4.9726  0.2740  0.3304  0.0066  1810  109  1810  68  
SCK-13.1 95.48  133.61  0.71  0.1101  0.0023  4.9251  0.1510  0.3237  0.0037  1811  57  1802  38  
SCK-13.2 104.55  13.89  7.53  0.1111  0.0044  4.7167  0.2796  0.3271  0.0077  1817  136  1817  70  

Figure 4. Zircon U-Pb isotopic analytical results of the Sanchakou gabbros from the Jining terrane.
(a) Typical zircon CL images, marked with spot positions of in situ zircon U-Pb and Hf-O isotopic anal-
ysis; (b) The zircon U-Pb concordia diagram; (c) The 207Pb/206Pb age probability density histogram
together with the 207Pb/206Pb weighted average age distribution.
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Except for the data of inheritance cores, the rest zircon grains show a “beaded” distri-
bution along the concordia line (Figure 4b). Based on the principle of statistics, the data can
be divided into two groups: the concordia age of the first group is 1942 ± 8 Ma (n = 7) and
the concordia age of the second group is 1824 ± 17 Ma (n = 11). The distribution of corrected
207Pb/206Pb apparent ages ranges from 1802 ± 38 Ma to 2029 ± 39 Ma. The 207Pb/206Pb
weighted average age is concentrated at 1923 ± 28 Ma (n = 18). The 207Pb/206Pb age
probability density histogram shows that the data distribution is continuous (Figure 4c),
and the peak value is 1941 ± 22 Ma (n = 18).

4.2.2. Zircon Hf-O Isotopes

The in situ zircon Hf-O isotopic data of the Sanchakou gabbros are listed in Table 3.

Table 3. The in situ zircon Hf-O isotopic data of the Sanchakou gabbros.

Sample
207Pb/206Pb
Age (Ma)

176Lu/177Hf ±2σ 176Hf/177Hf ±2σ εHf (t) εHf (0) ±2σ TDM
(Ma)

δ18O
(‰) ±2σ

SCK-1 1958 0.000770 0.000020 0.281411 0.000012 −5.5 −48.1 0.4 2558 8.57 0.25
SCK-2.1 1943 0.000738 0.000006 0.281396 0.000012 −5.3 −47.1 0.4 2526 8.68 0.21
SCK-2.2 1936 0.000383 0.000004 0.281424 0.000012 −7.6 −47.8 0.4 2546 8.50 0.18
SCK-3.1 1979 0.000995 0.000026 0.281385 0.000013 −3.9 −48.7 0.4 2553 8.29 0.17
SCK-3.2 1976 0.000563 0.000013 0.281403 0.000012 −7.1 −48.2 0.4 2520 9.06 0.28
SCK-4.2 1936 0.000609 0.000047 0.281388 0.000013 −8.4 −48.5 0.5 2531 8.87 0.20
SCK-5.2 1924 0.000355 0.000016 0.281407 0.000012 −7.4 −47.7 0.4 2493 9.04 0.26
SCK-8.1 1977 0.000839 0.000001 0.281446 0.000012 −7.8 −48.2 0.5 2512 9.00 0.21
SCK-8.2 1920 0.000042 0.000001 0.281418 0.000012 −5.2 −46.1 0.5 2444 8.72 0.18
SCK-9.2 1974 0.000744 0.000007 0.281383 0.000013 −6.3 −48.6 0.4 2576 8.38 0.27

SCK-10.2 1926 0.000858 0.000005 0.281439 0.000012 −5.0 −47.7 0.4 2516 8.84 0.24
SCK-11 1850 0.000761 0.000004 0.281420 0.000012 −6.3 −49.1 0.5 2609 9.12 0.30

SCK-12.1 2029 0.000329 0.000023 0.281394 0.000012 −5.1 −48.4 0.4 2555 8.08 0.19
SCK-12.2 1854 0.000139 0.000002 0.281409 0.000012 −6.6 −48.9 0.5 2578 8.78 0.25
SCK-12.3 1810 0.000152 0.000002 0.281402 0.000015 −5.9 −48.3 0.4 2536 9.22 0.16
SCK-13.1 1811 0.000031 0.000001 0.281424 0.000011 −5.2 −46.9 0.4 2515 9.11 0.24
SCK-13.2 1817 0.000011 0.000000 0.281408 0.000013 −3.8 −47.9 0.4 2501 8.41 0.16
SCK-14 1850 0.000187 0.000012 0.281468 0.000013 −6.1 −49.1 0.5 2595 9.26 0.21

The zircon has a high Hf content and a very low Lu content, resulting in a very low
176Lu/177Hf ratio and a very low content of 176Hf formed by Lu decay. So, there is no
obvious radioactive accumulation after the formation of zircon. The 176Hf/177Hf measured
in the samples can represent the Hf isotopic composition of the system when the zircons
formed. The initial 176Hf/177Hf value of zircon in the samples is low (0.281383~0.281468),
and the weighted average value is 0.281413 ± 0.000011. The εHf(t) values are all negative,
ranging from −8.4 to −3.8 (Figure 5a). The Lu-Hf TDM age ranges from 2444 Ma to 2609 Ma,
which belongs to the Paleoproterozoic and Archean, indicating that the magma may have
originated from the enriched mantle or suffered from crustal contamination [74].

The zircon δ18O value of the samples ranges from 8.08 to 9.26, with a weighted average
value of 8.75 ± 0.16‰ (Figure 5b), which is much higher than that of the mantle zircon
(5.3 ± 0.6‰) [75]. Its genesis may be that the parent magmatic source of the Sanchakou
gabbros was added with the high-δ18O crustal materials, or the parent magma suffered
from contamination by high-δ18O crustal wallrocks during emplacement.

4.3. Whole-Rock Geochemical Characteristics
4.3.1. Major Elements

The whole-rock major elemental data of the Sanchakou gabbros are listed in Table 4.
The loss on ignition (LOI) of the Sanchakou gabbros is negative, indicating that the samples
have suffered from a low degree of alteration. It is consistent with the relatively fresh
characteristics observed in the field. The content of SiO2 is 43.45~45.01 wt.%, indicat-
ing that the samples belong to the basic rocks. The samples contain 12.73~13.64 wt.%
Al2O3, 0.14~0.23 wt.% K2O, and 2.05~2.25 wt.% Na2O. The content of Na2O + K2O is
2.21~2.47 wt.%, and the ratio of K2O/Na2O is 0.06~0.10, indicating that the samples belong

12



Minerals 2023, 13, 462

to calc-alkaline gabbros and have not suffered obvious potassium metasomatism. The
samples fall into the peridot-gabbro field in the (Na2O + K2O)-SiO2 diagram (Figure 6a) and
the medium-K calc-alkaline series field in the K2O-SiO2 diagram (Figure 6b). The samples
contain 7.44~7.77 wt.% MgO and 17.17~20.27 wt.% TFeO. The Mg# of the samples ranges
from 40.08 to 44.64, with an average value of 41.78. The Mg# is relatively low, indicating
that the Sanchakou gabbros were not formed in primary magma. The content of TiO2 is
2.06~2.65 wt.%, which is higher than that of the high-K alkaline and shoshonitic rocks,
indicating that the Sanchakou gabbros should originate from the mantle.
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Figure 5. Zircon Hf-O isotopic compositions for the Sanchakou gabbros. (a) The εHf (t) versus
207Pb/206Pb age diagram; (b) The δ18O weighted average value distribution diagram. The Hf isotopic
data of Xuwujia gabbronorites and Xigou gabbros are from [35,76].

Table 4. The whole-rock major elemental data (wt.%) of the Sanchakou gabbros.

Sample SCK-1 SCK-2 SCK-3 SCK-4 SCK-5 SCK-6

SiO2 45.01 44.87 43.89 43.45 43.75 43.50
TiO2 2.06 2.29 2.46 2.65 2.52 2.59

Al2O3 13.64 13.50 13.11 12.73 13.04 13.15
TFeO 17.17 17.87 19.18 20.27 19.20 19.96
MnO 0.26 0.27 0.27 0.28 0.26 0.28
MgO 7.77 7.61 7.68 7.61 7.44 7.56
CaO 11.41 11.09 11.17 10.79 11.38 10.46

Na2O 2.25 2.24 2.12 2.05 2.13 2.17
K2O 0.23 0.17 0.21 0.16 0.19 0.14
P2O5 0.21 0.23 0.25 0.27 0.26 0.27
LOI −0.14 −0.24 −0.24 −0.33 −0.14 −0.01
Total 99.86 99.90 100.08 99.94 100.02 100.08

Na2O + K2O 2.47 2.41 2.33 2.21 2.32 2.31
K2O/Na2O 0.10 0.08 0.10 0.08 0.09 0.06

Mg# 44.64 43.16 41.66 40.08 40.84 40.32
CaO/Al2O3 0.84 0.82 0.85 0.85 0.87 0.80
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Figure 6. Binary classification diagrams for the Sanchakou gabbros. (a) The (Na2O + K2O) versus
SiO2 diagram [77]; (b) The K2O versus SiO2 diagram [78]. The major elemental data of Xuwujia
gabbronorites and Xigou gabbros are from [35].

4.3.2. Trace Elements

The whole-rock trace elemental data of the Sanchakou gabbros are listed in Table 5.
In the primitive mantle-normalized trace elements patterns of the Sanchakou gabbros,
it is generally shown that Ba, K, Nb, Ta, Sr, and Ti are enriched, while Th and U are
depleted (Figure 7a). In the chondrite-normalized rare earth elements (REE) patterns of
the Sanchakou gabbros, the curve has a slightly right-leaning trend (Figure 7b). The total
amount of REE (ΣREE) is not high, ranging from 58.6 × 10−6 to 77.40 × 10−6, with an
average value of 68.51 × 10−6. The LREE/HREE ratio is 2.30~2.84, and the (La/Yb)N ratio
is 1.37~1.88, indicating that the LREE and the HREE of the samples are not differentiated.
The δEu value is 0.95~1.08, indicating that the samples have no obvious Eu anomaly.
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Table 5. The whole-rock trace elemental data (×10−6) of the Sanchakou gabbros.

Sample SCK-1 SCK-2 SCK-3 SCK-4 SCK-5 SCK-6

Rb 1.28 1.17 0.77 0.72 1.02 0.66
Sr 271.97 282.96 258.95 257.62 289.98 287.52
Ba 45.74 67.76 37.23 35.06 84.33 31.27
Th 0.06 0.05 0.04 0.03 0.19 0.04
U 0.02 0.05 0.01 0.06 0.16 0.05
Zr 90.73 101.63 95.27 109.80 101.95 92.60
Hf 2.59 2.67 2.71 2.99 2.79 2.56
Nb 9.02 9.90 10.74 11.30 10.74 10.41
Ta 0.50 0.56 0.58 0.61 0.57 0.58
Sc 47.28 46.05 51.06 50.66 54.06 49.49
La 6.17 6.59 5.95 5.52 6.85 5.03
Ce 19.61 18.62 20.04 17.80 20.48 15.44
Pr 3.06 2.72 3.11 2.80 3.15 2.35
Nd 15.94 14.00 16.83 15.17 17.13 12.80
Sm 4.44 3.85 4.86 4.49 5.09 3.87
Eu 1.68 1.44 1.75 1.56 1.74 1.37
Gd 5.11 4.42 5.78 5.60 6.22 4.79
Tb 0.83 0.73 0.93 0.88 1.01 0.77
Dy 5.24 4.60 5.94 5.65 6.52 4.99
Ho 1.06 0.95 1.21 1.14 1.32 1.02
Er 3.01 2.70 3.42 3.24 3.65 2.82
Tm 0.44 0.39 0.49 0.47 0.52 0.41
Yb 2.75 2.51 3.06 2.90 3.25 2.57
Lu 0.41 0.37 0.45 0.41 0.46 0.37
Y 28.98 24.92 31.89 29.86 34.37 26.19

ΣREE 69.73 63.88 73.81 67.63 77.40 58.60
LREE/HREE 2.70 2.84 2.47 2.33 2.37 2.30

LaN/YbN 1.61 1.88 1.39 1.37 1.51 1.41
δEu 1.08 1.07 1.01 0.95 0.95 0.97

Sc/Y 1.63 1.85 1.60 1.70 1.57 1.89
Eu*/Eu 2.85 2.87 3.04 3.24 3.25 3.16
Sm/Yb 1.62 1.53 1.59 1.55 1.57 1.51
La/Yb 2.24 2.63 1.94 1.90 2.11 1.96
Th/Yb 0.02 0.02 0.01 0.01 0.06 0.02

TiO2/Yb 0.75 0.91 0.80 0.92 0.77 1.01
La/Nb 0.68 0.67 0.55 0.49 0.64 0.48
La/Ba 0.13 0.10 0.16 0.16 0.08 0.16
Th/Yb 0.02 0.02 0.01 0.01 0.06 0.02
Ba/La 7.41 10.28 6.26 6.35 12.31 6.21
Ba/Th 782.96 1243.80 1008.25 1185.70 447.10 739.64
Th/Nb 0.01 0.01 0.00 0.00 0.02 0.00

4.3.3. Sr-Nd Isotopes

The whole-rock Sr-Nd isotopic data of the Sanchakou gabbros are listed in Table 6.
The 87Sr/86Sr ratios range from 0.704313 to 0.704882, slightly higher than the mantle value
(0.704) and lower than the average value of the continental crust (0.719). The calculated
(87Sr/86Sr)i ratios range from 0.703942 to 0.704702, lower than that of basaltic magma
formed by mantle (0.706) and granite formed by partial melting of crust (0.718). The
143Nd/144Nd ratios range from 0.512364 to 0.512573, lower than the modern value of the
primitive mantle (0.512638). The εNd(t) values are all positive, ranging from 2.12 to 2.39.
The Sm-Nd TDM age ranges from 2535 Ma to 2834 Ma. The Sm-Nd TDM2 age ranges from
2204 Ma to 2226 Ma. In the εNd(t)-(87Sr/86Sr)i diagram [80], the Sanchakou gabbros fall
into the continental basalt or oceanic island basalt (OIB) field (Figure 8a).
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Table 6. The whole-rock Sr-Nd isotopic data of the Sanchakou gabbros.

Sample 87Rb/86Sr 87Sr/86Sr ±1σ (87Sr/86Sr)i 147Sm/144Nd 143Nd/144Nd ±1σ εNd (t) TDM
(Ma)

TDM2
(Ma)

SCK-1 0.0136 0.704313 0.000005 0.703942 0.1684 0.512389 0.000002 2.12 2563 2226
SCK-2 0.0120 0.704346 0.000004 0.704019 0.1664 0.512364 0.000002 2.13 2535 2225
SCK-3 0.0086 0.704425 0.000005 0.704191 0.1743 0.512474 0.000002 2.33 2619 2209
SCK-4 0.0080 0.704634 0.000004 0.704415 0.1787 0.512528 0.000003 2.28 2716 2213
SCK-5 0.0102 0.704731 0.000005 0.704454 0.1797 0.512545 0.000002 2.39 2713 2204
SCK-6 0.0066 0.704882 0.000004 0.704702 0.1826 0.512573 0.000003 2.21 2834 2219

5. Discussion
5.1. Duration of Magmatism and UHT Metamorphism

The Paleoproterozoic Khondalite Belt is characterized by widespread UHT gran-
ulites/gneisses and large-scale magmatic events. Combined with previous studies in the Jin-
ing terrane, the results of zircon U-Pb geochronology analysis in UHT granulites/gneisses
show the extensive and continuous “beaded” distribution along the concordia line, with
an average age of ~1.92 Ga [30,31,44,50]. The occurrence time of UHT metamorphism is
still controversial. One view is that it occurred at approximately ~1.92 Ga [52]. The other
view is that it occurred before ~1.94 Ga, and then the rock experienced a slow cooling
process of ~40 Myr [32]. However, it is generally believed that the cooling duration of UHT
metamorphism varies with the tectonic environment. The slow cooling is usually >30 Myr,
while the rapid cooling is mostly <10 Myr [81,82]. The “beaded” concordia diagram is more
likely to reflect the slow cooling process [29,83–85]. Therefore, the UHT metamorphism
in the Jining terrane belongs to the slow cooling and long-term persistent type, which
is similar to that in the Rogaland area of Norway [84] and the Napier complex in East
Antarctica [83]. Through the zircon U-Pb geochronology analysis of the Sanchakou gabbros,
we found that the magmatism occurred from ~1.94 Ga to ~1.82 Ga, with a duration over
100 Ma and a peak time of ~1.94 Ga. It is coupled with the peak period and slow cooling
process of UHT metamorphism in the Jining terrane. Therefore, the magma of these basic
intrusive rocks may be the heat source for the UHT metamorphism [30,35,52,86].

5.2. Genesis of Layered Complex

In previous studies, the layered complex is always considered to be the magmatic
product undergone a special process of fractional crystallization. In the closed magmatic
system, the layered complex can be formed by the magmatic differentiation with only
one large-scale magma injection and little or no magma replenishment, such as the Skaer-
gaard complex in Greenland [87]. In the open magmatic system, the layered complex can
be formed by magmatic differentiation after the multiple magma injection, such as the
Muskox complex in Canada [88], the Bushveld complex in South Africa [89], the Stillwater
complex in America [90], and the Rum complex in Britain [91]. However, the fractional
crystallization process is usually accompanied by the contamination of crustal wallrocks
in many cases [92,93]. Crustal contamination can change the compositions of magmatic
melts [94,95]. Here, we discuss the genesis of the Sanchakou gabbros.

5.2.1. Crustal Contamination and Fractional Crystallization

We often regard “Assimilation and Fractional Crystallization (AFC)” as a significant
process during the magmatic evolution, which can modify the geochemical compositions
of the initial magma [94–96]. It does not probably occur in the shallow crust, because there
is not enough energy accumulation [97]. The binary diagrams of εNd(t), Mg# versus SiO2
show roughly negative correlations, indicating the Sanchakou gabbros are formed in the
AFC process and similar to experimental results from peridotite melts (Figure 8b,c). The
occurrence of the AFC process is supported by the 2225~2375 Ma inherited zircon in CL
images. The Mg# is often taken to reveal the process of fractional crystallization. There
is a positive correlation between CaO/Al2O3 ratio and Mg#, further suggesting that the
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clinopyroxene is probably the main fractionating mineral phase (Figure 8d). The Sc/Y
ratio is usually controlled by clinopyroxene crystallization [98]. The decreasing Sc/Y ratio
with the decreasing Mg# also indicates the crystallization of clinopyroxene (Figure 8e). The
plagioclase does not play a vital role during the magmatic evolution, as shown by the
nearly constant Eu*/Eu with the decreasing Mg# (Figure 8f).
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Figure 8. Geochemical diagrams of the Sanchakou gabbros. (a) The εNd(t) versus ISr diagram
(after [80]). (b) The εNd(t) versus SiO2 diagram. (c) The Mg# versus SiO2 diagram. Supposed
peridotite melts and crust AFC curve are after [99]. (d) The CaO/Al2O3 versus Mg# diagram.
(e) The Sc/Y versus Mg# diagram. (f) The Eu*/Eu versus Mg# diagram. Mineral abbreviations:
Cpx, clinopyroxene; Ol, olivine; Pl, plagioclase. The major and trace elemental data of Xuwujia
gabbronorites and Xigou gabbros are from [35].
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5.2.2. Magmatic Source and Fluid Metasomatism

The Sr-Nd and Hf-O isotopic systems are used to determine the source of magmatic
rocks. The Sanchakou gabbros have a positive whole-rock εNd(t) value (2.12~2.39) and a
negative zircon εHf(t) value (−8.4~−3.8), reflecting the characteristics of Nd-Hf isotopic
decoupling. The εNd(t)-(87Sr/86Sr)i diagram [80] of Sanchakou gabbros indicates that the
magma source may be a depleted mantle (Figure 8a). In the δ18O-εHf (Paleoproterozoic) di-
agram [100], most concordant zircons fall in the mixing line between the 3.5 Ga supracrustal
component and the depleted mantle with Hf concentration ratios (Hfpm/Hfc) of 0.7 and
1.5 (Figure 9), indicating that the magma source may be enriched mantle or suffered from
the crustal contamination [74]. In the process of mantle evolution, Nd and Hf are more
likely to enter the melts than their parent isotopes, but the mobility of Nd is higher than
that of Hf [101]. Lu-Hf isotope system is mainly controlled by Hf-rich minerals such as
zircon, apatite, and garnet, and the Nd-Hf isotopic decoupling can occur during partial
melting [102,103]. Due to the difference in partial melting conditions and the duration of
magmatic events, it is difficult to achieve the isotopic equilibrium, resulting in the Nd-Hf
isotopic decoupling between the melt and the source region [104]. However, the Sm-Nd
TDM age (2535~2834 Ma) and the Lu-Hf TDM age (2444~2609 Ma) are in a similar range,
which is older than the formation age of Sanchakou gabbros. Therefore, it is very likely
that the Nd-Hf isotopic decoupling occurred during mantle-derived magma mixing with
crustal wallrocks in the magma chamber.
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Figure 9. The zircon δ18O versus εHf(t) diagram of the Sanchakou gabbros. The dotted lines indicate
the two-component mixing trends between the depleted mantle and the supracrust-derived magma.
We assume that the supracrustal zircons have εHf(t) = −12 and δ18O = 10‰, the depleted mantle
zircons have εHf(t) = 12 and δ18O = 5.3‰ [105]. Hfpm/Hfc is the Hf concentration ratio between
the parental mantle-derived magma and supracrustal components indicated for each curve. The
small circles on the curves indicate 10% mixing increments. The zircon Hf-O isotope compositions of
the supracrustal component (S-type granites) are from [105], and those of the depleted mantle are
from [75].
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The melting depths of the layered complex can be modeled with related trace ele-
ments [106,107]. REE ratios and abundances (e.g., Sm/Yb, and La/Yb and Sm) are widely
used to determine the origin of magma and the melting degree of mantle [107–110]. The
Sanchakou gabbros plot near the spinel + garnet lherzolite melting curves with primitive
mantle (PM) starting compositions. The Sm/Yb ratios are lower than the garnet lherzolite
melting curves and higher than the spinel lherzolite melting curves (Figure 10a,b). The
parental magma is likely to be derived from a mantle source consisting of spinel + gar-
net lherzolite. Additionally, approximately 10%~20% partial melting of the lherzolites
is required.

The Sanchakou gabbros have a relatively lower Th/Yb ratio and higher TiO2/Yb
ratio, and all of the points fall outside the MORB-OIB array (Figure 10c,d), similar to
subduction-related enrichment [111]. All of the samples exhibit a relatively high La/Nb
ratio (0.48~33.67) and low La/Ba ratio (0.01~0.16), derived from a similar modified con-
tinental lithospheric mantle (CLM) source [112]. The basic magma formed by the partial
melting of mantle peridotite that has interacted with fluids usually has relatively high
Na2O and P2O5 contents, positive to weakly negative Nb anomalies, and non-negative
Ti anomalies relative to the PM [113,114]. It is similar to the characteristics of Sanchakou
gabbros, thus supporting the interaction between the CLM and the fluids.

The trace element ratios (e.g., Th/Yb, Ba/La, Ba/Th, and Th/Nb) are widely used to
distinguish whether metasomatic agents belong to fluids or sediments [115,116]. All the
samples have variable Ba/La (6.21~76.85) and Ba/Th (39.50~18,537.50) ratios but relatively
constant Th/Yb (0.01~6.59) and Th/Nb (0.00~2.51) ratios (Figure 10e,f), which can be
considered as the addition of fluids into the mantle source [116–118]. The highly variable
Sr/Nd (2.40~127.39) ratio and relatively low Th/Yb (0.01~6.59) ratio further suggest that
the fluids could be derived from the large-scale melting crust [119].

In summary, we believe that crustal contamination plays an important role in the for-
mation of Sanchakou gabbros. The magma originates from the 10%~20% partial melting of
the spinel + garnet lherzolite mantle. The Sanchakou gabbros are magmatic crystallization
products mixed with crustal wallrocks in the magma chamber.
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tion [22,35,86], and post-collision mantle upwelling [30,122]. The mid-ocean ridge subduc-
tion usually forms double metamorphic zones and adakitic rocks [123,124], which have 
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(after [120]). (b) The Sm/Yb versus Sm diagram (after [107]). Solid and dashed curves are the
melting trends from DM (depleted MORB) and PM (primitive mantle). (c) The Th/Yb versus Nb/Yb
diagram (after [121]). (d) The TiO2/Yb versus Nb/Yb diagram (after [121]). (e) The Th/Yb versus
Ba/La diagram (after [116]). (f) The Ba/Th versus Th/Nb diagram (after [115]). The major and trace
elemental data of Xuwujia gabbronorites and Xigou gabbros are from [35].

5.3. Tectonic Implications

It is generally believed that the Khondalite Belt is the tectonic amalgamation belt of
the Ordos and Yinshan Blocks at ~1.95 Ga, which is a typical Paleoproterozoic continent-
continent collisional belt [20,43]. This view is supported by the Precambrian gran-
ulites/gneisses, but it is still unclear whether it is consistent with the magmatic rocks. A
few studies have focused on 2.45~2.10 Ga, 1.97~1.92 Ga, and 1.85~1.84 Ga basic intrusive
rocks in the Jining terrane, indicating that they were involved in the subduction and colli-
sion processes during the formation of the Khondalite Belt [34–37]. However, the detailed
tectonic environment is still controversial.

For the tectonic environment of Jining terrane at 1.95~1.82 Ga, researchers have pro-
posed a variety of models, including mantle plume events [21], mid-ocean ridge subduc-
tion [22,35,86], and post-collision mantle upwelling [30,122]. The mid-ocean ridge subduc-
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tion usually forms double metamorphic zones and adakitic rocks [123,124], which have not
been found in the Jining terrane. The post-collision mantle upwelling model also seems to
be insufficient, because the duration of UHT metamorphism formed under this condition
is generally within ~30 Myr [81,82], and the upper-temperature limit is usually less than
1000 ◦C [125,126], which contradicts the fact that extremely high-temperature metamorphic
rocks are exposed in the Jining terrane [32]. In addition, the back-arc basin has twice the heat
flow value compared with the normal craton, which is also an ideal environment for UHT
metamorphism [127,128]. The geothermal gradient is only 20~25 ◦C/km [127,129], and
high-grade metamorphic rocks usually have anticlockwise P-T paths [82,130]. However,
it is contrary to the fact that most UHT granulites/gneisses reported in the Jining terrane
have clockwise P-T paths [20,43]. Combined with previous studies, the layered complex
often forms in the tectonic environment associated with mantle plume or intracontinental
rifting, such as the Stillwater complex, the Duluth complex in America, and the Muskox
complex in Canada [10–13]. Only a few form in the late-orogenic or post-orogenic exten-
sional environment, such as the Bjerkreim-Sokndal complex and the Fongen-Hyllingen
complex in Norway [131,132]. For basic intrusive rocks in the Jining terrane, the magma
emplacement temperature is as high as ~1400 ◦C, and the mantle potential temperature
is about ~1550 ◦C [35] which is slightly higher than that of the Paleoproterozoic mantle
(~1500 ◦C) [133–135]. It is probably caused by the upwelling asthenosphere. The duration
of UHT metamorphism depends on the duration of asthenosphere upwelling.

Therefore, we produce a hypothetical tectonic framework for the Khondalite Belt to
explain the tectonic evolution at 1.95~1.82 Ga. With the end of the amalgamation between
the Ordos and Yinshan Blocks at ~1.95 Ga [20,43], the asthenosphere upwelling resulted
in large-scale crustal melting and long-term magmatism. The magma assimilated crustal
wallrocks, and then fractional crystallized to form the layered complex (Figure 11), in
which several fluids of granulites/gneisses were mixed. Meanwhile, the surrounding
granulites/gneisses were heated to form the UHT metamorphism.
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6. Concluding Remarks 
Based on the in situ zircon U-Pb isotopic analysis of the Sanchakou gabbros, we have 

found that they have experienced a slow cooling process from ~1.94 Ga to ~1.82 Ga, with 
a weighted average age of 1923 ± 28 Ma. Combined with the study of elemental and Hf-
O-Sr-Nd isotopic analysis, we believe that they are the crystallization products of assimi-
lating crustal wallrocks after 10%~20% partial melting of spinel + garnet lherzolite mantle, 
probably formed by the asthenosphere upwelling after the amalgamation of the Ordos 
and Yinshan Blocks. 
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6. Concluding Remarks

Based on the in situ zircon U-Pb isotopic analysis of the Sanchakou gabbros, we
have found that they have experienced a slow cooling process from ~1.94 Ga to ~1.82 Ga,
with a weighted average age of 1923 ± 28 Ma. Combined with the study of elemental
and Hf-O-Sr-Nd isotopic analysis, we believe that they are the crystallization products of
assimilating crustal wallrocks after 10%~20% partial melting of spinel + garnet lherzolite
mantle, probably formed by the asthenosphere upwelling after the amalgamation of the
Ordos and Yinshan Blocks.
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Abstract: The Paleoproterozoic gneiss domes are important structures of the Khondalite Belt in the
northwestern North China Craton. However, less attention has been paid to their formation and
evolution, and it thus hampers a better understanding of the deformation history of the Khondalite
Belt. In this paper, we conducted structural and geochronological studies on the Qianlishan gneiss
domes of the Khondalite Belt. The field observations and zircon U–Pb dating results show that
the Qianlishan gneiss domes consist of 2.06–2.01 Ga granitoid plutons in the core, rimmed by
granulite facies metasedimentary rocks (khondalites) of the Qianlishan Group. Both of them were
subjected to two major phases of deformation (D1–D2) in the late Paleoproterozoic. Of these, D1
deformation mainly generated overturned to recumbent isoclinal folds F1 and penetrative transposed
foliations/gneissosities S1 at ~1.95 Ga. Subsequently, D2 deformation produced the NW(W)–SE(E)-
trending doubly plunging upright folds F2 at 1.93–1.90 Ga, and they have strongly re-oriented S1
gneissosities, giving rise to the Qianlishan gneiss domes. Combined with previous studies, we argue
that the Qianlishan gneiss domes were the products of the Paleoproterozoic collisional orogenesis
between the Yinshan and Ordos Blocks. Additionally, the development of doubly plunging antiforms
is considered an important dome-forming mechanism in the Khondalite Belt.

Keywords: gneiss dome; zircon U–Pb dating; Paleoproterozoic; Qianlishan Complex; Khondalite
Belt; North China Craton

1. Introduction

Gneiss domes are important features of many orogenic belts around the world, char-
acterized by domal structures that typically comprise granitoid plutons or high-grade
metamorphic rocks in the core, with outward-dipping gneissic foliations [1–5]. Most gneiss
domes tend to display elliptical or elongated shapes in map view, and their long axes
are commonly parallel to the strike of orogens [3,6]. Although gneiss domes show some
similarities in geometry, petrology, and structure, a variety of dome-forming mechanisms
have been proposed, mainly including diapirism driven by density inversion, buckling
under horizontal contraction, extension-controlled exhumation, superposition of multiple
deformations, duplex-induced folding, or some combination of these processes [7–11]. The
potential link between doming and fundamental orogenic processes (e.g., crustal melting,
flow, and exhumation) highlights the significance of the anatomy of gneiss domes in com-
prehensively understanding the geodynamics of orogens [3]. Of these, a prerequisite for
unraveling the origin of gneiss domes is to determine temporal and spatial relationships
between major structures, magmatic intrusions, and gneiss domes [2,4].

The Qianlishan Complex is a high-grade gneiss terrain located in the western segment
of the Khondalite Belt that has been widely accepted as a Paleoproterozoic collisional
orogen in the northwestern North China Craton (Figure 1) [12–17]. Of particular interest is
the occurrence of a series of nearly orogen-parallel elongated gneiss domes in this region,
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together called the Qianlishan gneiss domes (Figure 2) [18–20]. These gneiss domes are
dominated by granitoid plutons in the core and medium- to high-pressure granulite facies
metasedimentary rocks of the Qianlishan Group in the rim, respectively (Figure 2) [18].
Notably, previous geochronological, metamorphic, and structural studies have primarily
focused on the Qianlishan Group [14–21], but comparatively less attention was paid to the
plutonic cores and domal structures in the Qianlishan Complex. Consequently, the origin
of the Qianlishan gneiss domes still remains enigmatic, which hinders a comprehensive
understanding of the deformation history of the Khondalite Belt. To resolve these key
issues, we carried out detailed structural investigations on the Qianlishan gneiss domes
and conducted LA-ICP-MS zircon U–Pb dating on granitoid plutons and leucocratic dykes
that were variably involved in these domal structures. Integrated with previous studies,
field observations and geochronological data in this paper will provide important insights
into the development of the Qianlishan gneiss domes and further help to understand the
tectonic evolution of the Khondalite Belt.
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2. Geological Setting

The North China Craton is amongst the oldest cratons in the world, and it has been
regarded to result from the assembly of several Archean to Paleoproterozoic micro-blocks
along linear structural belts [12,13,22–25]. The Khondalite Belt is a nearly ~1000 km, E-W-
trending collisional orogen, where the northern Yinshan Block has been considered to amal-
gamate with the southern Ordos Block to form the Western Block at ~1.95 Ga [12–14,26–28].
From west to east, the Khondalite Belt well exposes the Helanshan, Qianlishan, Wu-
lashan, Daqingshan, and Jining Complexes (Figure 1) [12]. These complexes are dom-
inated by upper amphibolite to granulite facies metasedimentary rocks (i.e., the khon-
dalites), mainly including felsic paragneisses, graphite-bearing pelitic gneisses, garnet-
bearing quartzites, marbles, and calc-silicate rocks [18,29–31]. The khondalites are spa-

30



Minerals 2023, 13, 1361

tially juxtaposed with dioritic–granitic gneisses, S-type granites, minor charnockites, and
mafic granulites [18,31]. Traditionally, the protoliths of the khondalites were inferred to
form on a stable continental margin [12,18,32,33], but recently an active continental mar-
gin has also been proposed [34–38]. Extensive geochronological data revealed that the
protoliths of khondalites were primarily sourced from a 2.2–2.0 Ga provenance, subse-
quently deposited at 2.0–1.95 Ga, and experienced regional high-grade metamorphism at
1.95–1.85 Ga [14–17,26,27,39–53]. Ultrahigh temperature (UHT) metamorphism was also
regarded to coevally appear throughout the Khondalite Belt [28,54–61]. Moreover, syn- and
post-collisional S-type granites that resulted from partial melting of the khondalites are
mostly dated at ~1.95 Ga, 1.93–1.90 Ga, and 1.88–1.84 Ga [14,35,36,46,52,62–65].

The Qianlishan Complex is one of the most representative litho-tectonic units in
the Khondalite Belt and unconformably overlain by (sub-)horizontal to gently-dipping
unmetamorphosed Mesoproterozoic sedimentary sequences of the Changcheng–Jixian
System (Figure 2) [18,66]. This complex mainly consists of the Paleoproterozoic granitoid
plutons and the khondalites that are termed the Qianlishan Group [18]. The Qianlishan
Group is subdivided into the Chaganguole, Qianligou, and Habuqigai formations. Their
typical rock assemblages and distributions are shown in Figure 2. Metamorphic studies
demonstrate that pelitic and felsic granulites recorded similar clockwise P-T paths, of
which pelitic granulites were characterized by peak high-pressure metamorphism and post-
peak near-isothermal decompression processes, with their P-T conditions constrained at
11–15 kbar/800–850 ◦C and 5.7–6.2 kbar/800–815 ◦C [15,17], respectively. Available U–
Pb data show that detrital zircons from the Qianlishan Group mainly gave apparent
207Pb/206Pb ages (discordance degree < 10%) ranging from 2788 Ma to 1991 Ma [14,16,17].
Metamorphic zircons dominantly yielded a major age group at ~1.95 Ga that was inter-
preted as the timing of granulite facies metamorphism in the Qianlishan Complex [14,16,17].
Minor ~1.92 Ga metamorphic zircons were also reported, which were related to post-peak
decompression [14]. Meanwhile, a crystallization mean age of 2058 ± 6 Ma was obtained
from a granitoid pluton in the Qianligou quarry [37,67], but other plutons in the stud-
ied area lacked age constraints. In addition, previous structural investigations revealed
that the Qianlishan Group underwent two major stages of deformation (D1–D2) in the
Paleoproterozoic [19,20]. D1 deformation was regarded to has occurred at 1976–1936 Ma,
characterized by small-scale overturned to recumbent isoclinal folds F1, transposition folia-
tions S1 with NNE-SSW mineral lineations L1 [19,20]. D2 deformation mainly produced
NW(W)–SE(E)-trending doubly plunging upright folds F2, and it is inferred to broadly take
place at 1936–1854 Ma [19,20].

3. Samples and Methods

Field-based structural investigations were carried out to document the geometry of the
Qianlishan gneiss domes. Particularly, domal structures (e.g., foliations, fold hinges) have
been analyzed and measured in four representative domains of the studied area (Figure 3a).
In order to put age constraints on the development of these gneiss domes, we conducted
zircon U–Pb dating on six critical rock samples. Of these, four samples were from gneissic
granitoid plutons (Samples QL03, 05, 19, and 20), and the other two samples were from
deformation-related leucocratic dykes (Samples QL14 and 12). Zircon U–Pb analyses
were performed by LA-ICP-MS at the Guangzhou Tuoyan Analytical Technology Co.,
Ltd., Guangzhou, China. Detailed analytical procedures were similar to those described
in [68]. Laser sampling was conducted using an NWR 193 nm ArF excimer laser ablation
system, and an iCAP RQ quadrupole ICP-MS instrument was used to acquire ion-signal
intensities. The frequency and spot size of the laser were set to 5 Hz and 30 µm. Zircon
91500 [69] and glass NIST610 [70] were used as external standards for U–Pb dating and trace
element calibration, respectively. Zircon standard Plešovice [71] was used as an unknown
sample to monitor the working state of the instrument. Each analysis incorporated a
background acquisition of approximately 30 s, followed by 40 s of data acquisition from
the sample. An Excel-based software, ICPMSDataCal [72], was used to perform offline
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selection and integration of background and analyzed signals, time-drift correction, and
quantitative calibration for U–Pb dating and trace element analysis. Concordia diagrams
and age calculations were made using Isoplot/Ex_ver4.15 [73]. Individual analyses have
been presented at 1σ level, and uncertainties on the weighted mean age, lower and upper
intercept age were quoted at the 95% confidence level (2σ). Zircon U–Pb data in this study
were provided as Supplementary Materials (Table S1).
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Qianlishan Group [19,20], the granitoid plutons in the core were also subjected to D1–D2 
deformation (Figures 4–7). In the field, overturned to recumbent isoclinal folds F1 are in-
frequent and difficult to discern in the plutons (Figure 4b), though they commonly appear 
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Figure 3. Simplified structural map and stereonet diagrams of the Qianlishan gneiss domes.
(a) Litho-tectonic map mainly showing structural features of the regional-scale NW(W)–SE(E)-
trending doubly plunging upright folds F2 and the penetrative gneissosities S1 (modified af-
ter [14,19,20]). 1, S1 gneissosity; 2, F2 antiform; 3, F2 synform; 4, domain for stereonet projection;
5, photo location. (b) Stereonet diagrams (lower hemisphere equal-area projections) exhibiting the
orientations of S1 gneissosities and F2 fold hinges in four representative areas (domains 1–4 in
Figure 3a).

4. Results
4.1. Field Structural Observations

The Qianlishan gneiss domes are exposed in the northern part of the Qianlishan
Complex, locally covered by Quaternary sediments. In map view, they are unevenly
spaced and roughly display NW(W)–SE(E)-trending elliptical shapes with outward-dipping
gneissic foliations (Figure 3a). These domes consist of granitoid plutons in the core, rimmed
by high-grade metasedimentary rocks from the Chaganguole, Qianligou, and Habuqigai
formations of the Qianlishan Group (Figures 2 and 3), but their metamorphic grades did
not significantly vary. There is no large-scale ductile shear zone observed along the contacts
between the core and rim of these domes. Remarkably, the penetrative gneissosity in the
plutonic cores and the supracrustal rocks are consistent, showing parallelism with the
core/rim contacts (Figures 3a and 4a). Similar to the structural features of the Qianlishan
Group [19,20], the granitoid plutons in the core were also subjected to D1–D2 deformation
(Figures 4–7). In the field, overturned to recumbent isoclinal folds F1 are infrequent
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and difficult to discern in the plutons (Figure 4b), though they commonly appear in the
Qianlishan Group (Figure 4c). Whereas these granitoid plutons have obviously developed
penetrative gneissosities S1 that are mainly defined by the strong alignment of quartz +
plagioclase ± K-feldspar ± biotite ± hornblende (Figure 5).

Minerals 2023, 13, x FOR PEER REVIEW 6 of 18 
 

 

developed penetrative gneissosities S1 that are mainly defined by the strong alignment of 
quartz + plagioclase ± K-feldspar ± biotite ± hornblende (Figure 5). 

 
Figure 4. Typical photographs of D1 structures in the Qianlishan gneiss domes. (a) The contact be-
tween the granitoid pluton in the core and the Qianlishan Group (khondalites) in the rim of the 
Qianlishan gneiss domes. (b) Recumbent tight to isoclinal folds F1 in the granitoid pluton. (c) SSW-
vergent overturned isoclinal folds F1 that have intensively transposed sedimentary bedding S0 to 
newly-developed S1 foliations in marbles and calc–silicate rocks. 

Figure 4. Typical photographs of D1 structures in the Qianlishan gneiss domes. (a) The contact
between the granitoid pluton in the core and the Qianlishan Group (khondalites) in the rim of
the Qianlishan gneiss domes. (b) Recumbent tight to isoclinal folds F1 in the granitoid pluton.
(c) SSW-vergent overturned isoclinal folds F1 that have intensively transposed sedimentary bedding
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D2 deformation is dominantly represented by doubly plunging upright open folds
F2. The F2 structures commonly occurred as a series of micro- to macroscopic antiforms
and synforms with NW(W)–SE(E)-striking sub-vertical fold axial surfaces (Figures 6 and 7).
These F2 folds have strongly reworked the previous D1 structures in the metasedimentary
rocks and the plutonic cores of the Qianlishan gneiss domes (Figures 6 and 7). Regionally,
the F2 folds show doubly plunging geometry, and their fold hinges plunge to either NW(W)
or SE(E) (Figure 3). In this study, the attitudes of S1 gneissosities from four representative F2
fold hinge zones (domains 1–4 in Figure 3a) were plotted on the stereonet. In domains 1 and
2, the poles to S1 gneissosities mostly appear along great circle girdles (Figure 3b), the π-axes
of which are located at 300◦/56◦ and 303◦/43◦ (azimuth/plunge), respectively. Whereas
the orientations of those π-axes in domains 3 and 4 are plotted at 140◦/59◦ and 142◦/66◦

(Figure 3b). These results are in good agreement with the measurements of F2 fold hinges
in the field (Figures 3b, 6 and 7). This also confirms the overprinting relationships between
the NW(W)–SE(E)-trending doubly plunging F2 folds and the penetrative gneissosities S1.
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D1 deformation, mainly composed of aligned aggregates of quartz, plagioclase, and hornblende 
(cross-polarized light). (g,h) The penetratively S1-foliated granitoid pluton (Sample QL20) is char-
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ized light). Blue squares and red circles indicate U–Pb ages of magmatic and metamorphic zircons, 
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Figure 5. Representative photos of the S1-foliated granitoid plutons in the core of the Qianlishan
gneiss domes. (a,b) The granitoid pluton (Sample QL03) underwent D1 deformation and developed
ubiquitous gneissosities S1 that are mainly defined by well-oriented aggregates of quartz, plagioclase,
and hornblende (cross-polarized light). (c,d) The gneissic granitoid plutons (Sample QL05) with
pervasive S1 foliations, featured by the preferred alignment of quartz, plagioclase, and hornblende
(cross-polarized light). (e,f) The pluton (Sample QL19) has apparently been foliated during D1
deformation, mainly composed of aligned aggregates of quartz, plagioclase, and hornblende (cross-
polarized light). (g,h) The penetratively S1-foliated granitoid pluton (Sample QL20) is characterized
by the preferential orientation of quartz, K-feldspar, plagioclase, and biotite (cross-polarized light).
Blue squares and red circles indicate U–Pb ages of magmatic and metamorphic zircons, respectively.
Qz, quartz; Pl, plagioclase; Hbl, hornblende; Kfs, K-feldspar; Bt, biotite.
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the pervasive S1 foliations was deflected by moderately NW-plunging open upright folds F2, sug-
gesting that it most likely formed earlier than D2 deformation. (b) An undeformed coarse-grained 
pegmatite dyke (Sample QL12) obliquely truncated the limbs of gently NWW-plunging open up-
right folds F2, probably indicative of its post-D2 intrusion. 

D2 deformation is dominantly represented by doubly plunging upright open folds 
F2. The F2 structures commonly occurred as a series of micro- to macroscopic antiforms 
and synforms with NW(W)–SE(E)-striking sub-vertical fold axial surfaces (Figures 6 and 
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Figure 6. Typical photos of NW(W)–SE(E)-trending doubly plunging folds F2 in the Qianlishan
gneiss domes. (a) Mesoscopic upright folds F2 that mostly plunge to NW(W) in the Qianlishan Group.
(b) Open upright folds F2 with moderately NW(W)-plunging fold hinges formed along the core/rim
contact of the Qianlishan gneiss domes. (c,d) Moderately NW- and SE-plunging open folds F2 with
vertical fold axial surfaces have reworked the S1 gneissosities in the granitoid pluton.
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Figure 7. Field photos of two representative leucocratic dykes that displayed different structural
features in the Qianlishan gneiss domes. (a) A fine-grained leucocratic dyke (Sample QL14) along the
pervasive S1 foliations was deflected by moderately NW-plunging open upright folds F2, suggesting
that it most likely formed earlier than D2 deformation. (b) An undeformed coarse-grained pegmatite
dyke (Sample QL12) obliquely truncated the limbs of gently NWW-plunging open upright folds F2,
probably indicative of its post-D2 intrusion.
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4.2. Zircon U–Pb Geochronology
4.2.1. S1-Foliated Granitoid Plutons

Four representative granitoid gneisses (Samples QL03, 05, 19, and 20) were collected
from four plutons in the core of the Qianlishan gneiss domes (39◦53.0′ N/106◦55.3′ E,
39◦54.0′ N/106◦55.9′ E, 39◦58.3′ N/106◦56.8′ E, and 39◦51.9′ N/106◦55.7′ E; Figure 2),
respectively. Zircons separated from these samples are mostly euhedral to subhedral and
vary from 100–250 µm in grain size. Cathodoluminescence (CL) images illustrate that they
are characterized by typical core–rim textures (Figure 8a–d), of which the zircon cores
are commonly bright and oscillatory-zoned, interpreted to be of magmatic origin. These
zircon cores are generally surrounded by relatively dark and structureless overgrowth rims
(Figure 8a–d), typical of metamorphic origin.
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made on the zircon cores of igneous origin (Figure 8a), with high Th/U values of 0.51–1.8. 
They yielded a weighted mean 207Pb/206Pb age of 2016 ± 24 Ma (n = 5, MSWD = 3.4; Figure 
9a). The remaining 17 spots on metamorphic overgrowth rims (Figure 8a) have lower 
Th/U values of 0.02–0.25 (Table S1), and they were variably discordant, probably due to 
the loss of Pb. On the concordia diagram (Figure 9a), these data define a discordia line 
with the lower and upper intercept age of 567 ± 29 Ma and 1966 ± 25 Ma (n = 17, MSWD = 
8.0), respectively. 

Figure 8. Representative cathodoluminescence (CL) zircon images with their LA-ICP-MS U–Pb
ages of dating samples from the Qianlishan gneiss domes. (a–d) The S1-foliated granitoid plutons
(Samples QL03, 05, 19, and 20). (e) The pre-D2 F2-folded leucocratic dyke (Sample QL14). (f) The
post-D2 F2-cutting undeformed pegmatite dyke (Sample QL12). Blue circle, magmatic zircon; red
circle, metamorphic overgrowth rim.

(1) Sample QL03

A total of 22 zircons have been analyzed in this sample, and the dating results are
presented in Figure 9a and Table S1. Of these, five spots (discordance degree ≤ 5%) were
made on the zircon cores of igneous origin (Figure 8a), with high Th/U values of 0.51–1.8.
They yielded a weighted mean 207Pb/206Pb age of 2016 ± 24 Ma (n = 5, MSWD = 3.4;
Figure 9a). The remaining 17 spots on metamorphic overgrowth rims (Figure 8a) have
lower Th/U values of 0.02–0.25 (Table S1), and they were variably discordant, probably
due to the loss of Pb. On the concordia diagram (Figure 9a), these data define a discordia
line with the lower and upper intercept age of 567 ± 29 Ma and 1966 ± 25 Ma (n = 17,
MSWD = 8.0), respectively.
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Figure 9. Concordia diagram of LA-ICP-MS zircon U–Pb dating results from the Qianlishan gneiss
domes. (a–d) The S1-foliated granitoid plutons (Samples QL03, 05, 19, and 20). (e) The pre-D2 F2-folded
leucocratic dyke (Sample QL14). (f) The post-D2 F2-cutting undeformed pegmatite dyke (Sample QL12).
Blue ellipse, magmatic zircon; red ellipse, metamorphic overgrowth rim. Uncertainties on weighted
mean age, lower and upper intercept age were quoted at the 95% confidence level (2σ).
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(2) Sample QL05

Six spots (discordance degree ≤ 3.7%; Table S1) were conducted on the magmatic zir-
con cores in Sample QL05, and they gave a weighted mean 207Pb/206Pb age of 2056 ± 17 Ma
(n = 6, MSWD = 1.9; Figures 8b and 9b). Meanwhile, seven spots were analyzed on metamor-
phic overgrowth rims, and they yielded the lower and upper intercept age of 60 ± 400 Ma
and 1956 ± 27 Ma (n = 7, MSWD = 5.2; Figures 8b and 9b), respectively.

(3) Sample QL19

A total of 20 zircons were analyzed in this sample, of which eight spots on the igneous
zircon cores were concordant (discordance degree ≤ 3.1%; Table S1), yielding a weighted
mean 207Pb/206Pb age of 2011 ± 12 Ma (n = 8, MSWD = 1.2; Figures 8c and 9c). The
remaining 12 spots were undertaken on zircon overgrowth rims of metamorphic origin
(Figure 8c) and defined the lower and upper intercept age of 496± 24 Ma and 1948 ± 26 Ma
(n = 12, MSWD = 2.2; Figure 9c), respectively.

(4) Sample QL20

Thirteen spots (discordance degree≤ 4.1%; Table S1) were carried out on the magmatic
zircon cores in Sample QL20 and gave a weighted mean 207Pb/206Pb age of 2053 ± 14 Ma
(n = 13, MSWD = 3.2; Figures 8d and 9d). Another six analyses were obtained from meta-
morphic overgrowth rims and yielded the lower and upper intercept age of 414 ± 68 Ma
and 1954 ± 18 Ma (n = 6, MSWD = 1.17; Figures 8d and 9d), respectively.

4.2.2. F2-Folded Leucocratic Dyke

Sample QL14 was collected from a fine-grained leucocratic dyke that intruded the
Qianligou Formation in the northern part of the Qianlishan Complex (Figure 2; 39◦58.8′

N/106◦56.9′ E). In the field, this dyke appeared along the S1 foliations of the host metased-
imentary rocks (Figure 7a), which were together deflected by the moderately NWW-
plunging upright open folds F2. The dyke mainly exhibited granitic textures and did
not develop any D1 deformational fabrics. These features indicate that the dyke most likely
formed after D1 deformation but prior to D2 deformation. Zircons from Sample QL14
are euhedral, prismatic, and 150–200 µm in grain size. CL images reveal that they are
generally single grains with bright, patchy, or oscillatory zoning (Figure 8e). Meanwhile,
most of these zircons have high Th/U values of 0.5–0.9 (Table S1), indicative of magmatic
origin [74]. A total of 18 spots were conducted on 18 igneous zircons in this sample. On the
concordia diagram (Figure 9e), these data were plotted as a discordia line with the lower
and upper intercept age of 281 ± 47 Ma and 1932 ± 24 Ma (n = 18, MSWD = 6.5).

4.2.3. F2-Cutting Undeformed Pegmatite Dyke

Sample QL12 was collected from a coarse-grained pegmatite dyke without deforma-
tional fabrics (Figure 2; 39◦54.2′ N, 106◦57.6′ E). This dyke obliquely cut the limb of a
gently NWW-plunging upright open fold F2 (Figure 6b), suggesting that its emplacement
postdated D2 deformation. Zircons separated from this sample are 100–200 µm, euhedral
to subhedral single grains. In CL images, they are commonly patchy and oscillatory-zoned
(Figure 8f). Combined with their Th/U values of 0.33–0.76 (Table S1), these zircons are
considered to be of igneous origin [74]. A total of nine zircons were analyzed in the sample,
which defined the lower and upper intercept age of 192 ± 84 Ma and 1899 ± 6 Ma (n = 9,
MSWD = 1.9; Figure 9f), respectively.

5. Discussions
5.1. Significance of Zircon U–Pb Ages

A critical aspect of understanding the development of gneiss domes is temporal rela-
tions among magmatism, deformation, and metamorphism involved in the dome-forming
processes [3,4,9]. The granitoid plutons in the core of the Qianlishan gneiss domes have
long been inferred to have formed in the Paleoproterozoic [18], but their crystallization
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ages were poorly understood. In this study, magmatic zircons from four gneissic gran-
itoid plutons (Samples QL03, 05, 19, and 20; Figures 2 and 5) yielded weighted mean
ages of 2016 ± 24 Ma, 2056 ± 17 Ma, 2011 ± 12 Ma, and 2053 ± 14 Ma, respectively
(Figures 8a–d, 9a–d and 10). Similarly, previous dating results have revealed a crystalliza-
tion age of 2058 ± 6 Ma from the same pluton with Sample QL20 [37,67]. These ages
suggested that the granitoid plutons were broadly emplaced at 2.06–2.01 Ga. Noticeably,
the compilation of available data demonstrates that detrital zircons from the metasedimen-
tary rocks of the Qianlishan Group predominantly gave ages of 2.1–2.0 Ga (discordance
degree < 10%) [14,16,17], with a prominent single peak at ~2.02 Ga. This supports that the
2.06–2.01 Ga granitoid plutons have probably provided important clastic sediments for the
protoliths of the Qianlishan Group [14,16]. Subsequently, the 2.06–2.01 Ga granitoid plutons
have been highly S1-foliated during D1 deformation (Figure 5). Metamorphic zircon over-
growth rims from the plutons (Samples QL03, 05, 19, and 20) yielded upper intercept ages of
1966 ± 25 Ma, 1956 ± 27 Ma, 1948 ± 26 Ma, and 1954 ± 18 Ma (Figures 8a–d, 9a–d and 10),
which coincide with those ~1.95 Ga metamorphic ages of pelitic/felsic granulites from the
Qianlishan Group [14,16,17], interpreted as the timing of syn-D1 regional metamorphic
event. Taken together, we consider that the plutonic cores and khondalites of the Qianlis-
han gneiss domes underwent regional high-grade metamorphism and coevally developed
penetrative S1 gneissosities at ~1.95 Ga (Figure 10). This interpretation is also supported by
the assumption that D1 structures in the Qianlishan Group roughly occurred at some time
between ~1976 Ma and ~1936 Ma [19,20].
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note that magmatic zircons from Sample QL14 and 12 yielded lower intercept ages of 281 
± 47 Ma and 192 ± 84 Ma (Figure 9e,f), respectively. Similarly, metamorphic zircons from 
Samples QL03, 05, 19, and 20 gave lower intercept ages of 567 ± 29 Ma, 60 ± 400 Ma, 496 ± 

Figure 10. Schematic diagram illustrating temporal relations among major magmatic, deformational,
and metamorphic events in the Paleoproterozoic Qianlishan gneiss domes. Dating samples are
from this study (1–4, the S1-foliated granitoid plutons, Samples QL03, 05, 19, and 20; 5, the pre-D2
F2-folded leucocratic dyke, Sample QL14; 6, the post-D2 F2-cutting undeformed pegmatite dyke,
Sample QL12) and previous studies [14,16,17,19,20,37,67]. See the text for details.

Abundant leucocratic dykes were involved in D2 structures in the Qianlishan gneiss
domes, and they provided good opportunities to put age constraints on D2 deformation.
Of these, an S1-parallel fine-grained leucocratic dyke (Sample QL14; Figure 7a) has been
reworked by the upright open fold F2, interpreted to predate D2 deformation. This pre-D2
dyke yielded an upper intercept age of 1932 ± 24 Ma that was considered as its approx-
imate crystallization age (Figures 8e and 9e), indicating that D2 deformation took place
later than ~1.93 Ga. Meanwhile, a similar formation age of 1932 ± 47 Ma was obtained
from a syn-D2 dyke that both truncated the S1 gneissosity and appeared along the F2 fold
axial surface [19,20]. Later, a series of randomly oriented pegmatite dykes intruded into
the Qianlishan Complex, which exhibited clear crosscutting relationships with all the D1
and D2 structures (e.g., Figures 4b, 6d and 7). Based on our observations, an undeformed
pegmatite dyke (Sample QL12; Figure 7b) obliquely cut the limb of the F2 fold, indicative of
post-D2 intrusion. The dyke gave an upper intercept age of 1899 ± 6 Ma (Figures 8f and 9f),
regarded as its crystallization age. This suggests that D2 deformation occurred approxi-
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mately earlier than ~1.90 Ga. Consistently, an 1854± 68 Ma post-D2 undeformed pegmatite
dyke has also been found in this region, implying that D2 deformation was broadly con-
strained before ~1854 Ma [19,20]. Thus, we further proposed that D2 deformation has
most likely happened in the period of 1.93–1.90 Ga (Figure 10). In addition, we note that
magmatic zircons from Sample QL14 and 12 yielded lower intercept ages of 281 ± 47 Ma
and 192 ± 84 Ma (Figure 9e,f), respectively. Similarly, metamorphic zircons from Samples
QL03, 05, 19, and 20 gave lower intercept ages of 567 ± 29 Ma, 60 ± 400 Ma, 496 ± 24 Ma
and 414 ± 68 Ma (Figure 9a–d). But these ages are difficult to relate to a known late-stage
tectonothermal event in the Khondalite Belt.

5.2. Structural Evolution of the Qianlishan Gneiss Domes

The map-view NW(W)–SE(E)-trending elliptical Qianlishan gneiss domes occupy
the northern part of the Qianlishan Complex (Figures 2 and 3a) [18–20], and the cores of
these domes are dominated by the 2.06–2.01 Ga granitoid plutons (Figures 3, 5, 9 and 10).
Available structural and geochronological data demonstrate that the Qianlishan gneiss
domes underwent two major phases of deformation (D1–D2) in the late Paleoprotero-
zoic (Figures 4–7 and 10). Of these, D1 deformation has approximately taken place at
~1.95 Ga, mainly manifested by overturned to recumbent isoclinal folds F1, transposed
foliations/gneissosities S1 and NNE-SSW mineral lineations L1 (Figures 4, 5 and 10) [19,20].
The penetrative gneissosities S1 in the core and rim of the Qianlishan gneiss domes are
continuous and parallel to the core/rim contacts (Figures 3a and 4a). We interpret these
contacts as deformed unconformities between the granitoid plutons and the overlying
Qianlishan Group. They can also serve as important markers to trace the Qianlishan gneiss
domes in map view (Figures 2 and 3a). Subsequently, D2 deformation generated NW(W)–
SE(E)-trending doubly plunging open upright folds F2 at 1.93–1.90 Ga (Figures 6, 7 and 10).
D2 deformation apparently lacked the development of ubiquitous foliations, implying that
it perhaps happened at a relatively shallower level than D1 deformation. Noticeably, the
superposition of D2 on D1 deformation played an important role in shaping the general
structural framework of the Qianlishan Complex (Figures 3, 6, 7 and 10). We consider that
the doubly plunging open upright antiforms F2 have strongly re-oriented the penetrative
gneissosities S1, giving rise to the Qianlishan gneiss domes. This is supported by the fact
that a series of regional-scale antiforms and synforms F2 alternatively occurred in the
northern Qianlishan Complex (Figures 3, 6 and 7). Meanwhile, the absence of syn-doming
large-scale plutonism and radial lineation pattern in this region suggests that the origin
of Qianlishan gneiss domes might not be primarily controlled by magmatic diapirism.
This interpretation corresponds to the viewpoint that gneiss domes without syn-kinematic
plutons can be created by the formation of doubly plunging antiforms [4,9,75].

5.3. Tectonic Implications

As mentioned earlier, high-pressure pelitic/felsic granulites in the Qianlishan Complex
recorded clockwise P-T paths with peak conditions of 11–15 kbar/800–850 ◦C, indicating
that they were once buried at lower crustal depths of 45–50 km [15,17]. Previous struc-
tural investigations also unraveled that the contractional deformation D1 was associated
with peak granulite facies metamorphism at ~1.95 Ga, linked to the continent–continent
collision [12–17,19,20]. Later, D2 deformation and post-peak decompression simultane-
ously occurred, related to tectonic exhumation after crustal thickening [15,17,19,20]. The
NW(W)–SE(E)-trending doubly plunging open upright antiforms F2 were responsible for
the development of the Qianlishan gneiss domes at 1.93–1.90 Ga. Meanwhile, extensive
post-collisional partial melting happened in the Qianlishan Complex, as partly indicated
by the presence of ~1.93 Ga and 1.91–1.90 Ga leucocratic dykes (Figure 10) [14,19,20,37,67],
which might facilitate dome-forming processes during D2 deformation. Moreover, we
regard that D2 doming deformation played an important role in the upward exhumation of
high-pressure granulites in the Qianlishan Complex. Taken together, the Qianlishan gneiss
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domes are considered to have witnessed the collisional orogenesis between the Yinshan
and Ordos Blocks in the late Paleoproterozoic.

Remarkably, dome-like structures that are dominated by 2.3–2.0 Ga gneissic granitoid
plutons in the core have also been found in other segments of the Khondalite Belt (e.g., the
Daqingshan Complex [76]; the Helanshan Complex [77,78]), but their origin still remains
enigmatic. Meanwhile, the D1 and D2 deformational fabrics documented in this study
are ubiquitous throughout the Khondalite Belt [18,78–82]. Some authors assumed that
D1 structures resulted from sub-horizontal extensional detachment deformation [83–85].
This interpretation is not supported by structural observations in the Qianlishan Complex,
and we attribute D1 deformational fabrics to the nearly NNE–SSW collision between
the Yinshan and Ordos Blocks [19,20]. Moreover, the superposition of doubly plunging
open upright folds F2 on the penetrative gneissosities S1 is common in the Daqingshan
Complex [79], similar to the case of the Qianlishan gneiss domes in this study. We consider
that the development of doubly plunging antiforms was an important dome-forming
mechanism in the Khondalite Belt. Additionally, it is worth noting that the Qianlishan
gneiss domes are well-preserved, but domal structures in other complexes were variably
reworked by post-D2 (ca. 1.89–1.87 Ga) large-scale NE- to E-striking ductile shear zones in
the Khondalite Belt [19,61,86].

6. Concluding Remarks

Based on our new structural and geochronological data, the Qianlishan gneiss domes
consist of 2.06–2.01 Ga granitoid plutons in the core, rimmed by high-grade metased-
imentary rocks of the Qianlishan Group. They were subjected to regional high-grade
metamorphism and D1 deformation at ~1.95 Ga, mainly characterized by overturned to
recumbent isoclinal folds F1 and penetrative transposed gneissosities S1. Subsequently,
D2 deformation produced the NW(W)–SE(E)-trending doubly plunging upright folds F2
that have strongly re-oriented S1 gneissosities at 1.93–1.90 Ga, responsible for the origin
of the Qianlishan gneiss domes. Combined with previous studies, we consider that the
Paleoproterozoic Qianlishan gneiss domes have resulted from the collisional orogenesis
between the Yinshan and Ordos Blocks. In addition, the development of doubly plunging
antiforms is regarded as an important dome-forming mechanism in the Khondalite Belt.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/min13111361/s1, Table S1: LA-ICP-MS zircon U–Pb data for dating samples
from the Qianlishan gneiss domes.
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Abstract: Orogen-parallel ductile shear zones are conspicuous structures in the Khondalite Belt,
but the timing of shearing remains poorly understood. Here, we present field-based structural
and zircon U-Pb geochronological studies on the newly discovered Qianlishan ductile shear
zones (QDSZ) in the Khondalite Belt. Our results show that the nearly E-W-trending QDSZ
are characterized by steeply S(SW)-dipping mylonitic foliations and mainly display a top-to-
N(NE) sense of shearing. Two pre-kinematic intrusions yielded zircon crystallization ages of
2055 ± 17 Ma and 1947 ± 9 Ma, providing the maximum age limit for the QDSZ. Addition-
ally, zircon overgrowth rims from three high-temperature mylonites gave metamorphic ages of
1902 ± 8 Ma, 1902 ± 26 Ma and 1884 ± 12 Ma, interpreted to record the timing of development
of the QDSZ. Integrated with previous studies, we propose that the Qianlishan Complex suf-
fered three phases of Orosirian deformation (D1–D3), of which the D3 deformation led to the
development of the QDSZ. Deformation events D1, D2 and D3 are considered to have occurred
at ca. 1.97–1.93 Ga, 1.93–1.90 Ga and 1.90–1.82 Ga, respectively. These events document that the
Khondalite Belt underwent a protracted (>100 Myr) orogenic history in response to the collision
between the Yinshan and Ordos blocks.

Keywords: shear zone; mylonite; zircon U-Pb age; Paleoproterozoic; Khondalite Belt; North China Craton

1. Introduction

Shear zones are typically known as tabular high-strain zones that play a major role in
accommodating tectonic strain, displacement and fluid migration in the lithosphere [1–6].
Such zones are important structures in orogeny and can occur at a variety of scales, which
significantly influence the geometry and evolution of orogenic belts [4,7–9]. Mylonites
are characteristic rock types of shear zones at middle to lower crustal levels, and they
generally develop a range of ductile structures and fabrics, providing valuable information
on the kinematic and tectonothermal processes during orogeny [10–13]. Therefore, the
recognition and anatomy of ductile shear zones is a key requirement in geological investi-
gations that attempt to unravel the deformation history and tectonic evolution of orogenic
belts [4,14–17]. To achieve this goal, detailed field-based structural analysis integrated with
geochronological studies on ductile shear zones is fundamentally necessary [8,12,13].

The Khondalite Belt has been widely regarded as an Orosirian continent-continent
collisional orogen in the northwestern North China Craton (Figure 1) [18–23]. It extends
nearly E-W for ~1000 km and is mainly composed of four high-grade metamorphic com-
plexes, which from west to east are the Helanshan, Qianlishan, Wulashan-Daqingshan
and Jining complexes [18,24]. Of particular interest is the widespread occurrence of NE
to E-striking ductile shear zones in the Khondalite Belt, such as the Zongbieli, Xiashihao-
Jiuguan and Xuwujia ductile shear zones of the Helanshan, Wulashan-Daqingshan and
Jining complexes, respectively [24–28]. However, there is no evidence of orogen-parallel
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ductile shear zones in the Qianlishan Complex. Meanwhile, the formation and evolu-
tion of ductile shear zones in the Khondalite Belt have been poorly constrained, which
inevitably hampers a better understanding of the polyphase deformation in the belt. Based
on field investigations, we newly discovered nearly E-W-trending ductile shear zones in
the Qianlishan Complex, named together as the Qianlishan ductile shear zones (QDSZ). In
this study, we conducted field-based structural observations and LA-ICP-MS zircon U-Pb
geochronology on the QDSZ. Combined with previous works, particularly the compilation
of deformation-related geochronological data of the Khondalite Belt, these results shed new
light on the deformation history and tectonic evolution of the Khondalite Belt.
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2. Geological Setting

The North China Craton, one of the oldest cratons in the world, is proposed to
have formed from the assembly of several Archean to Paleoproterozoic continental
blocks along orogenic belts (Figure 1) [18,19,29–31]. In the western North China Craton,
the Yinshan Block in the north was considered to collide with the Ordos Block in the
south at ~1.95 Ga, resulting in the formation of the nearly E-W-trending Khondalite
Belt [18–23,28,32–41]. This belt is dominated by polydeformed high-grade metased-
imentary rocks (i.e., the khondalites), mainly including garnet-sillimanite gneisses,
felsic paragneisses, quartzites, marbles and calc-silicate rocks [18,24,42]. Spatially
associated with the khondalites are S-type granites, charnockites, minor TTG gneisses,
intermediate-mafic magmatic rocks and mafic granulites [18,24,42]. Numerous
geochronological studies reveal that the protolith of the khondalites was deposited
at ca. 2.00–1.95 Ga, and then suffered regional upper-amphibolite to granulite-facies
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metamorphism at ca. 1.95–1.80 Ga [20,32–38,40,43–57]. Of these, high-pressure pelitic
granulites preserved similar clockwise P-T paths with post-peak near-isothermal de-
compression, and they indicate tectonic processes involving initial crustal thickening
and subsequent rapid exhumation, related to the collisional orogeny between the
Yinshan and Ordos blocks [37,50,52,53,58–63]. Noticeably, a series of orogen-parallel
ductile shear zones commonly occurred in the Khondalite Belt, for example, the NE-SW
to E-W-trending Zongbieli shear zones in the Helanshan Complex, the nearly E-W-
trending Xiashihao-Jiuguan shear zone in the Wulashan-Daqingshan Complex and the
NE(E)-SW(W)-trending Xuwujia shear zone in the Jining Complex [24–28,64,65].

The Qianlishan Complex is located in the western segment of the Khondalite
Belt and is unconformably covered by Mesoproterozoic sedimentary rocks of the
Changcheng-Jixian System (Figures 1 and 2) [18,21,24,65,66]. The complex predomi-
nantly comprises Paleoproterozoic granitoid plutons and the khondalites that have
been known as the Qianlishan Group in this region (Figure 2) [20,21,24,39]. This
group consists of the Chaganguole, Qianligou and Habuqigai formations, in which
high-pressure pelitic granulites were found and characterized by a peak mineral assem-
blage composed of garnet + kyanite + K-feldspar + plagioclase + biotite + quartz,
with corresponding P-T conditions at 11–15 kbar and 800–850 ◦C [37,60]. Avail-
able geochronological data of the Qianlishan Group demonstrate that U-Pb ages
of detrital zircons dominantly range from 2.20 to 2.00 Ga, with a notable peak at
~2.03 Ga [20,37,67]. Metamorphic zircons yielded age groups of ~1.95 Ga and
~1.92 Ga, of which the former and latter were related to granulite-facies peak meta-
morphism and post-peak decompression processes, respectively [20,37,67]. Mean-
while, multiple magmatic pulses have been dated in the studied area at ca. 2.06 Ga,
1.95 Ga, 1.92 Ga and 1.88 Ga [20,21,39,68]. Additionally, previous structural investi-
gations revealed two major phases of Paleoproterozoic deformation (D1–D2) in the
Qianlishan Complex [21,24,39,69]. D1 mainly generated overturned to recumbent
isoclinal folds (F1), transposition foliations/gneissosities (S1) and mineral lineations
(L1) [21,69]. D2 produced tight to open doubly plunging upright folds (F2) [21,39].
Deformation ages of D1 and D2 were roughly constrained at 1976–1932 Ma and
1932–1899 Ma, respectively [21,39].
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3. Samples and Methods

In this study, we conducted field-based (micro-)structural analysis to investigate the
geometries, kinematics and temperature conditions of the QDSZ. Additionally, we col-
lected four shear zone-related samples for zircon U-Pb geochronology, including three
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high-temperature mylonites (Samples 22QL03, 22QL13 and 22QL11) and a pre-kinematic
granitoid pluton (Sample 20QL02). Zircons were extracted by magnetic and heavy liquid
separation techniques. Subsequently, they were handpicked, mounted in epoxy resin,
polished and photographed under reflected and transmitted light. The internal textures
of these zircons were then studied through cathodoluminescence (CL) images. Zircon
U-Pb analyses were performed by Laser Ablation Inductively Coupled Plasma Mass
Spectrometry (LA-ICP-MS) at the Guangzhou Tuoyan Analytical Technology Co., Ltd.,
Guangzhou, China. Detailed analytical methods and procedures are similar to those
in [70]. The spot size and frequency of the laser were set to 30 µm and 6 Hz, respectively.
Zircon 91500 and glass NIST610 were used as external standards for U-Pb dating and trace
element calibration, respectively. Zircon Plešovice was treated as an unknown sample to
monitor the accuracy of acquired U-Pb data. The software ICPMSDataCal was used to
conduct off-line inspection and integration of background and analytical signals, time-drift
correction, and quantitative calibration for U-Pb dating and trace element analysis [71].
Concordia diagrams and age calculations were made using Isoplot/Ex_ver4.15 [72]. The
uncertainties on weighted mean ages and intercept ages were quoted at the 95% confidence
level (2σ). The zircon U-Pb data of this study are presented as Supplementary Material
(Table S1).

4. Results
4.1. Structural Observations

The QDSZ mainly consist of a series of small narrow high-strain zones (e.g.,
Figures 3a,e and 4), but there is no map view of the large-scale shear zones observed
in the Qianlishan Complex. These zones dominantly strike E-W or SEE-NWW and
are characterized by mylonitized rocks with varying deformation intensities. For
example, a 1–2 m wide E-W-trending ductile shear zone was remarkably developed
within a granitoid pluton, which suffered intensive shear deformation to become
granitic mylonite (Figure 3). Regionally, the mylonitic foliations (Sm) in the QDSZ
dip mostly to the S(SW) with steep to sub-vertical angles (Figures 3 and 4). At some
localities, moderately N(NE)-plunging stretching lineations (Lm) can be seen on the
mylonitic foliation (Figure 4f). The appearance of kinematic indicators, including S-C
fabrics, σ- and δ-type porphyroclasts and felsic aggregates (Figure 5), suggest a nearly
top-to-N(NE) sense of shearing.

In addition, it is worth noting that quartz grains in felsic and granitic mylonites gen-
erally occur as ribbons with straight boundaries (e.g., Figures 3c,f and 4b,d,i), and they
exhibit lobate to rectangular shapes in thin sections (Figures 3d and 4c), which implies grain
boundary migration recrystallization (GBM) dominates. Furthermore, these ribbons are
alternated by fine-grained recrystallized feldspar-rich layers (Figures 3c,d and 4c). In some
cases, feldspar fish are locally observed (Figure 3d). The above-stated (micro-)structures
indicate that the QDSZ developed under high-temperature deformation conditions, proba-
bly >650 ◦C [10,11,73]. This interpretation is also supported by the observation of a series
of felsic segregates related to melting during the mylonitization, which commonly appear
along the mylonitic foliation (e.g., Figures 4d,g and 5c).
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observed. (e–g) In another outcrop, a pre-kinematic granitoid pluton (Sample 20QL02) was affected 
by shear zone activity and developed mylonitic foliation. The blue square, and green and red circles 
indicate zircon U-Pb ages of magmatic cores, and inner and outer metamorphic overgrowth rims, 
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Figure 3. Representative photos showing shear zone-related structures and dated samples in the
northern Qianlishan Complex. (a,b) E-W-trending ductile shear zone with a width of 1–2 m developed
in a pre-kinematic granitoid pluton. (c) Within the shear zone, the granitoid was converted into
granitic mylonite (Sample 22QL03). (d) Sample 22QL03 features strongly aligned quartz ribbons and
fine-grained recrystallized feldspar-rich layers. Feldspar fish can be locally observed. (e–g) In another
outcrop, a pre-kinematic granitoid pluton (Sample 20QL02) was affected by shear zone activity and
developed mylonitic foliation. The blue square, and green and red circles indicate zircon U-Pb ages
of magmatic cores, and inner and outer metamorphic overgrowth rims, respectively. Sm, mylonitic
foliation; Fsp, feldspar; Qz, quartz.
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segregates commonly occur along the steeply S(SW)-dipping mylonitic foliation (Sm). (e) Pre-
kinematic granitic dyke deformed by shear zone activity to form granitic mylonite (Sample 22QL13). 
(f) Moderately N(NE)-plunging stretching lineations (Lm) locally developed on the mylonitic 
foliation. (g–i) Metasedimentary rocks of the Habuqigai Formation mylonitized to a variable degree. 
Of these, quartz ribbons with straight boundaries can be observed in felsic mylonite (Sample 
22QL11). Blue square, black triangle and red circle indicate zircon U-Pb ages of magmatic cores, 
inherited cores, and metamorphic overgrowth rims, respectively. Sil, sillimanite; Grt, garnet; Qz, 
quartz. 

Figure 4. Representative photos showing shear zone-related structures and dated samples in the
southern Qianlishan Complex. (a) Pre-kinematic granitic dyke (~1936 Ma) that underwent the
shear deformation was converted into granitic mylonite. (b,c) The granitic mylonite is characterized
by the preferential orientation of feldspar-rich layers, rectangular polycrystalline quartz ribbons,
and sillimanite and garnet porphyroclasts that define the mylonitic foliation (Sm). (d) Anatectic
segregates commonly occur along the steeply S(SW)-dipping mylonitic foliation (Sm). (e) Pre-
kinematic granitic dyke deformed by shear zone activity to form granitic mylonite (Sample 22QL13).
(f) Moderately N(NE)-plunging stretching lineations (Lm) locally developed on the mylonitic foliation.
(g–i) Metasedimentary rocks of the Habuqigai Formation mylonitized to a variable degree. Of these,
quartz ribbons with straight boundaries can be observed in felsic mylonite (Sample 22QL11). Blue
square, black triangle and red circle indicate zircon U-Pb ages of magmatic cores, inherited cores, and
metamorphic overgrowth rims, respectively. Sil, sillimanite; Grt, garnet; Qz, quartz.
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Sample 20QL02 was collected from a granitoid pluton in the northern Qianlishan 
Complex (Figure 2; 39°58′31.32″ N, 106°57′43.21″ E). This granitoid was cut by an E-W-
trending ductile shear zone (Figure 3e–f), indicating that it was formed prior to the shear 
zone activity. The sample mainly consists of fine-grained K-feldspar, plagioclase, quartz 
and hornblende, and is characterized by the typical granular texture (Figure 3e). Zircons 
separated from the sample are dominantly euhedral, prismatic and 250–450 µm in size. 
CL images reveal that these zircons have concentrically oscillatory-zoned cores with high 
luminescence (Figure 6a), interpreted to be of igneous origin. In some cases, they are 
surrounded by dark structureless rims that are considered to result from metamorphic 
processes, but these rims are too narrow to be analyzed (Figure 6a). A total of six spots 
with Th/U ratio of 0.64–0.85 were analyzed (discordance degree ≤ 6.03%; Table S1). They 
yielded a weighted mean 207Pb/206Pb age of 2055 ± 17 Ma (n = 6, MSWD = 2.8; Figure 7a). 
Consistently, these spots also defined an upper intercept age of 2047 ± 17 Ma (n = 6, MSWD 
= 6.7). 

Figure 5. Kinematic indicators mainly showing a top-to-N(NE) sense of shearing in the QDSZ. (a)
S-C fabrics and σ-type porphyroclasts. (b) σ-type felsic aggregate. (c) Sm-parallel anatectic segregates
with asymmetric structures. (d) δ-type felsic aggregate. Grt, garnet.

4.2. Zircon U-Pb Geochronology
4.2.1. Pre-Kinematic Granitoid Pluton (Sample 20QL02)

Sample 20QL02 was collected from a granitoid pluton in the northern Qianlishan
Complex (Figure 2; 39◦58′31.32′′ N, 106◦57′43.21′′ E). This granitoid was cut by an
E-W-trending ductile shear zone (Figure 3e,f), indicating that it was formed prior to
the shear zone activity. The sample mainly consists of fine-grained K-feldspar, pla-
gioclase, quartz and hornblende, and is characterized by the typical granular texture
(Figure 3e). Zircons separated from the sample are dominantly euhedral, prismatic and
250–450 µm in size. CL images reveal that these zircons have concentrically oscillatory-
zoned cores with high luminescence (Figure 6a), interpreted to be of igneous origin.
In some cases, they are surrounded by dark structureless rims that are considered
to result from metamorphic processes, but these rims are too narrow to be analyzed
(Figure 6a). A total of six spots with Th/U ratio of 0.64–0.85 were analyzed (discor-
dance degree ≤ 6.03%; Table S1). They yielded a weighted mean 207Pb/206Pb age of
2055 ± 17 Ma (n = 6, MSWD = 2.8; Figure 7a). Consistently, these spots also defined an
upper intercept age of 2047 ± 17 Ma (n = 6, MSWD = 6.7).
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Figure 6. Representative CL images with their U-Pb ages of zircons from shear zone-related samples 
of the Qianlishan Complex. (a) Sample 20QL02. (b) Sample 22QL03. (c) Sample 22QL13. (d) Sample 
22QL11. Circles indicate the analytical spots. Blue circle, magmatic zircon; black circle, inherited 
zircon; green circle, inner metamorphic rim; red circle, outer metamorphic rim. All scale bars are 
100 µm. 

Figure 6. Representative CL images with their U-Pb ages of zircons from shear zone-related samples
of the Qianlishan Complex. (a) Sample 20QL02. (b) Sample 22QL03. (c) Sample 22QL13. (d) Sample
22QL11. Circles indicate the analytical spots. Blue circle, magmatic zircon; black circle, inherited
zircon; green circle, inner metamorphic rim; red circle, outer metamorphic rim. All scale bars
are 100 µm.
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metamorphic rim; red ellipse, outer metamorphic rim. Uncertainties on the weighted mean age and 
the upper intercept ages were quoted at the 95% confidence level (2σ). 
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inner and outer rims were interpreted to be of metamorphic origin. A total of twenty-two 
spots were analyzed, of which five spots (discordance degree ≤ 6.10%, Table S1) 
corresponded to zircon cores and defined an upper intercept age of 2044 ± 30 Ma (n = 5, 
MSWD = 4.3; Figure 7b). Six spots on the inner metamorphic rims plot along a discordia 
line with an upper intercept age of 1935 ± 18 Ma (n = 6, MSWD = 3.4; Figure 7b). The 
remaining eleven spots corresponded to the outer metamorphic overgrowth rims, of 
which the two most concordant data (discordance degree ≤ 1.35%, Table S1) gave apparent 

Figure 7. Concordia diagrams for zircon U-Pb data from shear zone-related samples of the Qianlishan
Complex. (a) Sample 20QL02. (b) Sample 22QL03. (c) Sample 22QL13. (d) Sample 22QL11. Blue
ellipse, magmatic zircon; black ellipse, inherited zircon; green ellipse, inner metamorphic rim; red
ellipse, outer metamorphic rim. Uncertainties on the weighted mean age and the upper intercept
ages were quoted at the 95% confidence level (2σ).

4.2.2. Mylonitic Granitoid Pluton (Sample 22QL03)

This sample was taken from a mylonitic granitoid adjacent to Sample 20QL02 (Figure 2;
39◦58′31.35′′ N, 106◦57′41.53′′ E). Within the shear zone, the granitoid underwent intensive
ductile deformation to become a granitic mylonite (Sample 22QL03; Figure 3a–c). Sample
22QL03 is featured by sub-vertical mylonitic foliation (Sm), defined by the preferential
orientation of fine-grained feldspar-rich layers and quartz ribbons (Figure 3c,d). Zircons
extracted from this sample are euhedral to subhedral, prismatic or stubby and 200–350 µm
in size. In CL images, they generally displayed complex textures, most of which possessed
bright patchy or oscillatory-zoned cores (Figure 6b), indicative of magmatic origin. Re-
markably, these zircon cores mostly retained double overgrowth rims, including the inner
and outer rims (Figure 6b). The inner rims were commonly dark, nebulous or chaotic, and
surrounded by the structureless outer rims (Figure 6b). Both the inner and outer rims were
interpreted to be of metamorphic origin. A total of twenty-two spots were analyzed, of
which five spots (discordance degree ≤ 6.10%, Table S1) corresponded to zircon cores and
defined an upper intercept age of 2044 ± 30 Ma (n = 5, MSWD = 4.3; Figure 7b). Six spots
on the inner metamorphic rims plot along a discordia line with an upper intercept age of
1935 ± 18 Ma (n = 6, MSWD = 3.4; Figure 7b). The remaining eleven spots corresponded
to the outer metamorphic overgrowth rims, of which the two most concordant data (dis-
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cordance degree ≤ 1.35%, Table S1) gave apparent 207Pb/206Pb ages of 1885 ± 29 Ma and
1866 ± 26 Ma. These eleven spots defined an upper intercept age of 1884 ± 12 Ma (n = 11,
MSWD = 3.7; Figure 7b).

4.2.3. Mylonitic Granitic Dyke (Sample 22QL13)

Sample 22QL13 was collected from a mylonitic granitic dyke of the southern Qianlis-
han Complex (Figure 2; 39◦41′13.44′′ N, 107◦00′01.50′′ E). The sample was composed of
strongly aligned grains of K-feldspar, plagioclase and quartz (Figure 4e). Most zircons from
this sample were euhedral to subhedral, prismatic and 50–200 µm in size. CL images show
that they are characterized by typical core-rim textures with bright and oscillatory-zoned
cores (Figure 6c), evidently of magmatic origin. These cores are generally surrounded by
dark, nebulous or structureless overgrowth rims, interpreted to be of metamorphic origin
(Figure 6c). Fourteen spots were analyzed in this sample, and five spots on magmatic
cores gave an upper intercept age of 1947 ± 9 Ma (n = 5, MSWD = 1.9; Figure 7c). The
remaining nine spots were performed on metamorphic overgrowth rims, of which the most
concordant spot yielded a 207Pb/206Pb age of 1899 ± 42 Ma (discordance degree = 1.84%,
Figure 7c; Table S1). These nine spots defined an upper intercept age of 1902 ± 8 Ma (n = 9,
MSWD = 2.0; Figure 7c).

4.2.4. Felsic Mylonite (Sample 22QL11)

Sample 22QL11 is a felsic mylonite of the southern Qianlishan Complex (Figure 2;
39◦41′17.53′′ N, 109◦00′00.38′′ E). Metasedimentary rocks of the Habuqigai Formation were
subjected to ductile shear deformation and transformed into mylonites (Figure 4g,h). The
mylonitic foliation (Sm) is characterized by the preferred alignment of feldspar-rich layers
and quartz ribbons with straight boundaries (Figure 4i). Zircon grains from this sample
are mainly subhedral to anhedral, stubby and 100–250 µm in size. CL images reveal that
these zircons mostly possess patchy or oscillatory-zoned cores surrounded by nebulous
overgrowth rims (Figure 6d). The cores and rims are regarded to be of magmatic and
metamorphic origin, respectively. A total of eight spots were analyzed in this sample, of
which three spots correspond to inherited cores and yielded concordant 207Pb/206Pb ages
of 2289 ± 12 Ma, 2026 ± 12 Ma and 2016 ± 25 Ma (discordance degree ≤ 7.43%, Figure 7d;
Table S1). The remaining five spots were analyzed on metamorphic overgrowth rims and
defined an upper intercept age of 1902 ± 26 Ma (n = 5, MSWD = 10.8; Figure 7d).

5. Discussion
5.1. Timing of the Development of the Qianlishan Ductile Shear Zones (QDSZ)

Combined with field-based structural observations, geochronological data from shear
zone-related intrusions and mylonites can help us to constrain the deformation age of the
QDSZ. In the northern Qianlishan Complex, a small-scale ductile shear zone reworked a
pre-kinematic granitoid (Figures 2 and 3). Magmatic zircons from this rock (Sample 20QL02,
Figure 3e,f) yielded a weighted mean 207Pb/206Pb age of 2055 ± 17 Ma (Figures 6a and 7a).
It is interpreted as the crystallization age of the granitoid and provides the maximum age
limit for the shear zone (Figure 8a). Zircons from the granitic mylonite (Sample 22QL03,
Figure 3a,c) within the shear zone mostly possess magmatic cores surrounded by both inner
and outer metamorphic overgrowth rims (Figure 6b). The zircon cores gave a crystallization
age of 2044 ± 30 Ma (Figure 7b), consistent with that obtained from Sample 20QL02. On
the one hand, the inner rims yielded a metamorphic age of 1935 ± 18 Ma (Figure 7b).
A similar metamorphic age of 1948 ± 26 Ma was obtained from a gneissic granitoid in
another outcrop of the same pre-kinematic pluton (Figure 2) [20,21,39]. These metamorphic
ages of 1948–1935 Ma are largely coherent with those of ~1950 Ma from high-pressure
granulites of the Qianlishan Group (Figure 8a) [20,37,67], indicating that the granitoid also
experienced regional metamorphism. On the other hand, the outer overgrowth rims gave
a metamorphic age of 1884 ± 12 Ma (Figure 7b). This age was interpreted to most likely
record the timing of the shear zone activity in the northern Qianlishan Complex.
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zones. It is here considered that the development of the QDSZ started at ca. 1902–1884 Ma and 
continued to ca. 1839–1821 Ma. Descriptions of the D1 and D2 structures can be found in [21,69]. 
Geochronological data are from [20,37,39,67–69,74,75] and this study. See the text for details. 

In the southern Qianlishan Complex, a pre-kinematic granitic dyke was mylonitized 
(Sample 22QL13, Figure 4e). Zircons from this mylonite show typical core–rim textures 
(Figure 6c), of which the magmatic cores gave a 207Pb/206Pb age of 1947 ± 9 Ma (Figure 7c), 

Figure 8. Schematic diagram showing the key geochronological data and polyphase deformation
(D1–D3) in the Qianlishan Complex. (a) Summary of available geochronological data for the Qianlis-
han Complex. (b) The Qianlishan Complex suffered three phases of Orosirian deformation (D1–D3).
Of these, the D3 deformation gave rise to the nearly E-W-trending Qianlishan ductile shear zones. It
is here considered that the development of the QDSZ started at ca. 1902–1884 Ma and continued to ca.
1839–1821 Ma. Descriptions of the D1 and D2 structures can be found in [21,69]. Geochronological
data are from [20,37,39,67–69,74,75] and this study. See the text for details.

In the southern Qianlishan Complex, a pre-kinematic granitic dyke was mylonitized
(Sample 22QL13, Figure 4e). Zircons from this mylonite show typical core–rim textures
(Figure 6c), of which the magmatic cores gave a 207Pb/206Pb age of 1947 ± 9 Ma (Figure 7c),
regarded as the crystallization age of the dyke. Similarly, a mylonitized pre-kinematic
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granitic dyke was dated at 1936 ± 28 Ma (Figure 4a,b) [21,69]. These crystallization ages
of 1947–1936 Ma indicate that the mylonitization must have occurred at some time after
~1936 Ma (Figure 8a). In this way, zircon overgrowth rims from Sample 22QL13 yielded a
metamorphic age of 1902± 8 Ma (Figure 7c), considered to probably reflect the timing of the
shear zone activity. This age is in good agreement with the dating results of Sample 22QL11
(Figure 4h,i), a felsic mylonite whose zircon overgrowth rims gave a metamorphic age of
1902 ± 26 Ma (Figures 6d and 7d). It is also worth noting that these ages of ~1902 Ma are
comparable to that of 1884 ± 12 Ma obtained from the granitic mylonite (Sample 22QL03)
of the northern Qianlishan Complex. Additionally, an Rb-Sr mineral isochron age of
1821 ± 32 Ma was obtained from a deformed metapelite of the southern Qianlishan Com-
plex [74]. Shen et al. (1988) also reported a similar biotite 40Ar/39Ar plateau age of
1839 ± 10 Ma and interpreted that these ages of 1839–1821 Ma record the timing of a late-
stage tectonothermal event after the granulite-facies peak metamorphism [75], probably
related to the ductile shear zone activity. Therefore, we regard that the development of the
QDSZ started at ca. 1902–1884 Ma and continued to ca. 1839–1821 Ma (Figure 8a).

5.2. Three Phases of Orosirian Deformation (D1–D3) in the Qianlishan Complex

Previous structural investigations show that the Qianlishan Complex underwent at
least two major phases of deformation (D1–D2) in the late Paleoproterozoic
(Figure 8b) [21,24,39,69]. The D1 deformation generated small-scale NWW-trending over-
turned to recumbent isoclinal F1 folds, originally sub-horizontal penetrative S1 transposi-
tion foliations/gneissosities and NNE-SSW-oriented L1 mineral lineations [21]. Based on
our previous geochronological results of pre-D1 and post-D1 leucocratic dykes
(Table 1), D1 was regarded to roughly happen in the period between ~1976 Ma and
~1932 Ma (Figure 8) [21,39,69]. The extensive zircon U-Pb data also demonstrate that the
Paleoproterozoic granitoids and the Qianlishan Group were together subjected to syn-D1
granulite-facies peak metamorphism at ~1950 Ma (Table 1; Figure 8) [20,21,37,39,67–69].
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Subsequently, the D2 deformation mainly produced NW(W)-SE(E)-trending tight
to open doubly plunging upright F2 folds that have variably deflected the previous D1
structures (Figure 8b) [21,69]. It is considered that D2 coevally developed with post-peak
decompression processes [21,69]. The crystallization ages of pre-D2 and post-D2 leucocratic
dykes indicate that D2 approximately took place at some time between ~1932 Ma and
~1899 Ma (Table 1; Figure 8) [21,39]. Notably, the superposition of F2 antiforms on S1
foliations gave rise to a series of gneiss domes, particularly in the northern Qianlishan
Complex [21,39]. Qiao et al. (2023) proposed that these well-preserved domal structures
are among the most representative Paleoproterozoic gneiss domes of the Khondalite Belt,
which were less affected by post-D2 deformation [39].

In this study, nearly E-W-striking ductile shear zones were discovered in the Qianlis-
han Complex (e.g., Figures 3 and 4). As discussed above, available geochronological data
show that they occurred between ~1902 Ma and ~1821 Ma (Table 1; Figures 6–8). Here,
we attribute the QDSZ to the D3 deformation that affected the studied area. Within these
high-strain zones, the khondalites and pre-kinematic intrusions were variably subjected to
mylonitization and shear deformation (Figures 3–5). Our (micro-)structural observations
reveal that the QDSZ were probably developed under high-temperature (T > 650 ◦C) defor-
mation conditions (e.g., Figure 3c,d and Figure 4b,d,i). These shear zones are characterized
by steep to sub-vertical S(SW)-dipping mylonitic foliations and mainly exhibit a top-to-
N(NE) sense of shearing (Figures 3–5). In summary, the Qianlishan Complex records three
phases of Orosirian deformation, namely D1 (1.97–1.93 Ga), D2 (1.93–1.90 Ga) and D3
(1.90–1.82 Ga) (Figure 8) [21,39,69], respectively.

5.3. Implications for the Deformation History of the Khondalite Belt

Integrated with previous studies, structural analysis and dating results of the Qian-
lishan Complex can provide important constraints on the geochronological framework
of the deformation history of the Khondalite Belt. As shown in Table 1 and Figure 9,
we compiled available deformation-related geochronological data from forty-five sam-
ples from the Khondalite Belt. Similar to the Qianlishan Complex, other high-grade
complexes in the Khondalite Belt experienced three phases of deformation (D1–D3) in
the late Paleoproterozoic [21,24,26–28,39]. As mentioned earlier, it is considered that D1
structures of the Qianlishan Complex were formed at ca. 1976–1932 Ma [21,39]. This
is consistent with structural observations in the Helanshan Complex, where two syn-
D1 leucocratic dykes that have been isoclinally F1-folded or S1-foliated were dated at
1954 ± 13 Ma and 1949 ± 8 Ma [28]. Similar ~1950 Ma syn-D1 leucocratic dykes were
also reported in the Wulashan-Daqingshan and Jining complexes [47,54,56]. Addition-
ally, the D1 deformation is inferred to be simultaneously accompanied by high-pressure
granulite-facies peak metamorphism [21,22,28,69]. Regionally, high-pressure granulites
of the Helanshan, Qianlishan, Wulashan-Daqingshan and Jining complexes yielded meta-
morphic zircon ages of 1963–1946 Ma, 1966–1941 Ma, 1965–1943 Ma and 1957–1945 Ma,
respectively [20–22,33,35,37,47,54,65,78]. Subsequently, the timing of the D2 deformation in
the Qianlishan Complex was constrained at ca. 1932–1899 Ma [21,39,69]. This interpretation
is further supported by the crystallization age of a 1911 ± 43 Ma syn-D2 leucocratic dyke
that truncated S1 foliations and was deflected by F2 folds in the Helanshan Complex [28].
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dalite Belt. Deformation-related geochronological data were compiled from forty-five samples,
indicating that the D1, D2 and D3 deformation events occurred at 1.97–1.93 Ga, 1.93–1.90 Ga and
1.90–1.82 Ga, respectively. Structural features, age interpretations and references of dated samples are
listed in Table 1. See the text for details.

Later, a series of orogen-parallel ductile shear zones appeared throughout the Khon-
dalite Belt [24,26–28,64,65,77]. Of these, the D3 deformation led to the development of
ductile shear zones in the Qianlishan Complex at ca. 1902–1821 Ma (Figure 8). Compara-
bly, five mylonites from the Wulashan-Daqingshan Complex were dated and their zircon
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overgrowth rims yielded metamorphic ages ranging from 1906 ± 13 Ma to 1853 ± 6 Ma
(Table 1; Figure 9) [47,54]. These ages are coherent with our inference that the widespread
shear zone activity of the Khodnalite Belt probably started at ~1900 Ma. Similar meta-
morphic overgrowth rims with ages of 1866 ± 12 Ma and 1866 ± 22 Ma were obtained in
high-temperature mylonites from the Helanshan and Jining complexes [65,78]. Remarkably,
Gong et al. (2014) reported three biotite 40Ar/39Ar ages of 1885 ± 20 Ma, 1819 ± 14 Ma
and 1814 ± 13 Ma on mylonites from the Wulashan-Daqingshan Complex and speculated
that they corresponded to the ductile shearing event [27]. Notably, a biotite 40Ar/39Ar age
of 1839 ± 10 Ma was also obtained in the Qianlishan Complex [75] and interpreted to be re-
lated to the D3 tectonothermal event. Additionally, the E-W-trending ductile shear zones of
the Wulashan-Daqingshan Complex were cut by two post-kinematic undeformed granitic
intrusions with crystallization ages of 1822 ± 17 Ma and 1819 ± 14 Ma [54,64], providing
the minimum age limit for the shear deformation. Thus, the D3-related orogen-parallel
shear zones of the Khondalite Belt are interpreted to have approximately developed in the
period of 1.90–1.82 Ga (Figure 9). Considering all the data together, we propose that the
Khondalite Belt experienced a prolonged orogenic history (>100 Myr) and three phases
of Orosirian deformation (D1–D3) at ca. 1.97–1.82 Ga, related to the NNE-SSW-directed
collision between the Yinshan and Ordos blocks [18,19,21–23].

6. Conclusions

In this study, we report for the first time the nearly E-W-trending ductile shear zones
in the Qianlishan Complex of the Khondalite Belt. They are characterized by steep to
sub-vertical S(SW)-dipping mylonitic foliations and mainly display a top-to-N(NE) sense
of shearing. Microstructures indicate that these shear zones probably developed un-
der high-temperature (T > 650 ◦C) deformation conditions. Geochronological data re-
veal that the development of the Qianlishan ductile shear zones approximately started
at ca. 1902–1884 Ma and continued to ca. 1839–1821 Ma. The Qianlishan Complex
suffered three phases of Orosirian deformation (D1–D3), of which the D3 deformation
gave rise to the aforementioned orogen-parallel ductile shear zones. Deformation events
D1, D2 and D3 are regarded to have occurred at ca. 1.97–1.93 Ga, 1.93–1.90 Ga and
1.90–1.82 Ga, respectively. The polyphase deformation (D1–D3) document that the Khon-
dalite Belt underwent a protracted (>100 Myr) orogenic history in response to the collision
between the Yinshan and Ordos blocks.
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Abstract: Hardly any previous studies have focused on the granitic dykes which intrude into the Pa-
leoproterozoic Liaohe Group in the Liaodong Peninsula, northeast of the North China Craton. In situ
zircon U-Pb dating, Lu-Hf isotopic and geochemical analyses on three representative monzogranite
dykes were taken in this study. These dykes have relatively high content of SiO2 (72.20%–74.78%)
and K2O (2.83%–6.37%), and have characteristics of high-K calc-alkaline to shoshonite series. Two
dyke samples have I-type granite features and have high Sr/Y ratios and positive Eu anomalies,
showing an adakitic feature. Another dyke has a high ratio of Ga/Al, but has a low Zr saturation
temperature, which differs from the typical A-type granite. Zircon grains from these three dykes
have typical magmatic zoning in CL images and yield consistent U-Pb ages of ~1859–1852 Ma, which
are interpreted as the crystallization ages of these dykes. Hf isotopic analyses yield mainly negative
εHf(t) values and TDM2 ages of 2782–2430 Ma, similar to those of the 2.2–2.1 Ga granitoids and meta-
sedimentary rocks (the Liaohe Group), indicating these monzogranitic dykes may have been sourced
from melting of Paleoproterozoic granitoids and meta-sedimentary rocks. The monzogranitic dykes
were generated under a post-collisional geological setting after the Jiao-Liao-Ji orogeny process.

Keywords: monzogranitic dykes; U-Pb zircon dating; Lu-Hf isotopes; post-collisional granites;
Jiao-Liao-Ji Belt; North China Craton

1. Introduction

As one of the oldest cratons in the world, the North China Craton (NCC) is considered
to be composed of the Eastern Block, the Western Block and Trans-North China Orogen [1,2].
Three major Paleoproterozoic orogenic belts have been recognized within the NCC [3],
of which the Jiao-Liao-Ji Belt (JLJB) in the Eastern Block extends more than 1000 km ([4];
Figure 1). Great attention had been paid to the debate on the early Paleoproterozoic
tectonic evolution model of the JLJB, and up to four tectonic models have been proposed as
follows: an intra-continental rift opening and closing model [5,6], an arc–continent collision
model [7–11], a rifting ocean followed by late subduction and collision model [6,12,13] and
a back-arc basin (or retro-arc foreland basin) opening and closure model [14–17].
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Figure 1. Simplified geological map of the Liaodong Peninsula (b) and part of the Jiao-Liao-Ji Belt 

in the North China Craton (a). (Modified after [18,19]). Locations of the monzogranitic dykes of this 

study are indicated. 

Compared to the controversy regarding the early stage of its tectonic evolution, stud-

ies on the late Paleoproterozoic JLJB orogenic processes are not as well developed. Previ-

ous research has focused on the porphyritic granites [20], syenite [21,22], granitic leuco-

somes in granulites [23], metamorphic rocks [24] and pegmatite veins [25] from ~1880 Ma 

to 1860 Ma. The granitoids may have been distributed under a geological setting related 

to the JLJB complex and long-term evolvement of the orogeny process. Although some 

granitoids are interpreted as originating under a post-collisional setting after the orogeny 

process, hardly any robust field evidence with corresponding geochronological evidence 

has been provided. 

The Paleoproterozoic granitoid dykes, which were newly discovered during recent 

geological mapping fieldwork in the Liaodong Peninsula in Northeast China, enable us to 

better understand the post-collision process of the JLJB. Here, we report results of geo-

chemical, zircon U-Pb ages, and Hf isotope studies of the three dykes in the Kuandian and 

Dandong areas (Figure 1), aiming to constrain the age and petrogenesis of post-collisional 

granites and to better understand the tectonic evolution process of the JLJB. 

2. Geological Settings 

The JLJB in the Eastern Block of the NCC is located between the Archean Long-
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study are indicated.

Compared to the controversy regarding the early stage of its tectonic evolution, studies
on the late Paleoproterozoic JLJB orogenic processes are not as well developed. Previous
research has focused on the porphyritic granites [20], syenite [21,22], granitic leucosomes in
granulites [23], metamorphic rocks [24] and pegmatite veins [25] from ~1880 Ma to 1860 Ma.
The granitoids may have been distributed under a geological setting related to the JLJB
complex and long-term evolvement of the orogeny process. Although some granitoids
are interpreted as originating under a post-collisional setting after the orogeny process,
hardly any robust field evidence with corresponding geochronological evidence has been
provided.

The Paleoproterozoic granitoid dykes, which were newly discovered during recent
geological mapping fieldwork in the Liaodong Peninsula in Northeast China, enable us
to better understand the post-collision process of the JLJB. Here, we report results of
geochemical, zircon U-Pb ages, and Hf isotope studies of the three dykes in the Kuandian
and Dandong areas (Figure 1), aiming to constrain the age and petrogenesis of post-
collisional granites and to better understand the tectonic evolution process of the JLJB.

2. Geological Settings

The JLJB in the Eastern Block of the NCC is located between the Archean Longgang
and the Liaonan-Nangrim blocks and extends into the Jiaodong Peninsula to the south-
west (Figure 1a; [1,26,27]). Voluminous sedimentary rocks, granitoids, volcanic rocks
and metamorphic rocks were involved in the intense orogenic process in ~1.9 Ga and
experienced related deformation [28–33]. The Liaohe Group in the Liaoning Province is
correlated with the Laoling and Ji’an groups in the Jilin Province and the Fenzishan and
Jingshan groups in the Shandong Province. The Liaohe Group consists of meta-sedimentary
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rocks and some meta-volcanic rocks and is subdivided into the Langzishan, Lieryu, Gao-
jiayu, Dashiqiao, and Gaixian formations [4,5,34]. Previous researchers summarized the
widely distributed igneous rocks data and distinguished five magmatic episodes [20,21]
as follows: ca. 2190–2160 Ma A2-type granites with minor basaltic dykes and tuffs, ca.
2160–2110 Ma tholeiitic rocks, ca. 2110–2080 Ma mafic rocks and aluminous A2-type
granites, ca. 2010–1885 Ma adakitic granites related to regional metamorphism and ca.
1875–1850 Ma post-collisional granites.

Post-collisional granites are represented by the biotite-bearing and garnet-bearing
porphyritic granites in the Kuandian and Huanren areas [20], syenite in the Kuangdonggou
area [22], and quartz diorite in the Qinghe area [24]. These undeformed granitoids intruded
into the deformed Paleoproterozoic meta-sedimentary rocks and early gneissic granitoids.
In addition, hardly any reliable post-collisional contemporary mafic intrusion or dykes are
reported at this period within the JLJB.

3. Sample Materials and Analytical Methods
3.1. Sample Materials

The granitic dykes from the Kuandian and Dandong areas, eastern Liaodong Peninsula,
had a width of one to two meters and a length of tens of meters. Unlike the leucosomes
in granulites and gneiss, which had a width of a few centimeters and paralleled the
foliation of granulites as [23] reported, these granitic dykes are observed to intrude into the
Paleoproterozoic Gaixian and Gaojiayu formations either cutting through or following the
foliation of gneiss (Figure 2).
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Figure 2. Field photographs and sketches of the studied monzogranitic dykes in the Kuandian and
Dandong areas within the Jiao-Liao-Ji Belt: (a,b) sample 18XM, (c,d) sample 18HX, (e,f) sample
18HS ((a): a monzogranitic dyke intrudes into the Paleoproterozoic Gaixian Formation gneiss and
cuts the foliation of the gneiss near Kuandian County; (c): a monzogranitic dyke intrudes into the
Paleoproterozoic Gaojiayu Formation granulite in the Hushan area; (e): a granitic dyke intrudes into
the Gaixian Formation schist and gneiss near the Hongshi area) Pt1g: Paleoproterozoic Gaojiayu
Formation granulite; Pt1gx: Paleoproterozoic Gaixian Formation schist and gneiss.

Sample 18XM (40◦53′11′′ N, 125◦8′40′′ E) was collected from a 1 m wide monzogranite
dyke that intrudes into the Gaixian Formation schist and gneiss (Figure 2a). Sample 18HX
(40◦22′41′′ N, 124◦43′40′′ E) was collected from a 2 m wide dyke that intrudes into the
Gaojiayu Formation granulite near Hushan Town (Figure 2c). Sample 18HS is a coarse-
grained granite (40◦41′00′′ N, 125◦9′01′′ E) collected from a 1.5 m wide dyke that intrudes
into the Gaixian Formation schist and gneiss near Hongshi Town (Figure 2e).

3.2. Thin Section Petrography

The thin sections of the studied granitoids were prepared for optical petrography at
the Shenyang Institute of Geology and Mineral Resources, Shenyang, China. Small pieces
of rock were cut from the field samples with a diamond blade, and then mounted on a
petrography carrier glass (~27 mm × 47 mm). The mounted sections were polished by
using a range of ever-finer abrasive powders down to a thickness of 50 µm. Based on the
polished thin sections, the microstructure, texture and mineral modal contents in vol% were
estimated by point counting using an optical petrography microscope in both transmitted
and polarized light.

3.3. Major and Trace Elements

After removal of altered surfaces, fresh whole-rock samples were crushed and ground
to 200 mesh size in an agate mill. Chemical analyses were conducted at the Shenyang
Institute of Geology and Mineral Resources, Shenyang, China. X-ray fluorescence (XRF,
PANALYTICAL, Almelo, Holland) (AXIOS-Minerals) using fused glass disks and induc-
tively coupled plasma mass spectrometry (ICP–MS, Agilent company, Santa Clara, CA,
USA) (Agilent 7500a with a shield torch) were used to measure major and trace element
compositions, respectively. The detailed sample-digesting procedure is as follows: Sample
powder (200 mesh) was placed in an oven at 105 ◦C and dried for 12 h, then ~1.0 g dried
sample was accurately weighted and placed in the ceramic crucible and then heated in a
muffle furnace at 1000 ◦C for 2 h. After cooling to 400 ◦C, this sample was placed in the
drying vessel and weighted again in order to calculate the loss on ignition (LOI). Sample
powder (0.6 g) was mixed with 6.0 g cosolvent (Li2B4O7:LiBO2:LiF = 9:2:1) and 0.3 g oxidant
(NH4NO3) in a Pt crucible, which was placed in the furnace at 1150 ◦C for 14 min. Then,
this melting sample was quenched with air for 1 min to produce flat discs on the fire brick
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for the XRF analyses. Fe2O3 and FeO content were measured directly, while the FeOT was
calculated (Supplementary Table S1). The detection limit of XRF differs from 0.001% to
1% following GB/T 14506.1-2010 standard. For trace element analysis, (1) 50 mg sample
powder was accurately weighed and placed in a Teflon bomb; (2) 1 mL HNO3 and 1 mL
HF were slowly added into the Teflon bomb; (3) Teflon bomb was placed in a stainless
steel pressure jacket and heated to 190 ◦C in an oven for >24 h; (4) after cooling, the Teflon
bomb was opened and placed on a hotplate at 140 ◦C and evaporated to incipient dryness,
and then 1 mL HNO3 was added and evaporated to dryness again; (5) 1 mL of HNO3,
1 mL of MQ water and 1 mL internal standard solution of 1 ppm In were added, and the
Teflon bomb was resealed and placed in the oven at 190 ◦C for >12 h; (6) the final solution
was transferred to a polyethylene bottle and diluted to 100 g by the addition of 2% HNO3.
Precision and accuracy were better than 5% for major elements and 10% for trace elements
based on repeated analyses of the USGS standards BHVO-1, BCR-2, and AGV-1 [35]. The
detection limit of ICP-MS differed from 0.003 to 1 × 10−6 following GB/T 14506.30-2010
standard.

3.4. Zircon LA-ICP-MS U-Pb Dating

Zircon grains from the granitoid samples were extracted using heavy-liquid and mag-
netic separation, and purified by hand-picking under a binocular microscope. Zircons
were mounted and polished before cathodoluminescent (CL) images were taken to exam-
ine the internal structure and potential inclusions of individual grains. U-Pb dating and
trace element analysis of zircon were simultaneously conducted by LA-ICP-MS (Agilent
company, Santa Clara, CA, USA) (Agilent 7700e) at the Wuhan Sample Solution Analytical
Technology Co., Ltd., Wuhan, China. Laser sampling was performed using a GeolasPro
laser ablation system that consists of a COMPexPro 102 ArF excimer laser (wavelength
of 193 nm and maximum energy of 200 mJ) and a MicroLas optical system. Helium was
applied as a carrier gas. Argon was used as the make-up gas and was mixed with the carrier
gas via a T-connector before entering the ICP system. The laser beam diameter was 35 µm
and the repetition rate was 5 Hz. Each spot analysis consisted of a ~5 s background mea-
surement and a 45 s sample measurement. The 207Pb/206Pb, 206Pb/238U, 207Pb/235U and
208Pb/232Th values were corrected for instrumental isotopic and elemental fractionation ef-
fects using zircon standard 91500. An Excel-based software, ICPMSDataCal (ICPMSdatacal
Excel2016, Redmond, WA, USA), was used to perform off-line selection and integration of
the background. It also analyzed signals, time–drift correction and quantitative calibration
for trace element analysis and U-Pb dating [36]. Concordia diagrams and weighted mean
calculations were made using Isoplot/Ex_ver3 (Ludwig, Berkeley, CA, USA) [37].

3.5. Zircon Lu-Hf Ratio Analyses

The in situ Lu–Hf isotope analyses (n = 42) were also conducted by MC-ICP-MS at
the Wuhan Sample Solution Analytical Technology Co., Ltd. (Wuhan, China). A stationary
spot used a beam diameter of ~55 µm. Helium was used to transport the ablated sample
aerosol mixed with argon from the laser-ablation cell to the MC-ICP-MS torch by a mixing
chamber. 176Lu/175Lu = 0.02658 and 176Yb/173Yb = 0.796218 ratios were determined to
correct for the isobaric interferences of 176Lu and 176Yb on 176Hf [38]. The 176Hf/177Hf and
176Lu/177Hf ratios of the 91500 standard zircon were 0.282270 ± 0.000023 (2σ, n = 15) and
0.00028, similar to the commonly accepted 176Hf/177Hf ratio of 0.282284 ± 0.000003 (1σ)
measured using the solution method [39]. Zircon international standard GJ-1 was used
as the reference standard, with a weighted mean 176Hf/177Hf ratio of 0.282006 ± 32 (2SD,
n = 24).

4. Results
4.1. Petrography

The 18XM sample has a fine- to medium-grained texture and a grey to light-brown
color (Figure 3a,b). Minerals in the monzogranite include quartz (~30 vol%), plagioclase

73



Minerals 2023, 13, 928

(~30 vol%), orthoclase (~35 vol%) and biotite (<5 vol%). The 18HX sample has a character-
istic medium-grained texture and a grey color (Figure 3c). Quartz (~30 vol%), plagioclase
(~33 vol%), orthoclase (~25 vol%), biotite (~10 vol%) and minor muscovite (~2 vol%)
comprise the minerals in this monzogranite. The 18HS sample has a characteristic coarse-
grained texture and a grey to brown color (Figure 3d). Plagioclase (~40 vol%), orthoclase
(~35 vol%), quartz (~23 vol%) and minor biotite (~2 vol%) comprise this monzogranite.
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Figure 3. Photomicrographs of the studied monzogranitic dykes in the Kuandian and Dandong areas
(images are without analysator). (a,b) Sample 18XM, (c) sample 18HX, (d) sample 18HS (Bt: biotite;
Or: orthoclase; Pl: plagioclase; Qz: quartz).

4.2. Major and Trace Elements

The 18XM samples have a relatively high content of SiO2 (72.81–74.78 wt%) and
K2O (5.52–5.70 wt%), and plot into the metaluminous and peraluminous field (Figure 4b).
The 18HS and 18HX granitic dyke samples also have a relatively high content of SiO2
(72.20–74.08 wt%) and K2O (2.83–6.37 wt%) and plot into the fields of high-K calc-alkaline
to shoshonite series. These two samples have medium Al2O3 contents, and in the A/NK ver-
sus A/CNK diagram they are mainly metaluminous to weakly peraluminous
(Figure 4b). Major and trace element content of the three analyzed granitoid dykes are
given in Supplementary Table S1 and Figure 5. The 18HS and 18HX samples exhibit similar
chondrite-normalized rare earth element (REE) patterns with marked positive Eu anomalies
(Eu/Eu* = 2.16–4.70). The 18XM samples are also enriched in light REE but with strong
negative Eu anomalies (Eu/Eu* = 0.31–0.53).

4.3. Zircon U-Pb Geochronology

CL images of representative zircons from the three samples are listed in Supplementary
Table S2 and Figure 6. Zircon grains have similar euhedral to subhedral shape and are
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about 70 to 200 µm long. Th/U ratios of the testing grains range from 0.11 to 0.86, indicating
an igneous origin. Fifteen spots from sample 18XM and thirty spots from sample 18HS are
analyzed, yielding intercept U-Pb age of 1859 ± 33 Ma (MSWD = 2.1) and 1852 ± 10 Ma
(MSWD = 1.02), respectively. Twenty-five spots from sample 18HX yield weighted mean
207Pb/206Pb ages of 1856 ± 12 Ma (MSWD = 1.3) (Figure 6).
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Maniar and Piccoli [41].
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Figure 5. CI chondrite-normalized REE (a) and primitive mantle-normalized trace elements distri-
bution (b) patterns for the monzogranitic dykes in the Jiao-Liao-Ji Belt (CI chondrite and primitive
mantle values are from [42]).

4.4. Zircon Lu-Hf Isotopic Characteristics

Zircon analytical spots with concordant U-Pb ages are analyzed for their Lu-Hf isotope
contents. Results are listed in Supplementary Table S3 and Figure 7. Sample 18HX yielded
negative εHf(t) values, ranging between −4.0 and −0.9. The initial 176Hf/177Hf ratios
ranged from 0.281482 to 0.281607, with calculated TDM1 ages of 2447–2302 Ma and TDM2
ages of 2782–2566 Ma. Sample 18XM also yielded negative εHf(t) values, ranging between
−2.8 and −6.8. The initial 176Hf/177Hf ratios ranged from 0.281484 to 0.281540, with
calculated TDM1 ages of 2377–2452 Ma and TDM2 ages of 2696–2826 Ma. Similarly, initial
176Hf/177Hf ratios of zircons from 18HS were from 0.281573 to 0.281669, with calculated
TDM1 ages of 2338–2206 Ma and TDM2 ages of 2640–2430 Ma. The εHf(t) values for 18HS
ranged from −2.5 and +1.2.
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2SD is shown. (a) Sample 18XM; (b) sample 18HS; (c,d) sample 18HX.
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Location 
Location/GPS Lithology Methods 
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Spots 
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Sanjiazi 40°44′22″ N 123°15′32″ E Pegmatite LA ICP-MS 30 1814 ± 20 Ma 
Crystallization 

age 
[25] 

Sanjiazi 40°51′11″ N 123°19′27″ E Pegmatite LA ICP-MS 26 1869 ± 22 Ma 
Crystallization 

age 
[25] 

Sanjiazi 40°42′06″ N 123°13′30″ E Pegmatite LA ICP-MS 37 1873 ± 17 Ma 
Crystallization 

age 
[25] 

Yangmugan 40°38′16″ N 125°07′20″ E Pegmatite LA ICP-MS 41 1842 ± 7 Ma 
Crystallization 

age 
[25] 

Figure 7. Zircon207Pb/206Pb ages versus εHf(t) values of the monzogranitic dykes in the Jiao-Liao-Ji
Belt (a,b). Lu-Hf evolution line for depleted mantle is constrained by a present-day 176Hf/177Hf ratio
of 0.28325 [43] and 176Lu/177Hf ratio of 0.0384 [38]. The gray polygon is the Paleoproterozoic Hf
isotopic data from [20]. Legend is similar with that in Figure 5.
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5. Discussion
5.1. U-Pb Ages of the Monzogranitic Dykes and the Granitoids Geochronology within the JLJB

Three monzogranitic dykes were observed cutting through foliation of the deformed
Liaohe Group meta-sedimentary rocks during the fieldwork (Figure 2). Zircon grains from
these dykes exhibit typical oscillatory zoning in CL images, with most Th/U ratios greater
than 0.2, indicating a magmatic origin [44]. These zircon grains yield consistent U-Pb ages
of ~1859 to 1852 Ma (Supplementary Table S2, Figure 6), showing that these monzogranitic
dykes crystallized ~1860–1850 Ma.

Previous researchers have summarized igneous rocks and their relations with the
tectonic evolution process of the JLJB, and established different evolution stages [4,18,19].
Here, we also list Late Paleoproterozoic granitoids types and available ages in Liaoning and
Jilin provinces in Table 1. Taking these studies into consideration, three stages of granitoids
could be recognized as follows. An early magmatic event of ~2200 to 2140 Ma, indicated by
A-type and I-type granites, which are also known as the Liaoji Granites [26,45–47]. A mid-
dle period consisting of ~1890 to 1860 Ma biotite-bearing and garnet-bearing porphyritic
granites, pegmatite and adakitic granites. They were believed to be accompanied by peak
metamorphism in the JLJB [16,25,33] or by Paleoproterozoic oceanic slab subduction [48].
A post-collisional magmatic event at ~1855 to 1840 Ma, is represented by the monzogran-
ite dykes in this study, syenite in the Kuangdonggou area, and sporadically pegmatite
dykes [21,25].

Table 1. Geological characteristics and chronological results of Late Paleoproterozoic granites in the
Liao-Ji region.

Intrusion
Location Location/GPS Lithology Methods Testing

Spots Age/Ma Interpretation Reference

Sanjiazi 40◦44′22′′ N
123◦15′32′′ E Pegmatite LA ICP-MS 30 1814 ± 20 Ma Crystallization

age [25]

Sanjiazi 40◦51′11′′ N
123◦19′27′′ E Pegmatite LA ICP-MS 26 1869 ± 22 Ma Crystallization

age [25]

Sanjiazi 40◦42′06′′ N
123◦13′30′′ E Pegmatite LA ICP-MS 37 1873 ± 17 Ma Crystallization

age [25]

Yangmugan 40◦38′16′′ N
125◦07′20′′ E Pegmatite LA ICP-MS 41 1842 ± 7 Ma Crystallization

age [25]

Yangmugan 40◦38′01′′ N
125◦07′43′′ E Pegmatite LA ICP-MS 30 1866 ± 13 Ma Crystallization

age [25]

Xiaomiao Dyke 40◦53′11′′ N
125◦08′40′′ E Monzogranite LA ICP-MS 15 1859 ± 33 Ma Crystallization

age
This

paper

Hongshi Dyke 40◦22′41′′ N,
124◦43′40′′ E Monzogranite LA ICP-MS 30 1852 ± 10 Ma Crystallization

age
This

paper

Hushan Dyke 40◦41′00′′ N,
125◦9′01′′ E Monzogranite LA ICP-MS 29 1856 ± 12 Ma Crystallization

age
This

paper

Dadingzi Eastern Qingchegnzi
Town, Dandong City Monzogranite SIMS 12 1869 ± 16 Ma Crystallization

age [49]

Nantaizi 40◦31′42′′ N,
122◦48′37′′ E Monzogranite LA ICP-MS 31 1851 ± 11 Ma Crystallization

age [50]

Housongshu 40◦28′12′′ N,
122◦56′12′′ E Trondhjemite LA ICP-MS 16 1892 ± 16 Ma Crystallization

age [50]

Taipingshao
10 km north of

Taipingshao Town
Dandong City

Granite LA ICP-MS 28 1892 ± 38 Ma Crystallization
age [51]

Taipingshao
12 km north of

Taipingshao Town
Dandong City

Granite LA ICP-MS 27 1859 ± 36 Ma Crystallization
age [51]

Kuangdonggou
Kuangdonggou

Town
Gaizhou City

Syenite LA ICP-MS 19 1879 ± 17 Ma Crystallization
age [22]

Kuangdonggou
Kuangdonggou

Town
Gaizhou City

Syenite LA ICP-MS 17 1874 ± 18 Ma Crystallization
age [22]

Kuangdonggou
5 km west of

Kuangdonggou
Town Gaizhou City

Diorite LA ICP-MS 12 1870 ± 18 Ma Crystallization
age [22]

Sizhanggunzi Sizhanggunzi village
Gaizhou City Granodiorite LA ICP-MS 19 1871.2 ± 9.3 Ma Crystallization

age [52]

Qinghe
Qianjin Village
Qinghe Town

Ji’an City
Quartz diorite SIMS 12 1877 ± 15 Ma Crystallization

age [21]
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Table 1. Cont.

Intrusion
Location Location/GPS Lithology Methods Testing

Spots Age/Ma Interpretation Reference

Shuangcha Shuangcha Village
Ji’an City

Garnet-bearing
porphyritic granite LA ICP-MS 30 1890 ± 21 Ma Crystallization

age [53]

Wuleishan Northwest of Sanjiazi
Town Anshan City Porphyritic granite SIMS 12 1830.5 ± 5.9 Ma Crystallization

age [49]

Shuangcha Huangweizi Village
Ji’an City

porphyritic biotite
mozogranite SIMS 17 1872 ± 9 Ma Crystallization

age [21]

Shuangcha Zhongxing Village
Ji’an City Rapakivi granite SIMS 18 1867 ± 13 Ma Crystallization

age [21]

Lujiapuzi Pulepu Town Fushun
City Rapakivi granite SIMS 19 1847 ± 40 Ma Crystallization

age [21]

13th Gou
13th Gou Baishan

City
Jilin Province

Garnet-bearing
porphyritic granite LA ICP-MS 20

11
1868 ± 9 Ma

1848 ± 13 Ma

Crystallization
age,

Metamorphic
age

[20]

12th Gou
12th Gou Baishan

City
Jilin Province

Garnet-bearing
porphyritic granite LA ICP-MS 42

9
1872 ± 6 Ma

1851 ± 14 Ma

Crystallization
age,

Metamorphic
age

[20]

Huadian
Huadian Town Ji’an

City
Jilin Province

Garnet-bearing
porphyritic granite LA ICP-MS 26

13
1871 ± 7 Ma

1850 ± 12 Ma

Crystallization
age,

Metamorphic
age

[20]

Huadian
Huadian Town Ji’an

City
Jilin Province

Garnet-bearing
porphyritic granite LA ICP-MS 26

10
1866 ± 2 Ma
1850 ± 4 Ma

Crystallization
age,

Metamorphic
age

[20]

Huadian
Taishang Town Ji’an

City
Jilin Province

Garnet-bearing
porphyritic granite LA ICP-MS 35

11
1869 ± 2 Ma
1850 ± 4 Ma

Crystallization
age,

Metamorphic
age

[20]

Laoheishan
Laoheishan Village

Dandong City
Liaoning Province

Garnet-bearing
porphyritic granite LA ICP-MS 25

11
1872 ± 8 Ma

1851 ± 12 Ma

Crystallization
age,

Metamorphic
age

[20]

Jiguanshan
Jiguanshan Town

Dandong City
Liaoning Province

Garnet-bearing
porphyritic granite LA ICP-MS 31

13
1870 ± 7 Ma

1850 ± 11 Ma

Crystallization
age,

Metamorphic
age

[20]

Laoheishan
Laoheishan Village

Dandong City
Liaoning Province

Garnet-bearing
porphyritic granite LA ICP-MS 27

11
1868 ± 3 Ma
1846 ± 5 Ma

Crystallization
age,

Metamorphic
age

[20]

Jiguanshan
Jiguanshan Town

Dandong City
Liaoning Province

Garnet-bearing
porphyritic granite LA ICP-MS 25

12
1870 ± 3 Ma
1842 ± 4 Ma

Crystallization
age,

Metamorphic
age

[20]

12th Gou
12th Gou Baishan

City
Jilin Province

Biotite-bearing
porphyritic granite LA ICP-MS 34

8
1868 ± 6 Ma

1849 ± 13 Ma

Crystallization
age,

Metamorphic
age

[20]

11th Gou
11th Gou Baishan

City
Jilin Province

Biotite-bearing
porphyritic granite LA ICP-MS 20

14
1872 ± 7 Ma
1849 ± 9 Ma

Crystallization
age,

Metamorphic
age

[20]

Qinghe
Qinghe Town Ji’an

City
Jilin Province

Biotite-bearing
porphyritic granite LA ICP-MS 24

19
1865 ± 7 Ma
1849 ± 9 Ma

Crystallization
age,

Metamorphic
age

[20]

Sipingxiang
Sipingxiang Fushun

City Liaoning
Province

Biotite-bearing
porphyritic granite LA ICP-MS 28

10
1872 ± 7 Ma

1850 ± 13 Ma

Crystallization
age,

Metamorphic
age

[20]

Taipingshao
West of Taipingshao
Town Dandong City
Liaoning Province

Biotite-bearing
porphyritic granite LA ICP-MS 17

11
1867 ± 10 Ma
1842 ± 12 Ma

Crystallization
age,

Metamorphic
age

[20]

Yahe
East of Yahe Town

Dandong City
Liaoning Province

Biotite-bearing
porphyritic granite LA ICP-MS 33

16
1865 ± 6 Ma
1849 ± 8 Ma

Crystallization
age,

Metamorphic
age

[20]

Gulouzi
North of Gulouzi

Town Dandong City
Liaoning Province

Biotite-bearing
porphyritic granite LA ICP-MS 18

14
1864 ± 8 Ma
1844 ± 9 Ma

Crystallization
age,

Metamorphic
age

[20]

11th Gou
11th Gou Baishan

City
Jilin Province

Biotite-bearing
porphyritic granite LA ICP-MS 28

11
1864 ± 2 Ma
1846 ± 4 Ma

Crystallization
age,

Metamorphic
age

[20]
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Table 1. Cont.

Intrusion
Location Location/GPS Lithology Methods Testing

Spots Age/Ma Interpretation Reference

Qinghe
Qinghe Town Ji’an

City
Jilin Province

Biotite-bearing
porphyritic granite LA ICP-MS 40

27
1867 ± 2 Ma
1847 ± 3 Ma

Crystallization
age,

Metamorphic
age

[20]

Taipingshao
West of Taipingshao
Town Dandong City
Liaoning Province

Biotite-bearing
porphyritic granite LA ICP-MS 38

14
1869 ± 3 Ma
1849 ± 3 Ma

Crystallization
age,

Metamorphic
age

[20]

11th Gou
11th Gou Baishan

City
Jilin Province

Flesh-red
porphyritic granite LA ICP-MS 30

24
1868 ± 8 Ma
1849 ± 8 Ma

Crystallization
age,

Metamorphic
age

[20]

Taipingshao
West of Taipingshao
Town Dandong City
Liaoning Province

Flesh-red
porphyritic granite LA ICP-MS 39

8
1866 ± 6 Ma

1846 ± 13 Ma

Crystallization
age,

Metamorphic
age

[20]

5.2. Genesis of the Monzogranitic Dykes

The monzogranite dykes in this study have a similar high SiO2 content and alkalis
and have low content of MgO, FeOT and CaO (Supplementary Table S1). In the primitive
mantle-normalized trace element diagram (Figure 5b), the 18HS and 18HX samples are
enriched in large ion lithosphere elements (LILEs) with positive Eu (Figure 5a) and Ba, U
anomalies and depleted in some high field-strength elements (HFSEs). The 18HS and 18HX
samples also exhibit high Sr/Y ratio, indicating an adakitic granite feature (Figure 8a). The
18XM samples show relatively high content of U and HREE, but exhibit similar overall
trace elements to those in 18HS and 18HX. The 18 XM samples have A-type granite features
as their high ratios of Ga/Al, while the 18 HS and 18 HX samples show I-type granite
characteristics (Figure 9). Further Zr saturation calculation results reveal that 18XM samples
have the lowest temperature of 688 ◦C to 770 ◦C (Supplementary Table S1), rather than the
high temperature of typical A-type granites [54–57]. Considering the distribution of the
studied monzogranitic dykes within the JLJB, they should have been generated under a
thickened crust tectonic setting.

Minerals 2023, 13, x FOR PEER REVIEW 12 of 18 
 

 

8a). The 18XM samples show relatively high content of U and HREE, but exhibit similar 

overall trace elements to those in 18HS and 18HX. The 18 XM samples have A-type granite 

features as their high ratios of Ga/Al, while the 18 HS and 18 HX samples show I-type 

granite characteristics (Figure 9). Further Zr saturation calculation results reveal that 

18XM samples have the lowest temperature of 688 °C to 770 °C (Supplementary Table S1), 

rather than the high temperature of typical A-type granites [54–57]. Considering the dis-

tribution of the studied monzogranitic dykes within the JLJB, they should have been gen-

erated under a thickened crust tectonic setting. 

 

Figure 8. Sr/Y vs. Y diagram for the monzogranitic dykes in the Jiao-Liao-Ji Belt (a, after [58] and 

Rb-(Y + Nb) diagrams (b, after [59,60]). The circle in Figure 8a represents a post-collisional geody-

namic setting of Pearce et al. [60] (MORB: mid ocean ridge basalt; ORG: orogenic granite; syn-COLG: 

syn-collisional granite; COLG: collisional granitoids; OA: oceanic arc; VAG: volcanic arc granite; 

WPG: within-plate granite). Legend is similar to that in Figure 5. 

Figure 8. Sr/Y vs. Y diagram for the monzogranitic dykes in the Jiao-Liao-Ji Belt (a, after [58]
and Rb-(Y + Nb) diagrams (b, after [59,60]). The circle in Figure 8a represents a post-collisional
geodynamic setting of Pearce et al. [60] (MORB: mid ocean ridge basalt; ORG: orogenic granite;
syn-COLG: syn-collisional granite; COLG: collisional granitoids; OA: oceanic arc; VAG: volcanic arc
granite; WPG: within-plate granite). Legend is similar to that in Figure 5.
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Figure 9. Y (a), Nb (b) versus 10,000 × Ga/Al plots and (Na2O + K2O)/CaO (c), FeOT/MgO (d)
versus Zr + Nb + Ce + Y plots (after [54]) A, I and S = A-, I- and S-type granites, respectively;
FG = fractionated felsic granites; OGT = unfractionated M-, I- and S-type granites, legend is similar to
that in Figure 5.

Hf isotope analysis also illustrated similar conclusions. Hf isotope data show TDM2
ages of 2640–2430 Ma, and reveal that most of the negative εHf(t) values plot near the 2.5 Ga
crustal evolution line with a few positive values (Supplementary Table S3;
Figure 7). These results are similar to those of the 2.2–2.1 Ga granitoids by previous
studies [20,28,30,51]. These granitic dykes have low Mg# and variable LILE/HFSE ratios
(Supplementary Table S1), suggesting that they may have been derived from low-degree
partial melting of a thickened crust, rather than subduction of oceanic crust. This magmatic
event should have been triggered by delamination-induced extension at the late stage of
the orogenic process of the JLJB.

5.3. Implications to the Evolution Model of the JLJB

Although there are matters of debate on the early evolution model of the JLJB,
there is a consensus understanding on the orogenic process in Late Paleoproterozoic
(e.g., [14,61–64]). The Longgang block and the Liaonan-Nangrim block convergence began
at ~2.0 or 1.95 Ga [16,26,65], and widespread metamorphism and deformation are also
believed to have taken place at ~1.9 Ga [19,66–69] or ~1.88–1.85 Ga [70,71].

Termination time of the JLJB orogeny was only roughly defined by corresponding
granitoids geochronological studies. Garnet-bearing and biotite-bearing porphyritic gran-
ites (~1870–1865 Ma), rapakivi granites and alkaline syenite (~1872–1850 Ma) were reported
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within the JLJB as products of anorogenic magmatism by previous studies and interpreted
as representing the termination of the JLJB orogeny [20,22,72,73]. These geochronological
results also met previous metamorphic study results in the JLJB, as ~1.95–1.85 Ga HP and
MP granulites in the Jiaobei Block from the Jiaodong Peninsula, the South Liaohe Group in
Liaoning Province, and the Ji’an Group in Jilin Province were reported [23,68,69,74,75].

Monzogranitic dykes in this study provide robust constraint on post-collisional gran-
itoids in the JLJB orogeny process. Three granitic dykes observed in this study exhibit
manifested post-collisional granite field features by cutting through foliation of the Liaohe
Group meta-sedimentary rocks which deformed at ~1.9 Ga by previous studies [23,31,63]
(Figure 2). These granitic dykes have transitional features of I- to A-type granites, probably
distributing under a post-collisional tectonic setting as [76] illustrated. These monzo-
granite dykes show features of post-collisional granites in the model proposed by Pearce
et al. [59,60] (Figure 8b). Considering these features of the granitoid dykes, the whole-rock
geochemistry and Hf isotopic results, we believe these dykes represent exhumation and
extension in the final collisional of the orogeny process. The termination collisional time of
the JLJB orogen was constrained to be not later than 1860 Ma by these monzogranite dykes.

6. Conclusions

Based on a study of zircon U-Pb geochronology, Hf isotopes and whole-rock geochem-
istry of the monzogranitic dykes, the following conclusions can be drawn.

(1) The monzogranite dykes cut through the foliation of the Liaohe Group meta-sedimen-
tary rocks which deformed at ~1900 Ma. Zircons from the monzogranite dyke have
euhedral to subhedral shape and high ratio of Th/U, and yield a consistent zircon
U-Pb age of ~1859–1852 Ma.

(2) Two dyke samples have I-type granite and adakitic granite features; the other dyke has
a characteristic of A-type granite. Hf isotope data show TDM2 ages of 2640–2430 Ma
and reveal that most of the εHf(t) values plot near the 2.5 Ga crustal evolution line.
Such geochemistry and Hf isotope studies indicate they may have been generated
under a delamination of thickened crust tectonic setting.

(3) The termination collisional time of the JLJB orogen was constrained to be not later
than 1860 Ma by these monzogranitic dykes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min13070928/s1, Table S1: Major(wt%) and trace (×10−6) element
data for representative samples of the Paleoproterozoic monzogranitic dykes from the Kuandian and
Dandong area within the Jiao-Liao-Ji Belt, (TZr(◦C): Zircon saturations temperatures by [77]) and
(δEu/Eu* = Eu N/(Sm N × Gd N)1/2, N denotes the chondrite normalization (Sun and McDonough,
1989) [42]). Table S2: LA-ICP-MS zircon U-Pb analyses for representative samples of Paleoproterozoic
monzograntic dykes from the Kuandian and Dandong area within the Jiao-Liao-Ji Belt, Table S3:
Lu-Hf isotopic compositions of the in situ zircons of Paleoproterozoic monzogranitic dykes in the
Kuandian and Dandong area within the Jiao-Liao-Ji Belt.
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Abstract: The early Paleoproterozoic (ca. 2.2–2.1 Ga) tectonic evolution of the Jiao–Liao–Ji belt (JLJB)
is a continuous hot topic and remains highly controversial. Two main tectonic regimes have been
proposed for the JLJB, namely arc-related setting and intra-continental rift. Abundant ca. 2.2–2.1 Ga
volcanic rocks were formed in the JLJB, especially in the Liaodong Peninsula. These ca. 2.2–2.1 Ga
volcanic rocks therefore could host critical information for the evolution of the JLJB. In this study,
we report a suit of ca. 2.2–2.1 Ga felsic metavolcanic rocks in the Liaodong Peninsula of the JLJB to
provide new insights into the above issue. Zircon U-Pb dating reveals that the felsic metavolcanic
rocks were erupted at 2185–2167 Ma. They have variable εHf(t) values (−0.70 to +9.69), high
SiO2 (66.30–75.30 wt.%) and relatively low TiO2 (0.03–0.78 wt.%), tFe2O3 (0.55–5.03 wt.%), MgO
(0.17–8.76 wt.%), Cr (9.16–67.30 ppm), Co (2.01–7.00 ppm) and Ni (3.90–25.70 ppm) contents with
enrichments in light rare earth element (REE) and large ion lithophile element (LILE), and depletions
in heavy REE and high field strength element (HFSE). Geochemical and isotopic results indicate that
the felsic metavolcanic rocks were sourced from partial melting of ancient Archean TTG rocks and
juvenile lower crustal materials. Combined with coeval A-type granites, bimodal volcanic rocks and
the absence of typical arc magmatism, the most likely tectonic regime at ca. 2.2–2.1 Ga for the JLJB is
an intra-continental rift.

Keywords: felsic metavolcanic rocks; geochemistry; intra-continental rift; Jiao-Liao-Ji Belt; North
China Craton

1. Introduction

The North China Craton (NCC) experienced continuous evolution processes of con-
tinental crust formation, subduction, collision and cratonization during the Archean to
Paleoproterozoic [1–9]. It can be generally divided into the Western Block (WB), the
Eastern Block (EB) and the intervening North-South-trending Trans-North China Orogen
(TNCO) [3,10,11] (Figure 1a). The WB can be further subdivided into two microblocks
(i.e., Yinshan and Ordos blocks), and they are separated by the Paleoproterozoic East-West-
trending Khondalite Belt [1,12]. The EB is formed via the amalgamation of the Longgang
and Nangrim blocks along the northeast-southwest-trending Jiao-Liao-Ji Belt (JLJB) during
the Paleoproterozoic [3,13–17].

The JLJB underwent polyphase structural deformation, magmatism, metamorphism
and sedimentation during the Paleoproterozoic orogenesis [18–24] (Figure 1b). Although
numerous geochronological, geochemical, metamorphic, and structural studies have been
carried out in the JLJB [13,19,22,24–32], its tectonic evolution during the Paleoprotero-
zoic remains highly controversial [21,22,24,32,33]. Currently, there are three main tectonic
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models: (1) the first model involves oceanic subduction and arc/continent-continent col-
lision between the Longgang and Nangrim blocks [27,30,34–39]; (2) the second model
suggests the opening and closure of an intra-continental rift for the tectonic evolution of
the JLJB [13,14,25,40–42]; (3) the third model proposes that the JLJB experienced early intra-
continental rift and subsequent oceanic subduction and collision [3,17,21–23]. In recent
years, increasingly studies suggest an extension tectonic regime for the JLJB during the early
Paleoproterozoic (ca. 2.2–2.1 Ga) [14,21,22,31,32,38,43–46]. However, there is still a key
dispute whether such an extension is a consequence of back-arc basin or intra-continental
rift [22,24,32,38,43,44,46]. Therefore, the ca. 2.2–2.1 Ga magmatism can serve as a significant
object of study to provide crucial constrains for the above dispute.
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Figure 1. (a) Simplified map showing tectonic units of the eastern North China Craton [1,3]; (b) 

Geological map of the Liaodong Peninsula showing main lithological units [13]. 
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Figure 1. (a) Simplified map showing tectonic units of the eastern North China Craton [1,3];
(b) Geological map of the Liaodong Peninsula showing main lithological units [13].

Most recently, we implemented detailed geological investigations and identified a suit
of felsic metavolcanic rocks in the Houxianyu area (Figure 2), where there is one of the
best exposures in the northern Liaodong Peninsula, NE China. In this contribution, new
petrology, zircon U-Pb geochronology, bull-rock major and trace elements and zircon Lu-Hf
isotopic compositions are reported for the newly identified felsic metavolcanic rocks in the
Liaodong Peninsula, with the aim of deciphering their timing of formation, petrogenesis,
and tectonic setting, and thus further providing new constrains for the tectonic evolution
of the JLJB during the Paleoproterozoic.
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2. Geological Background

The Paleoproterozoic JLJB is a ca. 1200 km long orogenic belt in the eastern part of
the NCC, and geographically it traverses the northern Korean Peninsula, southern Jilin
Province, Liaodong and Jiaodong peninsulas, and Anhui Province from northeast to south-
west [3,47] (Figure 1a). It is tectonically bounded by the two Archean microblocks (i.e., the
Longgang Block to the northwest and the Nangrim Block to the southeastern) [3] (Figure 1a).
The Longgang Block mainly consists of abundant Neoarchean tonalite-trondhjemite-
granodiorite (TTG) gneisses and supracrustal rocks (e.g., pelitic rock, amphibolite and
granulite) and a small volume of Eoarchean to Mesoarchean granitoids [7,48–54]. The
Nangrim Block, located in southern Liaoning Province and in North Korea, is composed of
Neoarchean granitoid and supracrustal rocks [55–58]. The JLJB mainly consists of Paleopro-
terozoic granitoids, metamafic intrusions and voluminous metavolcanic-metasedimentary
successions with variable metamorphic grades ranging from greenschist to amphibolite
facies and locally granulite facies [13,15,18,21–23,25,29,31,32,38,45,59].

As a major terrane of the JLJB, the Liaodong Peninsula is mainly composed of
various Paleoproterozoic granitic and mafic intrusive rocks and the Paleoproterozoic
Liaohe Group [13,22,23,30,31,44,46,59–61] (Figure 1b). The Paleoproterozoic granitoids
are widespread in the Liaodong Peninsula, including ca. 2.20–2.16 Ga Liaoji gneissic gran-
itoids (mainly A-type granites) and ca. 1.90–1.85 Ga post-collision associated granitoids
(e.g., undeformed syenite and porphyritic monzogranite) [21–23,28,45,61]. The Paleopro-
terozoic mafic intrusive rocks are mainly distributed in the northern Liaodong Peninsula
(e.g., Helan, Longchang, Jidongyu areas), and a small number of mafic intrusions are also
distributed in the Xiuyan and Kuandian areas [31,33,36,38,44,46]. They contain greenschist,
plagioclase amphibolite, meta-gabbro and meta-diabase, and have emplacement ages of ca.
2.15–2.10 Ga. The ca. 2.20–2.10 Ga felsic and mafic intrusive rock assemblages were gener-
ally deformed and show obvious gneissic structures [21,22,31,38,46]. The Paleoproterozoic
Liaohe Group, from bottom to top, can be further subdivided into five units, including
the Langzishan, Li’eryu, Gaojiayu, Dashiqiao and Gaixian formations [13,18]. The Liaohe
Group is a suit of volcanic-sedimentary rocks and mainly comprises schist, marble, biotite
gneiss, fine-grained felsic gneiss, meta-clastic rock, meta-rhyolite and meta-basalt [18].
Traditionally, the Liaohe Group, on the basis of metamorphic and lithological features, is
subdivided into the North Liaohe and South Liaohe groups [13].

During the Late Paleoproterozoic, the JLJB underwent widespread and intense high-
grade metamorphism [15–17,26,29,62]. More and more mafic and pelitic granulites, char-
acterized by clockwise P-T paths, have been identified in the Liaodong and Jiaodong
peninsulas [15–17,20,26,29,62,63]. Such high-grade metamorphism is interpreted as the
result of the ca. 1.90 Ga collision event between the Nangrim and Longgang blocks, which
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marks the final assembly of the EB in the eastern NCC [3]. After the Late Paleoproterozoic
orogenic event, the crystalline basement of the eastern NCC was overlain by Meso- to
Neoproterozoic sedimentary rocks and experienced intense magmatism and structural
deformation during the Mesozoic [64].

3. Petrography

A suit of felsic metavolcanic rocks of this study were newly identified in the Houx-
ianyu area of the northern Liaodong Peninsula (Figure 2). These felsic rocks belong to
metamorphosed volcano-sedimentary rock units of the Li’eryu Formation, Liaohe Group.
The Paleoproterozoic and Mesozoic granitoids are in tectonic or intrusive contacts with
these volcanic sequences. The felsic metavolcanic rocks of this study mainly consist of
fine-grained meta-dacite and fine-grained meta-rhyolite, with layered or massive structures
(Figure 3). The sample lithologies and locations and the methods applied to each rock
sample are summarized in Table 1.
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Figure 3. Representative field photographs and microphotographs of the felsic metavolcanic
rocks. (a–c) Fine-grained meta-dacites (Sample 18YK05-9); (d–f) Fine-grained meta-rhyolites (Sample
18YK05-6). Abbreviations: Pl, plagioclase; Qtz, quartz; Kfs, K-feldspar; Bt, biotite.

Table 1. The simplified list of the felsic metavolcanic rock samples in this study.

Sample Lithology GPS Methods

18YK05-1 Meta-dacite
40◦25′56.7′′ N; 122◦54′32.8′′ E

Zircon U-Pb dating and Lu-Hf isotopic analyses
18YK05-2 Meta-dacite Whole-rock geochemistry
18YK05-3 Meta-dacite Whole-rock geochemistry
18YK05-6 Meta-rhyolite

40◦25′56.5′′ N; 122◦54′32.5′′ E

Zircon U-Pb dating and Lu-Hf isotopic analyses
18YK05-7 Meta-dacite Whole-rock geochemistry
18YK05-8 Meta-rhyolite Whole-rock geochemistry
18YK05-9 Meta-dacite Whole-rock geochemistry
18YK06-1 Meta-rhyolite

40◦25′57.9′′ N; 122◦54′34.1′′ E
Zircon U-Pb dating and Lu-Hf isotopic analyses

18YK06-2 Meta-rhyolite Whole-rock geochemistry
18YK06-4 Meta-dacite Whole-rock geochemistry

The fine-grained meta-dacites are grey to white in color and occur as deformed
layers (Figure 3a). They generally display weakly gneissic structures and fine-grained
crystalloblastic textures, with a typical mineral assemblage of plagioclase (~37 vol.%),
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quartz (~35 vol.%), biotite (~18 vol.%), K-feldspar (~5 vol.%) and minor accessory minerals
(~5 vol.%; e.g., tourmaline, zircon, apatite and some opaque minerals) (Figure 3b,c). The
majority of these minerals are subhedral to anhedral, with grain sizes of 200–600 µm
(Figure 3c).

The fresh surfaces of the fine-grained meta-rhyolites are light in color, and the rocks
generally occur as blocks in field outcrops (Figure 3d). They are granular and show
fine-grained crystalloblastic textures (Figure 3e). Compared with the fine-grained meta-
dacites, the dominant mineral assemblage of the fine-grained meta-rhyolites contains fewer
dark-colored minerals, and it is composed of plagioclase (~45 vol.%), quartz (~35 vol.%),
K-feldspar (~12 vol.%), and a few other minerals (~8 vol.%; e.g., biotite, tourmaline, zircon
and apatite) (Figure 3e,f). Most of these minerals are subhedral to anhedral, with grain
sizes ranging from 200 to 1000 µm (Figure 3f).

4. Analytical Methods
4.1. Zircon U-Pb Dating

Three representative felsic metavolcanic rock samples were collected for the zircon
U-Th-Pb isotope and trace element analyses (Table 1). Zircon grains were separated from
crushed samples using combined techniques of magnetic separation and standard density
methods. Typical and clear zircon grains without cracks were handpicked through the
binocular microscope, and then fixed on an epoxy disk. After being ground and polished,
the zircon grains were imaged by cathodoluminescence (CL) and reflected/transmitted
light. Zircon U-Th-Pb isotopic compositions, as well as trace element concentrations, were
measured using the instruments of laser ablation (LA) inductively coupled plasma (ICP)-
mass spectrometry (MS) at the Yanduzhongshi Geological Analysis Laboratories, Beijing,
China. A total of 100 spots on zircon grains were analyzed, with a beam size of 30 µm
in diameter. The data acquisition durations for each analysis spot included 20–30 s blank
background acquisition and a sample measuring time of 50 s. Standard zircon 91,500 and
NIST610 were utilized as external standards for the U-Th-Pb isotopes and trace element
compositions of dated zircon grains. Quantitative calibrations for acquired original isotopic
and trace element data were carried out using the ICPMSDataCal software [65]. Sample
weighted mean or intercept age calculations and Concordia diagrams were performed
through the Isoplot program [66].

4.2. Bulk-Rock Geochemistry

A total of seven felsic metavolcanic rock samples were selected for bulk-rock major
and trace element analyses (Table 1). Prior to geochemical analysis, fresh rock samples
were crushed and powdered to <200 mesh in a completely cleaned agate mill. Bulk-rock
major element concentrations were measured using a Leeman Prodigy ICP-optical emission
spectroscopy (OES) system at the State Key Laboratory of Geological Processes and Mineral
Resources, China University of Geosciences, Beijing, China. Loss on ignition (LOI) values
were determined through placing 1 g of bulk-rock powders in the muffle furnace for two
hours at a temperature condition of 1000 °C, and then cooling and reweighing residual
samples. The acquired results yielded analytical uncertainties better than 2% for most of
the major elements. Bulk-rock trace and rare earth element concentration analyses were
performed through an Agilent 7500a quadrupole ICP-MS instrument system. The acquired
results yielded analytical accuracies generally better than 5% for most of the trace elements.

4.3. Zircon Lu-Hf Isotopic Analyses

The above three felsic metavolcanic rock samples, which had been dated by LA-ICP-
MS, were used for in situ zircon Hf isotopic composition analyses at the Yanduzhongshi
Geological Analysis Laboratories, Beijing, China. All analyses were conducted using the
LA-MC-ICP-MS instrument system (a Neptune multi-collector (MC)-ICP-MS instrument
equipped with a NewWave UP213 LA system). A total of 45 representative zircon Lu-Hf
test spots were analyzed, similar or close to U-Pb dating domains. The beam size for
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each spot was ~40 µm in diameter. The test conditions included 16 J/cm2 laser energy
density and an 8 Hz laser repetition rate. More specific and detailed analytical procedures,
instrument conditions and experimental processes were described by Wu et al. (2006) [67].

5. Analytical Results
5.1. Zircon U-Pb Geochronology

Zircon U-Pb isotopic data, CL images and Concordia diagrams for three felsic metavolcanic
rock samples (18YK05-1, 18YK05-6 and 18YK06-1) are presented in Supplementary Table S1,
Figures 4 and 5, respectively.
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Figure 4. Representative zircon cathodoluminescence (CL) images of the felsic metavolcanic rocks.
(a) Sample 18YK05-1; (b) Sample 18YK05-6; (c) Sample 18YK06-1. The blue dashed circle and internal
red circle represent the positions of Hf isotopic and U-Pb age analyses, respectively.

As shown in the CL images (Figure 4a), zircon crystals from Sample 18YK05-1 are
generally subhedral to anhedral and grey to white in color, with grain lengths of approxi-
mately 50–100 µm and length/width ratios of 1.2–2.5. Most of the zircon grains exhibit clear
and well-developed oscillatory zoning, or characteristic core-rim structures (Figure 4a).
Combined with their relatively high Th/U ratios of 0.47–1.18 (Supplementary Table S1),
these zircon grains and cores are similar to those of felsic igneous rocks, indicating a
magmatic origin. Nineteen U-Pb analysis spots on the above zircon domains yield appar-
ent 207Pb/206Pb dates between 2188 ± 17 Ma and 2163 ± 24 Ma, with a weighted mean
207Pb/206Pb age of 2174± 10 Ma (n = 19, MSWD = 0.12), and all of them have concordances
better than 96% and fall on or near the Concordia line (Figure 5a). Therefore, the age of
2174 ± 10 Ma represents the magma eruption age of Sample 18YK05-1. Six analyses on
zircon core domains gave old apparent 207Pb/206Pb dates of 2529–2479 Ma, suggesting
that these zircon cores could be inherited zircons derived from the Neoarchean basement
rocks of the Longgang Block (Supplementary Table S1 and Figure 5a). In addition, two
analyses on zircon grains or rims without obvious internal structures gave 207Pb/206Pb
dates 1901 ± 30 Ma and 1898 ± 30 Ma, consistent with the Late Paleoproterozoic regional
metamorphic event in the JLJB.
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Zircon grains from Sample 18YK05-6 are euhedral to subhedral crystals and black to
grey in color in the CL images (Figure 4b), with grain lengths ranging from 75 to 150 µm
and aspect ratios of 1.1–2.0. The majority of zircon crystals have well-developed os-
cillatory growth zoning, and some of them display clear core-rim textures (Figure 4b).
In addition, they show relatively high and variable Th/U ratios varying from 0.13 to
0.85 (Supplementary Table S1). All of these features indicate that these zircon grains or
cores have a magmatic origin. Twenty-one U-Pb analysis spots with concordances better
than 95% yield apparent 207Pb/206Pb dates between 2196 ± 21 Ma and 2163 ± 14 Ma
(Supplementary Table S1). They define a discordant line and give an upper intercept age
of 2167 ± 13 Ma (n = 21, MSWD = 0.19), which is interpreted as the magma eruption age of
Sample 18YK05-6 (Figure 5b).

Zircon crystals from Sample 18YK06-1 are irregularly shaped, grey to white in color
and subhedral to anhedral in CL images (Figure 4c), with grain lengths of approximately
70–100 µm and length/width ratios ranging from 1.0 to 2.0. Most of them exhibit obvious
core-rim structures with well-developed oscillatory zoned cores surrounded by structure-
less and blurred rims (Figure 4c). In addition, some zircon grains with no obvious core-rim
structures are completely structureless or show clear oscillatory growth zoning throughout
them. Thirty-five U-Pb analyses on zircon cores or domains with distinct oscillatory growth
zoning, with high Th/U ratios of 0.30–1.08 (mostly >0.5), yield apparent 207Pb/206Pb dates
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between 2174± 12 Ma and 2065± 18 Ma (Supplementary Table S1). These analyses define a
discordant line and give an upper intercept age of 2185± 14 Ma (n = 35, MSWD = 0.70), rep-
resenting the magma eruption age of Sample 18YK06-1 (Figure 5c,d). Eight analyses yield
old apparent 207Pb/206Pb dates of 3361–2288 Ma (Supplementary Table S1 and Figure 5c),
which indicates that these zircon grains could be inherited in origin and derived from
ancient surrounding rocks (e.g., Archean TTG rocks). In addition, seven analyses on zircon
rims or domains without distinct internal structures have relatively low Th/U ratios of
0.06–0.14 (Supplementary Table S1). They yield young apparent 207Pb/206Pb dates between
1956 ± 21 Ma and 1867 ± 14 Ma, with an upper intercept age of 1956 ± 66 Ma (n = 7,
MSWD = 3.2) (Supplementary Table S1 and Figure 5c,d), which represents the metamorphic
age of Sample 18YK06-1.

In summary, these felsic metavolcanic rocks were formed during the early Paleopro-
terozoic (2185–2167 Ma) and underwent the late Paleoproterozoic regional metamorphic
event (1956–1898 Ma).

5.2. Whole-Rock Geochemistry

The whole-rock major and trace element data and calculated parameters for the seven
felsic metavolcanic rock samples are presented in Table 2. These samples are acid rocks
with high SiO2 (66.30–75.30 wt.%; average 69.51 wt.%) concentrations. They also contain
relatively low TiO2 (0.03–0.78 wt.%; average 0.45 wt.%), total Fe2O3 (tFe2O3; 0.55–5.03 wt.%;
average 2.85 wt.%) and MnO (0.01–0.04 wt.%; average 0.02 wt.%) contents and show a
large range of Al2O3 (10.57–17.23 wt.%), Na2O (0.99–9.01 wt.%) and K2O (0.04–7.15 wt.%).
As shown in the protolith discrimination diagrams (Figure 6a,b) these felsic rock sam-
ples exhibit low TiO2, Ni contents and Zr/TiO2 ratios and mainly fall into the field of
volcanic rocks rather than sedimentary rocks. In addition, most zircon grains from these
samples are subhedral with the characteristics of magmatic oscillatory growth zonings,
differing from detrital zircon grains from sedimentary rocks with relatively rounded shapes
(Figure 4). Previous field and petrological studies also identified a suit of metavolcanic rocks
(meta-rhyolites and meta-dacites) in the Li’eryu Formation, Liaohe Group [21,60,68,69].
In the geochemical classification diagrams (Figure 6c,d), these samples also mainly plot
in the fields of rhyolite and dacite. Therefore, the felsic rocks in this study are a suit of
metavolcanic rocks and mainly comprise meta-rhyolites and meta-dacites.

Table 2. Bulk-rock major (wt.%) and trace (ppm) element data of the felsic metavolcanic rocks in the
Liaodong Peninsula of the Jiao-Liao-Ji Belt.

Sample 18YK05-2 18YK05-3 18YK05-7 18YK05-8 18YK05-9 18YK06-2 18YK06-4

SiO2 69.95 67.24 66.43 74.31 66.54 75.30 66.77
TiO2 0.61 0.54 0.11 0.03 0.57 0.78 0.50

Al2O3 12.57 11.67 17.23 14.96 14.04 10.57 15.33
tFe2O3 4.59 4.75 0.68 0.55 2.05 5.03 2.33
MnO 0.03 0.04 0.01 0.02 0.02 0.02 0.02
MgO 6.32 8.76 1.17 0.17 4.76 4.12 1.64
CaO 1.64 2.72 2.67 1.99 2.40 0.12 2.08

Na2O 0.99 1.00 9.01 5.70 1.04 1.37 2.96
K2O 0.04 0.18 0.61 1.18 7.15 1.02 6.95
P2O5 0.14 0.14 0.07 0.02 0.10 0.18 0.15
LOI% 2.87 2.49 1.58 0.57 0.53 0.36 0.51
Total 99.75 99.52 99.57 99.50 99.19 98.88 99.23

La 7.10 18.68 18.75 11.10 32.84 10.43 35.88
Ce 17.17 43.00 38.72 24.56 81.06 25.78 61.40
Pr 2.23 4.95 4.40 3.03 9.46 3.26 5.08
Nd 10.18 18.76 15.75 11.91 35.78 13.58 16.66
Sm 2.65 3.27 2.72 2.90 6.37 3.23 2.60
Eu 0.48 0.49 0.45 0.58 1.00 0.70 0.44
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Table 2. Cont.

Sample 18YK05-2 18YK05-3 18YK05-7 18YK05-8 18YK05-9 18YK06-2 18YK06-4

Gd 2.88 2.92 1.95 2.93 4.93 3.15 2.48
Tb 0.45 0.42 0.24 0.49 0.68 0.51 0.34
Dy 2.92 2.64 1.25 3.17 4.03 3.28 2.13
Ho 0.63 0.54 0.23 0.62 0.79 0.68 0.47
Er 1.81 1.56 0.63 1.75 2.23 1.98 1.48
Tm 0.28 0.25 0.10 0.28 0.32 0.29 0.24
Yb 1.89 1.66 0.64 1.75 1.96 1.80 1.73
Lu 0.30 0.28 0.10 0.24 0.29 0.28 0.31
Y 16.30 14.28 7.84 20.40 18.83 16.27 15.13

tREE 50.97 99.44 85.95 65.30 181.74 68.95 131.25
LREE/HREE 3.57 8.68 15.68 4.82 10.93 4.76 13.28

(La/Yb)N 2.70 8.06 20.86 4.55 12.00 4.14 14.88
δEu 0.53 0.49 0.60 0.61 0.54 0.67 0.53
δCe 1.06 1.10 1.05 1.04 1.13 1.08 1.12
Li 13.26 17.28 11.06 10.73 63.88 64.08 25.38
Sc 10.51 11.45 1.50 2.33 5.25 13.48 12.58
V 97.42 140.20 20.92 21.50 45.20 90.29 25.11
Cr 54.30 45.62 10.54 9.16 56.36 67.30 61.46
Co 5.13 7.00 3.51 3.28 4.40 6.22 2.01
Ni 21.06 19.25 4.00 3.90 22.96 25.70 21.86
Cu 0.75 0.92 9.39 12.08 4.33 1.78 4.35
Zn 53.02 81.30 34.72 35.22 37.94 16.17 32.63
Ga 15.45 16.33 18.66 16.75 18.36 17.61 24.03
Rb 1.05 9.99 15.23 17.71 148.42 149.30 75.74
Sr 187.64 148.84 1112.80 963.60 122.30 108.26 239.40
Zr 216.60 222.20 132.28 134.42 241.20 191.52 251.82
Nb 1.45 2.40 1.81 3.64 15.68 11.62 16.22
Cs 0.15 1.12 0.54 0.42 15.65 11.40 5.47
Ba 3.04 6.78 197.78 197.28 89.52 758.80 107.74
Hf 5.04 5.24 3.00 3.08 5.58 4.78 6.06
Ta 0.10 0.17 0.12 0.25 1.07 0.69 1.01
Pb 4.79 4.34 8.03 10.65 4.05 2.03 7.30
Th 11.20 11.24 4.55 2.14 13.57 7.36 14.82
U 0.60 0.71 0.69 0.68 0.91 0.73 1.65

The felsic metavolcanic rocks contain relatively low Cr (9.16–67.30 ppm; average
43.53 ppm), Co (2.01–7.00 ppm; average 4.51 ppm), and Ni (3.90–25.70 ppm; average
16.96 ppm) (Table 2). Their right-inclined chondrite-normalized REE patterns show promi-
nent enrichments in light REEs (LREEs) and slighter enrichments in heavy REEs (HREEs),
with total REE (tREE) contents of 50.97–181.74 ppm, high (La/Yb)N ratios of 2.70–20.86, and
obviously negative Eu anomalies (δEu = 0.49–0.67; average 0.57) (Table 2 and Figure 7a). In
the spider diagram of primitive mantle- (PM-) normalized trace elements (Figure 7b), most
felsic metavolcanic rock samples are relatively enriched in large ion lithophile elements
(LILEs; e.g., Rb, Ba and K), Th and U, and show negative anomalies of high field strength
elements (HFSEs; e.g., Nb, Ta, Ti and P) and Sr.

5.3. Zircon Lu-Hf Isotopic Compositions

The zircon Lu-Hf isotopic results for the three dated samples (18YK05-1, 18YK05-6
and 18YK06-1) are presented in Figure 8 and Table 3. Thirty-four Lu-Hf analyses on mag-
matic zircon grains (2185–2167 Ma) from the three felsic metavolcanic rock samples yield
176Lu/177Hf ratios ranging from 0.000326 to 0.002066 and 176Hf/177Hf ratios ranging from
0.281430 to 0.281683 (Table 3). They display variable εHf(t) values varying from −0.70 to
+9.69 (Table 3) and fall into the field between the depleted mantle (DM) evolutionary line
and chondrite uniform reservoir (CHUR) line in the εHf(t) versus age diagram (Figure 8).
The calculated two-stage Hf model ages (TDM2) for the felsic metavolcanic rocks range from
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2903 to 2152 Ma (Table 3). In addition, eleven analyses on inherited zircon grains, with
ancient apparent 207Pb/206Pb ages of 3361–2288 Ma, have 176Lu/177Hf ratios of 0.000809 to
0.001462, 176Hf/177Hf ratios of 0.281010 to 0.281539, and a large range of εHf(t) values
(−1.85 to +14.99) (Table 3).
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Figure 8. The εHf(t) versus age diagram of the felsic metavolcanic rocks. Reported Hf isotopic data
of the felsic metavolcanic rocks are from [60,68]. Reported Hf isotopic data of the TTG rocks in the
Longgang Block are from [52,53,75,76]. Reported Hf isotopic data of the TTG rocks in the Nangrim
Block are from [57].

Table 3. Zircon Hf isotopic data of the felsic metavolcanic rocks in the Liaodong Peninsula of the
Jiao-Liao-Ji Belt.

Sample t (Ma) 176Lu/177Hf 2σ 176Hf/177Hf 2σ εHf(t) TDM1 (Ma) TDM2 (Ma)

Sample 18YK05-1

18YK05-1-01 2527 0.000914 0.000065 0.281383 0.000027 6.08 2603 2649
18YK05-1-03 2174 0.000326 0.000006 0.281683 0.000028 9.69 2160 2152
18YK05-1-07 2174 0.001437 0.000045 0.281609 0.000020 5.43 2326 2415
18YK05-1-10 2174 0.000838 0.000013 0.281546 0.000018 4.05 2377 2500
18YK05-1-13 2507 0.000872 0.000015 0.281171 0.000024 −1.85 2888 3118
18YK05-1-14 2495 0.001190 0.000016 0.281411 0.000021 5.89 2584 2636
18YK05-1-16 2520 0.000809 0.000005 0.281281 0.000018 2.45 2735 2865
18YK05-1-17 2174 0.001382 0.000019 0.281496 0.000015 1.50 2479 2657
18YK05-1-24 2174 0.000809 0.000010 0.281521 0.000015 3.22 2409 2551
18YK05-1-26 2174 0.000820 0.000011 0.281503 0.000015 2.57 2434 2591
18YK05-1-27 2529 0.001021 0.000007 0.281440 0.000036 7.95 2533 2536
18YK05-1-28 2174 0.002066 0.000054 0.281572 0.000033 3.19 2418 2553

Sample 18YK05-6

18YK05-6-01 2167 0.000842 0.000014 0.281487 0.000017 1.80 2457 2720
18YK05-6-02 2167 0.001164 0.000021 0.281430 0.000018 −0.70 2556 2903
18YK05-6-03 2167 0.001750 0.000002 0.281544 0.000015 2.52 2436 2669
18YK05-6-04 2167 0.001029 0.000032 0.281529 0.000016 3.04 2411 2630
18YK05-6-05 2167 0.001356 0.000029 0.281471 0.000018 0.49 2513 2817
18YK05-6-06 2167 0.001740 0.000023 0.281529 0.000018 1.99 2457 2709
18YK05-6-09 2167 0.001099 0.000008 0.281476 0.000016 1.03 2489 2777
18YK05-6-10 2167 0.001206 0.000035 0.281484 0.000018 1.17 2485 2767
18YK05-6-13 2167 0.000927 0.000029 0.281529 0.000019 3.17 2405 2620
18YK05-6-15 2167 0.001490 0.000013 0.281498 0.000019 1.26 2484 2761
18YK05-6-16 2167 0.001339 0.000026 0.281481 0.000018 0.87 2497 2789
18YK05-6-17 2167 0.000959 0.000016 0.281477 0.000014 1.30 2478 2757
18YK05-6-18 2167 0.000960 0.000013 0.281487 0.000016 1.63 2465 2733
18YK05-6-19 2167 0.000727 0.000015 0.281501 0.000017 2.47 2431 2671
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Table 3. Cont.

Sample t (Ma) 176Lu/177Hf 2σ 176Hf/177Hf 2σ εHf(t) TDM1 (Ma) TDM2 (Ma)

Sample 18YK06-1

18YK06-1-04 2185 0.001448 0.000052 0.281558 0.000016 3.84 2398 2521
18YK06-1-05 2185 0.001308 0.000018 0.281447 0.000018 0.09 2543 2752
18YK06-1-06 2185 0.001060 0.000012 0.281509 0.000017 2.67 2441 2593
18YK06-1-07 2185 0.001071 0.000007 0.281592 0.000018 5.62 2327 2412
18YK06-1-10 2185 0.001233 0.000007 0.281548 0.000017 3.79 2399 2525
18YK06-1-11 2185 0.001376 0.000013 0.281536 0.000016 3.17 2424 2563
18YK06-1-12 2185 0.000958 0.000007 0.281479 0.000015 1.77 2475 2649
18YK06-1-14 2501 0.000898 0.000005 0.281318 0.000015 3.21 2691 2805
18YK06-1-17 2185 0.001109 0.000008 0.281477 0.000017 1.47 2488 2668
18YK06-1-26 2805 0.001231 0.000045 0.281010 0.000017 −1.55 3135 3329
18YK06-1-28 2507 0.000990 0.000009 0.281387 0.000023 5.63 2603 2661
18YK06-1-32 3361 0.001162 0.000008 0.281118 0.000027 14.99 2982 2758
18YK06-1-34 2288 0.001462 0.000005 0.281539 0.000018 5.42 2425 2504
18YK06-1-36 2185 0.001016 0.000016 0.281550 0.000016 4.21 2381 2499
18YK06-1-37 2185 0.001163 0.000008 0.281530 0.000016 3.27 2418 2557
18YK06-1-39 2185 0.001575 0.000026 0.281524 0.000025 2.43 2454 2608
18YK06-1-40 2517 0.001081 0.000014 0.281370 0.000018 5.12 2632 2700
18YK06-1-45 2185 0.001735 0.000051 0.281476 0.000016 0.51 2531 2726
18YK06-1-46 2185 0.001551 0.000048 0.281545 0.000017 3.22 2423 2560

The present-day 176Hf/177Hf and 176Lu/177Hf ratios are 0.282772 and 0.0332 for the chondrite, and 0.28325 and
0.0384 for depleted mantle. The 176Lu/177Hf ratio of the average continental crust is 0.015. The decay constant of
176Lu is 6.54 × 10−12 a−1.

6. Discussion
6.1. Early Paleoproterozoic (ca. 2.2–2.1 Ga) Magmatism in the Liaodong Peninsula of the JLJB

The early Paleoproterozoic (concentrated at ca. 2.2–2.1 Ga) is one of the most developed
periods of magmatic activity in the JLJB [24]. A large number of ca. 2.2–2.1 Ga igneous rocks
are widely distributed in the Liaodong Peninsula of the JLJB [21,22,31,33,38,44,45,60,61,68]
(Figure 1b). They are mainly composed of three lithological units, including meta-volcanic
rock, granitic intrusion, and mafic intrusion. Characteristically, the meta-volcanic rocks
and granitic intrusions were mainly formed at ca. 2205–2150 Ma and ca. 2185–2150 Ma,
respectively, but the mafic intrusions were emplaced relatively late (concentrated at ca.
2160–2100 Ma) (Figure 9). The meta-volcanic sequences are mainly outcropped in the
North and South Liaohe Groups and characterized by bimodal volcanic rocks [21,40,77,78].
They display various lithologies, mainly composed of meta-rhyolite, meta-dacite, fine-
grained gneiss, amphibolite, and meta-basalt. The granitic intrusions, also known as
Liaoji granites, are generally outcropped as gneissic plutons in the eastern Liaoning and
southern Jilin areas [22] (Figure 1b). The Liaoji granites with typical A-type granite affinity
and bimodal volcanic sequences are widely regarded as the products of intra-continental
rift [21,22,79,80]. Voluminous meta-mafic intrusions are distributed in the northern part
of the Liaodong Peninsula (i.e., Haicheng and Helan areas), and minor intrusions are
distributed in the Xiuyan and Kuandian areas [31,38,44,46,79] (Figure 1b). These mafic
intrusions, comprising meta-gabbro, meta-diabase, and amphibolite, were thought to show
close genetic association with extensional tectonic regimes (e.g., intra-continental rift and
back-arc basin) [31,38,44,46,79].
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Figure 9. U-Pb age histograms of the early Paleoproterozoic magmatic rocks in the Liaodong
Peninsula of the JLJB. Data of the metavolcanic rocks are from [21,27,39,60,68,69,81–84] and this study.
Data of the granitic intrusions are from [21,22,45,68,77,80,81,84–89]. Data of the mafic intrusions are
from [31,33,36,38,44,46].

6.2. Petrogenesis

The early Paleoproterozoic felsic metavolcanic rocks in this study underwent low-
grade metamorphism as a result of a late Paleoproterozoic tectothermal event. There-
fore, it is necessary to evaluate the metamorphism effects on their bulk-rock major and
trace element data. All of the samples contain lower loss on ignition (LOI) contents
(0.36–2.87 wt.%; average 1.27 wt.%) (Table 2), suggesting that the effects of low-grade
metamorphism on geochemical compositions could be negligible. Such an explanation
is also supported by the lack of obvious Ce anomalies (δCe = 1.04–1.13; average 1.08) in
all samples (Table 2 and Figure 7a). Therefore, the geochemical data of felsic metavolcanic
rocks in this study can be used to effectively discuss and trace their petrogenesis and
tectonic implications.

The felsic metavolcanic rock samples show relatively variable tREE contents
(50.97–181.74 ppm), (La/Yb)N ratios (2.70–20.86), and negative Eu anomalies (δEu = 0.49–0.67)
(Table 2), which implies that they could experience a fractional crystallization process. The
negative correlation between SiO2 and Al2O3 suggests the felsic metavolcanic rocks ex-
perienced the plagioclase fractionation (Figure 10a), which is also consistent with their
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negative Eu anomalies in the REE pattern diagram (Figure 7a). These samples exhibit a
negative evolutionary trend between Er and Dy (Figure 10b), which suggests the horn-
blende fractionation [90]. Such an explanation is supported by the decrease in V contents
with decreasing Cr concentrations [91] (Figure 10c). However, the lack of an obvious
evolutionary trend between Th and V implies that the biotite fractionation process is negli-
gible [90] (Figure 10d). In addition, their relatively variable tFe2O3 (0.55–5.03 wt.%) and
TiO2 (0.03–0.78 wt.%) abundances are indicative of Fe-Ti oxide (e.g., magnetite and titanite)
accumulation. Therefore, the felsic metavolcanic rocks in this study experienced a certain
degree of fractional crystallization.
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The felsic metavolcanic rocks lack the mafic enclaves, which indicates that these samples
may not have been contaminated by mantle-derived materials. Such an interpretation is also
consistent with their low TiO2 (0.03–0.78 wt.%), tFe2O3 (0.55–5.03 wt.%), Cr (9.16–67.30 ppm),
Co (2.01–7.00 ppm), and Ni (3.90–25.70 ppm) (Table 2). The petrogenesis of felsic magmatism
generally includes two main mechanisms: (1) fractional crystallization of mantle-derived
magmas [91–95] and (2) partial melting of crustal materials [60,68,96–99]. As discussed above,
although the primary magma of felsic metavolcanic rocks in this study inevitably experi-
enced a certain degree of fractional crystallization during the later stage of magma eruption
to the surface, their petrogenesis mechanism could not be the fractional crystallization of
mantle-derived magmas. Firstly, the differentiation process of basaltic magmas will pro-
duce a complete set of magmatic evolutionary sequences, including basaltic, andesitic and
rhyolitic magmatisms. However, the early Paleoproterozoic meta-volcanic sequences in the
JLJB are characterized by bimodal volcanic rocks [21,40,77,78]. Secondly, multiple positive
correlations between La contents and La/Sm, La/Yb, La/Hf ratios strongly suggest that
the petrogenesis of the felsic metavolcanic rocks is mainly controlled by the partial melting
process rather than fractional crystallization (Figure 11a–c), which is also supported by
the positive correlation between Ce contents and Ce/Zr ratios (Figure 11d). These rock
samples contain relatively high SiO2 (66.30–75.30 wt.%) and low tFe2O3 (0.55–5.03 wt.%),
MgO (0.17–8.76 wt.%), Cr (9.16–67.30 ppm), Co (2.01–7.00 ppm) and Ni (3.90–25.70 ppm)
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contents (Table 2), suggesting that they were mainly derived from partial melting of crustal
rocks rather than mantle peridotite. Thirdly, felsic magmatism generated by the fractional
crystallization of mantle-derived magmas generally exhibits depleted and homogeneous
zircon Hf compositions. Nevertheless, the zircon samples from the felsic metavolcanic
rocks in the Liaodong Peninsula of the JLJB exhibit a large range of εHf(t) values, and
some samples even fall below the CHUR line and show enriched zircon Hf compositions
(Figure 8). Therefore, the fractional crystallization mechanism may not play a major role
in geochemical compositions. In summary, the petrogenesis of the felsic metavolcanic
rocks in this study are most likely the mechanism (2): partial melting of pre-existing
crustal materials.
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Zircon CL images and U-Pb geochronological results reveal that the felsic metavol-
canic rocks of this study contain many inherited magmatic zircon grains with ancient
apparent 207Pb/206Pb ages ranging from 3361 ± 8 Ma to 2288 ± 12 Ma (concentrated at
the Neoarchean) (Supplementary Table S1 and Figure 4a,c). Therefore, the Neoarchean
TTG rocks, accounting for the majority of continental crust rocks in the Archean Longgang
and Nangrim blocks [52,53,57], are potential protoliths for the felsic metavolcanic rocks. In
this study, we collected zircon Hf isotopic data from reported early Paleoproterozoic felsic
metavolcanic rocks in the Liaodong Peninsula and Neoarchean TTG rocks in the Longgang
and Nangrim blocks. Zircon grains from the early Paleoproterozoic felsic metavolcanic
rocks exhibit heterogeneous zircon Hf isotopic compositions with a broad range of εHf(t)
values (approximately −4 to +9) (Figure 8). They can be divided into two groups based on
their different εHf(t) values and TDM2 ages. Zircons of the Group-I show similar ancient
TDM2 ages of ca. 3.0–2.5 Ga and low εHf(t) values (about −4 to +4), which indicates that
the felsic metavolcanic rocks could be derived from partial melting of ancient Archean
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TTG rocks. Such an explanation is also supported by their TDM2 ages and evolutionary
trends being similar to those of Neoarchean TTG rocks (Figure 8). Differently, zircons of the
Group-II are close to the DM evolutionary line with higher εHf(t) values (about +4 to +9)
and younger TDM2 ages (ca. 2.5–2.2 Ga), which suggests that juvenile mafic materials in
the lower crust could be another source for the felsic metavolcanic rocks (Figure 8). In
summary, the early Paleoproterozoic felsic metavolcanic rocks in the Liaodong Peninsula of
the JLJB were most likely derived from partial melting of Archean TTG rocks and juvenile
crustal materials.

6.3. Tectonic Implications

The early Paleoproterozoic tectonic evolution of the JLJB has long been controver-
sial [13,14,24,32,33]. Therefore, contemporaneous magmatic rocks can provide valuable
insights into this issue. There is a view that ca. 2.2–2.1 Ga metavolcanic sequences, mafic
and granitic intrusions with arc-type geochemical characteristics (enrichment in LILE
and depletion in HFSE) were considered to be associated with magmatic arc-related en-
vironments [27,33,38,46,60,61,68]. However, many studies revealed that the JLJB went
through an intra-continental rift system during the early Paleoproterozoic. Firstly, the
Longgang and Nangrim blocks on both sides of the JLJB have similar Archean basement
rocks geochemically and geochronologically [3,40], which indicates that the two blocks
previously belonged to a unified continent. Secondly, the existence of regional large-scale
mafic dykes generally represents a crustal extension tectonic regime. In the whole JLJB,
abundant ca. 2.2–2.1 Ga mafic intrusions were identified in southern Jilin Province and
on the Liaodong Peninsula [31,38,44,46,79]. Thirdly, the metavolcanic sequences in the
JLJB are mainly composed of bimodal volcanic rocks [21,40,77,78], which indicates that
the JLJB experienced an intra-continental rift rather than magmatic arc during the early
Paleoproterozoic. Fourthly, a large number of Liaoji granites with an affinity of A-type
granite also suggest an intra-continental rift setting [21,22,43,45,80]. Finally, the absence
of coeval typical arc magmatism in the JLJB could be in disagreement with an arc-related
setting [3,18,21,22]. Therefore, these lines of evidence indicate that the JLJB most likely
went through an intra-continental rift during the early Paleoproterozoic. In this study,
the ca. 2185–2167 Ma felsic metavolcanic rocks are closely related to A-type granite and
metavolcanic rocks in the spatial and temporal distribution. It can be inferred that they
were also generated in an intra-continental rift setting.

Liu et al. (2020) [22] identified a suit of synchronous A-type and adakitic granites,
which were formed in an intra-continental rift trigged by lithospheric delamination at
ca. 2.2 Ga. Generally, the lithospheric delamination could result in the decompression
melting and upwelling of asthenosphere mantle and generate the mafic volcanic and
intrusive rocks in the JLJB. Meanwhile, the upwelling of hyperthermal mantle-derived
magmas will further induce the appearance of initial rift and partial melting of crustal rocks
and produce the numerous A-type Liaoji granites and felsic volcanic rocks of this study.
Such a delamination-rift model can effectively explain the special early Paleoproterozoic
lithological assemblages in the JLJB.

A further extension of continental rift would have resulted in an initial ocean basin
and separated unified Eastern Block into two continental blocks (i.e., the Longgang and
Nangrim blocks). A subsequent regional high-grade tectothermal event at ca. 1.95–1.85 Ga
resulted in the collision between the Longgang and Nangrim blocks [15–17,26,29,63]. Cor-
respondingly, the felsic metavolcanic rocks in this study also recorded metamorphic ages
of 1956–1898 Ma (Figure 5). Notably, increasing studies from metamorphic geology, es-
pecially the discovery of a high-pressure mafic/pelitic granulite with a clockwise P-T-t
path, strongly revealed that the JLJB experienced oceanic subduction before the final
collision [16,17,26,63]. Therefore, the most likely tectonic scenario is that the JLJB went
through an intra-continental rift system during the early Paleoproterozoic (ca. 2.2–2.1 Ga),
followed by a transition phase from rift to oceanic subduction, and later a continent–
continent collision at ca. 1.95–1.85 Ga [3,21,22,31].
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7. Conclusions

1. The felsic metavolcanic rocks in the Liaodong Peninsula were erupted at 2185–2167 Ma
and underwent a late metamorphic event at 1956–1898 Ma.

2. Geochemical and isotopic results suggest that the felsic metavolcanic rocks were
derived from partial melting of Archean TTG rocks and Paleoproterozoic juvenile
lower crustal materials.

3. The JLJB most likely experienced an intra-continental rift at ca. 2.2–2.1 Ga.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min13091168/s1, Table S1: Zircon U-Pb data for the felsic metavol-
canic rocks in the Liaodong Peninsula of the Jiao-Liao-Ji Belt.
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Abstract: The Liaohe Group, which is a significant lithostratigraphic unit within the Paleoprotero-
zoic Jiao-Liao-Ji Belt situated between the Longgang and Liaonan-Nangrim blocks, comprises the
Langzishan, Li’eryu, Gaojiayu, Dashiqiao, and Gaixian formations, which are characterized mainly
by a clastic-rich sequence with an interlayered bimodal-volcanic sequence, carbonate-rich sequence,
and (meta-)pelite-rich sequence. Currently, the tectonic background and evolution of the Liaohe
Group remain contentious. Based on the study of detrital zircon geochronology and the zircon trace
element characteristics in the Langzishan and Li’eryu formations in the North Liaohe Group in the
Lianshanguan area, NE China, this paper reveals the formations’ provenances, depositional ages, and
relationships with Paleoproterozoic granitoids (the Liao-Ji granites). The present results, in conjunc-
tion with previous studies, indicate that the depositional age of the Langzishan Formation is 2136 Ma
and that of the Li’eryu Formation is 1974 Ma. The provenances of the Langzishan Formation and the
Li’eryu Formation are mainly characterized by Neoarchean-to-early-Paleoproterozoic basement rocks
(~2.6–2.4 Ga) and the Liao-Ji granites (~2.2–2.0 Ga), respectively. Moreover, the coeval mafic and
metasedimentary rocks of the Liaohe Group exhibit characteristics of an extensional environment,
which is represented by the tectonic setting of a back-arc basin. Notably, the Upper Langzishan
Formation records a prominent shift in sedimentary environment from a passive continental margin
to an active continental margin. In terms of the tectonic evolution of the North Liaohe Group and
the Jiao-Liao-Ji Belt, our proposed model suggests that the Archean basement rocks in the northern
part of the continental block, along with a limited contribution from the Paleoproterozoic Liao-Ji
granites, served as the primary sources for the Langzishan Formation. Subsequently, the rapid
deposition of the Li’eryu Formation was influenced by intense magmatism and subsequent erosion
of the subduction-related magmatic arc (the Liao-Ji granites) within a back-arc basin environment.
Lastly, the deposition of clastic materials from the Longgang blocks and the Liao-Ji granites resulted
in the formation of the Gaojiayu, Dashiqiao, and Gaixian formations.

Keywords: detrital zircon U-Pb ages; North Liaohe Group; provenance; Jiao-Liao-Ji Belt; North
China Craton

1. Introduction

The North China Craton (NCC) is one of the oldest cratons in the world and is
bounded by the Late Paleozoic–Early Mesozoic Central Asian Orogenic Belt to the north,
the Early Paleozoic–Mesozoic Qilian-Qingling-Dabie orogen to the southwest, and the
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Mesozoic Sulu Orogen to the east (Figure 1a) [1–4]. Generally, the NCC is considered
to have been formed by the Paleoproterozoic amalgamation (~1.85 Ga) of two distinct
Archean-to-Paleoproterozoic blocks named the Eastern and Western blocks separated by
the Trans-North China Orogen or Central Orogenic Belt [5–13]. Additionally, the Eastern
and Western blocks are viewed as assemblies of several micro-blocks that collided to form
the critical Paleoproterozoic orogenic belts, such as the Khondalite Belt (KB) and Jiao-Liao-
Ji Belt (JLJB). However, the evolutionary histories of these micro-blocks are still highly
controversial [5,10,14–16]. Therefore, recognizing the Paleoproterozoic orogenic belts is a
significant achievement in understanding the history of the NCC.
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Among the Paleoproterozoic orogenic belts in the NCC, the JLJB separates the Eastern
Block into the Longgang Block (LB) in the northwest and the Liaonan-Nangrim Block (LNB)
in the southeast. As previously reported, this belt records a long and extremely complex
history of magmatism, multi-metamorphic evolution, tectonic deformation, and crustal
overgrowth and reworking, but its origin and tectonic evolution remain controversial
despite a large number of recent studies on the belt [17–27]. Possible explanations for the
origin and evolution of the JLJB include: (a) the opening and closing of an intracontinental
rift [20,28–32], (b) arc-continent collision [33–37], and (c) a combination of the two previous
scenarios, with intracontinental rifting progressing to the formation of a new ocean basin
or back-arc basin then being subsequently closed by subduction [13,27,38–40].

Zircon is a common accessory mineral in most of the detrital sedimentary rocks (es-
pecially sandstones) due to its stable crystal structure, and because of the high closure
temperature of the U-Th-Pb isotope system, it remains stable from low to high metamor-
phism conditions and weathering transport. Therefore, detrital zircon U-Pb geochronology
has been widely used to define the maximum sedimentary age of sedimentary strata [41]
and trace the provenance of the sediments [42], significantly contributing to the under-
standing of early crustal tectono-thermal evolution [43].

The detrital zircons collected from meta-sedimentary rocks in the North and South
Liaohe groups of the JLJB are significantly important and commonly studied. Previous
research has determined the ages of clastic and metamorphic zircons in sedimentary rocks of
the Liaohe Group, yielding age peaks of 2200–2000 Ma and ~2500 Ma and determining the
sedimentary age of the metasedimentary rocks to be 2.0–1.9 Ga [44–46]. Although previous
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studies have examined the detrital zircons in these sedimentary rocks, discrepancies still
exist in determining the sedimentary age of the Liaohe Group [36,44,45,47,48].

By conducting U-Pb dating of these zircons (15 samples with 17–74 valid data for each
sample), this study aims to determine the provenances, maximum depositional ages, and
depositional environments of the North Liaohe Group in the Langzishan area, NE China.
Furthermore, by comparing the similarities and differences between the North and South
Liaohe groups, this study will provide a more detailed understanding of the tectonic setting
and evolution of the Liaohe Group, as well as of the JLJB.

2. Geological Setting

The JLJB is a Paleoproterozoic orogenic belt located in the northeastern part of the
Eastern Block of the NCC. It extends from southern Jilin Province to eastern Shandong
Province, tectonically separating the Precambrian Eastern Block into the LNB and the
LB (Figure 1) [9,10,20]. The belt is primarily composed of greenschist to granulite facies-
metamorphic sedimentary rocks and widespread granitoids, along with a small number of
mafic intrusions and volcanic successions (Figure 1) [29,49].

2.1. Paleoproterozoic (Meta-)Volcanic-Sedimentary Sequences

According to the distribution of the Paleoproterozoic volcanic-sedimentary sequence,
the JLJB can be divided into two sub-belts: the northern sub-belt, comprising the Laoling
Group in southern Jilin, the North Liaohe Group in eastern Liaoning, and the Fenzishan
Group, and the southern sub-belt, including the Ji’an, South Liaohe, and Jingshan groups
and possibly the Macheonryeong Group in North Korea [10,12,27,28]. These successions
are transitional, starting from a basal clastic-rich sequence and lower bimodal-volcanic
sequence, going through a middle carbonate-rich sequence, and ending with an upper
pelite-rich sequence [50].

In the Liaodong peninsula, the Liaohe Group comprises a thick sequence of metamor-
phosed volcanic-sedimentary rocks. In the northern part of the Liaohe Group, the lithology
mainly consists of clastic and carbonate rocks, while in the southern part, it is predominantly
composed of a volcanic-clastic-carbonate succession. These two groups are separated by
faults defined by the locations of the Gaixian-Ximucheng-Taziling-Jiangcaodianzi-Aiyang
areas [28,32,51].

Traditionally, the Liaohe Group has been divided into five formations from bottom to
top: the Langzishan, Li’eryu, Gaojiayu, Dashiqiao, and Gaixian formations. It is noteworthy
that the lowermost Langzishan Fm. is only distributed in the North Liaohe Group, while
the Gaixian Fm. is mostly found in the South Liaohe Group [28,52].

2.2. Paleoproterozoic Magmatism

The Paleoproterozoic granites are widely exposed in the JLJB and are mainly divided
into two sequences in the Liaodong Peninsula: the Liao-Ji granites and rapakivis [53].
The Liao-Ji granites are mostly distributed in the southern part, with zircon U-Pb ages
ranging from 1.93 Ga to 2.30 Ga. Based on their main mineral assemblages (quartz, pla-
gioclase, perthite, biotite, and, in some cases, amphibole, magnetite, or tourmaline) and
geochemical affinities, the Liao-Ji granites are classified into magnetite monzonitic granites
(I-type Liao-Ji granite) [38,39,54–56] and amphibole monzonitic granites (A-type Liao-Ji
granite) [20,57,58]. According to Liu et al. [59], the Liao-Ji granites resulted from the partial
melting of the Archean basement rocks, and their gneissic structures have been attributed
to syn-emplacement deformation. However, Qu et al. [60] and Chen et al. [61] argued that
the foliation of the Liao-Ji granites resulted from post-emplacement deformation, and that
the granites belonged to migmatites derived from both crustal and mantle sources.

The rapakivi granites are mostly distributed in the eastern part of the JLJB, with zircon
U-Pb ages ranging from 1.8 Ga to 1.9 Ga. They are generally composed of quartz, microcline,
garnet, and biotite, which are their major mineral assemblages [17,60,62,63]. The genesis of
the rapakivi granites in the JLJB has been interpreted differently. For instance, Li et al. [38]
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suggested that they resulted from the detachment of the orogenic belt or the upwelling of
mantle magma, while Chen et al. [61] proposed that they were post-orogenic granites, a
mixture of magmas from both crustal and mantle sources. Yang et al. [54] believed that the
rapakivi granites in the Shuangcha area were formed in 1890 ± 21 Ma, marking the end of
the orogenic processes of the JLJB.

2.3. Geology of the Study Area

The study area is situated in the Lianshanguan region of eastern Liaoning Province
(Figure 2), which is characterized by the widespread exposure of the Archean basement and
Paleoproterozoic strata, including the North Liaohe Group, a minor amount of Neoarchean
supracrustal rocks (Anshan Group in Anshan-Benxi Area Liaoning), Paleoproterozoic
igneous rocks, and Phanerozoic strata (Figures 2 and 3) [64–66].
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The Archean basement in the Lianshanguan area, mainly consisting of granitic gneisses
and migmatites, forms a short-axis, anticline-like dome that stretches approximately 40 km
in the NW direction and has a width of 5–10 km [68]. The outer edge of the dome is
overlain by the North Liaohe Group and Sinian strata, and an unconformity separates
it from the overlying Langzishan Fm., resulting in the formation of a typical weather-
ing paleocrust, particularly in the Sandaoling area. In addition, numerous quartz veins
have been developed in the granitic basement and truncated by the unconformity surface
(Figure 4a). The granitic conglomerate sandstone—located above—and a medium-sized
sandy conglomerate are present. A large-scale ductile shear zone has been developed on
the southern edge of the dome (Figure 4b–d). Based on kinematic indicators including
asymmetric folds, rotated boudins, and offset markers, the ductile zone shows a dextral
shearing sense. The Paleoproterozoic igneous rocks here consist of both deformed felsic
granites and mafic rocks with ages ranging from approximately 2.2 to 1.9 Ga [24,51,69,70].
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The Langzishan Fm. (Pt1l), the lowermost unit of the North Liaohe Group, primarily
comprises garnet-bearing kyanite-cordierite-mica schists, mica-quartz schists, two mica
schists, and quartzites with coarse sandstone and conglomerate at the base (Figure 3). Cal-
cite marbles, tremolite-dolomite marbles, phosphates, and uranium deposits are also present
within the formation. The formation is unconformably in contact with the Neoarchean base-
ment of the LB. The Li’eryu Fm. (Pt1lr) is characterized by boron-bearing (meta-)volcanic
rocks and clastic sedimentary series, including meta-rhyolitic and mafic volcanics, sand-
stones, and marbles at the base, and meta-sandstones and tremolite (dolomite) marbles
above. The presence of numerous volcanic rocks with arc-affinity suggests intense mag-
matic activity near subduction zones and magmatic arcs [71]. The Gaojiayu Fm. (Pt1g) is
defined by carbonaceous clastic and clay rocks with minor volcanics [72,73]. It consists
mainly of garnet-bearing mica schists, biotite leptynites, and diopside-dolomite marbles
with minor rhyolitic and mafic volcanics at the base. The Dashiqiao Fm. (Pt1d) is repre-
sented by carbonate rocks with minor clastic rocks, comprising dolomitic or calcic marbles
in its lower and upper sections and mica schists in its middle section. The Gaixian Fm.
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(Pt1gx) is a meta-pelitic sequence primarily composed of staurolite-garnet-mica schists,
sillimanite-mica schists, mica leptynites, and phyllites with thin marble layers.

3. Petrographic Description

The (meta-)sedimentary rocks in the Langzishan and Li’eryu formations from the North
Liaohe Group were chosen for detrital zircon LA-ICP-MS U-Pb dating, and these included
(pebbly) quartz sandstones (19LSG07, 15LSG37-1, 15LSG49-1, 19LSG02-2, and 19LSG04),
feldspathic quartz sandstones (15LSG24-1 and 15LSG49-2), meta-sandstone (15LSG63-1),
siltstones (19LSG06 and 19LSG11), and garnet mica schist (19LSG14) from the Langzishan
Fm. Furthermore, the meta-sandstones (19HL05-2 and 19LSG15), siltstone (19LSG13), and
quartz sandstone (15LSG36-01) from the Li’eryu Fm. were also included (Figures 2 and 3).
The petrographic features of representative samples are outlined below (Only representa-
tive surface samples have been selected for detailed description, and all sample descriptions
are available within the Supplementary Materials).

3.1. Representative Samples from the Langzishan Fm

Samples 19LSG07 and 15LSG37-1 were obtained from the granitic conglomerate weath-
ering paleocrust located at the contact zone between the Langzishan Fm. and the Lian-
shanguan granitic rock mass (basement). These pebbly sandstones exhibit a massive
structure and are composed of well-sorted, subangular clastic particles. Specifically, the
samples contain ~10% quartz, ~35% microcline feldspar, ~25% plagioclase feldspar, and
~25% lithic fragments, along with a small amount of chlorite and amphibole. Siliceous
cementation is observed, with both inlaid cementation and particle support being evident
(Figure 5a,b).

Sample 19LSG02-2 is a quartz sandstone, with the clastic particles mainly consisting of
quartz (93%), alkali feldspar (5%), and a small quantity of impurities (2%). Alkali feldspar
is mostly microcline with gridiron twining (Figure 5c).

Sample 19LSG04 is a terrigenous quartz sandstone, primarily composed of quartz
(~90%), with small amounts of alkaline feldspar (8%), dark minerals (2%), and micas
(Figure 5d).

Sample 19LSG06 is a calcareous siltstone consisting mainly of quartz (~90%), with
minor feldspar (8%) and lithic fragments (2%). A thin calcite vein with severe alteration is
present, and the cement is calcareous, shows contact cementation, and is particle-supported
(Figure 5e).

Lastly, sample 19LSG14 is a garnet-mica schist with a porphyroblastic texture, and
the minerals in it mainly consist of biotite (~30%), quartz (45%), and feldspar (20%) with a
small quantity of garnet (~5%). The grain size of the garnet phenocryst is up to 2.0 cm in
diameter (Figure 5f).

3.2. Representative Samples from the Li’eryu Fm

Sample 19LSG15 is a meta-sandstone, characterized by a mineral assemblage of quartz
(43%), alkaline feldspar (25%), calcite (15%), biotite (10%), muscovite (5%), and a small
proportion of dark minerals (2%). The rock’s cement is calcareous, with contact cementation
and particle support being observed (Figure 5g).

Sample 19LSG13 is a siltstone, exhibiting a silty structure. The clastic particles are
mainly composed of quartz (75%), feldspar (18%), and muscovite (5%), with a small
proportion of dark minerals (2%). The rock is well-sorted, with contact cementation and
particle support evident (Figure 5h).
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Figure 5. Representative thin-section micrographs of the Langzishan formation and the Li‘leyu
formation of the North Liaohe Group. Image (a) is from the sample 19LSG07 (quartz sandstone),
(b) is from the sample 15LSG37-1 (quartz sandstone), (c) is from the sample 19LSG02-2 (quartz
sandstone), (d) is from the sample 19LSG04 (quartz sandstone), (e) is from the sample 19LSG06
(siltstone), (f) is from the sample 19LSG14 (garnet mica schist), (g) is from the sample 19LSG15 (meta-
sandstone), and (h) is from the sample 19LSG13 (siltstone). The abbreviations for the minerals are as
follows: Qtz—quartz, Mc—microcline, Pl—plagioclase, Ms—muscovite, Chl—chlorite, Cal—calcite,
Grt—garnet, and Bt—biotite.

4. Zircon U-Pb LA-ICP-MS Dating
4.1. Analytical Techniques

Zircon grains were separated using the conventional magnetic separation technique
and hand picking methods at Yuneng Mineral Separation Company in Hebei Province.
The separated zircon particles were fixed with epoxy resin and polished until the cores
were exposed, and then coated with carbon. Prior to the determination of the sample,
the sample surface was cleaned with 3% HNO3 to remove the C-coating. Transmitted
light, reflected light, and cathodoluminescent (CL) image acquisitions (Figure 6) were
conducted at the Beijing Gaonianlinghang Corporation. LA-ICP-MS U-Pb zircon dating
was performed at the Key Laboratory of Mineral Resources Evaluation in Northeast Asia,
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Ministry of Land and Resources, Jilin University, Changchun, China. CL image phase
formation was obtained using the Momo CL3+ cathodoluminescent device produced by
the company Gatan, which is based in the UK. Zircon dating was conducted using the
latest generation Agilent 7900 ICP-MS with a shield torch from the company Agilent.
The laser ablation system comprised the ComPex102 Excimerlaser (working material ArF,
wavelength 193 nm) from Lambdaphysik company in Germany and an optical system from
the company Microlas. Helium was used as the carrier gas for the ablation material, and the
spot beam diameter was 32 µm. The frequency was 10 Hz, the laser energy was 90 mJ, the
gas background acquisition time of each analysis point was 20 s, and the signal acquisition
time was 40 s. Zircon 91500 was used as an external standard for age calibration, and
NIST SRM610 silicate glass was applied for instrument optimization. The test procedures
and lead correction methods have previously been specified in the literature [74]. In
order to minimize the effects of common lead loss in ancient zircon (dated to >1000 Ma),
207Pb/206Pb age was used, and 206Pb/238U age was used for Zircon dated to <1000 Ma [75].
The error quoted for isotope ratios and ages (i.e., standard error) was 1σ. The GLITTER
(ver. 4.4, Macquarie University, Balaclava Rd, Macquarie Park NSW 2109) and Isoplot (Ver.
4.15) [76] programs were used for data processing, age calculations, and concordia plots.
The analytical data can be found in Supplementary Table S1.
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4.2. Results of the Detrital Zircon U-Pb LA-ICP-MS Ages

Due to the large number of samples, many of those displaying similar features and
data in the main text are only briefly grouped and described. For detailed descriptions of
individual samples, please refer to the Supplementary Materials.

In the Lower Langzishan Fm., a total of 520 zircons were analyzed (Supplementary
Table S1), and these showed oscillatory zonings with Th/U ratios ranging from 0.17 to 4.17,
indicating that they are typical magmatic zircons. Zircon grains from the quartz sand-
stone (15LSG49-1) in the bottom layer of the Langzishan Fm. were analyzed. Out of
the 60 zircons analyzed, 50 yielded the 207Pb/206Pb age of 2433–2736 Ma, with an age
peak at 2538 ± 13 Ma (Figures 6a and 7a). Zircon grains from pebbly quartz sandstones
(15LSG37-1 and 19LSG07) from the Langzishan Fm. showed concordant data, with the
207Pb/206Pb ages ranging from 2190 to 3031 Ma and having an age peak at 2508 ± 17 Ma
(Figure 6b,c and Figure 7b,c). Zircon grains from feldspathic quartz sandstones
(15LSG24-1 and 15LSG49-2) had 207Pb/206Pb ages ranging from 2105 to 2564 Ma and
2368 to 2678 Ma, with age peaks at 2465 ± 16 Ma and 2525 ± 14 Ma, respectively
(Figure 6d,e and Figure 7d,e). Zircon grains from metamorphic sandstone (15LSG63-1)
showed the 207Pb/206Pb age range of 2457–2713 Ma, with a weighted average age of
2488 ± 13 Ma (Figures 6f and 7f). The siltstone (19LSG06) sample showed 207Pb/206Pb
ages ranging from 2378 to 2622 Ma, with an age peak at 2516 ± 8.2 Ma (Figures 6g and 7g).
Zircon grains from quartz sandstone (19LSG02-2 and 19LSG04) had the 207Pb/206Pb ages
ranging from 2446 to 2747 Ma, with an age peak at 2563 ± 14 Ma (Figure 6h,i and Figure 7h,i).

A garnet mica schist (sample 19LSG14) and a siltstone (sample 19LSG11) were collected
from the Upper Langzishan Fm., and the zircon grains from the schist showed 207Pb/206Pb
ages ranging from 1945 to 2671 Ma, with a main age peak at 2505 ± 19 Ma and a secondary
peak at 2185 ± 36 Ma (Figures 6j and 7j). Zircon grains from siltstone showed 207Pb/206Pb
ages ranging from 2117 to 2581 Ma, with an age peak at 2341 ± 53 Ma (Figures 6k and 7k).

In the Li’eryu Fm., the analysis of zircon grains extracted from different samples
of metamorphic sandstone (19HL05, 19LSG15, 15LSG36-1) and siltstone (19LSG13) was
conducted. The zircon grains were found to have short columnar or rounded morphology,
with aspect ratios less than 2:1, and exhibited oscillatory zoning with Th/U ratios ranging
from 0.11 to 1.20, indicating that they were typical magmatic zircons. The 207Pb/206Pb
age of these zircon grains ranged from 1846 to 2270 Ma with age peaks at different times
depending on the samples. The analysis also revealed older ages for some of the samples,
ranging from 2479 to 2605 Ma (Figures 6i–o and 7i–o).

In summary, eleven samples from the Langzishan Fm. and four samples from
the Li’eryu Fm. were systematically studied by using the detrital zircon LA-IC-MS
U-Pb dating. A total of 709 effective data from a total of 894 analyses were chosen
(90% < concordance < 110%) for further U-Pb age probability plots (Figure 8) and a dis-
cussion of the geological implications. Among them, the U-Pb age ranges of 433 zircons
in the (pebbly) quartz sandstones, and the feldspathic quartz sandstones from the Lower
Langzishan Fm., were 2105–4226 Ma, with the main age peak being at 2462 Ma. Besides,
there were only 14 data distributed in the period 2105–2265 Ma (peak at ~2195 Ma) and
6 older data distributed in the period 2938–3309 Ma, barring one sample dated to 4226 Ma
(Figure 8a). Going upward in the stratigraphic sequence, 75 valid data on the garnet mica
schist in the Upper Langzishan Fm. were distributed from 1945 Ma to 2671 Ma, with the
main peak being at 2458 Ma and a remarkable secondary peak being at 2179 Ma (Figure 8b).
Moreover, 203 effective data (1846–2605 Ma) in the Li’eryu Fm. showed the main age peak
being at 2160 Ma (Figure 8c). Only 1 younger age—1846 Ma (Th/U ratio 0.08)—was present,
significantly indicating the range of metamorphic ages within the formation. Besides this,
very few zircon grains discovered in the Li’eryu Fm. yielded U-Pb ages of 2506–2501 Ma
(n = 3).

115



Minerals 2023, 13, 708

Minerals 2023, 13, x FOR PEER REVIEW 10 of 26 
 

 

± 16 Ma and 2525 ± 14 Ma, respectively (Figures 6d,e and 7d,e). Zircon grains from meta-

morphic sandstone (15LSG63-1) showed the 207Pb/206Pb age range of 2457–2713 Ma, with a 

weighted average age of 2488 ± 13 Ma (Figures 6f and 7f). The siltstone (19LSG06) sample 

showed 207Pb/206Pb ages ranging from 2378 to 2622 Ma, with an age peak at 2516 ± 8.2 Ma 

(Figures 6g and 7g). Zircon grains from quartz sandstone (19LSG02-2 and 19LSG04) had 

the 207Pb/206Pb ages ranging from 2446 to 2747 Ma, with an age peak at 2563 ± 14 Ma (Fig-

ures 6h,i and 7h,i). 

 

Figure 7. 206Pb/ 235U vs. 207Pb/ 238U diagrams and U-Pb age histograms (sub-figure) for the
U-Pb detrital zircon analyses of sedimentary rocks from the Lower Langzishan Fm. (a–c), the Upper
Langzishan Fm. (d–k) and the Li’eryu Fm. (l–o) of the North Liaohe Group.

116



Minerals 2023, 13, 708Minerals 2023, 13, x FOR PEER REVIEW 12 of 26 
 

 

 
Figure 8. (a) U-Pb ages histograms of detrital zircons from metasedimentary rocks within the Lower 
Langzishan Fm., (b) U-Pb ages histograms of detrital zircons from metasedimentary rocks within 
the Upper Langzishan Fm., (c) U-Pb ages histograms of detrital zircons from metasedimentary rocks 
within the Li’eryu Fm. 

5. Discussion 
5.1. Provenance Analysis 

The Langzishan and Li’eryu formations are characterized by two distinct age peaks, 
with ages of approximately 2.5 Ga and 2.2 Ga, respectively. Granitoids dated to ~2.5 Ga 
are widely developed, and represent the ages of the crystallized basement of the NCC 
[28,35,44,77–85]. The proportion of zircons aged ~2.2 Ga increases significantly in the up-
per layer of the Langzishan and Li’eryu formations, a finding that is consistent with what 

Figure 8. (a) U-Pb ages histograms of detrital zircons from metasedimentary rocks within the Lower
Langzishan Fm., (b) U-Pb ages histograms of detrital zircons from metasedimentary rocks within
the Upper Langzishan Fm., (c) U-Pb ages histograms of detrital zircons from metasedimentary rocks
within the Li’eryu Fm.

5. Discussion
5.1. Provenance Analysis

The Langzishan and Li’eryu formations are characterized by two distinct age peaks,
with ages of approximately 2.5 Ga and 2.2 Ga, respectively. Granitoids dated to ~2.5 Ga are
widely developed, and represent the ages of the crystallized basement of the
NCC [28,35,44,77–85]. The proportion of zircons aged ~2.2 Ga increases significantly
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in the upper layer of the Langzishan and Li’eryu formations, a finding that is consistent
with what has been noted in a large number of 2.1–2.2 Ga magmatic rocks (the Liao-Ji
granites) developed in the JLJB [20,24,25,35,37–39,48,56,86–89]. This result is in agreement
with the results obtained by Liu et al. [90] from the dating of aluminum-rich metamorphic
sedimentary rocks in the Liaohe Group (the main peak age is 2.05–2.15 Ga, and the sec-
ondary peak age is 2.45–2.55 Ga). The provenance of the Li’eryu Fm. has primarily been
derived from the Liao-Ji granites, as determined through the analysis of peak ages and
Lu-Hf isotopes, in a manner consistent with that of previous studies [44,83]. Although some
detrital zircon U-Pb ages fall within the 2.8–3.3 Ga range, much like the ages of Eoarchean
and middle Archean zircons found in the Anshan-Benxi area of NE China [91–93], no clastic
zircons dating earlier than 3300 Ma have been identified. This suggests that unlike what
happened in the Anshan-Benxi area, Eoarchean granites were not exhumed and deposited
in the Langzishan Fm. in the Lianshanguan area.

Significantly, a few detrital zircons in the Langzishan Fm. have ages ranging from
2650 Ma to 2800 Ma, with a peak age of 2680 Ma (Figure 7b–d). Regional magmatism that
is consistent with these ages is rare in the area and adjacent areas. This indicates two
possibilities. The first is that the magmatic rocks of approximately 2680 Ma in the Langzis-
han Fm. and its adjacent areas have undergone weathering and removal during later
tectonic thermal events. Secondly, recent discoveries have shown that some Neoarchean
granites in the Anshan-Benxi area contain circa 2.7 Ga-inherited zircons and a small num-
ber of clastic zircons with an age of 2680 Ma, possibly originating from inherited zircons
in the Neoarchean granites in the Benxi area [64]. Furthermore, only one older age—of
approximately 4.2 Ga—is present, a finding which may be consistent with Hadean zir-
cons documented in the eastern NCC [94,95], although the geological significance of these
zircons is still unclear.

The detrital zircons provide a means of examining the sources of sediments, as their
trace element compositions can be analyzed (Figure 9) [96]. The detrital zircons analyzed
in the study showed a positive correlation between U and Y concentrations, suggesting
derivation from acidic or intermediate acidic igneous rocks such as granite, syenite, and
pegmatite. A few zircons from throughout the stratigraphy fall within the field of mafic
rocks (Figure 9a,b). The Eu/Eu* distribution range (0.1–1) is more concentrated than that
of Ce/Ce* (1–100) in the zircons from the study area, suggesting derivation from granites,
nepheline-syenite pegmatites, and pegmatites. The Y concentrations and Yb/Sm display
a linear distribution (Figure 9c), suggesting derivation from intermediate-silicic igneous
plutons, such as granite, syenite pegmatites, and larvikites, with some zircons derived from
mafic rocks. The positive correlation between the Nb and Ta concentrations of these zircons
(Figure 9d) suggests derivation from granites, syenites, and mafic rocks, while a few zircons
may have originated from carbonatites. Overall, Figure 9 suggests a common derivation
for these zircons from intermediate-silicic igneous plutons. The felsic Archean basement of
the NCC and the Paleoproterozoic Liao-Ji granites in the JLJB are likely provenances for
the Langzishan Fm. and Li’eryu Fm., respectively.

Zircon trace element compositions can provide valuable insights into magmatic, meta-
morphic, and crustal processes and settings [96–98]. We used U/Yb versus Hf and Y diagrams
to constrain their tectonic environments. The detrital zircons from both the Langzishan Fm.
and the Li’eryu Fm. display similar characteristics when continental and oceanic crustal
fields are plotted in, suggesting that they were derived from continental or mixed sources
(Figure 10a,b). Additionally, some concordant detrital zircons have been plotted in the arc-
related/orogenic fields in the Th/U-versus-Nb/Hf and Th/Nb-versus-Hf/Th diagrams,
while a few zircons have been plotted in the within-plate/anorogenic field (Figure 10c,d).
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In summary, it was found in this study that the detrital zircons in the study area
were mainly derived from intermediate-silicic igneous rocks and formed in a tectonic
setting of continental or mixed-continental-and-oceanic fields with arc-related/orogenic
characteristics.

5.2. Depositional Age of the Langzishan and Li’eryu Formations

Due to the absence of volcanic rocks or pyroclastic components in the Langzishan
Fm., its depositional age has long been a matter of debate. Some scholars argue that it
formed between 2.05–1.93 Ga [12,44,48,84], while Xu et al. [27] propose an earlier depo-
sitional age of prior to 2.17 Ga. Based on zircon geochronology of aluminum-rich schist
gneiss in the South and North Liaohe formations, Liu et al. [44] obtained an important
age of ca. 1.95 Ga for the oldest metamorphic zircons in the Langzishan Fm. For the
Li’eryu Fm., Wang et al. [88] reported a maximum depositional age from the South Liaohe
Group based on the representative youngest individual zircon U-Pb ages of 2050 Ma. Fur-
thermore, Xu et al. [27] compared the age distributions of detrital zircons and concluded
that the deposition time of the Li’eryu Fm. was between 2.17–2.10 Ga. However, Chen
et al. [100] concluded a geochronological study on acid volcanic rocks in the Liaoyang
area and believed that there were three periods of magmatic activity in the Li’eryu Fm.,
i.e., 2190–2180 Ma, 2110–2100 Ma, and 1970–1960 Ma. Therefore, the previous deposition
time of 2.05–2.1 Ga may represent the second period of Li’eryu Fm. magmatic activity,
while the latest phase of magmatic activity should have been 1.95 Ga.

Over the past two decades, three methods have been commonly used to determine the
depositional ages of sediments based on the youngest age populations in the detrital zircons.
These methods include (1) using the age of the youngest detrital zircon as an older limit on
deposition [101], (2) determining the peak ages of the youngest detrital zircons to represent
the maximum age of the sedimentary rocks [101], and (3) calculating the weighted average
ages of the three youngest detrital zircons [102]. For this study, we considered the primary
detrital zircon data using the youngest age as the basis for examining the depositional age.
Using Kernel Density Estimation (KDE) [103], the minimum crystallization age was found
to be around 2113 ± 23 Ma (n = 3), indicating that the maximum depositional age of the
Langzishan Fm. could not be earlier than 2136 Ma within 95% confidence. For the Li’eryu
Fm., 203 valid data on detrital zircons were examined, and two ages of 1955 ± 19 Ma in
primary magmatic zircons were identified in sample 19HL05. It was therefore concluded
that there was a probability that the deposition time of the Li’eryu Fm. could not be earlier
than 1974 Ma within 95% confidence. This finding is consistent with the results of previous
studies based on the ages of interlayered volcanic rocks (~1.95 Ga) in the Li’eryu Fm. [100].

In summary, previous studies suggest an upper limit depositional age of ~1.95 Ga
for the Liaohe Group, and based on the formation time of Liao-Ji granites (2.1–2.2 Ga),
which are considered the primary sedimentary sources of the Liaohe Group, we propose a
depositional age of 2.20–1.95 Ga for the Paleoproterozoic Liaohe Group. We also propose
depositional time limits of ~2100 Ma for the Langzishan Fm. and ~1950 Ma for the Li’eryu
Fm. based on our own experimental data. However, the sedimentary time limit of other
strata has not been established in this study due to the lack of our own experimental data.
Nonetheless, according to Wang et al. [88], the maximum depositional ages for the Gaojiayu,
Dashiqiao, and Gaixian formations from the South Liaohe Group are 2069 Ma, 2043 Ma, and
1915 Ma, respectively, based on the representative youngest individual zircon U-Pb ages.

5.3. Sedimentary Similarities and Differences between the North and South Liaohe Groups

Luo et al. [44] proposed that the North and South Liaohe Groups formed simultane-
ously due to their similar provenances, based on a comparison of the U-Pb and Hf isotopic
compositions of detrital zircons. In this study we combined our own findings with previous
research to reveal differences in the sedimentary sequence and age distribution of detrital
zircons in each formation of the Liaohe Group (Figure 11). For example, the South Liaohe
Group has limited records on the Langzishan Fm., and there are virtually no records of the

120



Minerals 2023, 13, 708

Gaixian Fm. in the North Liaohe Group [19–21,40]. The Langzishan Fm. is only present
in the North Liaohe Group, which could indicate two possibilities: it may not have been
discovered in the South Liaohe Group, or it may have only been deposited in the northern
margin of the LB during the Paleoproterozoic era [28,52]. Considering all the previous
reports, we propose that the differences among the strata in the North and South Liaohe
Groups could provide insights and evidence for the tectonic and evolutionary model of the
Liaohe Group. This study collected a total of 5380 effective detrital zircon data, including
1232 data from the Langzishan Fm., 1159 data from the Li’eryu Fm., 1107 data from the
Gaojiayu Fm., 642 data from the Dashiqiao Fm., and 1240 data from the Gaixian Fm. See
Figure 11 for details on the geochronological data, which were grouped according to their
exact locations for each formation.
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Compared to what has been noted in other formations in the Liaohe Group, only the
lower layers of the Langzishan Fm. contain detrital zircon ages from the Eoarchean to
middle Archean eras, with a much higher proportion of Neoarchean (~2.5 Ga) ages than
in other formations (Figure 11). Additionally, the Li’eryu Fm. has a relatively unimodal
peak age (at ~2150 Ma) barring a few Archean ages (~2.52 Ga) that appear in the southern
part. The detrital zircon ages show bimodal peaks at ~2.49–2.53 Ga and ~2.15–2.18 Ga for
the Gaojiayu, Dashiqiao, and Gaixian formations. However, the Dashiqiao and Gaixian
formations from the South Liaohe Group both have a younger secondary peak of ~1.91 Ga,
which likely represents the metamorphic ages of these formations [114–116].

Figure 11 serves as a critical transitional record revealing that detrital zircon from the
basement of the NCC vanishes in the Li’eryu Fm. (~2.5 Ga) but reappears in the upper
strata. One possible explanation for the single peak age (~2.18–2.15 Ga) in the Li’eryu
Fm. is based on the deposition of a substantial number of magmatic zircons (~2.2 Ga)
from arc-related magmas (the Liao-Ji granites) [20,24,37,48,95,117,118]. During this period,
intense magmatic activity accompanied the expansion and rapid deposition of a back-arc
basin [37,48,95,116], possibly leading to the formation of a single age of provenance in the
Li’eryu Fm. However, magmatic activity weakened during the deposition of the Gaojiayu,
Dashiqiao, and Gaixian formations, indicating that the back-arc basin may have started to
shrink. Consequently, the detrital zircon age distribution of these formations exhibits two
peak ages originating from the Archean NCC basement (~2.5 Ga) and Paleoproterozoic
Liao-Ji granites (~2.2 Ga).

It is worth noting that the detrital zircon ages from the Li’eryu Fm. of the South
Liaohe Group exhibit two age peaks, i.e., the main peak of ~2.17 Ga and a secondary peak
of ~2.52 Ga. In contrast, the age distribution from the Li’eryu Fm. in the North Liaohe
Group has only a single peak of ~2.14 Ga (Figure 9). This significant difference in the age
spectra suggests that the clastic materials in the Li’eryu Fm. have not been derived from
the source area in the LB to the north, which lacks the records of the ~2.5 Ga Archean
basement. This implies that the provenance of the Li’eryu Fm. may have been from the
south. Moreover, the unimodal age spectra in the Li’eryu Fm. suggest a single provenance
of ~2.1–2.2 Ga arc-affinity magmatites that were rapidly uplifted to the surface, likely
forming a geomorphic feature that was high in the south and low in the north. The small
amounts of clastics of ~2.5 Ga in age may be remnants of the ancient NCC’s basement that
are preserved in the magmatic arcs to the south. This finding, which further suggests that
the Li’eryu Fm. might have undergone rapid deposition, is consistent with the hypothesis
proposed by Wang et al. [104].

Furthermore, the correlation between the clastic zircon crystallization age (CA) and
the sedimentary age of the host rock (DA) can constrain the tectonic environments of
sedimentary rocks, based on differences in zircon formation and storage capacity in various
tectonic settings [119]. Data from this study and from previous investigations of the
Langzishan and Li’eryu formations were incorporated into the 206Pb/207Pb age map based
on the accumulation ratio, which yielded depositional ages of 2136 Ma and 1974 Ma for
the Langzishan and Li’eryu formations, respectively. As shown in Figure 12, the Lower
Langzishan Fm. was represented by eight samples displaying CA-CD > 150 Ma at 5% of
the zircon populations, indicating their deposition in a passive continental margin under
extensional tectonic settings [119]. The Upper Langzishan Fm. was characterized by two
samples showing CA-DA < 150 Ma at 5% of the zircon populations, and most of the data
fell within the convergent basin. When combined with the age distribution characteristics
of detrital zircons in the lower and upper layers of the Langzishan Fm., the results suggest
that the sedimentary process of the Langzishan Fm. represents the transformation from a
passive to an active continental margin. In contrast, all the samples from the Li’eryu Fm.
showed CA-DA < 150 Ma at 5% of the zircon populations, and the main samples fell within
the convergent basin, indicating that they were deposited on an active continental margin.
This result is consistent with previous research results [27,109,113].
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5.4. Geological Significance and Sedimentary Background

As mentioned earlier, the tectonic evolution of the JLJB has been the subject of
much debate, with three models proposed: (1) intra-continental rift opening and closure,
(2) arc-continent collision, and (3) back-arc basin expansion and subsequent convergence
[13,20,27–29,31–40,56]. Recently, models (2) and (3) have gained more support [27,30,36,37,40]
despite ongoing controversy. The active continental margin tectonic model, first proposed
by Bai et al. [33], posits that the LB and LNB represent two exotic blocks while the JLJB
is an intervening island arc or back-arc basin. This viewpoint has been supported by
various pieces of evidence, including: (1) studies of Paleoproterozoic Liao-Ji granites using
geochronology and geochemistry, which revealed that the I- and A2-type ~2.2–2.0 Ga
granites constituted a calc-alkaline series likely formed in the extensional tectonic setting of
a continental arc [52,54,55,120] and/or back-arc basin [27,38,90,106,121–123]; (2) the reinter-
pretation of previously regarded (meta-)mafic rocks, which were believed to be examples
of bimodal magmatism, together with the meta-volcanic rocks and Liao-Ji granites, that
were developed in a rift environment as typical island arc basalts formed in a back-arc
tectonic setting [15,24,68,124]; and (3) newly obtained detrital zircon U-Pb ages, combined
with previous studies [27,104], showing unimodal age peaks of ~2.5 Ga for the Langzishan
Fm. and ~2.15 Ga for the Li’eryu Fm., and bimodal age peaks at ~2.51 Ga and ~2.17 Ga
for the Gaojiayu and Dashiqiao formations, respectively. Notably, these varying zircon age
spectra are difficult to interpret in the context of intra-continental rift opening, particularly
for the deposition of the Li’eryu Fm. In addition, the age patterns (ages vs. cumulative
proportion; Figure 12) suggest that the depositional tectonic environment was a passive
continental margin for the Langzishan Fm. and an active continental margin, interpreted
as a back-arc basin environment [104], for the Li’eryu Fm.

In summary, based on a combination of previous findings and our own new results,
the present tectonic scenario is more consistent with initial back-arc extension along an
active continental margin followed by arc-continent collision for the Paleoproterozoic
JLJB. We propose a rough evolutionary model (Figure 13) that encapsulates the following
statements. (a) During the period of ca. > 2.2 Ga, the southeastern margin of the LB was
a passive continental margin, especially during the depositional period for the Lower
Langzishan Fm. The basement rocks of the LB to the north were the primary sources for the
deposition of the Lower Langzishan Fm. (Figure 13a). (b) Subsequently, in ~2.2 Ga, oceanic
subduction began beneath the southeastern margin of the LB, leading to the formation of
arc-affinity magmatic rocks (the Liao-Ji granites). As a result, the depositional environment
transformed into an active continental margin, and a small amount of subduction-related
monzogranite gneiss (~2.2 Ga Liao-Ji granite) likely contributed to the clastics in the
Upper Langzishan Fm. (Figure 13b). (c) With the continuous subduction of the oceanic
crust, it is possible that an increasing subduction rate or angle of the oceanic plate led
to vertical slab roll-back and the contemporaneous extension of the active continental
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margin [125]. In around 2.2–2.0 Ga, a back-arc basin was initially formed. Accompanied
by lithospheric extension and mantle upwelling, the partial melting of ancient crustal
material, together with minor contributions of juvenile mafic rocks, generated widespread
A2-type granitoids in the JLJB [27,54,55,90,120–123]. During this time, a large volume of
volcanic clastics (boron-bearing), and debris derived from the magmatic arc, were rapidly
deposited, forming the Li’eryu Fm. in around 1.95 Ga (Figure 13c). Importantly, the
single peak of the detrital zircon age spectrum probably indicates intensive subduction
activity during the deposition of the Li’eryu Fm. After that, the Gaojiayu, Dashiqiao, and
Gaixian formations were extensively deposited in the back-arc basin. The provenance
from the LB gradually increased, supplying ancient (~2.5 Ga) basement materials together
with clastics from the magmatic arc (~2.2–2.0 Ga Liao-Ji granites), possibly because the
subduction became relatively slow or the back-arc basin began to shrink. Finally, in around
1.87–1.85 Ga [10,20,27,90], the back-arc basin was closed and formed the JLJB.
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Figure 13. Schematic diagram of structural evolution of Liaohe Group. For the provenances of the
Langzishan and Li’eryu formations, the ~3.3–2.5 Ga clastic materials in the sedimentary rocks of
the lower Langzishan Fm. came from the erosion of the LB’s basement on the NW side (a), minor
amounts of ~2.2–2.1 Ga clastic materials of the upper Langzishan Fm. were derived from the erosion
of a small amount of ~2.2–2.1 Ga granite on the SE-direction (b), and a large amount of 2.2–2.1 Ga
clastic materials in the Li’eryu Fm. came mainly from the erosion of ~2.2–2.0 Ga Liao-Ji granites in
the magmatic arc on the SE side (c).

6. Conclusions

Our study on zircon U-Pb geochronology and the trace element characteristics of
sedimentary rocks from the Langzishan and Li’eryu formations of the North Liaohe Group
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of the JLJB of NCC allows us to add key constraints to the evolution of the Paleoproterozoic
tectonics of the NCC. These include the following:

1. The depositional ages of the Langzishan Fm. and Li’eryu Fm. of the North Liaohe
Group are 2136 Ma and 1976 Ma, respectively. The main provenances for these two
formations are the Neoarchean basement rocks of the NCC (~2.6–2.4 Ga) and the
Liao-ji granites (~2.2–2.0 Ga), respectively.

2. The sedimentary characteristics and geochronological evidence suggest that the depo-
sitional environment changed from a passive continental margin to an active conti-
nental margin during the deposition of the Upper Langzishan Fm.

3. The North and South Liaohe Groups exhibit similar sedimentary characteristics;
however, some differences exist between the two, possibly due to variations in the
local tectonic settings during deposition.

4. The North Liaohe Group was primarily supplied with clastic materials from the
Archean basement rocks of the LB and a small amount of Paleoproterozoic Liao-Ji
granites, which deposited the Langzishan Fm. The Li’eryu Fm. was rapidly deposited,
likely due to intense magmatism and the erosion of the subduction-related magmatic
arc (the Liao-Ji granites) in a back-arc basin environment. Finally, clastic materials
from both the LB and Liao-Ji granites accumulated to form the Gaojiayu, Dashiqiao,
and Gaixian formations.
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Abstract: The Alxa Block is an important component of the North China Craton, but its metamorphic
basement has been poorly studied, which hampers the understanding of the Alxa Block and the
North China Craton. In this study, we conducted geochronological and geochemical studies on
three TTG (tonalite–trondhjemite–granodiorite) gneisses and one granitic gneiss exposed in the
Langshan area of the eastern Alxa Block to investigate their crustal evolution. The zircon U-Pb dating
results revealed that the protoliths of the TTG and granitic gneisses were formed at 2836 ± 20 Ma,
2491 ± 18 Ma, 2540 ± 38 Ma, and 2763 ± 42 Ma, respectively, and were overprinted by middle–late
Paleoproterozoic metamorphism (1962–1721 Ma). All gneiss samples had high Sr/Y ratios (41–274)
and intermediate Mg# values (44.97–55.78), with negative Nb, Ta, and Ti anomalies and moderately
to strongly fractionated REE patterns ((La/Yb)N = 10.6–107.1), slight Sr enrichment, and positive
Eu anomalies, displaying features of typical high-SiO2 adakites and Archean TTGs. The magmatic
zircons from the 2.84 Ga and 2.49 Ga TTG rocks had low εHf(t) values of −1.9–1.7, and −3.83–2.12
with two-stage model ages (TDMC) of 3.24–3.11 Ga and 3.10–3.01 Ga, respectively, whereas those from
the 2.54 Ga TTG rock exhibited εHf(t) values ranging from −1.1 to 3.46 and TDMC from 3.0 Ga to
2.83 Ga, suggesting that the crustal materials of the basement rocks in the eastern Alxa Block were
initially extracted from the depleted mantle during the late Paleoarchean to Mesoarchean era and
were reworked in the late Mesoarchean and late Neoarchean era. By contrast, the Alxa Block probably
had a relative younger crustal evolutionary history (<3.24 Ga) than the main North China (<3.88 Ga),
Tarim (<3.9 Ga), and Yangtze (<3.8 Ga) Cratons and likely had a unique crustal evolutionary history
before the early Paleoproterozoic era.

Keywords: Alxa Block; North China Craton; TTG rocks

1. Introduction

Tonalite–trondhjemite–granodiorite (TTG) rocks constitute a major part of Archean
continental crust and provide information about the composition, tectonic environment,
and evolution of the early continental crust [1,2]. Studies have shown that the early
Precambrian era was an important period of crustal growth, the continental crust formed
between 3.0 Ga and 2.5 Ga accounted for 36% of the present continental crust, and the
continental crust formed during 2.15–1.65 Ga accounted for 39% [3]. There are two views
stating that Precambrian crustal growth was concentrated in three main stages: either
3.6 Ga, 2.7 Ga, and 1.8 Ga or 2.7 Ga, 1.9 Ga, and 1.2 Ga [3,4].

The China continent mainly consists of three early Precambrian nuclei, including the
Yangtze Craton (YC), Tarim Craton (TC), and North China Craton (NCC) (Figure 1) [5–10].
In recent decades, major progress has been made in the reconstruction of the crustal
growth history of the YC and TC [11–16]. Paleoarchean (3437–3262 Ma) TTG rocks have
been found in the YC with two-stage Hf model ages from Hadean to Eoarchean [17–21].
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Recently, Eoarchean (ca. 3.7 Ga) TTG rocks have been identified from the TC [22]. Addi-
tionally, the oldest detrital zircons from the basement rocks of the two cratons were dated
3.8–3.2 Ga with Eoarchean to Paleoarchean two-stage Hf model ages from the Eoarchean to
Paleoarchean era [23–25], which suggest that the crustal evolution of the two cratons had
already begun before the Paleoarchean era.
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Additionally, shown are the locations of Archean TTGs with rock ages.

As one of the oldest cratons in China, the North China Craton (NCC) experienced a
long and complicated geological history [29–32]. Most present models divide the NCC into
the Eastern Block, Western Block, and Trans North China Orogen (TNCO) [27,33] (Figure 1).
The early Precambrian tectonic pattern of the NCC remains controversial. Some scholars
have believed that cratonization was completed ca. 2.5 Ga, marked by the “Wutai Move-
ment” [34,35], followed by regional extension at the end of the Paleoproterozoic era that
resulted in the destruction of the NCC (called activation) [36], while others have believed
that the basement of the NCC had not been completely consolidated until ca. 1.9 Ga [37–40],
and the “Lvliang Movement” ca. 1.8 Ga caused the Eastern Block and Western Block of the
NCC to join together along the TNCO [7,41].

The Alxa Block is located in the westernmost part of the NCC. Compared with the
main NCC and the YC and TC, the Precambrian basement of the Alxa Block is relatively
less studied, which restricts a better understanding of the evolution of the NCC. In this
paper, we report new geochronological and geochemical results for Meso-Neoarchean rocks
from the Langshan area, which confirm the existence of the Archean basement in the Alxa
Block and reveal evidence for the crustal evolution of the NCC.
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2. Geological Background and Sample Descriptions

The Alxa Block, as the westernmost part of the NCC, is adjacent to the Central Asian
Orogenic Belt in the north, the TC in the west, and the North Qilian Orogenic Belt in
the south. The Precambrian basement of the Alxa Block is mainly exposed in the Long-
shoushan, Beidashan, Yabulaishan, Bayanwulashan, and Langshan areas (Figure 2), and
the Bayanwula–Langshan Fault in the east is considered the eastern boundary of the Alxa
Block [42,43]. The wide distribution of deserts and limited basement outcrops in the Alxa
Block hamper the understanding of its tectonic pattern. The NE-oriented Langshan Moun-
tains, located on the northeastern margin of the Alxa Block (Figure 2), are key areas in
unravelling the early Precambrian geological evolution between the NCC and Alxa Block.

As the oldest basement in the Langshan area, the Diebusige Complex is mainly com-
posed of banded biotite plagioclase gneiss, amphibolite gneiss, magnetite quartzite, marble,
intrusive k-feldspar granite, and amphibolite. Some chronological studies have been
conducted on the Diebusige Complex, but the formation age of the Diebusige Complex
remains uncertain. Yang et al. (1988) [44] determined that the Rb-Sr isochron age of
amphibolite was 3219 Ma, while Li et al. (2006) [45] obtained a Sm-Nd isochron age of
3081± 49 Ma, suggesting that the Diebusige Complex was formed in the Paleo-Mesoarchean
era. The 2.75–3.5 Ga ages of detrital zircons and 2.5–2.69 Ga, 1.9–1.95 Ga, and 1.8–1.85 Ga
ages of metamorphic zircons that Geng et al. (2006, 2007, 2010) [46–49] obtained from the
Diebusige gneisses indicated that they were formed in the Neoarchean and underwent
tectono-thermal events in the late Neoarchean and late Paleoproterozoic era. Dan et al.
(2012) [50] suggested that the supracrustal rocks of the Diebusige Complex were deposited
at 2.0–2.45 Ga and experienced metamorphism at 1.89 Ga and 1.79 Ga. Based on the chronol-
ogy of the metamorphic basement, they believed that there was no Archean rock exposed
in the eastern Alxa Block. However, Gong et al. (2012) [51] and Zhang et al. (2013) [52]
found ca. 2.5 Ga TTG rock in the Beidashan area, providing evidence for the existence of
exposed Archean rocks in the Alxa Block.
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Figure 2. Geological map of the Alxa Block, westernmost North China Craton, and basement
distribution of the Alxa Block. The ca. 2.5 Ga TTG rocks exposed in Beidashan area are from
references [51,52].

Three TTG gneiss samples and one granitic gneiss sample were selected from the
Diebusige Complex for this study; their detailed locations are shown in Table 1. All samples
are gray–white, fine-to-medium grained, and generally show gneissic fabrics. Mineral
grains are subhedral to anhedral, and some show serrated boundaries (Figure 3). The
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tonalitic gneiss (1810-1) mainly consists of plagioclase, quartz, hornblende, and minor
biotite. Hornblende grains show recrystallization fronts, and quartz grains show irregular
and crenulated margins, which suggests dynamic recrystallization. The trondhjemitic
gneiss (1814-3) is mainly composed of plagioclase, quartz, hornblende, minor biotite, and
K-feldspar. It was strongly affected by later deformation, and plagioclase and hornblende
showed different degrees of fragmentation and alteration. Another tonalitic gneiss (1816-1)
is characterized by a typical mineral assemblage of plagioclase, quartz, hornblende and
biotite. Plagioclase grains show polysynthetic twinning, and quartz occurs as fine-grained
and anhedral grains. Hornblende is the major dark mineral, and recrystallization is ap-
parent in the surrounding area. The granitic gneiss (D798) is mainly composed of quartz,
plagioclase, and biotite with minor accessory minerals of apatite, and mylonitization occurs
under the superposition of later tectonic events.
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Figure 3. Field photos and representative photomicrographs of the TTG rocks and granitic samples
from the Diebusige Complex, eastern Alxa Block. (a,b) Tonalitic gneiss sample 1810-1; (c,d) trond-
hjemitic gneiss sample 1814-3; (e,f) tonalitic gneiss sample 1816-1; and (g,h) granitic gneiss sample
D798. Qtz: quartz; Pl: plagioclase; Bt: biotite; Kfs: K-feldspar; Amp: amphibole; and Ca: calcite.
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Table 1. GPS locations and lithology of the representative samples.

Sample GPS Location Lithology Mineral Assemblage

1810-1 40◦35′55.15′′ N
106◦16′42.56′′ E Tonalitic gneiss Qtz (25%) + Pl (65%) + Hb (5%) + Bt (5%)

1814-3 40◦35′53.69′′ N
106◦16′53.29′′ E Trondhjemitic gneiss Qtz (35%) + Pl (45%) + Hb (10%) + Bt (5%) + Kfs (5%)

1816-1 43◦34′20.01′′ N
106◦12′29.44′′ E Tonalitic gneiss Qtz (20%) + Pl (60%) + Hb (15%) + Bt (5%)

D798 40◦35′19.14′′ N
106◦15′38.23′′ E Granitic gneiss Qtz (30%) + Pl (55%) + Bt (15%)

3. Analytical Methods
3.1. Geochemistry

Whole-rock major and trace element analyses were completed at Wuhan Sample
Solution Analytical Technology Co., Ltd. (Wuhan, China), and external standards and
repeated samples were used to comprehensively control the analytical quality. Whole-rock
major elements were measured using XRF, and five standards, BHVO-2, GSP-2, W-2A,
GBW07103 and GBW07316, were determined in parallel. Trace elements were analyzed by
inductively coupled plasma–mass spectrometry (ICP–MS) on an Agilent 7700e instrument
with a shielded torch, and four standards, AGV-2, BHVO-2, BCR-2 and RGM-2, were used
to monitor the analytical quality. The relative standard deviations for the whole-rock major
and trace elements are within ±5%.

3.2. Zircon U-Pb Dating and Hf Isotopic Composition

SHRIMP zircon U-Pb dating was performed using a sensitive high-resolution ion
microprobe (SHRIMP-II) at the Beijing SHRIMP Center, Institute of Geology, Chinese
Academy of Geological Sciences, Beijing. The analytical procedure was the same as that
of Williams. (1998) [53]. The primary flow intensity was 4.5 nA, and the spot size was
25–30 µm. Standard zircon TEM (417 Ma) was used for the age corrections [54]. Data pro-
cessing was carried out using the ISOPLOT program [55], and uncertainties for individual
analyses were quoted at 1σ, whereas those for weighted mean ages were quoted at a 2σ
and 95% confidence level.

Zircon in situ Lu-Hf analyses were carried out using an NU plasma II MC-ICP–MS at
the School of Earth and Space Sciences, Peking University. An ArF-excimer laser ablation
system of Geolas HD (193 nm) was used with a 44 µm spot size. The analytical procedure
was the same as that of Zhang et al. (2016) [56]. Data reduction was conducted using the
IOLITE program [57]. Zircon 91,500 was used as an internal standard with a reference value
of 176Hf/177Hf = 0.282307 ± 31 (2SD) [58], zircon Plešovice was used as the monitoring
standard, and the value of 176Hf/177Hf = 0.282483 (2SD) was obtained, which was consistent
with the suggested value of 0.282482 ± 13 (2SD) [59].

4. Results
4.1. Whole-Rock Major and Trace Elements

Whole-rock major and trace element analyses were performed on four samples, in-
cluding three TTG gneisses (1810-1, 1814-3, and 1816-1) and one granitic gneiss (D798). The
analytical results are given in Table 2.

4.1.1. Major Element Geochemistry

The TTG gneisses from the Diebusige Complex in the Langshan area had SiO2 contents
of 60.55–77.80 wt.%, Al2O3 contents of 10.90–19.11 wt.%, and Na2O/K2O ratios of 0.93–6.38.
In the normative An-Ab-Or diagram (Figure 4a), the samples 1810-1 (2.84 Ga) and 1816-1
(2.54 Ga) plotted in the tonalite field, except for sample 1814-3 (2.49 Ga), which plotted
in the trondhjemite field. According to the A/NK vs. A/CNK classification (Figure 4b),
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the two tonalitic gneisses were weakly metaluminous, while the trondhjemitic gneiss was
weakly peraluminous, which was in line with the TTG rocks with corresponding ages
in the NCC. All TTG gneisses showed features of subalkaline series in the TAS diagram
(Figure 4c). They mainly plotted in the medium-to-low K fields of the calc-alkaline and
tholeiitic series in the K2O vs. SiO2 diagram (Figure 4d). In addition, they had Mg# values
ranging between 44.97 and 52.23, with an average of 49.96 (Table 2), slightly higher than
those of Archean high-Al TTGs (42 on average).

Table 2. Analytical results of major (.wt%) and trace (ppm) elements for TTG and granitic gneisses in
the eastern Alxa Block.

Sample D798 1810-1 1814-3 1816-1

Rock
Type Granitic Gneiss Tonalitic

Gneiss Trondhjemitic Gneiss Tonalitic Gneiss

SiO2 69.84 71.54 72.30 71.67 64.18 66.78 68.86 71.88 77.80 69.41 60.55 66.49 66.14 62.04 68.71
TiO2 0.23 0.18 0.21 0.36 0.30 0.41 0.30 0.20 0.05 0.42 0.08 0.18 0.64 0.81 0.41
Al2O3 15.10 13.68 12.11 12.58 15.99 15.64 16.1 13.71 10.90 12.17 19.11 14.64 14.86 14.32 13.13
TFe2O3 1.71 1.48 1.60 2.61 2.90 3.28 2.06 1.72 1.39 4.66 4.06 4.80 5.26 7.73 4.32
MnO 0.03 0.03 0.03 0.04 0.05 0.05 0.03 0.02 0.02 0.07 0.06 0.07 0.09 0.11 0.07
MgO 1.09 0.71 0.76 1.26 1.55 1.64 0.88 0.88 0.76 2.54 2.24 2.56 2.17 3.21 2.37
CaO 1.30 1.87 2.33 2.13 2.61 1.96 2.99 1.12 3.73 1.79 1.50 1.73 4.19 5.00 4.94
Na2O 3.89 3.05 2.85 4.14 3.68 4.13 5.35 3.28 2.81 4.03 6.77 4.46 3.66 3.44 3.61
K2O 4.07 4.62 4.81 2.75 5.08 3.48 1.80 5.14 1.33 2.02 2.94 1.90 1.20 0.84 0.57
P2O5 0.02 0.01 0.07 0.08 0.28 0.10 0.13 0.01 0.06 0.07 0.13 0.08 0.14 0.11 0.14
LOI 2.56 2.66 2.74 2.22 3.03 2.32 1.17 1.77 1.47 2.60 2.30 2.90 1.46 2.19 1.61
total 99.84 99.83 99.80 99.84 99.64 99.77 99.74 99.72 100.32 99.77 99.73 99.81 99.81 99.80 99.87

Li 8.38 6.49 5.89 17.09 15.10 10.34 7.04 8.92 3.86 19.48 16.84 19.23 17.20 22.83 14.37
Be 0.84 0.72 0.50 1.28 0.93 1.08 1.18 0.75 3.66 19.48 16.84 19.23 1.06 1.07 14.37
V 20.76 21.38 22.70 48.02 33.44 40.58 30.73 19.20 14.24 40.84 25.75 36.85 79.20 147.61 66.26
Cr 10.99 15.67 9.71 25.59 26.64 18.78 11.87 9.86 8.93 34.20 55.55 29.44 111.93 201.04 42.63
Co 3.44 3.81 3.75 6.80 5.59 7.18 4.99 3.68 3.29 10.89 7.79 7.77 14.03 37.06 13.86
Ni 5.23 9.68 8.25 16.56 27.86 17.08 5.13 4.33 9.45 12.14 8.13 5.94 20.84 82.17 12.01
Cu 3.02 5.04 19.99 5.27 7.77 3.55 11.61 3.05 11.95 32.24 3.33 2.06 13.22 101.59 4.38
Zn 36.91 29.61 28.43 51.61 47.10 60.55 51.85 40.81 36.47 68.66 61.95 81.60 71.27 128.54 70.22
Ga 19.03 16.48 13.63 19.91 19.15 18.89 22.54 15.49 13.52 15.19 20.46 15.60 18.19 19.69 17.97
Rb 93.85 111.34 111.73 54.82 115.10 79.24 22.07 110.95 44.49 39.21 70.00 44.53 14.48 14.39 5.93
Sr 278.77 222.19 205.53 330.25 428.20 449.88 869.58 377.05 373.38 456.51 677.51 442.67 474.87 415.79 474.31
Zr 113.94 136.68 56.92 57.47 50.75 40.80 24.83 33.28 70.93 248.84 26.99 253.78 81.80 30.48 21.72
Nb 4.32 2.75 5.05 4.39 5.72 3.51 3.75 5.18 1.30 5.62 1.86 11.25 13.10 9.78 4.27
Sn 0.65 0.82 0.62 0.45 0.53 0.41 0.87 0.46 0.31 0.61 0.46 0.47 0.87 0.77 0.77
Cs 0.62 1.03 0.53 0.63 0.60 0.75 0.18 0.75 0.37 0.62 0.59 0.65 1.30 1.48 1.01
Ba 842.77 988.31 1338.22 856.66 2428.99 1319.21 1248.15 1951.79 320.81 1152.90 1509.41 768.83 772.23 579.27 371.54
La 18.41 14.32 19.41 14.81 34.00 19.66 25.73 11.03 14.10 19.33 26.71 16.84 27.88 18.44 16.61
Ce 27.52 21.03 26.58 21.87 57.76 27.93 45.31 14.38 23.64 28.00 42.47 27.73 47.66 30.38 27.16
Pr 2.61 1.88 2.64 2.21 6.03 2.65 4.90 1.10 2.03 2.64 4.04 2.70 5.19 3.57 3.35
Nd 8.45 5.89 8.95 7.79 21.12 8.71 17.59 3.01 5.50 8.58 13.57 9.39 18.77 13.46 12.59
Sm 1.23 0.71 1.40 1.24 3.19 1.26 2.45 0.31 0.59 1.02 1.75 1.29 2.88 2.00 2.12
Eu 0.75 0.84 0.89 0.92 1.79 1.20 0.98 1.00 0.22 1.15 1.62 1.19 1.18 1.36 1.04
Gd 0.89 0.54 1.19 1.04 2.41 1.02 1.56 0.23 0.41 0.82 1.29 1.04 2.55 1.85 1.90
Tb 0.12 0.07 0.17 0.15 0.33 0.14 0.18 0.04 0.07 0.11 0.17 0.14 0.38 0.27 0.28
Dy 0.48 0.43 0.75 0.76 1.48 0.70 0.60 0.16 0.32 0.49 0.72 0.68 2.03 1.51 1.50
Ho 0.10 0.11 0.14 0.16 0.27 0.14 0.09 0.03 0.06 0.11 0.14 0.15 0.42 0.33 0.31
Er 0.25 0.45 0.36 0.44 0.74 0.35 0.25 0.12 0.20 0.31 0.37 0.45 1.25 1.02 0.87
Tm 0.04 0.09 0.05 0.07 0.09 0.05 0.03 0.02 0.03 0.06 0.05 0.08 0.20 0.17 0.13
Yb 0.27 0.75 0.29 0.44 0.54 0.32 0.16 0.15 0.21 0.42 0.36 0.59 1.31 1.17 0.86
Lu 0.05 0.14 0.04 0.07 0.08 0.05 0.03 0.03 0.04 0.07 0.06 0.11 0.21 0.19 0.13
Y 2.95 3.46 4.35 4.68 7.84 3.84 3.18 1.75 2.09 3.23 3.54 4.05 11.57 8.70 8.33
Sc 2.47 3.73 1.63 6.32 3.36 5.26 2.69 2.68 2.23 4.77 4.41 4.95 11.37 17.85 9.83
Hf 3.99 4.34 1.70 1.67 1.68 1.24 0.74 1.13 1.89 7.30 0.84 6.55 2.34 1.62 0.67
Ta 0.45 0.38 0.44 0.60 0.49 0.29 0.31 0.35 0.04 0.75 0.79 2.94 2.74 0.80 0.68
Tl 0.53 0.58 0.55 0.36 0.55 0.39 0.14 0.51 0.29 0.26 0.34 0.25 0.13 0.11 0.07
Pb 23.65 21.86 20.55 17.63 22.81 18.43 19.37 20.22 15.96 7.48 15.20 5.78 9.76 10.42 7.81
Th 5.43 0.27 2.68 0.42 1.36 0.31 0.14 0.18 4.59 0.40 0.43 5.01 0.51 0.22 0.10
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Table 2. Cont.

Sample D798 1810-1 1814-3 1816-1

Rock
Type Granitic Gneiss Tonalitic

Gneiss Trondhjemitic Gneiss Tonalitic Gneiss

U 0.53 0.37 0.19 0.17 0.50 0.14 0.07 0.09 0.65 0.31 0.09 0.51 0.26 0.26 0.06
Mg# 55.78 48.55 48.45 48.85 51.43 49.73 45.89 50.25 52.04 51.87 52.23 51.39 44.97 45.13 52.05
EuN/
EuN* 2.08 3.99 2.05 2.41 1.89 3.13 1.43 10.97 1.29 3.73 3.15 3.03 1.30 2.13 1.55

Sr/Y 94.66 64.29 47.27 70.51 54.65 117.03 273.54 215.45 178.30 141.29 191.28 109.33 41.03 47.80 56.91
La/Yb 68.20 19.02 66.24 33.57 62.62 61.23 158.81 76.08 67.36 46.47 75.03 28.49 21.23 15.70 19.32
Nb/Ta 9.55 7.25 11.56 7.33 11.58 12.05 12.17 14.96 30.37 7.52 2.36 3.83 4.78 12.20 6.25
Zr/Sm 92.33 192.51 40.72 46.46 15.89 32.33 10.13 108.04 119.91 243.96 15.44 196.73 28.40 15.21 10.24
Gd/Yb 3.31 0.71 4.06 2.35 4.44 3.18 9.62 1.61 1.98 1.96 3.62 1.76 1.94 1.58 2.21
Ce/Sr 0.10 0.09 0.13 0.07 0.13 0.06 0.05 0.04 0.06 0.06 0.06 0.06 0.10 0.07 0.06
(La/
Yb)N

45.98 12.82 44.66 22.63 42.22 41.28 107.07 51.29 45.41 31.33 50.58 19.21 14.31 10.59 13.02

Mg# = 100 × Mg/(Mg + Fe2+); TFeO = TFe2O3 × 0.8998; EuN/EuN* = 2 × EuN/(SmN + GdN); N: chondrite
normalized; LOI: loss on ignition.
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The 2.76 Ga granitic gneiss (D798) had SiO2 contents of 64.18–72.30 wt.% (69.63 wt.%
on average), Al2O3 contents of 12.11–16.18 wt.% (14.37 wt.% on average), and Na2O/K2O
ratios of 0.59–2.97 (1.15 on average). It displayed high-K calc-alkaline features in the K2O
vs. SiO2 diagram (Figure 4d) and showed similar characteristics to the 2.5 Ga trondhjemitic
gneiss (1814-3) in the TAS diagram and the A/NK vs. A/CNK diagram (Figure 4b,c). This
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rock had Mg# values of 45.89–55.78 (49.87 on average), which are in accordance with the
TTG gneisses (Table 2).

4.1.2. Trace Element Geochemistry

In the chondrite-normalized REE diagrams (Figure 5a,c), the TTG gneisses show
similar characteristics to the TTG rocks in the NCC. Three TTG gneisses exhibit broadly
similar REE distribution patterns and different LREE and HREE fractionation degrees.
They all have positive Eu anomalies with EuN/EuN* > 1.29. The 2.84 Ga tonalitic gneiss
(LaN/YbN = 45.41) and the 2.54 Ga trondhjemitic gneiss (LaN/YbN = 19.21–50.58, 32.06 on
average) show high fractionation between LREEs and HREEs, while the 2.49 Ga tonalitic
gneiss shows relatively lower fractionations (LaN/YbN = 10.59–14.31, 12.64 on average).
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Figure 5. Chondrite-normalized REE patterns (a) and (c) and primitive mantle-normalized spider
diagrams (b) and (d) for the TTG and granitic gneisses in the eastern Alxa Block.

In the primitive-normalized trace element diagrams (Figure 5b,d), three TTG gneisses
show similar features in enrichment of LILEs (e.g., Rb, Ba, and Sr) and depletion of HFSEs
(e.g., Nb, Ta, and Ti). They have variable contents of Cr and Ni. The 2.49 Ga tonalitic gneiss
shows much higher Cr (118.5 ppm on average) and Ni (38.3 ppm on average) contents
than the 2.54 Ga trondhjemitic gneiss (30.2 ppm and 7.8 ppm on average, respectively)
and 2.84 Ga tonalitic gneiss (8.9 ppm and 9.4 ppm, respectively). The TTG gneisses and
granitic gneisses are characterized by high Sr and low Y contents with high Sr/Y ratios
(>41), analogous to average high-SiO2 adakites and Archean TTG [60].

The 2.76 Ga granitic gneiss exhibits characteristics similar to those of TTG gneisses in
REE and trace element patterns (Figure 5c,d) and shows high REE fractionation
(LaN/YbN = 12.82–107.07, 45.99 on average) and distinctly positive Eu anomalies
(EuN/EuN* = 1.43–10.97, 3.49 on average). It also shows concentrations of Rb, Ba, and Sr
contents and depletions of Nb, Ta, and Ti contents and has low contents of Cr (16.1 ppm on
average) and Ni (11.8 ppm on average) that are similar to 2.84 Ga tonalitic gneiss.
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4.2. Zircon U-Pb Dating and Hf Isotopic Results

The zircon U-Pb dating results of the TTG and granitic gneiss samples (1810-1, 1814-3,
1816-1, and D798) are presented in Table 3, and representative zircon features are presented
in Figure 6. All tested samples contain subhedral–euhedral zircon grains with near oval
shapes and arc-shaped terminations. The diameter of zircons from samples 1810-1, 1814-3,
1816-1, and D798 are between 200 µm and 400 µm. Cathodoluminescence (CL) imaging
of most zircons reveals core–mantle–rim textures of oscillatory zoned cores overprinted
by broad (<80 µm) or thin mantle (<50 µm) and rim (<15 µm) domains (Figure 6). The
oscillatory zoned zircon cores are characterized by lower CL brightness values than the rims.
Overgrowth mantles and rims are commonly narrow in all samples, with rare grains that are
bright gray, homogeneous, and internally structureless. We interpret the zircon cores to have
a magmatic origin, with mantles and rims resulting from metamorphic recrystallization [61].
In situ zircon Hf isotope analyses were conducted on the representative zircons of the three
TTG gneisses (Figure 6), and the results are listed in Table 3. For the 2.54 Ga tonalitic gneiss
(1816-1), the Hf isotopic compositions of the six inherited zircon cores were calculated
based on the weighted mean age of 2616 ± 11 Ma, while the other nineteen magmatic
zircon cores were calculated based on the crystallization age of 2540 ± 38 Ma. Similarly,
the Hf isotopic compositions of ten magmatic zircon cores from the 2.49 Ga trondhjemitic
gneiss (1814-3) were calculated based on the crystallization age of 2491 ± 18 Ma.

4.2.1. Tonalitic Gneiss Sample 1810-1

Twenty-four analyses were obtained from the tonalitic gneiss sample (1810-1), and
three analyses were discordant (spots 1.1, 7.1 and 11.1; Table 3). Two concordant anal-
yses from zircon cores with (spots 6.1 and 15.3) well-preserved oscillatory zoning yield
207Pb/206Pb ages of 2826 ± 16 Ma and 2842 ± 13 Ma, respectively, with a weighted mean
207Pb/206Pb age of 2836 ± 20 Ma (MSWD = 0.63), which was proposed to be the crys-
tallization age of the protolith (Figure 7a). In addition, there were two 207Pb/206Pb age
groups from the inherited zircon cores that yielded mean 207Pb/206Pb ages of 2880 ± 17 Ma
(MSWD = 0.04) and 2918 ± 8 Ma (MSWD = 0.80). The weighted mean 207Pb/206Pb
ages of the two Paleoproterozoic age groups obtained from the unzoned rim domains
were 1951 ± 12 Ma (MSWD = 0.95; 1962–1935 Ma) and 1867 ± 12 Ma (MSWD = 1.3;
1915–1843 Ma) (Figure 7a). We considered these two age groups, ca. 1.87 Ga and ca.
1.95 Ga, to represent the ages of metamorphic events [61].

Eight magmatic zircon cores from the 2.84 Ga tonalitic gneiss (1810-1) had 176Hf/177Hf
ratios between 0.280948 and 0.281053 (Table 4), age-corrected εHf(t) values ranging from
1.89 to 1.71, with two-stage Hf model ages (TDMC) of 3111–3242 Ma, respectively. Ten
metamorphic zircon mantles or rims had relatively higher 176Hf/177Hf ratios between
0.281086 and 0.281181 and lower εHf(t) values from -18.90 to -13.49, with two-stage Hf
model ages (TDMC) of 3143–3336 Ma.

4.2.2. Trondhjemitic Gneiss Sample 1814-3

Of the twenty-seven analyses of zircons from the trondhjemitic gneiss sample (1814-3),
fourteen from the oscillatory zoned cores yield 207Pb/206Pb ages ranging between
2191 ± 24 Ma and 2577 ± 21 Ma. Ten analyses (2443–2555 Ma) yield a weighted mean
207Pb/206Pb age of 2491 ± 18 Ma (MSWD = 0.99; Table 3; Figure 7b). Eleven analyses
were obtained from the oscillatory unzoned rims and yield 207Pb/206Pb ages ranging
between 1702 Ma and 1943 Ma, with a weighted mean 207Pb/206Pb age of 1834 ± 45 Ma
(MSWD = 0.58; Figure 7b). Together with the intercept ages of 1819 ± 120 Ma and
2422 ± 59 Ma (MSWD = 0.66) (Figure 7b), we consider the mean 207Pb/206Pb age of
2491 ± 18 Ma obtained from the oscillatory zoned cores to represent the crystallization age
of the trondhjemitic gneiss and the mean 207Pb/206Pb age of 1834 ± 45 Ma obtained from
the unzoned rims to represent the age of metamorphism overprinted on the trondhjemitic
gneiss [61].
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Figure 6. Representative cathodoluminescence images of dated zircons. The white solid-line circle 
and white number represent the analytical spot of U-Pb dating and dating result, respectively. The 
yellow dashed-line circle and yellow number represent the the analytical spot of Hf isotope and its 
corrected 176Hf/177Hf value, respectively. 

4.2.1. Tonalitic Gneiss Sample 1810-1 
Twenty-four analyses were obtained from the tonalitic gneiss sample (1810-1), and 

three analyses were discordant (spots 1.1, 7.1 and 11.1; Table 3). Two concordant analyses 
from zircon cores with (spots 6.1 and 15.3) well-preserved oscillatory zoning yield 
207Pb/206Pb ages of 2826 ± 16 Ma and 2842 ± 13 Ma, respectively, with a weighted mean 
207Pb/206Pb age of 2836 ± 20 Ma (MSWD = 0.63), which was proposed to be the 
crystallization age of the protolith (Figure 7a). In addition, there were two 207Pb/206Pb age 
groups from the inherited zircon cores that yielded mean 207Pb/206Pb ages of 2880 ± 17 Ma 
(MSWD = 0.04) and 2918 ± 8 Ma (MSWD = 0.80). The weighted mean 207Pb/206Pb ages of 
the two Paleoproterozoic age groups obtained from the unzoned rim domains were 1951 
± 12 Ma (MSWD = 0.95; 1962–1935 Ma) and 1867 ± 12 Ma (MSWD = 1.3; 1915–1843 Ma) 
(Figure 7a). We considered these two age groups, ca. 1.87 Ga and ca. 1.95 Ga, to represent 
the ages of metamorphic events [61]. 

Figure 6. Representative cathodoluminescence images of dated zircons. The white solid-line circle
and white number represent the analytical spot of U-Pb dating and dating result, respectively. The
yellow dashed-line circle and yellow number represent the the analytical spot of Hf isotope and its
corrected 176Hf/177Hf value, respectively.
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Figure 7. U–Pb concordia diagrams for zircons from the TTG rocks (a–c) and granitic gneiss (d) in 
the eastern Alxa Block. The purple and black ellipses represent analyses for inherited or xenocrystic 
zircons; The gray ellipses represent discordant analyses; The blue ellipses represent analyses for 
magmatic zircons, while the red and green ellipses represent analyses for metamorphic zircons. 

Eight magmatic zircon cores from the 2.84 Ga tonalitic gneiss (1810-1) had 176Hf/177Hf 
ratios between 0.280948 and 0.281053 (Table 4), age-corrected εHf(t) values ranging from 
1.89 to 1.71, with two-stage Hf model ages (TDMC) of 3111–3242 Ma, respectively. Ten 
metamorphic zircon mantles or rims had relatively higher 176Hf/177Hf ratios between 
0.281086 and 0.281181 and lower εHf(t) values from -18.90 to -13.49, with two-stage Hf 
model ages (TDMC) of 3143–3336 Ma. 

Table 4. Lu-Hf isotopic data for zircons from TTG rocks in the eastern Alxa Block. 

No. 
Measured Age 

(Ma) 
Used Age 

(Ma) 
176Yb/177Hf 176Lu/177Hf 

176Hf/177Hf 
(corr) 

2σ εHf(0) εHf(t) 2σ TDM TDMC fLu/Hf 

1810–1: Tonalitic gneiss 

2.1 1935  1935  0.008069  0.000277  0.281181  0.000013  –56.27 –13.49  0.46 2831  3134 −0.99  

3.1 1915  1915  0.011251  0.000387  0.281154  0.000014  –57.22 –15.05  0.50 2875  3196 –0.99  

3.3 1892  1892  0.009593  0.000331  0.281128  0.000012  –58.13 –16.41  0.44 2905  3246 –0.99  

4.1 2772  2772  0.015876  0.000621  0.281053  0.000014  –60.78 0.42  0.48 3027  3111 –0.98  

Figure 7. U–Pb concordia diagrams for zircons from the TTG rocks (a–c) and granitic gneiss (d) in
the eastern Alxa Block. The purple and black ellipses represent analyses for inherited or xenocrystic
zircons; The gray ellipses represent discordant analyses; The blue ellipses represent analyses for
magmatic zircons, while the red and green ellipses represent analyses for metamorphic zircons.
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Table 4. Lu-Hf isotopic data for zircons from TTG rocks in the eastern Alxa Block.

No.
Measured

Age
(Ma)

Used
Age
(Ma)

176Yb/177Hf 176Lu/177Hf
176Hf/177Hf

(corr) 2σ εHf(0) εHf(t) 2σ TDM TDMC fLu/Hf

1810–1: Tonalitic gneiss

2.1 1935 1935 0.008069 0.000277 0.281181 0.000013 −56.27 −13.49 0.46 2831 3134 −0.99
3.1 1915 1915 0.011251 0.000387 0.281154 0.000014 −57.22 −15.05 0.50 2875 3196 −0.99
3.3 1892 1892 0.009593 0.000331 0.281128 0.000012 −58.13 −16.41 0.44 2905 3246 −0.99
4.1 2772 2772 0.015876 0.000621 0.281053 0.000014 −60.78 0.42 0.48 3027 3111 −0.98
4.2 1962 1962 0.010297 0.000390 0.281165 0.000013 −56.84 −13.62 0.47 2861 3162 −0.99
5.1 1890 1890 0.005287 0.000177 0.281153 0.000013 −57.26 −15.37 0.44 2861 3192 −0.99
6.1 2826 2826 0.029679 0.001094 0.281031 0.000017 −61.55 −0.04 0.61 3094 3178 −0.97
8.1 1890 1890 0.007648 0.000272 0.281133 0.000013 −57.98 −16.23 0.45 2895 3235 –0.99
9.1 1866 1866 0.014119 0.000632 0.281168 0.000014 −56.73 −15.96 0.49 2874 3203 −0.98
10.1 2743 2743 0.032849 0.001155 0.281035 0.000015 −61.42 −1.89 0.54 3094 3203 −0.97
11.1 2904 2904 0.011499 0.000435 0.280979 0.000018 −63.42 1.15 0.64 3112 3182 −0.99
12.1 2970 2970 0.009732 0.000366 0.280948 0.000015 −64.51 1.71 0.53 3148 3208 −0.99
13.1 2906 2906 0.029166 0.001132 0.281010 0.000018 −62.32 0.92 0.63 3127 3195 –0.97
13.2 2880 2880 0.016740 0.000676 0.280963 0.000021 −63.98 −0.45 0.77 3153 3242 −0.98
14.2 1937 1937 0.008957 0.000322 0.281169 0.000014 −56.69 −13.93 0.49 2850 3158 −0.99
15.1 1849 1849 0.008050 0.000352 0.281086 0.000014 −59.61 −18.90 0.50 2962 3336 −0.99
15.3 2842 2842 0.041481 0.001464 0.281023 0.000014 −61.84 −0.68 0.49 3136 3223 −0.96
16.1 1876 1876 0.008185 0.000293 0.281169 0.000015 −56.69 −15.28 0.52 2848 3176 −0.99

1814–3: Trondhjemitic gneiss

1.1 2443 2491 0.023648 0.000801 0.281170 0.000014 −56.65 −2.12 0.49 2884 3011 −0.98
2.1 2518 2491 0.012920 0.000479 0.281123 0.000015 −58.32 −3.25 0.54 2923 3068 −0.99
3.1 2504 2491 0.010837 0.000401 0.281112 0.000016 −58.69 −3.49 0.55 2931 3079 −0.99
3.3 2555 2491 0.023738 0.000807 0.281152 0.000016 −57.29 −2.77 0.55 2909 3043 −0.98
6.1 2495 2491 0.016543 0.000587 0.281137 0.000016 −57.82 −2.93 0.58 2912 3051 −0.98
6.2 1913 1913 0.010601 0.000413 0.281192 0.000018 −55.89 −13.79 0.64 2826 3131 −0.99
8.1 1768 1768 0.008023 0.000293 0.281137 0.000015 −57.81 −18.83 0.54 2890 3269 −0.99
9.2 2503 2491 0.017259 0.000587 0.281112 0.000016 −58.71 −3.83 0.56 2946 3096 −0.98
11.1 2448 2491 0.020314 0.000703 0.281152 0.000015 −57.28 −2.59 0.53 2901 3034 −0.98
19.1 2489 2491 0.011975 0.000419 0.281135 0.000017 −57.90 −2.73 0.61 2903 3041 −0.99
21.1 2457 2491 0.021810 0.000711 0.281134 0.000017 −57.93 −3.26 0.62 2926 3068 −0.98
22.1 1857 1857 0.009303 0.000381 0.281235 0.000019 −54.35 −13.45 0.67 2766 3070 −0.99
23.1 2484 2491 0.017408 0.000619 0.281132 0.000017 −57.99 −3.15 0.62 2921 3062 −0.98

1816–1: Tonalitic gneiss

1.1 2183 2540 0.008120 0.000341 0.281196 0.000014 −55.73 0.71 0.51 2815 2909 −0.99
2.1 2042 2540 0.018306 0.000719 0.281205 0.000015 −55.40 0.39 0.52 2830 2925 −0.98
3.1 2324 2540 0.019608 0.000785 0.281240 0.000017 −54.16 1.52 0.61 2788 2868 −0.98
4.1 2610 2616 0.019010 0.000764 0.281190 0.000017 −55.94 1.48 0.59 2854 2931 −0.98
4.2 2597 2616 0.007257 0.000312 0.281223 0.000015 −54.77 3.46 0.54 2777 2832 −0.99
5.1 2448 2540 0.008014 0.000324 0.281208 0.000016 −55.30 1.17 0.58 2798 2885 −0.99

6.1 2508 2540 0.007759 0.000320 0.281183 0.000014 −56.18 0.29 0.51 2831 2929 −0.99
7.1 2487 2540 0.037669 0.001519 0.281252 0.000019 −53.76 0.65 0.67 2826 2911 −0.95
8.1 2626 2616 0.008833 0.000360 0.281186 0.000015 −56.09 2.05 0.52 2830 2903 −0.99
9.1 2373 2540 0.025353 0.001020 0.281249 0.000017 −53.86 1.41 0.62 2793 2873 −0.97
10.1 1766 1766 0.008814 0.000354 0.281229 0.000017 −54.58 −15.70 0.59 2773 3110 −0.99
11.1 2454 2540 0.010133 0.000398 0.281209 0.000017 −55.29 1.05 0.61 2803 2891 −0.99
12.1 2618 2616 0.024690 0.000973 0.281204 0.000018 −55.44 1.61 0.63 2851 2925 −0.97
13.1 1866 1866 0.007226 0.000292 0.281215 0.000017 −55.07 −13.87 0.60 2787 3098 −0.99
14.1 2049 2540 0.029831 0.001212 0.281251 0.000017 −53.79 1.15 0.61 2805 2886 −0.96
15.1 2491 2540 0.013793 0.000541 0.281188 0.000017 −56.02 0.07 0.60 2841 2941 −0.98
16.1 1801 1801 0.002951 0.000119 0.281388 0.000015 −48.93 −8.96 0.52 2544 2799 −1.00
17.1 2667 2616 0.010778 0.000429 0.281184 0.000018 −56.16 1.86 0.64 2838 2912 −0.99
18.1 2183 2540 0.017517 0.000689 0.281208 0.000018 −55.30 0.54 0.65 2824 2917 −0.98
18.2 2555 2540 0.011776 0.000483 0.281162 0.000015 −56.95 −0.76 0.55 2872 2982 −0.99
19.1 1784 1784 0.004382 0.000165 0.281405 0.000018 −48.35 −8.82 0.65 2525 2779 −1.00
20.1 2588 2540 0.014708 0.000577 0.281166 0.000015 −56.81 −0.78 0.54 2873 2983 −0.98
21.1 2251 2540 0.023336 0.000939 0.281174 0.000017 −56.49 −1.10 0.62 2888 2999 −0.97
22.1 1793 1793 0.006664 0.000281 0.281417 0.000018 −47.92 −8.32 0.65 2516 2761 −0.99
23.1 2432 2540 0.007641 0.000319 0.281159 0.000016 −57.04 −0.57 0.59 2863 2973 −0.99
24.1 2487 2540 0.017488 0.000671 0.281209 0.000019 −55.26 0.61 0.67 2821 2913 −0.98
25.1 2434 2540 0.011524 0.000450 0.281171 0.000017 −56.63 −0.39 0.60 2857 2964 −0.99
26.1 2445 2540 0.031465 0.001271 0.281214 0.000019 −55.09 −0.26 0.68 2859 2957 −0.96
27.1 1748 1748 0.004465 0.000183 0.281458 0.000022 −46.48 −7.78 0.77 2455 2697 −0.99
28.1 2628 2616 0.014402 0.000576 0.281162 0.000017 −56.95 0.80 0.62 2879 2965 −0.98
29.1 1820 1820 0.007359 0.000304 0.281517 0.000020 −44.39 −4.20 0.71 2383 2574 −0.99
30.1 2185 2540 0.012065 0.000470 0.281174 0.000017 −56.52 −0.31 0.60 2855 2960 −0.99

Note: measured age (Ma) represents the measured age of SHRIMP U-Pb dating for the analyses, and the used age
(Ma) represents the ages that are used during the calculation of εHf(t) and model age. The crustal model ages
(TDMC) were calculated by assuming 176Lu/177Hf ratio of 0.010 for the upper crust.

Ten magmatic zircons from the 2.49 Ga trondhjemitic gneiss (1814-3) have 176Hf/177Hf
ratios between 0.281112 and 0.281170 (Table 4), corresponding to age-corrected εHf(t)
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values between −3.38 and −2.12, slightly lower than those of magmatic zircons from
sample 1810-1. The two-stage Hf model ages (TDMC) range from 3011 Ma to 3096 Ma. Three
analyses from the metamorphic zircon grains or rims present 176Hf/177Hf ratios varying
from 0.281137 to 0.281235, and their age-corrected εHf(t) values are between −18.83 and
−13.45. The corresponding two-stage Hf model ages (TDMC) range from 3070 to 3269 Ma.

4.2.3. Tonalitic Gneiss Sample 1816-1

Thirty-two analyses were obtained from the tonalitic gneiss sample (1816-1) (Table 3;
Figure 7c). Six analyses from the inherited cores yield 207Pb/206Pb ages of 2588–2667 Ma,
with a weighted mean age of 2616 ± 11 Ma (MSWD = 0.98; Figure 7c). Eighteen analyses
from magmatic zircon cores show variable degrees of Pb loss with 207Pb/206Pb ages of
2042–2555 Ma, and seven analyses from metamorphic zircons or rims yield 207Pb/206Pb
ages of 1748–1866 Ma. All analyses except for those from inherited zircons define a
discordia line with an upper concordia intercept age of 2540± 38 Ma and a lower concordia
intercept age of 1764 ± 42 Ma (MSWD = 0.90; Figure 7c). Six concordant analyses from
unzoned rim domains (spots 10.1, 16.1, 19.1, 22.1, 27.1, and 29.1) that yield 207Pb/206Pb
ages between 1820 ± 32 Ma and 1748 ± 39 Ma have a weighted mean age of 1784 ± 24 Ma
(MSWD = 0.63), which is identical to the intercept ages within errors. Therefore, ages of
2540± 38 Ma and 1784± 24 Ma are proposed to reflect the crystallization and metamorphic
ages of the tonalitic gneiss, respectively.

Nineteen magmatic zircon cores from the 2.54 Ga tonalitic gneiss have 176Hf/177Hf
ratios ranging from 0.281159 to 0.281252 (Table 4), age-corrected εHf(t) values from−1.10 to
1.52, with two-stage Hf model ages (TDMC) ranging from 2868 Ma to 2999 Ma, respectively.
Seven metamorphic zircon grains exhibit 176Hf/177Hf ratios between 0.281215 and 0.281517
and relatively lower εHf(t) values between −15.70 and −4.20. The corresponding two-
stage Hf model ages (TDMC) are 2574–3110 Ma, which are mainly concentrated in the
ranges of 2697–2799 Ma, respectively. In addition, six inherited zircon cores show a
similar 176Hf/177Hf ratio range of 0.281162–0.281223, with εHf(t) values of 0.80–3.46 and
corresponding two-stage Hf model ages (TDMC) of 2832–2965 Ma.

4.2.4. Granitic Gneiss Sample D798

Twenty-eight analyses were obtained from the granitic gneiss sample (D798) (Table 3;
Figure 7d). Twelve analyses show a large error (≥87 Ma), which is useless for age determi-
nation, and two analyses are discordant (spots 3.1 and 18.1). Nine analyses show variable
degrees of Pb loss with 207Pb/206Pb ages of 2380–2801 Ma and define a discordia line with
an upper concordia intercept age of 2763 ± 42 Ma (MSWD = 0.88; Figure 7d). The only
analysis (spot 20.1) close to the concordia line that yields a 207Pb/206Pb age of 2760 ± 10 Ma
responds well to the upper intercept age, reflecting the protolith emplacement age of the
granitic gneiss. Four analyses from unzoned rims yield 207Pb/206Pb ages of 1852–1721 Ma
and are interpreted as the metamorphic ages of the granitic gneiss [61].

5. Discussion
5.1. Petrogenesis of the TTG Rocks and Granitic Gneiss

The TTG gneisses from the Diebusige Complex are characterized by high SiO2 contents
(>62 wt.%), Sr/Y ratios (41–191) and intermediate Mg# values (44.97–52.23) (Table 2), with
negative Nb, Ta, and Ti anomalies and enrichment in Sr (Figure 5b,d). These characteristics
are similar to those of Archean TTGs and high-SiO2 adakites, which are consistent with the
results in the Sr vs. (CaO + Na2O) diagram (Figure 8a). The low εHf(t) values (-3.83 to 3.46)
and the presence of old xenocrystic zircons (2.84 Ga and 2.54 Ga tonalitic gneiss samples)
suggest a crustal origin for the protoliths. The moderately to strongly fractionated REE
patterns ((La/Yb)N = 10.59–50.58), low Sr contents (373.38–677.51 ppm) and positive Eu
anomalies (EuN/EuN* = 1.29–3.73)) suggest partial melting in the garnet stability field and
the absence of plagioclase in the residue. Generally, rutile has a lower Nb/Ta ratio than
chondrite, and its residue in the source or separation and differentiation during magmatic
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crystallization led to a higher Nb/Ta ratio of the melts [62]. Element Nb has a higher
distribution coefficient than Ta in hornblende [63,64], and the presence of hornblende
in the residue led to lower Nb/Ta and Dy/Yb ratios and higher Zr/Sm ratios for the
corresponding melts [65]. The 2.49 Ga trondhjemitic gneiss and 2.54 Ga tonalitic gneiss in
the Langshan area have Nb/Ta ratios lower than those of chondrite (17.6 [66]; 19.9 [67]),
indicating that the negative Nb, Ta, and Ti anomalies were not caused by residual rutile in
the source but were more likely related to the residues of hornblende in the source. The
2.84 Ga tonalitic gneiss has high Nb/Ta ratios; thus, its negative Nb, Ta, and Ti anomalies
may have been controlled by rutile residues in the source. Together with the classification
proposed by Moyen (2011) [68], the 2.49 Ga trondhjemitic gneiss and 2.54 Ga tonalitic gneiss
were derived from partial melting of garnet-bearing amphibolite under high-to-medium
pressure conditions, while the 2.84 Ga tonalitic gneiss was derived from partial melting of
rutile-bearing eclogite under high-pressure conditions (Figure 8b,c).
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Figure 8. Geochemical modeling results for the TTG and granitic gneisses in the eastern Alxa
Block. (a) Sr vs. (CaO + Na2O) diagram after references [60,64,69]; (b) Ce/Sr vs. Y diagram after
reference [68]; and (c) Nb/Ta vs. Zr/Sm diagram and melting curves after reference [70]; (d) Mg# vs.
SiO2 diagram after reference [71].

The 2.76 Ga granitic gneiss from the Diebusige Complex has SiO2 contents
(66.43–74.49 wt.%), Sr/Y ratios (47–274, 117 on average), and intermediate Mg# values
(45.89–55.78, 49.87 on average) (Table 2 and Figure 8d), with significantly negative Nb
and Ta anomalies and slight Ti anomalies (Figure 5d), which are similar to ca. 2.5 Ga TTG
gneisses discussed above and show the features of high-SiO2 adakites (Figure 8a). High
Sr/Y ratios, moderate to strong REE fractionations and positive Eu anomalies (EuN/EuN*
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= 1.43–10.97) suggest that the granitic gneiss was probably derived from partial melting of
a subducted basaltic slab with garnet in the residue. The granitic gneiss shows low Nb/Ta
(7.25–14.96, 10.81 on average) and Zr/Sm ratios (10.13–192.51, 67.30 on average), indicating
that it was derived from partial melting of garnet-bearing amphibolite (Figure 8c).

Previous studies have suggested that the potential source of Archean TTGs and
modern adakites may have been the melting of subducting oceanic crust [2,60,72,73],
thickened lower crust [74–76], or delaminated lower crust [74,77]. Generally, TTG or
adakitic melts with low Mg# values and Cr and Ni concentrations can be generated by the
partial melting of mafic rocks underplating the lower crust [69,78], while those generated
from the partial melting of a subducting slab and delaminated thickened lower crust would
have higher Mg# values and MgO, Cr, and Ni contents on account of the interaction with
the overlying mantle wedge during ascent [60,74,79,80]. Additionally, TTG melts produced
by the partial melting of the delaminated lower crust would have higher contents of MgO
(>3 wt.%), TiO2 (>0.9 wt.%) and compatible elements [81–83]. The low MgO (<3.21 wt.%)
and TiO2 (<0.81 wt.%) contents of TTG gneisses from the Langshan area can rule out the
origin of partial melting of the delaminated lower crust. The Mg# value can be used as
a marker to reflect whether the mafic rock was contaminated by the mantle during the
melting process; generally, the Mg# value of a typical mid-oceanic ridge basalt is <60 (51 on
average), and the Mg# value of the melt formed by its partial melting is <45 [69,76]. All
TTG gneisses and the granitic gneiss in this study show similar Mg# values (approximately
50) (Figure 8d), indicating that a certain degree of mantle contamination may have occurred
during the ascent of the TTG melts. However, they have different compatible element
compositions: the 2.84 Ga tonalitic gneiss and 2.76 Ga granitic gneiss have low Cr and Ni
contents, and the 2.49 Ga trondhjemitic and 2.54 Ga tonalitic gneisses have relatively high
contents of Cr and Ni. Therefore, the 2.84 Ga tonalitic gneiss and 2.76 Ga granitic gneiss
might have formed by the partial melting of the thickened lower crust, whereas the 2.49 Ga
trondhjemitic and the 2.54 Ga tonalitic gneisses are probably related to the partial melting
of the subducted oceanic slab.

5.2. Archean to Late Paleoproterozoic Crustal Evolution in the Alxa Block

The Diebusige Complex is one of the oldest metamorphic series in the eastern Alxa
Block. The results show that the 2.84 Ga and 2.54 Ga tonalitic gneisses, the 2.49 Ga
trondhjemitic gneiss, and the 2.76 Ga granitic gneiss are components of the Diebusige
Complex. The magmatic zircon age populations at ca. 2.8 Ga and ca. 2.5 Ga indicate that
the eastern Alxa Block experienced at least two magmatic events in the late Mesoarchean
to late Neoarchean era. Zircon Hf isotope analysis shows that all magmatic zircons from
the TTG rocks have εHf(t) values ranging from −3.83 to 3.46, which suggest a crustal origin
for the protoliths. Previous studies have suggested that the two-stage zircon Hf model
age (TDMC) can accurately reflect the extraction time of source materials from depleted
mantle [84]. Magmatic zircons from the 2.84 Ga tonalitic gneiss have TDMC values between
3.24 Ga and 3.11 Ga, while those from the 2.54 Ga tonalitic gneiss and 2.49 Ga trondhjemitic
gneiss have TDMC values of 3.0–2.83 Ga and 3.10–3.01 Ga, respectively, indicating that the
Langshan TTG gneisses were derived from reworking of Paleo-Mesoarchean crust and
mixed with mantle materials to different degrees during migration. The 2.84 Ga tonalitic
gneiss is the oldest rock currently exposed in the Alxa Block. Recently, Gong et al. (2012)
and Zhang et al. (2013b) [51,52] recognized 2.5 Ga TTG rocks from the Beidashan Complex
in the western Alxa Block. Zircon Hf isotopic features suggested that the western Alxa Block
experienced a mostly 2.8–2.7 Ga crustal growth and a ca. 2.5 Ga magmatic–metamorphic
event. The TDMC values of 3.59–3.02 Ga obtained from the ca. 2.8 Ga-inherited zircons
also implied the existence of Paleo-Mesoarchean crustal materials in the western Alxa
Block [52]. Combined datasets show that the eastern and western Alxa Block probably had
the same Paleo-Mesoarchean crust, and the Alxa Block experienced Paleo-Mesoarchean
crustal growth, a ca. 2.8 Ga magmatic event, and a ca. 2.5 Ga magmatic–metamorphic event.
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The Langshan TTG gneisses and granitic gneiss recorded continuous metamorphic
ages of 1962–1721 Ma with peaks at ca. 1.95 Ga and ca. 1.85 Ga. Paleoproterozoic meta-
morphic events were widely developed in every Precambrian basement in the Alxa Block,
such as the Bayanwulashan Complex in the eastern Alxa Block and the Beidashan Complex
and Longshoushan Complex in the western Alxa Block [50,52,85,86]. The remaining NCC
also recorded these two metamorphic events, and previous studies have suggested that ca.
1.95 Ga and ca. 1.85 Ga corresponded to the formation ages of the Khondalite Belt and the
TNCO [27,87–90], respectively. However, whether the formation of the TNCO could have
affected the Alxa Block located in the westernmost part of the NCC is still uncertain. A few
models suggested the ca. 1.95 Ga and ca. 1.85 Ga events were related to the assembly and
breakup of the Paleoproterozoic Columbia supercontinent since they have been identified
globally (e.g., Laurentia, Baltica, Amazonia, and India [91–96]).

5.3. Early Geological History of the Alxa Block in Comparison with the YC, TC, and Main NCC

The NCC, YC, and TC are three old cratons in China that constitute the main nucleus
of the Chinese continent [5,6,27,97]. Despite considerable progress over recent decades in
understanding the Precambrian evolution of these three cratons, limited work has been
conducted on comparing their early geological histories [7,8,98–102].

As an important component of the Archean crust, TTG rocks play an important role
in the study of Precambrian crustal evolution. In terms of the YC, previous studies show
that Paleo-Neoarchean TTG rocks were well developed in the YC [11,13,103–107]. The
oldest TTG rocks were formed during 3437–3262 Ma, and zircon Hf isotope studies have
suggested that these rocks with εHf(t) values of −4.7–1.2 were sourced from the Hadean
to Eoarchean crust [17–21,103,104] (Figure 9). Additionally, detrital zircons with ages of
3.8–3.2 Ga have been identified in the YC [24,25], indicating that the beginning of crustal
evolution of the YC was as early as the Eoarchean to Paleoarchean era (Figures 9 and
10d). Mesoarchean TTG rocks from the YC have εHf(t) values of −10-3, which yield TDMC
values ranging between ca. 3.8 Ga and ca. 3.0 Ga [20,105] (Figure 10f). This suggests that
Eoarchean to Paleoarchean crustal materials in the YC were reworked in the Mesoarchean.
The Neoarchean rocks were also recognized from the YC [15], and their zircon Hf isotopic
features suggest a derivation from Mesoarchean reworked components (Figure 10f).
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Figure 9. Diagram of εHf(t) values vs. 207Pb/206Pb ages for zircons from the basement rocks in
the Alxa Block and the main North China, Tarim, and Yangtze cratons. Data for the Alxa Block
are from references [51,52] and this study; (2) data for the main North China Craton are from
references [30,65,106,108–115]; (3) data for the Tarim Craton are from references [22,23,98,99,116,117];
and (4) data for the Yangtze Craton are from references [11,14,17,19,21,24,102,103,107,118–120].
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The discovery of ca. 3.7 Ga tonalitic gneisses with a mean εHf(t) value of −0.7 ± 2.6
suggests that the crustal evolution of the TC began before the Eoarchean era [22]
(Figures 9 and 10c). Detrital zircons from metasedimentary rocks in the northern TC
were dated ca. 2.5 Ga to ca. 3.5 Ga with TDMC values from ca. 3.9 Ga to ca. 3.7 Ga [23],
similarly indicating that the crustal components in the TC may have been generated as
early as ca. 3.9 Ga. Neoarchean orthogneisses and mafic–ultramafic rocks are widely
exposed in the TC [12,16,95,98,99]. Previous studies have shown that continuous magmatic
events occurred in the Neoarchean era, and zircon Hf isotopes yield a large range of εHf(t)
values (ca. −8–10) with two-stage model ages from the Paleoarchean to Neoarchean era (ca.
3.4–2.8 Ga) [16,23,98,116,117] (Figures 9 and 10c). This suggests that basement rocks in the
TC involved synchronous crustal growth and reworking during the Paleo-Neoarchean era.
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Numerous detrital and inherited zircons from a variety of metasedimentary rocks in
the eastern NCC have been dated 3.88–3.6 Ga, suggesting that the beginning of crustal evolu-
tion of the NCC was as early as before the Eoarchean era [30,121–124] (Figure 10d). Recently,
ca. 3.8 Ga TTG rocks and granulite enclaves were also identified in the NCC [125,126],
further confirming the existence of Eoarchean continental materials and the initial time of
crustal evolution of the NCC. Paleoarchean zircons from the eastern NCC have εHf(t) values
ranging from −5 to 3 and give Eo-Paleoarchean two-stage model ages varying from 3.9 Ga
to 3.4 Ga (Figures 9 and 10b). Zircons from the Mesoarchean and Neoarchean TTG rocks
have variable εHf(t) values of −5.5–10.2 (3.6 on average) and −7.8–12.6 (4.1 on average)
with two-stage model ages of 4.2–2.8 Ga and 3.9–2.5 Ga, respectively (Figures 9 and 10b).
These results indicate that basement rocks in the main NCC involved synchronous crustal
growth and reworking, similar to the TC during the Paleo-Neoarchean era.

The Alxa Block is the westernmost component of the NCC. The existence of Archean
rocks has long been controversial until ca. 2.5 Ga TTG rocks were identified from the
western Alxa Block [51,52]. Mesoarchean to early Paleoproterozoic granitic gneisses
(2.76 Ga) and TTG gneisses (2.84 Ga, 2.54 Ga, and 2.49 Ga) from the Langshan area in
the eastern Alxa Block are reported in this study. As mentioned above, magmatic zircons
from the Langshan TTG gneisses have εHf(t) values ranging from −3.83 to 3.46 and two-
stage model ages ranging from 3.3 Ga to 2.9 Ga with peaks at ca. 3.2 Ga and ca. 3.0 Ga.
Magmatic zircons from the ca. 2.5 Ga TTG rocks in the western Alxa Block have εHf(t)
values varying from -5.54 to 8.98, and two-stage model ages mainly vary from 3.0 Ga to
2.6 Ga, with a peak at ca. 2.8 Ga [51,52]. By contrast (Figures 9 and 10), the eastern Alxa
Block recorded a 3.3–2.9 Ga crustal growth and 2.8–2.7 Ga and ca. 2.5 Ga crustal reworking,
which have been extensively recorded in most ancient cratons worldwide [31,75,126,127],
whereas the western Alxa Block recorded a 2.8–2.7 Ga crustal growth and ca. 2.5 Ga crustal
growth and reworking. This indicates that the eastern Alxa Block has older crustal materials
than the western Alxa Block, and crustal growth and reworking simultaneously occurred
2.8–2.7 Ga in the Alxa Block (Figure 10a,b). The combination of available datasets suggests
that the oldest basement exposed in the Alxa Block formed in the Paleo-Mesoarchean era
and that crustal evolution began in the Paleoarchean era, which was younger than those of
the main NCC, TC, and YC (Figures 9 and 10). Therefore, we suggest that the Alxa Block
probably has its unique crustal evolutionary history before the early Paleoproterozoic.

6. Conclusions

Based on geological, geochronological, geochemical, and zircon Lu-Hf isotope data
from the Langshan area in the eastern Alxa Block, we reach the following conclusions:

(1). The granitic gneiss and three TTG gneisses from the Langshan area were mainly
emplaced 2.76 Ga, 2.84 Ga, 2.54 Ga, and 2.49 Ga, respectively, supporting the existence
of Archean rocks in the eastern Alxa Block.

(2). Zircon Lu-Hf isotope data indicated that the Langshan TTG gneisses were derived
from partial melting of crustal materials extracted from depleted mantle during the
Paleoarchean to Mesoarchean era (3.24–2.83 Ga).

(3). The eastern Alxa Block experienced an important period of crustal growth during
ca. 3.24–2.83 Ga, followed by crustal reworking of ca. 2.8 Ga and ca. 2.5 Ga, and the
Alxa Block probably had its unique crustal evolution history from before the early
Paleoproterozoic era, which was younger than that of the main NCC, TC, and YC.
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Abstract: The metamorphism and geological significance of amphibolites in the Diebusige and
Bayanwulashan Complexes of the eastern Alxa Block, North China Craton, were poorly understood
until now. This study presents the results of petrology, laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) zircon U–Pb analysis, phase equilibrium modeling and geothermo-
barometry for these rocks. The peak mineral assemblage of clinopyroxene + hornblende + plagioclase
+ K-feldspar + ilmenite + quartz + melt is inferred for amphibolite sample ALS2164 in the Diebusige
Complex. Correspondingly, the peak mineral assemblage of clinopyroxene + hornblende + plagioclase
± K-feldspar + ilmenite + quartz + melt is identified for amphibolite sample ALS2191 in the Bayan-
wulshan Complex. Phase equilibrium modelling constrained the peak metamorphic condition of
amphibolite sample ALS2164 in the Diebusige Complex to be 825–910 ◦C/7.2–10.8 kbar, which is simi-
lar to that (800–870 ◦C/7.0–10.7 kbar) of amphibolite sample ALS2191 in the Bayanwulashan Complex.
Hbl–pl–qz thermobarometry yielded the metamorphic PT conditions of 732–810 ◦C/3.0–6.7 kbar for
these amphibolites, which are consistent with the average temperatures of 763 ◦C, 768 ◦C and 780 ◦C
calculated by Ti-zircon thermometry. As a result, phase equilibrium modelling yielded wide PT
condition ranges of 800–910 ◦C/7.0–10.8 kbar, the lower limit of which is consistent with the upper
limit of estimates by the hbl–pl–qz thermobarometer. In addition, LA-ICP-MS U–Pb analysis on
metamorphic zircons yielded weighted mean 207Pb/206Pb ages of 1901 ± 22–1817 ± 21 Ma, which
represent the timing of amphibolite-facies metamorphism. As a whole, the PT estimates display a
high geothermal gradient, which is consistent with coeval ultrahigh-temperature metamorphism
and associated mantle-derived mafic-ultramafic rocks in the Diebusige Complex. Combing this
information with the previously published data from the Diebusige Complex, an extensional setting
after continental collision is inferred for the eastern Alxa Block during the late Paleoproterozoic.
The HREE enrichment patterns of metamorphic zircons from the amphibolites in this study are in
agreement with that these amphibolites formed at relatively shallower crust than the garnet-bearing
mafic granulites in the Diebusige Complex.

Keywords: amphibolites; the Alxa Block; the Khondalite Belt; zircon U-Pb age; extensional setting

1. Introduction

Amphibolites, one of the common metabasic rocks in metamorphic terranes from
Precambrian to Phanerozoic, can provide valuable information for the study of geologi-
cal processes [1,2]. Previous experimental studies suggest that amphibolites can be sta-
ble in a relatively wide PT range of 0–15 kbar/500–950 ◦C [3–7]. Afterwards, some re-
searchers proposed that the upper temperature limit of amphibolite-facies metamorphism
is 700–850 ◦C [8–10], which is lower than the results determined by experimental studies. In
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terms of origin, amphibolite can be formed by metamorphism of mafic igneous rock (ortho-
amphibolite) or sedimentary tuff (para-amphibolite) (two different origins of amphibolites
in the Xiangshan area of Jiangxi province [11]). Amphibolite may be prograde products of
Barrow-type metamorphism [4,12,13] with a clockwise P–T path, reflecting the collision
thickening environment, such as the amphibolite in the Wutai–Hengshan area [14]. It can
also be retrograde products of overprinted high-pressure/ultrahigh-pressure (HP/UHP)
eclogites, where the P–T path is dominated by decompression [7,15,16], such as the amphi-
bolite in the Qingyouhe area of Qinling Complex [17]. The formation of amphibolite may
be related to the underplating of mantle-derived magmas, which is characterized by an
anticlockwise P–T path (amphibolite in the northern Liaoning Complex [18]). In addition,
amphibolite with a decompressional heating P–T segment can reflect an extensional set-
ting that developed on a previous orogen (amphibolite in the Xilingol Complex of Inner
Mongolia [19]).

The Alxa Block is located in the westernmost part of the North China Craton (NCC),
adjacent to the Khondalite Belt (KB) (Figure 1a). In recent decades, some researchers
considered that the Alxa Block has an affinity to the Yangtze Craton or the Tarim Craton due
to the identification of the Neoproterozoic magmatism [20,21], whereas others thought that
the Alxa Block was the western extension of the Yinshan Block, NCC [22,23]. Additionally,
some scholars argued that the Alxa Block is an independent block or a microcontinental
block in a Paleozoic orogenic belt [24–26]. Recently, more and more evidence has supported
the Alxa Block as the westward extension of the KB due to the discovery of ca. 1.96–1.83 Ga
metamorphism, ca. 2.3–2.0 Ga magmatism and small-scale Neoarchean magmatism in this
block [27–35]. Therefore, the relationship between the Alxa Block and the NCC has become
the focus of controversy, and research on metamorphism can provide important insights
for solving this dispute. Furthermore, the Diebusige and Bayanwulashan Complexes
distributed discontinuously along the eastern Alxa Block (Figure 1b) are composed of felsic
orthogneiss, amphibolite lenses or interlayers, and a few metasedimentary rocks [36,37].
Previous work revealed that these amphibolite lenses or interlayers had metamorphic
ages of ca. 1.93–1.81 Ga [36,37], which are comparable to published metamorphic ages
of ca. 1.96–1.83 Ga for high- to ultrahigh-temperature (HT–HUT) metamorphic rocks in
the Diebusige Complex [33–35]. Due to the lack of detailed metamorphic PT condition
calculations for these amphibolites, their relationship with HT–UHT metamorphic rocks,
and the implications for tectonic evolution of the Alxa Block are unclear until now.

In this study, we describe amphibolites in the Diebusige and Bayanwulashan Com-
plexes of the eastern Alxa Block, NCC. Detailed studies of petrology, U–Pb ages and
trace elements of metamorphic zircons, and metamorphic PT condition calculations using
phase equilibrium modelling and conventional thermobarometries are used to reveal the
metamorphic ages and characteristics of these amphibolites. Metamorphic ages and PT
conditions constrained for amphibolites in this study, coupled with previously published
data in the region, provide us new insight to elucidate their tectonic significance of the
Alxa Block.
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Figure 1. (a) Simplified tectonic sketch map of the North China Craton (NCC) showing the location
of the Alxa Block and (b) geological map of the Alxa Block (revised from BGMRIM (1991) [38]).
CAOB, Central Asian Orogenic Belt; YGA, the Yagan arc; ZHA, the Zhusileng–Hangwula arc; SLB,
the Shalazhashan belt; NLB, the Nuru–Langshan belt. 1© The Langshan fault, 2© the Longshoushan
fault, 3© the Enger US fault, 4© the Badain Jaran fault, 5© the Yagan fault.
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2. Geological Setting

The westernmost part of the NCC, termed as the Alxa block, is bounded by the Central
Asian Orogenic Belt and the Qilian Orogen to the south, respectively (Figure 1a,b). The
Alxa Block is mainly covered by Cenozoic sediments, and the outcrops of Precambrian
metamorphic basement rocks are sporadically exposed in the western and eastern parts
of the block (Figure 1b). The Precambrian basement of the western Alxa Block is mainly
composed of the Longshoushan and Beidashan Complexes [27,30,39,40] (Figure 1b), and the
Precambrian basement of the eastern Alxa Block consists of the Diebusige, Bayanwulashan
and Boluositanmiao Complexes [29,36,37,41,42] (Figure 1b).

2.1. The Western Alxa Block

The Longshoushan Complex is composed of felsic gneisses, amphibolites and metased-
imentary rocks [30,31,43–46]. The crystallization ages for the protolith of felsic gneisses
were constrained to be ca. 2.35–2.01 Ga, and their metamorphic ages vary from ca. 1.97 to
1.84 Ga [30,31,43–45,47]. The metamorphic ages of amphibolites have been determined at
ca. 1.85 Ga [31]. Metasedimentary rocks have detrital zircon ages ranging from ca. 3.0 to
1.98 Ga, and their metamorphic ages are ca. 1.96–1.92 Ga [31,45,46].

The Beidashan Complex is predominantly composed of granodioritic–trondhjemitic
gneisses, whose protolith crystallization ages are ca. 2.84–2.50 Ga, and their metamorphic
ages are constrained at ca. 2.53–2.47 Ga and ca. 1.87–1.83 Ga [27,39]. The sequence of meta-
morphic events is similar to those of the NCC, thereby the Alxa Block was considered as the
western extension of the Khondalite Belt or an integrated component of the NCC [27,45].

2.2. The Eastern Alxa Block

The Diebusige Complex mainly consists of felsic gneisses, amphibolite, and minor metased-
imentary rocks (e.g., banded iron formations and pelitic gneisses) [29,32–36,42]. SHRIMP and
SIMS zircon U–Pb dating yielded protolith crystallization ages of ca. 1.98–1.97 Ga and the
metamorphic ages of ca. 1.93 and 1.80 Ga for felsic gneisses [29,36,42]. The metamorphic ages of
1.84 and 1.85 Ga were obtained for magnetite quartzites, and peak metamorphic temperature
was estimated at ~860–800 ◦C by the two-pyroxene geothermometer [33]. The metamorphic
ages of corundum-bearing garnet–sillimanite gneisses are constrained to be ca. 1.95–1.83 Ga,
which recorded a clockwise P–T path with peak metamorphic conditions of ~890–940 ◦C at
~7.5–9.8 kbar [34]. Wang et al. (2023) [35] obtained a clockwise P–T path with the peak meta-
morphic condition of 948–1048 ◦C/11–14 kbar, and metamorphic ages of ca. 1.96–1.86 Ga for
mafic granulites.

The Boluositanmiao Complex is mainly composed of felsic gneisses, and the protolith
crystallization ages of these felsic gneisses are determined at ca. 1.84–1.82 Ga [30,48,49].

In the Bayanwulashan Complex, there are felsic gneisses, amphibolites and metasedi-
mentary rocks [28,36,37,42,48,50,51]. Zircon U–Pb dating indicates that the crystallization
age for the protolith of felsic gneisses is ca. 2.40 to 2.23 Ga [48,50], whereas the meta-
morphic ages of these rocks have been constrained to be ca. 1.96–1.77 Ga [28,36,37]. The
crystallization ages for the protolith of amphibolites were dated at ca. 2.30–2.34 Ga, which
have metamorphic ages of ca. 1.94–1.80 Ga [36,51]. The detrital zircons from metasedi-
mentary rocks (e.g., felsic paragneiss) range from ca. 2.50 to 2.27 Ga, which underwent
ca. 1.90–1.80 Ga metamorphism [36,42]. These late Paleoproterozoic metamorphic ages
in the Diebusige and Bayanwulashan Complexes indicate that the Alxa Block may be the
westward extension of the KB [27,30,33–35].

3. Analytical Methods

The mineral compositions (Tables S1–S3) were analyzed using the JEOL JXA-8230
electron microprobe (EMP) at the State Key Laboratory of Continental Dynamics (SKLCD),
Northwest University, Xi’an. The operating conditions are a 15 kV accelerating voltage, a
beam current of 10 nA, and a beam diameter of 2 µm.
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The whole-rock compositions were determined by X-ray fluorescence (XRF) analyses
(Table 1) at the SKLCD, Northwest University, Xi’an. The FeO compositions were measured
by a titration method at the Regional Geology and Mineral Resources Institute, Langfang,
Hebei province.

Separated zircon grains were mounted in epoxy resin and polished to expose grain
centers. Cathodoluminescence (CL) imaging was carried out at Tuoyan Analytical Technol-
ogy Co., Ltd., Guangzhou, which was used to identify internal structures of zircons. Zircon
U–Pb dating and rare earth element (REE) analysis were simultaneously carried out by
using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the
Wuhan Sample Solution Analytical Technology Co., Ltd., Wuhan, China. The laser spot
was 24 µm in size, and a laser frequency of 5 Hz was used. Harvard zircon 91500 and glass
NIST610 were selected as external standards. Detailed operating conditions, analytical
procedures, and data processing methods can be found in Liu et al. (2010) [52].

4. Field Occurrence and Petrology
4.1. Field Occurrence

The Diebusige and Bayanwulashan Complexes mainly comprise felsic gneiss with
amphibolite lenses or interlayers (Figure 2a,b). Amphibolites display a homogeneous
distribution of leucosomes (Figure 3a,e,f), suggesting they have experienced partial melt-
ing (Figure 3a–f). Amphibolite samples ALS2164 and ALS2166 were collected from the
Diebusige Complex, whereas amphibolite samples ALS2191 and ALS2156 are from the
Bayanwulashan Complex. Detailed petrography and mineral chemistry were carried out
for three amphibolite samples (i.e., ALS2164, ALS2166 and ALS2191).

4.2. Petrology and Mineral Chemistry

Petrographic features are showed in Figures 4 and 5, whereas classifications of mineral
composition are presented in Figure 6. The mineral abbreviations in this study follow Whit-
ney and Evans (2010) [53]. Hornblende compositions are plotted on the Leake classification
diagram [54].

4.2.1. Amphibolite Sample ALS2164

Amphibolite sample ALS2164 displays a porphyroblastic texture and is composed of
clinopyroxene (~15%), plagioclase (~45%), hornblende (~30%), K-feldspar (~8%), minor
quartz (~2%), with accessory zircon, apatite, ilmenite and hematite (Figure 4a–f). Plagio-
clase occurs as coarse-grained crystals and is in textural equilibrium with clinopyroxene,
hornblende and K-feldspar (Figure 4a–f). Minor quartz appears as interstitial crystals
between hornblende and clinopyroxene (Figure 4e,f). Ilmenite and hematite are present
as interstitial grains (Figure 4d,e). Clinopyroxenes are diopside in composition (Table S1;
Figure 6a). Plagioclases have XAn of 0.32–0.34 and are andesine in composition (Table S1;
Figure 6b). Hornblendes are pargasite and magnesio-hastingsite in composition, with
Ti = 0.22–0.28 cpfu. and XMg = 0.60–0.62 (Table S1; Figure 6d).

4.2.2. Amphibolite Sample ALS2166

Amphibolite sample ALS2166 is composed of clinopyroxene (~15%), plagioclase
(~55%), hornblende (~30%) with accessory ilmenite, apatite and zircon (Figure 4g,h). Il-
menite is present as interstitial grains (Figure 4g,h). Clinopyroxenes in this sample are
diopside in composition (Table S2; Figure 6a), which are similar to those of clinopyroxene
from sample ALS2164. Plagioclases display andesine composition with homogeneous
XAn value (0.34–0.37) (Table S2; Figure 6b). Coarse-grained hornblendes are ferropargasite
or pargasite, with XMg values of 0.45–0.49 and Ti contents of 0.20–0.29 cpfu. (Table S2;
Figure 6d).
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Figure 2. Geological maps of the Diebusige Complex [29,33–36] (a) and the Bayanwulashan Com-
plex [28,36,37,51] (b) in the Alxa Block (revised from BGMRIM (1991) [38]). 
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Figure 3. Field photographs of the amphibolites: (a–c) amphibolite interlayers and felsic gneiss in 
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Figure 3. Field photographs of the amphibolites: (a–c) amphibolite interlayers and felsic gneiss in the
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4.2.3. Amphibolite Sample ALS2191

Amphibolite sample ALS2191 consists of clinopyroxene (~10%), plagioclase (~47%),
hornblende (~40%), K-feldspar (~2%) and minor quartz (~3%), with accessory ilmenite,
sphene and zircon (Figure 5a–d). Clinopyroxene, hornblende, plagioclase and quartz are
in contact with each other. Clinopyroxene grains have been transformed to the composite
of quartz and actinolite, which was termed as pseudomorph of Cpx (Figure 5a–d). This
phenomenon has been observed in clinopyroxene from HP–HT metamorphic rocks, which
was considered to be formed by retrogression with water ingress [55–61]. K-feldspar
was observed as veins in the fractures (Figure 5b), which may be crystallized from K-
bearing fluid during retrogression. Ilmenite is present as interstitial grains (Figure 5a).
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Sphene occurs as corona around ilmenite (Figure 5f). Plagioclases have slight compositional
variation with XAn = 0.36–0.39 and belong to andesine (Figure 6b; Table S3). Hornblendes
belong to pargasite and magnesio-hastingsite, with XMg values of 0.50–0.52 and Ti contents
of 0.18–0.31 (Figure 6d; Table S3), whereas actinolites have higher XMg values of 0.62–0.72
but lower Ti contents of 0.00–0.03 (Figure 6c; Table S3).
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Figure 4. Photomicrographs for the amphibolite samples ALS2164 and ALS2166 in the Diebusige
Complex: (a,b) clinopyroxene, hornblende, plagioclase and ilmenite (plane polarized light); (c–f) back-
scattered electron (BSE) image shows K-feldspar, quartz, apatite, ilmenite and hematite; (g,h) clinopy-
roxene, hornblende and plagioclase (plane polarized light).
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plex: (a,b) hornblende, plagioclase, K-feldspar and pseudomorph of clinopyroxene (plane polar-
ized light); (c,d) BSE image shows quartz, sphene, and actinolite and quartz in the pseudomorph
of clinopyroxene.

4.3. Mineral Assemblage Evolution

Based on observations of field outcrops and petrography described above, the peak
mineral assemblage of cpx + hbl + pl + kfs + qz + ilm + melt is identified for sample ALS2164,
and the peak mineral assemblage of cpx + hbl + pl ± kfs + ilm + qz + melt is inferred for
sample ALS2191. Actinolites in the pseudomorph of Cpx (Figure 5d; sample ALS2191) are
a typical greenschist facies mineral, indicating later hydrothermal alteration. Sphenes only
occur around ilmenite in the pseudomorph of Cpx and have not been found in the other
domain (i.e., Figure 5a,c). Likely, sphene coronas around ilmenite in the pseudomorph of
Cpx (Figure 5d; sample ALS2191) are also the product of hydrothermal alteration.
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cation diagram for the clinopyroxene; (b) the XOr–XAb–XAn diagram for the plagioclase; (c,d) the
classification diagram for the hornblende.
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5. Calculation of Metamorphic Conditions
5.1. Phase Equilibrium Modelling

Phase equilibrium modelling was carried out for amphibolite samples ALS2191 and
ALS2164 in the system NCKFMASHTO (Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–
TiO2–O2) using the Theriak-Domino software (ver.11.03.2020; [62]), with the dataset file
ds62_mafic (adopted from the Thermocalc database ds62 by Holland and Powell, 1998 [63],
2011 [64]). The adopted activity–composition (a–x) models are listed in the following: liquid
(melt), clinopyroxene and hornblende [65]; garnet and orthopyroxene [66]; olivine [64];
plagioclase [67]; magnetite–spinel [68]; and ilmenite–hematite [69]. Pure phases include
quartz and rutile. The amount of FeO was analyzed by titration and then Fe2O3 was calcu-
lated by the difference. The T–XH2O pseudosection was used to evaluate the appropriate
H2O content for the final P–T pseudosection modelling. The bulk-rock compositions for
modelling are listed in Table 1.

5.1.1. Amphibolite Sample ALS2164

A T–XH2O pseudosection constructed at 8 kbar (Figure 7a) using the oxygen content
obtained by the Fe2+ titration was used to select a suitable H2O content, so that the final
retrograde mineral assemblage is stable just above the post-melt-loss solidus [70]. The
adopted pressure of 8 kbar is consistent with the pressure range for the peak mineral assem-
blage of cpx–hbl–pl–kfs–qz–ilm–liq in the P–T pseudosection (Figure 7b). The variations in
XH2O correspond to a range of H2O contents from 0 to 5 mol.% (Table 1; Figure 7b,c). A
XH2O value of 0.65 (equivalent to 3.25 mol.% H2O) was chosen, which crosses the liquid-out
line of the peak mineral assemblage (Table 1; Figure 7b).
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Figure 7. T–XH2O and P–T pseudosections for the amphibolite sample ALS2164 in the Diebusige
Complex: (a) T–XH2O pseudosection at 8 kbar; (b) P–T pseudosection; (c) P–T pseudosection with
isopleths of XTi(M2) and XAl(M2) in hornblende, XMg in clinopyroxene and XAn in plagioclase. The
field of peak mineral assemblage is marked by cpx + hbl + pl + kfs + ilm + liq in red type. Red bars in
(a) denote H2O content used for subsequent modelling.
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The P–T pseudosection was calculated over the P–T window of 2–14 kbar/700–1000 ◦C
(Figure 7b). The P–T pseudosection is presented with isopleths of XTi(M2) and XAl(M2) in
hornblende, XMg in clinopyroxene and XAn in plagioclase (Figure 7c). The inferred peak
mineral assemblage of cpx + hbl + pl + kfs + qz + ilm + liq was stable over a P–T range
of 810–910 ◦C/5.8–12.2 kbar (Figure 7b). The peak metamorphic condition is furtherly
constrained to be 825–910 ◦C/7.2–10.8 kbar by the measured XAn = 0.32–0.34 of plagioclase
and XAl(M2) = 0.26–0.33 of hornblende (Figure 7c). However, the measured XTi(M2) of
0.11–0.14 in hornblende and XMg of 0.74–0.80 in clinopyroxene fall outside of the range of
the peak phase field (Table S1; Figure 7c).

5.1.2. Amphibolite Sample ALS2191

The H2O content was determined using the T–XH2O pseudosection (Figure 8a) to
ensure that the final mineral assemblage is stable just above the solidus [70]. The T–
XH2O pseudosection was constructed at 9 kbar, which is within pressure range for the
peak assemblage of cpx–hbl–pl–kfs–qz–ilm–liq in the P–T pseudosection (Figure 8b). The
variations in XH2O correspond to a range of H2O contents from 0 to 5.0 mol.% (Table 1;
Figure 8a). The peak mineral assemblage of cpx–hbl–pl–kfs–qz–ilm–liq occurs at >0.55 XH2O
and 772–868 ◦C in the T–XH2O pseudosection (Figure 8a). A XH2O value of 0.64 (equivalent
to 3.20 mol.% H2O) was selected for the subsequent P–T pseudosection calculation, which
crosses the liquid-out line for the peak mineral assemblage (Table 1; Figure 8a).
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The P–T pseudosection was calculated over the P–T window of 700–900 ◦C and
2–14 kbar (Figure 8c). The solidus was modelled at temperature between 737 and 837 ◦C.
Isopleths of XTi(M2) and XAl(M2) in hornblende, and XAn in plagioclase, were contoured
on the fields of relevant assemblages in the P–T pseudosection (Figure 8c). The inferred
peak mineral assemblage of cpx + pl ± kfs + hbl + ilm + qz + liq occurs in the range of
5.5–10.8 kbar/800–877 ◦C (Table S1; Figure 8b). The measured XAn = 0.36–0.39 of plagio-
clase furtherly constrained the peak metamorphic condition to be 800–870 ◦C/7.0–10.7 kbar.
As the XAl(M2) in hornblende ranges from 0.27 to 0.43 (Figure 8c; Table S3), it cannot fur-
therly constrain the P–T condition of the peak metamorphism. Hornblendes have a high
XTi(M2) of 0.09–0.16, of which the Ti-rich composition (XTi(M2) = 0.11–0.16) of hornblende
(Table S3) and the corresponding XTi(M2) isopleths fall outside of the field of the peak
mineral assemblage.

Table 1. Bulk compositions used for phase equilibrium modelling.

Whole Rock
Compositions (wt.%)

Sample SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 LOI Total
ALS2164 45.23 2.35 11.85 6.36 7.21 0.19 8.81 10.38 2.53 1.76 0.65 1.49 99.61
ALS2191 48.65 1.27 14.76 3.32 7.75 0.17 6.38 9.49 2.78 2.10 0.44 1.66 99.63

Normalized Molar
Proportion Used for

Phase Equilibria
Modelling

Figures H2O SiO2 Al2O3 CaO MgO FeO K2O Na2O TiO2 O
ALS2164 Figure 7a x = 0 0.00 48.07 7.42 10.84 13.96 11.49 1.19 2.61 1.88 2.54

x = 1 5.00 45.66 7.05 10.30 13.26 10.92 1.13 2.48 1.78 2.41
Figure 7b,c 3.25 46.51 7.18 10.49 13.50 11.12 1.15 2.52 1.82 2.46

ALS2191 Figure 8a x = 0 0.00 53.10 9.49 10.42 10.38 9.80 1.46 2.94 1.04 1.36
x = 1 5.00 50.45 9.02 9.90 9.86 9.31 1.39 2.79 0.99 1.29

Figure 8b,c 3.20 51.40 9.19 10.09 10.05 9.48 1.42 2.85 1.01 1.32

Abbreviation: LOI, loss on ignition.

5.2. Conventional Thermobarometry

Hbl–pl–qz thermobarometry [71,72] yielded metamorphic PT conditions of 777 ◦C/
3.0 kbar–785 ◦C/4.0 kbar, 732 ◦C/6.6 kbar–810 ◦C/6.7 kbar and 738 ◦C/6.1 kbar–759 ◦C/
3.0 kbar for samples ALS2164, ALS2166 and ALS2191, respectively. Ti-in-amphibole ther-
mometry [73] yielded temperatures of 825–881 ◦C (an average of 861 ◦C), 808–917 ◦C (an
average of 866 ◦C) and 783–913 ◦C (an average of 851 ◦C) for samples ALS2164, ALS2166
and ALS2191, respectively (Tables S1–S3; Figure 9a). The revised Ti-in-zircon thermometry
was also used to estimate the metamorphic temperatures [74]. The coexisting Ti-phase in
our samples is ilmenite, which means the TiO2 activity was 0.6 [75]. The SiO2 activity was
set as 1.0 due to the presence of quartz. After excluding abnormal spot >20 ppm that may
be caused by Ti-rich mineral inclusions, the metamorphic temperatures recorded by zircons
were estimated to be 679–850 ◦C with a mean value of 763 ◦C (2.80–16.0 ppm), 728–857 ◦C
with a mean value of 780 ◦C (4.96–17.40 ppm), and 689–853 ◦C with a mean value of 768 ◦C
(3.15–16.80 ppm), for samples ALS2164, ALS2166 and ALS2191, respectively (Table S4;
Figure 9b).

167



Minerals 2023, 13, 1426
Minerals 2023, 13, x FOR PEER REVIEW 14 of 23 
 

 

 
Figure 9. Metamorphic temperatures calculated for amphibolite samples ALS2164, ALS2166 and 
ALS2191 using Ti-in-amphibole (a) and Ti-in-zircon (b) thermometers. 

6. Zircon U–Pb dating 
6.1. Amphibolite Sample ALS2164 

Zircon grains from this sample are rounded or stubby in shape, with a size of 100–
200 μm, and exhibit planar or no zoning, indicating metamorphic origin (Figure 10). Fifty-
three spot analyses were conducted on metamorphic zircons, of which fifty-two spot anal-
yses were plotted on or close to the concordia curve (Figure 11a). After excluding twelve 
spots with old apparent data (may be carried out on inherited igneous zircons), the re-
maining concordant data yielded a weighted mean 207Pb/206Pb age of 1847 ± 25 Ma (n = 40, 
MSWD = 1.4) (Table S4; Figure 11a). On the chondrite-normalized REE patterns (data of 
chondrite are cited from Sun and McDonough (1989) [76]), all zircons show variable Eu 
anomalies (Eu/Eu* = 0.25–6.02) and an enriched HREE pattern ((Gd/Lu)N = 0.02–0.08) (Ta-
ble S5; Figure 11b). Th vs U diagram (Figure 11b) displays relatively low Th (27.91–221.54 
ppm) and high U (31.48–268.31 ppm) contents with Th/U ratios of 0.45–2.41 (Figure 11b; 
Table S4). 

Figure 9. Metamorphic temperatures calculated for amphibolite samples ALS2164, ALS2166 and
ALS2191 using Ti-in-amphibole (a) and Ti-in-zircon (b) thermometers.

6. Zircon U–Pb Dating
6.1. Amphibolite Sample ALS2164

Zircon grains from this sample are rounded or stubby in shape, with a size of
100–200 µm, and exhibit planar or no zoning, indicating metamorphic origin (Figure 10).
Fifty-three spot analyses were conducted on metamorphic zircons, of which fifty-two
spot analyses were plotted on or close to the concordia curve (Figure 11a). After ex-
cluding twelve spots with old apparent data (may be carried out on inherited igneous
zircons), the remaining concordant data yielded a weighted mean 207Pb/206Pb age of
1847 ± 25 Ma (n = 40, MSWD = 1.4) (Table S4; Figure 11a). On the chondrite-normalized
REE patterns (data of chondrite are cited from Sun and McDonough (1989) [76]), all zir-
cons show variable Eu anomalies (Eu/Eu* = 0.25–6.02) and an enriched HREE pattern
((Gd/Lu)N = 0.02–0.08) (Table S5; Figure 11b). Th vs U diagram (Figure 11b) displays
relatively low Th (27.91–221.54 ppm) and high U (31.48–268.31 ppm) contents with Th/U
ratios of 0.45–2.41 (Figure 11b; Table S4).
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Figure 10. CL images of representative zircons within amphibolite samples ALS2164, ALS2166,
ALS2191 and ALS2156. The blue circles represent analytical spot with a size of ~24 µm.

6.2. Amphibolite Sample ALS2166

Zircon grains from this sample are generally stubby to rounded in shape, with a diam-
eter of 70–150 µm. Features under CL images suggest they are metamorphic rather than
igneous in origin (Figure 10). Twenty-three spot analyses were performed on metamorphic
zircons, and all spot analyses yielded concordant data (Table S4). These concordant data
yielded a weighted mean 207Pb/206Pb age of 1817 ± 21 Ma Ma (n = 23, MSWD = 2.0)
(Figure 11c). Obviously, all zircons exhibit variable Eu anomalies (Eu/Eu* = 0.26–1.19) and
an enriched HREE pattern ((Gd/Lu)N = 0.01–0.03) (Figure 11d; Table S5). The Th vs U
diagram displays that all zircons have relatively low Th (68.58–244.17 ppm) and high U
(268.19–811.76 ppm) contents with low Th/U ratios (0.24–0.44) (Figure 11d).

6.3. Amphibolite Sample ALS2191

Zircon grains from this sample are rounded or stubby in shape, with a diameter
of 100–200 µm, and display sector and patchy zoning, reflecting metamorphic origin
(Figure 10). Forty spot analyses were performed on metamorphic zircons, of which thirty-
eight spot analyses yielded concordant data (Table S4). After excluding three old apparent
age of 2355 ± 41, 2300 ± 39 and 2080 ± 68 Ma (i.e., spots 3, 4 and 11), the remaining concor-
dant data yielded a weighted mean 207Pb/206Pb age of 1901 ± 22 Ma (n = 35, MSWD = 0.4)
(Table S4; Figure 11e). Notably, all metamorphic zircons display an enriched HREE pat-
tern ((Gd/Lu)N = 0.02–0.08) with negative Eu anomalies (Eu/Eu* = 0.13–0.60)(Table S5;
Figure 11f)). The U vs Th diagram shows that metamorphic zircons have relatively low Th
(66.83–714.27 ppm) and high U (25.03–791.68 ppm) contents, with variable Th/U ratios
(0.38–4.82) (Figure 11f; Table S4).
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6.4. Amphibolite Sample ALS2156

Zircon grains from this sample are stubby to rounded in shape, with a size of 60–120 µm,
and display fir-tree or patchy zoning, suggesting metamorphic origin (Figure 10). All thirty
spot analyses on metamorphic zircons yielded concordant data (Table S4). These concordant
data yielded a weighted mean 207Pb/206Pb age of 1862 ± 19 Ma (n = 30, MSWD = 0.81)
(Table S4; Figure 11g). On the chondrite-normalized REE patterns (Figure 11h), all zircons
display a enriched heavy REE pattern ((Gd/Lu)N = 0.02–0.06) with negative Eu anomalies
(Eu/Eu* = 0.06–0.38) (Table S5; Figure 11h). The U versus (vs.) Th diagram shows that
all zircons have relatively low Th (104.69–251.08 ppm) and high U (172.68–645.94 ppm)
contents, with low Th/U ratios (0.38–0.68) (Table S4; Figure 11h).

7. Discussion
7.1. Age Interpretation of Amphibolites

In the eastern Alxa Block, a large number of metamorphic ages have been reported
in the Bayanwulashan and Diebusige Complexes [19,20,24,25,30,31,34,41,45]. For example,
SHRIMP and LA-ICP-MS zircon U–Pb dating yielded two metamorphic age groups of
1.95–1.90 Ga and 1.85–1.80 Ga for granitic gneiss and amphibolites from the Bayanwu-
lashan Complex [19,45]. Wu et al. (2014) [31] reported two groups of metamorphic ages of
1.95–1.90 Ga and 1.85–1.80 Ga by LA-ICP-MS zircon U–Pb dating for several orthogneiss
samples in the Bayanwulashan Complex. Additionally, SIMS zircon U–Pb dating deter-
mined that orthogneisses and paragneisses from both the Diebusige and Bayanwulashan
Complexes recorded two groups of metamorphic ages of ca. 1.90 Ga and ca. 1.80 Ga [30].
In the Diebusige Complex, Geng et al. (2007, 2010) [34,35] constrained the timing of meta-
morphism of felsic gneiss to be ca. 2.00–1.90 Ga and ca. 1.93 Ga, respectively. Recently,
Zou et al. (2021) [24] demonstrated that the granulite-facies metamorphism of magnetite
quartzite from the Diebusige Complex occurred at ca. 1.85 Ga by LA-ICP-MS zircon
U–Pb dating. Moreover, a corundum-bearing garnet–sillimanite gneiss sample from the
Diebusige Complex was determined to firstly undergo granulite-facies metamorphism at
ca. 1.95 Ga, then achieved UHT metamorphic condition, and finally cooled to the solidus at
ca. 1.83 Ga [25]. Wang et al. (2023) [35] reported metamorphic ages of ca. 1.96–1.86 Ga for
UHT mafic granulites in the Diebusige Complex. Therefore, both the Bayanwulashan and
Diebusige Complexes underwent metamorphism at ca. 1.95–1.90 Ga and ca. 1.85–1.80 Ga.

In this study, LA-ICP-MS zircon U–Pb dating yielded four weighted mean 207Pb/206Pb
ages of 1847 ± 25, 1817 ± 21, 1901 ± 22 and 1862 ± 19 Ma for metamorphic zircons of
amphibolite samples ALS2164, ALS2166, ALS2191 and ALS2156, respectively (Figure 11).
These metamorphic chronological data (ca. 1901–1817 Ma) are consistent with reported
zircon U–Pb ages in the Alxa Block (Table S6). The calculated average values of Ti-in-zircon
temperatures of 763, 768 and 780 ◦C suggest that the amphibolite-facies metamorphism
occurred at ca. 1901–1817 Ma.

7.2. Metamorphic Style and Tectonic Implications

Metamorphic conditions calculated by P–T pseudosection modelling and hbl–pl–qz
thermobarometry in this study, and previous results in the Alxa Block, are summarized
in Figure 12, in which the boundaries of metamorphic facies are from Brown (2014) [9].
As described in Section 5.1, the metamorphic P–T conditions of 825–910 ◦C/7.2–10.8 kbar
were obtained for amphibolite sample ALS2164, whereas that of 800–870 ◦C/7.0–10.7 kbar
were constrained for amphibolite sample ALS2191. The dated zircons display the relatively
low crystallization temperatures with averages of 763 ◦C, 768 ◦C and 780 ◦C, which are
consistent with the metamorphic temperatures constrained by the hbl–pl–qz thermobarom-
etry in Figure 12. In addition, the Ti-in-amphibole thermometer yielded high metamorphic
temperatures with averages of 861 ◦C, 866 ◦C and 851 ◦C, which agree with the peak
metamorphic temperatures constrained by P–T pseudosection modelling (Figure 12). Our
samples preserved typical amphibolite-facies mineral assemblage (Opx-free mineral as-
semblage), which are consistent with temperature and pressure estimates from hbl–pl–qz
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thermobarometry and the Ti-in-zircon thermometer. Such a large difference in metamor-
phic conditions calculated by different methods may be a result of the following reasons:
(1) The absolute PT conditions of the P–T pseudosection modelling may have a large error
(~0.1 GPa and ~50 ◦C; [77,78]). Thus, considering this uncertainty range, the results ob-
tained from conventional thermobarometry can closely align with those derived from P–T
pseudosection modelling. (2) These amphibolites may have experienced granulite-facies
metamorphism although they are characterized by opx-free mineral assemblage. This
can be attributed to the effect of bulk-rock composition, as interpreted by opx-bearing
phase fields occur at high temperatures in these samples (Figures 7 and 8). Nevertheless,
the lower limit of metamorphic conditions constrained by P–T pseudosection modelling
are consistent with the upper limit of metamorphic conditions yielded by the hbl–pl–qz
thermobarometer (732–810 ◦C/3.0–6.7 kbar) in uncertainty (Figure 12).
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Figure 12. Summary of previously published metamorphic P–T paths and conditions (1–3), and
metamorphic PT condition for amphibolites in the Diebusige (sample ALS2164) and Bayanwulashan
(sample ALS2191) Complexes of the Alxa Block, NCC in this study: (1) corundum-bearing garnet–
sillimanite gneiss in the Diebusige Complex [25]; (2) garnet-bearing magnetite quartzite in the
Diebusige Complex [24]; (3) garnet-bearing mafic granulites in the Diebusige Complex [35]. Bl,
blueschist facies; E–HPG, eclogite–high-pressure granulite-facies.

The NCC display two characteristics, including ca. 2.70–2.50 Ga magmatic-metamorphic
events and ca. 1.95–1.85 Ga metamorphic events [22,79]. Although the Neoarchean TTG
gneiss in the Alxa Block [27,30,31] is similar to those of the Yinshan Block, Dan et al. (2012) [36]
considered that the Alxa Block was not the western extension of the Yinshan Block due to the
absence of the Neoarchean greenstone belt and supracrustal rocks in the Alxa Block. Therefore,
the extant data does not support the Alxa Block as the western extension of the Yinshan Block.
The KB, a Paleoproterozoic orogenic belt in the Western Block of the NCC, mainly consists of
the khondalite series (a set of upper amphibolite- to granulite-facies metasedimentary rocks,
mafic granulite, charnockite, S-type granite, and a small amount of TTG gneiss) [22,79]. By
comparing metamorphic age characteristics of the Alxa Block and the Western Block (Yinshan
Block, KB, and Ordos Block) of the NCC (Figure 1a), Zou et al. (2021) [33] pointed out the
metamorphic age characteristics of the Alxa Block is consistent with those in the KB, indicating
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that they may have a similar metamorphic evolutionary history, at least in the Neoarchean–late
Paleoproterozoic. Recently, several studies have reported HT–UHT metamorphic rocks with
metamorphic ages of ca. 1.96–1.83 Ga (garnet-bearing magnetite quartzite, garnet-sillimanite-
biotite-plagioclase gneiss, corundum-bearing gneiss and garnet-bearing mafic granulite) in
the Diebusige Complex of the eastern Alxa Block [33–35], which is similar to the khondalite
series of the KB.

The tectonic evolution of the KB includes the following processes: (1) the crustal thick-
ening led to the burial of the protolith of khondalite series to the depth of the lower crust
during syn-collision stage (ca. 1.96–1.95 Ga), which is characterized by formation of HP
pelitic granulites [79,80]; (2) the underplating or emplacement of mantle-derived magmas
resulted in the formation of UHT metamorphic rocks during the post-collisional extension
stage (ca. 1.93–1.85 Ga) [81–83]. In this study, amphibolites have metamorphic ages of ca.
1.90–1.82 Ga, which are similar to previously reported metamorphic ages of ca. 1.96–1.83 Ga
for HT–UHT rocks in the Diebusige Complex [32–34]. This indicates that the eastern Alxa
Block likely experienced a shared HT–UHT metamorphism during the late Paleoprotero-
zoic. Amphibolites in the Diebusige Complex display higher peak temperature but similar
peak pressure, compared with those of amphibolites in the Bayanwulashan Complex,
which indicates there is an extra heat source in the Diebusige Complex. However, both
amphibolites from the two complexes recorded a higher geothermal gradient (~30 ◦C/km)
than Phanerozoic continental crust (~20 ◦C/km) [84,85]. This high geothermal gradient
is also supported by reported UHT metamorphic rocks and associated mantle-derived
mafic-ultramafic rocks in the Diebusige Complex [33,34]. Additionally, the numerical
modeling of Sizava et al. (2014) [85] showed that these high apparent thermal gradients
can be achieved during the Paleoproterozoic hot orogensis. The HREE enrichment patterns
of metamorphic zircons from the amphibolites in this study are in agreement with that
these amphibolites formed under PT conditions where garnet is not stable (Figure 11)
and at relatively shallower crust than those of the garnet-bearing mafic granulites in the
Diebusige Complex [35]. Combining clockwise P–T paths of UHT metamorphic rocks in
the Diebusige Complex (Figure 12) and metamorphic ages, an extensional setting after
continental collision is inferred for these amphibolites in the eastern Alxa Block [84–86].

As discussion above, the Alxa Block is similar to the KB in that both have similar
metamorphic rock types and experienced the late Paleoproterozoic tectonic thermal events.
As several researchers have proposed, the late Paleoproterozoic metamorphic data from
the Diebusige Complex [33–35] and this study suggest that the Alxa Block may be the
westward extension of the KB [27,30,32–35]. Based on current speculation, there are still
some issues which require clarification in future work, such as the occurrence of multiple
magmatic-metamorphic events since the Neoproterozoic in the Alxa Block, has been served
as an indicator that distinguishes the NCC [20,21,24–26].

8. Conclusions

(1) LA-ICP-MS zircon U–Pb dating yielded the metamorphic ages of ca. 1901–1817 Ma
for amphibolites in the Diebusige and Bayanwulashan Complexes, representing the
timing of amphibolite-facies metamorphism.

(2) Phase equilibrium modelling and conventional thermobarometries yielded a relatively
large PT range for amphibolites in the Diebusige and Bayanwulashan Complexes,
with a high geothermal gradient, which may correspond to an extensional setting
following continental collision.

(3) The HREE enrichment patterns of metamorphic zircons are consistent with that these
amphibolites formed under PT conditions where garnet is not stable and at relatively
shallower crust than the garnet-bearing mafic granulites in the Diebusige Complex.
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mdpi.com/article/10.3390/min13111426/s1, Table S1: Major chemical compositions of clinopyroxene,
hornblende, plagioclase and K-feldspar in the amphibolite sample ALS2164. Table S2: Major chemical
compositions of clinopyroxene, hornblende, plagioclase and K-feldspar in the amphibolite sample
ALS2166. Table S3: Major chemical compositions of hornblende, plagioclase and K-feldspar in the
amphibolite sample ALS2191. Table S4: LA-ICP-MS zircon U–Pb isotope data of amphibolite samples
ALS2164, ALS2166 and ALS2191. Table S5: LA-ICP-MS zircon trace element data of amphibolite samples
ALS2164, ALS2166 and ALS2191. Table S6: Summary of Paleoproterozoic magmatic and metamorphic
ages in the Alxa Block. References [27–30,33,35–37,39,42–51,53] are cited in the supplementary materials.

Author Contributions: Conceptualization, L.G.; Investigation, X.X. and Z.T.; Writing—original draft,
F.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This work was jointly supported by the National Natural Science Foundation of China
(Grants No. 41772051 and 41890831) and a research grant from the State Key Laboratory of Continental
Dynamics (SKLCD-04).

Data Availability Statement: Data is contained within the article or Supplementary Material. The
data presented in this study are available in [Tables 1 and S1–S6].

Acknowledgments: The authors thank the editor and managing editor very much for their editorial
work, and three anonymous reviewers for their constructive and insightful comments and suggestions.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Barker, A.J. Introduction to Metamorphic Textures and Microstructures; Blackie: Glasgow, UK, 1990.
2. Stowell, H.H.; Stein, E. The significance of plagioclase-dominant coronas on garnet, Wenatchee Block, northern Cascades,

Washington, U. S.A. Can. Mineral. 2005, 43, 367–385. [CrossRef]
3. Kohn, M.J.; Spear, F. Two new barometers for garnet amphibolites with applications to eastern Vermont. Am. Mineral. 1990, 75,

89–96.
4. Surour, A.A. Medium- to high-pressure garnet-amphibolites from Gebel Zabara and Wadi Sikait, South Eastern Desert, Egypt.

J. Afr. Earth Sci. 1995, 21, 443–457. [CrossRef]
5. Liu, J.; Bohlen, S.R.; Ernst, W.G. Stability of hydrous phases in subducting oceanic crust. Earth Planet. Sci. Lett. 1996, 143, 161–171.

[CrossRef]
6. Dale, J.; Holland, T.; Powell, R. Hornblende–garnet–plagioclase thermobarometry: A natural assemblage calibration of the

thermodynamics of hornblende. Contrib. Mineral. Petrol. 2000, 140, 353–362. [CrossRef]
7. Lopez, S.V.; Gomez, P.M.Y.; Azor, A.; Fernandez, S.J.M. Phase diagram sections applied to amphibolites: A case study from the

Ossa_morena/Central Iberian Variscan suture (Southwestern Iberian Massif). Lithos 2003, 68, 1–21.
8. Winter, J.D. An Introduction to Igneous and Metamorphic Petrology, 2nd ed.; Prentice Hall: Upper Saddle River, NJ, USA, 2010;

pp. 1–702.
9. Brown, M. The contribution of metamorphic petrology to understanding lithosphere evolution and geodynamics. Geosci. Front.

2014, 5, 553–569. [CrossRef]
10. Wei, C.J.; Guan, X.; Dong, J. HT-UHT metamorphism of metabasites and the petrogenesis of TTGs. Acta Petrol. Sin. 2017, 33,

1381–1404.
11. Zhang, B.T.; Ling, H.; Chen, P.; Hu, G.; Jiang, Y.; Yu, J. New recognition criteria for ortho and paraamphibolites: The Comparative

study on mineral petrochemical characteristics of the precambrian orthoparaamphibolites from Xiangshan, Central Jiangxi
Province. Contrib. Geol. Miner. Resour. Res. 2005, 20, 223–232.

12. Zhao, G.C.; Cawood, P.A.; Lu, L.Z. Petrology and P-T history of the Wutai amphibolites: Implications for tectonic evolution of the
Wutai complex, China. Precambrian Res. 1999, 93, 181–199. [CrossRef]

13. Miyashiro, A. Metamorphic Petrology; UCL Press Limited: London, UK, 1994.
14. Qian, J.H.; Wei, C.J. P–t–t evolution of garnet amphibolites in the wutai–hengshan area, north china craton: Insights from phase

equilibria and geochronology. J. Metamorph. Geol. 2016, 34, 423–446. [CrossRef]
15. Bader, T.; Zhang, L.F.; Li, X.W. Is the Songshugou Complex, Qinling Belt, China, an Eclogite Facies Neoproterozoic Ophiolite?

J. Earth Sci. 2019, 30, 460–475. [CrossRef]
16. Lou, Y.; Wei, C.; Liu, X.; Zhang, C.; Tian, Z.; Wang, W. Metamorphic evolution of garnet amphibolite in the western Dabieshan

eclogite belt, Central China: Evidence from petrography and phase equilibria modeling. J. Asian Earth Sci. 2013, 63, 130–138.
[CrossRef]

17. Wang, Y.W.; Liu, L.; Liao, X.Y.; Gai, Y.S.; Yang, W.Q.; Kang, L. Multi-metamorphism of amphibolite in the Qinling com-
plex,Qingyouhe area: Revelation from trace elements and mineral inclusions in zircons. Acta Petrol. Sin. 2016, 32, 1467–1492.

174



Minerals 2023, 13, 1426

18. Wu, K.K.; Zhao, G.; Sun, M.; Yin, C.; He, Y.; Tam, P.Y. Metamorphism of the northern Liaoning Complex: Implications for the
tectonic evolution of Neoarchean basement of the Eastern Block, North China Craton. Geosci. Front. 2013, 4, 305–320. [CrossRef]

19. Zhang, J.; Wei, C.J.; Chu, H. High-T and low-P metamorphism in the xilingol complex of central inner mongolia, China: An
indicator of extension in a previous orogeny. J. Metamorph. Geol. 2018, 36, 393–417. [CrossRef]

20. Ge, X.H.; Liu, J.L. Broken “Western China Craton”. Acta Petrol. Sin. 2000, 16, 59–66. (In Chinese with English Abstract)
21. Li, X.H.; Su, L.; Song, B.; Liu, D.Y. SHRIMP U-Pb zircon age of the Jinchuan ultramafic intrusion and its geological significance.

Chin. Sci. Bull. 2004, 49, 420–422. [CrossRef]
22. Zhao, G.C.; Sun, M.; Wilde, S.A.; Li, S.Z. Late Archean to Paleoproterozoic evolution of the North China Craton: Key issues

revisited. Precambrian Res. 2005, 136, 177–202. [CrossRef]
23. Zhao, G.C. Metamorphic evolution of major tectonic units in the basement of the north China craton: Key issues and discussion.

Acta Petrol. Sin. 2009, 25, 1772–1792.
24. Dan, W.; Li, X.H.; Wang, Q.; Wang, X.C.; Wyman, D.A.; Liu, Y. Phanerozoic amalgamation of the Alxa block and North China

Craton: Evidence from Paleozoic granitoids, U-Pb geochronology and Sr-Nd-Pb-Hf-O isotope geochemistry. Gondwana Res. 2016,
32, 105–121. [CrossRef]

25. Yuan, W.; Yang, Z.Y. The Alashan terrane was not part of north China by the late Devonian: Evidence from detrital zircon U-Pb
geochronology and Hf isotopes. Gondwana Res. 2015, 27, 1270–1282. [CrossRef]

26. Liu, S.J.; Tsunogae, T.; Li, W.; Shimizu, H.; Santosh, M.; Wan, Y.S.; Li, J.H. Paleoproterozoic granulites from Heling’er: Implications
for regional ultrahigh temperature metamorphism in the north China craton. Lithos 2012, 148, 54–70. [CrossRef]

27. Zhang, J.X.; Gong, J.H.; Yu, S.; Li, H.; Hou, K. Neoarchean–Paleoproterozoic multiple tectonothermal events in the western
Alxa block, North China Craton and their geological implication: Evidence from zircon U–Pb ages and Hf isotopic composition.
Precambrian Res. 2013, 235, 36–57. [CrossRef]

28. Dong, C.; Liu, D.Y.; Li, J.J.; Wang, Y.S.; Zhou, H.Y.; Li, C.D.; Yang, Y.H.; Xie, L.W. Palaeoproterozoic Khondalite Belt in the western
North China Craton: New evidence from SHRIMP dating and Hf isotope composition of zircons from metamorphic rocks in the
Bayan Ul-Helan Mountains area. Chin. Sci. Bull. 2007, 52, 2984–2994. (In Chinese with English Abstract) [CrossRef]

29. Geng, Y.S.; Wang, X.S.; Wu, C.M.; Zhou, X.W. Late-Paleoproterozoic tectonothermal events of the metamorphic basement in Alxa
area: Evidence from geochronology. Acta Petrol. Sin. 2010, 26, 1159–1170. (In Chinese with English Abstract)

30. Zhang, J.X.; Gong, J.H. Revisiting the nature and affinity of the Alxa Block. Acta Petrol. Sin. 2018, 34, 940–962. (In Chinese with
English Abstract)

31. Gong, J.H.; Zhang, J.X.; Yu, S.Y. The origin of Longshoushan Group and associated rocks in the southern part of the Alxa block:
Constraint from LA-ICP-MS U-Pb zircon dating. Acta Petrol. Mineral. 2011, 30, 795–818. (In Chinese with English Abstract)

32. Zou, L.; Liu, P.H.; Liu, L.S.; Wang, W.; Tian, Z.H. Diagenetic and Metamorphic Timing of the Diebusige Complex, the Eastern
Alxa Block: New Evidence from Zircon LA-ICP-MS U-Pb Dating of Biotite-Plagioclase Gneiss. Earth Sci. 2020, 45, 3313–3329.
(In Chinese with English Abstract)

33. Zou, L.; Guo, J.H.; Liu, L.S.; Ji, L.; Liu, P.H. Palaeoproterozoic granulite-facies metamorphism in the eastern Alxa block: New
petrological and geochronological evidence from the diebusige complex. Precambrian Res. 2021, 354, 106051. [CrossRef]

34. Zou, L.; Guo, J.H.; Jiao, S.J.; Huang, G.Y.; Tian, Z.H.; Liu, P.H. Paleoproterozoic ultrahigh-temperature metamorphism in the
Alxa Block, the Khondalite Belt, North China Craton: Petrology and phase equilibria of quartz-absent corundum-bearing pelitic
granulites. J. Metamorph. Geol. 2022, 40, 1159–1187. [CrossRef]

35. Wang, Y.; Ge, R.; Si, Y. Late Paleoproterozoic ultrahigh-temperature mafic granulite from the eastern Alxa Block, North China
Craton. Precambrian Res. 2023, 397, 107172. [CrossRef]

36. Dan, W.; Li, X.H.; Guo, J.; Liu, Y.; Wang, X.C. Paleoproterozoic evolution of the eastern Alxa Block, westernmost North China:
Evidence from in situ zircon U–Pb dating and Hf–O isotopes. Gondwana Res. 2012, 21, 838–864. [CrossRef]

37. Wu, S.; Hu, J.; Ren, M.; Gong, W.; Liu, Y.; Yan, J. Petrography and zircon U–Pb isotopic study of the Bayanwulashan Complex:
Constrains on the Paleoproterozoic evolution of the Alxa Block, westernmost North China Craton. J. Asian Earth Sci. 2014, 94,
226–239. [CrossRef]

38. BGMRIM (Bureau of Geology and Mineral Resources of Inner Mongolia Autonomous Region). Regional Geology of Inner Mongol
Autonomous Region; Geological Publishing House: Beijing, China, 1991. (In Chinese)

39. Gong, J.H.; Zhang, J.X.; Yu, S.Y.; Li, H.K.; Hou, K.J. Ca. 2.5 Ga TTG rocks in the western Alxa Block and their implications. Chin.
Sci. Bull. 2012, 57, 4064–4076. (In Chinese with English Abstract) [CrossRef]

40. Gong, J.H.; Zhang, J.X.; Yu, S.Y. Redefinition of the” Longshoushan Group” outcropped in the eastern segment of Longshoushan
on the southern margin of Alxa block: Evidence from detrital zircon U-Pb dating results. Acta Petrol. Mineral. 2013, 32, 1–22.
(In Chinese with English Abstract)

41. Geng, Y.S.; Wang, X.S.; Shen, Q.H.; Wu, C.M. Redefinition of the Alxa Group-complex (Precambrian metamorphic basement) in
the Alxa area, Inner Mongolia. Geol. China 2006, 33, 138–145.

42. Geng, Y.S.; Wan, X.S.; Shen, Q.H.; Wu, C.M. Chronology of the Precambrian metamorphic series in the Alxa area, Inner Mongolia.
Geol. China 2007, 34, 251–261. (In Chinese with English Abstract)

43. Xiu, Q.; Yu, H.; Li, Q.; Zuo, G.; Li, J.; Cao, C. Discussion on the petrogenic time of Longshoushan Group, Gansu Province. Acta
Geol. Sin. 2004, 78, 366–373. (In Chinese with English Abstract)

175



Minerals 2023, 13, 1426

44. Liu, Y. Characteristics and Their Geological Significance of Paleoproterozoic Granite in Jinchuan, Gansu Province. Master’s
Thesis, University of Geosciences, Beijing, China, 2008. (In Chinese with English Summary)

45. Gong, J.; Zhang, J.; Wang, Z.; Yu, S.; Li, H.; Li, Y. Origin of the Alxa Block, western China: New evidence from zircon U–Pb
geochronology and Hf isotopes of the Longshoushan Complex. Gondwana Res. 2016, 36, 359–375. [CrossRef]

46. Liu, J.; Yin, C.; Zhang, J.; Qian, J.; Li, S.; Xu, K.; Wu, S.; Xia, Y. Tectonic evolution of the Alxa Block and its affinity: Evidence from
the U-Pb geochronology and Lu-Hf isotopes of detrital zircons from the Longshoushan Belt. Precambrian Res. 2020, 344, 105733.
[CrossRef]

47. Zeng, R.; Lai, J.; Mao, X.; Li, B.; Zhang, J.; Bayless, R.C.; Yang, L. Paleoproterozoic multiple Tectonothermal events in the
Longshoushan Area, Western North China Craton and their geological implication: Evidence from geochemistry, Zircon U–Pb
geochronology and Hf Isotopes. Minerals 2018, 8, 361. [CrossRef]

48. Shen, Q.H.; Geng, Y.S.; Wang, X.S.; Wu, C.M. Petrology, geochemistry, formation environment and ages of Precambrian
amphibolites in Alxa region. Acta Petrol. Mineral. 2005, 24, 21–31. (In Chinese with English Abstract)

49. Zhou, H.Y.; Mo, X.X.; Li, J.J.; Li, H.M. The U-Pb isotopic dating age of single zircon from biotite plagioclase gneiss in the Qinggele
area, Alashan, western Inner Mongolia. Bull. Mineral. Petrol. Geochem. 2007, 26, 221–223. (In Chinese with English Abstract)

50. Li, J.J.; Shen, B.F.; Li, H.M.; Zhou, H.Y.; Guo, L.J.; Li, C.Y. Single-zircon U–Pb age of granodioritic gneiss in the Bayan Ul area,
western Inner Mongolia. Geol. Bull. China 2004, 23, 1243–1245. (In Chinese with English Abstract)

51. Bao, C.; Chen, Y.L.; Li, D.P. LA-MC-ICP-MS zircons U-Pb dating and Hf isotopic compositions of the Paleoproterozoic amphibolite
in Bayan Ul area, Inner Mongolia. Geol. Bull. China 2013, 32, 1513–1524.

52. Liu, Y.S.; Gao, S.; Hu, Z.C.; Gao, C.G.; Zong, K.Q.; Wang, D.B. Continental and oceanic crust recycling-induced melt-peridotite
interactions in the Trans-North China Orogen: U-Pb dating, Hf isotopes and trace elements in zircons of mantle xenoliths. J. Petrol.
2010, 51, 537–571. [CrossRef]

53. Whitney, D.L.; Evans, B.W. Abbreviations for names of rock-forming minerals. Am. Mineral. 2010, 95, 185–187. [CrossRef]
54. Leake, B.E.; Woolley, A.R.; Arps CE, S.; Birch, W.D.; Gilbert, M.C.; Grice, J.D.; Guo, Y.Z. Nomenclature of amphiboles: Report of

the subcommittee on amphiboles of the International Mineralogical Association, Commission on New Minerals and Mineral
Names. Can. Mineral. 1997, 35, 219–246.

55. Anderson, E.D.; Moecher, D.P. Omphacite breakdown reactions and relation to eclogite exhumation rates. Contrib. Mineral. Petrol.
2007, 154, 253–277. [CrossRef]

56. Gayk, T.; Kleinschrodt, R.; Langosch, A.; Seidel, E. Quartz exsolution in clinopyroxene of high-pressure granulite from the
Munchberg Massif. Eur. J. Mineral. 1995, 7, 1217–1220. [CrossRef]

57. Nakano, N.; Osanai, Y.; Owada, M. Multiple breakdown and chemical equilibrium of silicic clinopyroxene under extreme
metamorphic conditions in the Kontum Massif, central Vietnam. Am. Mineral. 2007, 92, 1844–1855. [CrossRef]

58. Page, F.Z.; Essene, E.J.; Mukasa, S.B. Prograde and retrograde history of eclogites from the Eastern Blue Ridge, North Carolina,
USA. J. Metamorph. Geol. 2003, 21, 685–698. [CrossRef]

59. Page, F.Z.; Essene, E.J.; Mukasa, S.B. Quartz exsolution in clinopyroxene is not proof of ultrahigh pressures: Evidence from
eclogites from the Eastern Blue Ridge, Southern Appalachians, USA. Am. Mineral. 2005, 90, 1092–1099. [CrossRef]

60. Proyer, A.; Krenn, K.; Hoinkes, G. Orientated precipitates of quartz and amphibole in clinopyroxene of metabasites from the
Greek Rhodope: A product of open system precipitation during eclogite-granulite-amphibolite transition. J. Metamorph. Geol.
2009, 27, 639–654. [CrossRef]

61. Faryad, S.W.; Fisera, M. Olivine-bearing symplectites in fractured garnet from eclogite Moldanubian zone (Bohemian massif)—A
short-lived, granulite facies event. J. Metamorph. Geol. 2015, 33, 597–612. [CrossRef]

62. De Capitani, C.; Petrakakis, K. The computation of equilibrium assemblage diagrams with Theriak/Domino software. Am.
Mineral. 2010, 95, 1006–1016. [CrossRef]

63. Holland, T.J.B.; Powell, R. An internally consistent thermodynamic data set for phases of petrological interest. J. Metamorph. Geol.
1998, 16, 309–343. [CrossRef]

64. Holland, T.J.B.; Powell, R. An improved and extended internally consistent thermodynamic dataset for phases of petrological
interest, involving a new equation of state for solids. J. Metamorph. Geol. 2011, 29, 333–383. [CrossRef]

65. Green, E.C.R.; White, R.W.; Diener, J.F.A.; Powell, R.; Holland, T.J.B.; Palin, R.M. Activity–composition relations for the calculation
of partial melting equilibria in metabasic rocks. J. Metamorph. Geol. 2016, 34, 845–869. [CrossRef]

66. White, R.W.; Powell, R.; Holland, T.J.B.; Johnson, T.E.; Green, E.C.R. New mineral activity–composition relations for thermody-
namic calculations in metapelitic systems. J. Metamorph. Geol. 2014, 32, 261–286. [CrossRef]

67. Holland, T.J.B.; Powell, R. Activity–composition relations for phases in petrological calculations: An asymmetric multicomponent
formulation. Contrib. Mineral. Petrol. 2003, 145, 492–501. [CrossRef]

68. White, R.W.; Powell, R.; Clarke, G.L. The interpretation of reaction textures in Fe-rich metapelitic granulites of the Musgrave Block,
central Australia: Constraints from mineral equilibria calculations in the system K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–Fe2O3.
J. Metamorph. Geol. 2002, 20, 41–55. [CrossRef]

69. White, R.W.; Powell, R.; Holland TJ, B.; Worley, B.A. The effect of TiO2 and Fe2O3 on metapelitic assemblages at greenschist
and amphibolite facies conditions: Mineral equilibria calculations in the system K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–Fe2O3.
J. Metamorph. Geol. 2000, 18, 497–511. [CrossRef]

176



Minerals 2023, 13, 1426

70. Korhonen, F.J.; Brown, M.; Clark, C.; Bhattacharya, S. Osumilite–melt interactions in ultrahigh temperature granulites: Phase
equilibria modelling and implications for the P–T–t evolution of the Eastern Ghats Province, India. J. Metamorph. Geol. 2013, 31,
881–907. [CrossRef]

71. Holland, T.J.B.; Blundy, J.D. Non-ideal interactions in calcic amphiboles and their bearing on amphibole-plagioclase thermometry.
Contrib. Mineral. Petrol. 1994, 116, 433–447.

72. Bhadra, S.; Bhattacharya, A. The barometer tremolite + tschermakite + 2 albite = 2 pargasite + 8 quartz: Constraints from
experimental data at unit silica activity, with application to garnet-free natural assemblages. Am. Mineral. 2007, 92, 491–502.
[CrossRef]

73. Liao, Y.; Wei, C.J.; Rehman, H.U. Titanium in calcium amphibole: Behavior and thermometry. Am. Mineral. 2021, 106, 180–191.
74. Ferry, J.M.; Watson, E.B. New thermodynamic models and revised calibrations for the Ti-in-zircon and Zr-in-rutile thermometers.

Contrib. Mineral. Petrol. 2007, 154, 429–443. [CrossRef]
75. Gao, X.Y.; Zheng, Y.F. On the Zr-in-rutile and Ti-in-zircon geothermometers. Acta Petrol. Sin. 2011, 27, 417–432. (In Chinese with

English Abstract)
76. Sun, S.S.; McDonough, W.F. Chemical and isotopic systematics of oceanic basalts: Implications for mantle composition and

processes. Geol. Soc. Lond. Spec. Publ. 1989, 42, 313–345. [CrossRef]
77. Guevara, V.E.; Caddick, M.J. Shooting at a moving target: Phase equilibria modelling of high-temperature metamorphism.

J. Metamorph. Geol. 2016, 34, 209–235.
78. Palin, R.M.; Weller, O.M.; Waters, D.J.; Dyck, B. Quantifying geological uncertainty in metamorphic phase equilibria modelling: A

Monte Carlo assessment and implications for tectonic interpretations. Geosci. Front. 2016, 7, 591–607.
79. Zhao, G.C.; Cawood, P.A.; Li, S.Z.; Wilde, S.A.; Sun, M.; Zhang, J.; He, Y.H.; Yin, C.Y. Amalgamation of the North China Craton:

Key issues and discussion. Precambrian Res. 2012, 222–223, 56–76.
80. Yin, C.Q.; Zhao, G.C.; Wei, C.J.; Sun, M.; Guo, J.H.; Zhou, X.W. Metamorphism and partial melting of high-pressure pelitic

granulites from the Qianlishan Complex: Constraints on the tectonic evolution of the Khondalite Belt in the North China Craton.
Precambrian Res. 2014, 242, 172–186.

81. Santosh, M.; Wilde, S.; Li, J. Timing of Paleoproterozoic ultrahigh-temperature metamorphism in the North China Craton:
Evidence from SHRIMP U-Pb zircon geochronology. Precambr. Res. 2007, 159, 178–196. [CrossRef]

82. Gou, L.L.; Zi, J.W.; Dong, Y.P.; Liu, X.M.; Li, Z.H.; Xu, X.F.; Zhang, C.L.; Liu, L.; Long, X.P.; Zhao, Y.H. Timing of two separate
granulite-facies metamorphic events in the Helanshan complex, North China Craton: Constraints from monazite and zircon U-Pb
dating of pelitic granulites. Lithos 2019, 350–351, 105216.

83. Jiao, S.J.; Fitzsimons, I.C.W.; Guo, J.H. Paleoproterozoic UHT metamorphism in the Daqingshan Terrane, North China Craton:
New constraints from phase equilibria modeling and SIMS U-Pb zircon dating. Precambrian Res. 2017, 303, 208–227.

84. Zheng, Y.F.; Zhao, G.C. Two styles of plate tectonics in Earth’s history. Sci. Bull. 2020, 65, 329–334. [CrossRef]
85. Sizova, E.; Gerya, T.; Brown, M. Contrasting styles of Phanerozoic and Precambrian continental collision. Gondwana Res. 2014, 25,

522–545.
86. Thompson, A.B.; England, P.C. Pressure–temperature–time paths of regional metamorphism II. Their inference and interpretation

using mineral assemblages in metamorphic rocks. J. Petrol. 1984, 25, 929–955.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

177



Citation: Zhao, C.; Zhang, J.; Wang,

X.; Zhang, C.; Chen, G.; Zhang, S.;

Guo, M. Tracing the Early Crustal

Evolution of the North China Craton:

New Constraints from the

Geochronology and Hf Isotopes of

Fuchsite Quartzite in the Lulong

Area, Eastern Hebei Province.

Minerals 2023, 13, 1174. https://

doi.org/10.3390/min13091174

Academic Editor: Nigel J. Cook

Received: 25 July 2023

Revised: 30 August 2023

Accepted: 4 September 2023

Published: 7 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

minerals

Article

Tracing the Early Crustal Evolution of the North China Craton:
New Constraints from the Geochronology and Hf Isotopes of
Fuchsite Quartzite in the Lulong Area, Eastern Hebei Province
Chen Zhao 1,2,3,*, Jian Zhang 3,4, Xiao Wang 3,4, Chao Zhang 1,2, Guokai Chen 4, Shuhui Zhang 4

and Minjie Guo 4

1 Shenyang Center of Geological Survey, China Geological Survey, Shenyang 110034, China; congray@163.com
2 Northeast Geological S&T Innovation Center of China Geological Survey, Shenyang 110034, China
3 Department of Earth Sciences, The University of Hong Kong, Pokfulam Road, Hong Kong, China;

jian@hku.hk (J.Z.); wx20160117@163.com (X.W.)
4 School of Earth Sciences and Engineering, Sun Yat-sen University, Zhuhai 519082, China;

chengk8@mail2.sysu.edu.cn (G.C.); zhangshh35@mail2.sysu.edu.cn (S.Z.); guomj5@mail2.sysu.edu.cn (M.G.)
* Correspondence: aaron198807@163.com

Abstract: Understanding the composition, formation and evolution of the oldest continental crust
is crucial for comprehending the mechanism and timing of crustal growth and differentiation on
early Earth. However, the preservation of the ancient continental crust is limited due to exten-
sive reworking by later tectonothermal events. In the Lulong area of eastern Hebei, abundant ca.
3.8–3.4 Ga detrital zircons of the fuchsite quartzite have been previously identified. Nonetheless,
the provenance and Hf isotopic compositions of the fuchsite quartzite remain unclear. In this study,
we present new detrital zircon ages and Hf isotopic for the fuchsite quartzite in the Lulong area to
establish the timing of deposition, the provenance and the regional stratigraphic relationship. Zircon
U-Pb dating indicates that the fuchsite quartzite was deposited between 3.3–3.1 Ga and most grains
were sourced from the 3.8 Ga TTG gneisses and Paleoarchean magmas. Field investigations and
regional correlations reveal that the fuchsite quartzite from the Lulong area is equivalent to that of
the Caozhuang area. Zircon Hf isotopic data from eastern Hebei Province (Lulong and Caozhuang
areas) and Anshan and Xinyang areas indicate that the oldest crustal growth event of North China
Craton occurred in the Hadean.

Keywords: early earth; eastern Hebei Province; North China Craton; detrital zircon; crustal growth

1. Introduction

The composition, formation and evolution of the early continental crust during Hadean
and Archean is a fundamental issue of Precambrian geology. It encompasses a series of
essential topics, such as determining the age and tectonic framework of the oldest conti-
nental crust and identifying the crustmantle interactions that existed during that time [1,2].
The most direct method for investigating these topics is the study of the crustal materials
formed during the early stages of the Earth. However, ancient crustal rocks or materials
are only found in limited amounts in certain old cratons, including the ~4.02 Ga Acasta
gneiss in northern Labrador, Quebec [3]; The Itsaq Gneiss Complex, Greenland [4]; Eastern
Antarctica [5]; The Pilbara and Yilgarn Cratons in Western Australia [6]; And the Anshan
and Lulong areas in the North China Craton [7–10]. However, the preservation of the an-
cient crustal rocks is limited due to the extensive reworking by later tectonothermal events.
The occurrence of the ancient zircons in younger rocks is more abundant than ancient rocks,
making the study of the ancient zircon grains a key component in understanding the early
evolution of the Earth. Currently, the oldest zircons on Earth (4.4 Ga) have been identified
in the Jack Hills, Western Australia [11]. Meanwhile, ancient zircon grains of Hadean age
have also been reported in ancient craton of China.
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The North China Craton (NCC) is the largest and the oldest craton in China. It issub-
divided into the Eastern and Western Blocks, which are separated by a Paleoproterozoic
collisional belt, named the Trans-North China Orogen (Figure 1) [12]. The Western Block
was formed by amalgamation of the Ordos and Yinshan Blocks along the EW-trending
Khondalite Belt at 1.95–1.92 Ga (Figure 1) [13–15], whereas the Eastern Block underwent
a Paleoproterozoic rifting event along its eastern margin at 2.2–1.9 Ga and formed the
Jiao-Liao-Ji mobile belt at ca. 1.9 Ga (Figure 1) [16–20]. The final amalgamation between the
Eastern and Western Blocks occurred in 1.95–1.85 Ga (Figure 1) [13,21–26], which formed
the uniform basement of the NCC. Subsequently, the NCC was covered by abundant
Proterozoic to Paleozoic sediments [27,28].
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Figure 1. Tectonic subdivision of the North China Craton proposed by [12,13,29], showing the
spatial distribution of basement rocks in the Neoarchean Eastern and Western Blocks, as well as the
intervened Paleoproterozoic Trans-North China Orogen.

The discoveries of ancient rocks and zircons can provide evidence for understanding
the early evolution of NCC. Early Precambrian rocks are widely distributed in the Eastern
Block, wherea ca. 3.8 Ga quartzofeldspathic gneiss complex has been reported in Anshan,
Liaoning Province and Lulong, eastern Hebei Province (Figure 2) [7–10]. The original
oldest rock identified was a 3.8 Ga mylonitized trondhjemitic gneiss in the Anshan area [7].
Recently, Wan et al. [10] reported 3.8 Ga granodioritic rocks in the Labashan, Lulong area.
For Xinyang, the southern part of the NCC, Ma et al. [30] reported that 3.8 Ga granulite
xenoliths were hosted in the Mesozoic volcanic rocks. A large number of 3.8–3.4 Ga detrital
zircons have been found in fuchsite quartzite and paragneiss from the Caozhuang area of
eastern Hebei Province, indicating that the provenance of these meta-supracrustal rocks
mainly consists of Eo- to Paleoarchean igneous rocks [2,31–33]. Likewise, abundant ca.
3.8–3.4 Ga detrital zircons have been identified in the fuchsite quartzite in the Lulong area,
eastern Hebei Province [34]. However, their provenance and Hf isotopic compositions
are poorly constrained. In this paper, we present new geochronological and Hf isotopic
data of the ancient detrital zircons from the fuchsite quartzites in Labashan, in the Lulong
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area, to determine the timing of deposition, the provenance and the regional stratigraphic
relationship and further discuss the early crustal growth of the NCC.
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Figure 2. Geological map of the Eastern Block, showing the distribution of the Archean basements
(revised in accordance with [13]).

2. Geological Setting and Sample Collection

The eastern Hebei Province is located in the core of the Eastern Block (Figure 2). The
Precambrian terrain in eastern Hebei Province is mainly occupied by Neoarchean rock as-
semblages which comprise up to 85% of the exposed basement [35,36]. Due to the extensive
reworking by later tectonothermal events, the areal extent and the tectonic history of the
early Archean basement has been obliterated [37]. The Eoarchean to Mesoarchean rocks
only crop out in Caozhuang, Qian’ an and Labashan, Lulong areas (Figure 3) [2,7,31,35].
The Caozhuang supracrustal sequences, which are located in the southwest of the Qian’
an TTG granitic dome, are mainly composed of quartzite, amphibolite, garnet-biotite
gneiss, calc–silicate rock, marble, fine-grained biotite gneiss and banded iron formation
(Figure 3) [38]. Some scholars proposed that the amphibolites from the Caozhuang area
have an age of ca. 3.5 Ga, as determined using the whole rock Sm–Nd isochron method,
which may represent the time of the protolithic basalt eruption [39–41], although this
age may be an inconclusive result [35]. Detrital zircons of 3.8–3.4 Ga have been reported
from fuchsite quartzite within the Caozhuang area [2,7,31]. Similar to Caozhuang in the
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Qian’ an area, Eo- to Paleoarchean materials have also been reported in Labashan in the
Lulong area, such as the 3.8 Ga TTG gneisses and 4.0–3.2 Ga detrital zircons in paragneisses
(Figure 3) [10,33]. Fuchsite quartzites also developed in Labashan in theLulong area, which
are temporally and spatially associated with TTG gneiss, paragneiss, potassium-rich granite
and meta-gabbro (Figure 4a). The lithologic features of fuchsite quartzite are similar to
those of the Caozhuang area, with a thickness of 5–8 m and an extensional length of more
than 100 m (Figure 4b). The fuchsite quartzite, which is composed of quartz (80 vol%) and
muscovite (20 vol%) with minor plagioclase and ilmenite (Figure 4c), is intruded by the
meta-gabbro (Figure 4d) and is in tectonic contact with the gneisses (Figure 4e).
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Figure 3. Detailed geological map of the Qian’an and Lulong areas, showing the spatial relationshios,
lithology and structural features of the Archean supracrustal rock assemblage and granitic pluton.

In this study, two representative samples were collected from Labashan, Lulong to
constrain the formation time of the fuchsite quartzite (Figure 4a,b,d). The youngest zircon
of Sample 20JD03-1 (fuchsite quartzite) may represent the maximum sedimentation age. In
the field, the meta-gabbro dyke clearly intrudes into the fuchsite quartzite (Figure 4a,d);
Thus, it can be used to constrain the minimum depositional timing of fuchsite quartzite.
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Figure 4. Representative outcrop and microscopic images of the fuchsite quartzite in the Labashan,
Lulong, eastern Hebei Province. (a) The fuchsite quartzite was intruded by the meta-gabbro. (b) Field
geological characteristics of the fuchsite quartzite (Sample 20JD03-1). (c) Microscopic images showed
mineral composition of the fuchsite quartzite. Abbreviations for different minerals: Qtz—quartz;
Mu—muscovite. (d) Field geological characteristics of the meta-gabbro (Sample 20JD03-2). (e) Field
geological characteristics of the TTG gneisses and paragneisses.

3. Analytical Methods

Zircons were extracted from the samples and separated using conventional heavy
liquid and magnetic techniques at the Tuoyan Analytical Technology Co., Ltd., testing
center (Guangzhou, China). Representative zircons were hand-picked and mounted onto
the epoxy resin surface and then polished to approximately half-thickness. Cathodolumi-
nescence (CL) images of the zircons were acquired using CL spectroscopy on a Quanta
200F SEM (scanning electron microscope) at Nanjing Hongchuang GeoAnalysis, Nanjing,
China. The U-Pb analyses of zircons were conducted by laser ablation inductively cou-
pled plasmamass spectrometry (LA-ICP-MS) at the Chengpu Geological Testing Co., Ltd.,
Langfang, China. The analyses were performed using a Plasma Quant MS elite ICP-MS
instrument designed by the Analytik Jena AG (Jena, Germany) in combination with an
excimer 193 nm laser ablation system (New Wave, NWR193). Each analysis consisted of a
background acquisition of approximately 30s followed by 30s of sample data acquisition.
The spot size and frequency of the laser were set to 20 µm and 8 Hz, respectively, in this
study. Helium was used as the carrier gas. NIST SRM 610 was applied to yield the highest
sensitivity, lowest oxidation, and a stable signal to achieve the optimal condition [42]. A
15 ms dwell time was set for 204Pb, 206Pb, 207Pb, 208Pb, 232Th and 238U. Zircon Plešovice
(~337 Ma) [43] and Qinghu (~159 Ma) [44] were used as external standards for U-Pb dating
and as the blind sample for monitoring the instrument’s condition, respectively, and were
measured twice every 5 zircon analyses. The analytical data were reduced using GLIT-
TER 4.0 software (Macquarie University, Sydney, Australia). The calculation of weighted
average ages and plotting of concordia diagrams were completed with Isoplot 4.15 [45].
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Zircon Lu–Hf isotopic ratios were determined following U-Pb analyses viaLA-ICP-
MS at Chengpu Geological Testing Co., Ltd., Langfang, China. A Neptune Plus (MC-
ICP-MS) instrument equipped with a New Wave UP21 LA system at a spot diameter of
44 µm was used with a laser repetition rate of 8 Hz at 6 J/cm2 for 27 s. The detailed
analytical procedures and interference corrections used were similar to those described
by Wu et al. [46]. The εHf(t) values were calculated based on the chondrite values of
176Hf/177Hf (0.282772) and 176Lu/177Hf (0.0332) ratios [47].

4. Analytical Results

Cathodoluminescence (CL) images of representative zircons from each sample are
shown in Figure 5, and zircon U-Pb dating results are shown in Figure 6 and listed in
Supplementary Table S1.
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4.1. Zircon LA-ICP-MS U-Pb Dating
4.1.1. Fuchsite Quartzite (20JD03-1)

Sample 20JD03-1 was collected from a fuchsite quartzite in the Labashan, Lulong
(Figures 3 and 4a). The fuchsite quartzite exhibits penetrative foliation S at the field and
microstructure scales (Figure 4b,c). Zircon grains extracted from the fuchsite quartzite are
mostly euhedral–subhedral crystal morphologies and 100–150 µm in grain size (Figure 5a).
Most of the zircons exhibit clear oscillatory zoning structure (Figure 5a), indicative of
a magmatic origin. Meanwhile, they exhibit enriched LREEs ((Gd/Yb)N = 0.01–1.11),
mostly negative Eu anomalies (Eu/Eu* = 0.02–0.34) and moderately to highly positive
Ce anomalies (Ce/Ce* = 0.37–216.78), which further confirm a magmatic origin for these
zircons (Supplementary Table S2 and Figure 6a). Only one zircon shows thecore–rim
structure, where the core (Spot #79) display concentric oscillatory zoning in the CL image
(Figure 5a), indicative of a magmatic origin. In contrast, zircon rims (Spot #80 and Spot
#47) are relatively luminescent and lack interior structure (Figure 5a), indicative of a
metamorphic origin. This is consistent with the relatively low Th/U ratios of 0.01–0.04
(Supplementary Table S1). Ninety-seven zircon grains were analyzed and plotted on the
U-Pb concordia diagram (Figure 6b). Of these, two young zircons were assigned the ages
of 3133 ± 34 Ma and 3243 ± 32 Ma, respectively, which represented their metamorphic
ages (Figure 6b). Most of the zircons fall into the range of 3305 Ma to 3931 Ma and form
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five distinct age peaks (Figure 6c). The youngest single magmatic zircon age of this sample
is ca. 3305 Ma (Figure 6c). The age of the Paleoarchean zircons ranges from 3371 ± 35 Ma
to 3796 ± 33 Ma with the most prominent age peak of ca. 3691 Ma and the subordinate age
peak of ca. 3400 Ma (Figure 6c). The Eoarchean zircon cluster ranges from 3802 ± 35 Ma
to 3882 ± 33 Ma forming a peak at ca. 3828 Ma (Figure 6c). The oldest zircon age in this
sample was 3931 ± 35 Ma, with only one single grain (Figure 6c).

4.1.2. Meta-Gabbro (20JD03-2)

Sample 20JD03-2 (meta-gabbro) was collected from the same outcrop as Sample 20JD03-
1 (Figure 4a,d). Regionally, the fuchsite quartzite is intruded by the meta-gabbro dyke
(Figure 4a). Thus, this gabbro dyke can be used to determine the minimum depositional
timing of the fuchsite quartzite. Zircon grains extracted from this sample are transparent
and spherical-oval in shape, with a grain size ranging from 100 to 150 µm. CL images reveal
that most zircons exhibit blurred oscillatory zoning (Figure 5b), indicating that these zircons
could have been influenced by the subsequent anatexis. Th/U ratios for most analyzed
zircons are 0.26–4.01 (Supplementary Table S1), which is indicative of a magmatic origin.
Thirty zircon grains were analyzed and plotted on the U-Pb concordia diagram (Figure 6d).
All the data are concordant and yield a 207Pb/206Pb weighted mean age of 2535 ± 13 Ma
(MSWD = 0.0079) (Figure 6d), indicating the crystallization age of the meta-gabbro.

4.2. Zircon Hf Dating

Fifty zircon grains with concordant U–Pb ages from different age populations were analyzed
for their Lu–Hf isotopic compositions. The zircon grain with an age of 3305 Ma has an εHf(t) value
of −4.2 and a TDM2 model age of 3871 Ma (Supplementary Table S3). The zircon grains with
ages in the 3785–3370 Ma range yielded similar compositions (176Hf/177Hf = 0.280253–0.280854,
176Lu/177Hf = 0.000394–0.000872, and 176Yb/177Hf = 0.010547–0.059906) and have εHf(t) val-
ues of −9.2 to +8.9, and TDM2 model ages of 3316–4346 Ma (Supplementary Table S3).
The zircons of 3862–3802 Ma have similar compositions (176Hf/177Hf = 0.280311–0.280484,
176Lu/177Hf = 0.000425–0.001972, and 176Yb/177Hf = 0.011637–0.059104), and their εHf(t) val-
ues and TDM2 model ages are −1.5 to +1.2 and 4034 to 3903 Ma, respectively
(Supplementary Table S3). The oldest zircon (3931 Ma) displayed asimilar composition
(176Hf/177Hf = 0.280442, 176Lu/177Hf = 0.000889, and 176Yb/177Hf = 0.023647), and it has
an εHf(t) value of +4.7, and a TDM2 model age of 3828 Ma (Supplementary Table S3).

5. Discussion
5.1. The Depositional Age of the Fuchsite Quartzite

Detrital zircon geochronology is a widely used method for constraining the deposi-
tional age of specific stratigraphic successions [48,49]. Although some geologists proposed
that the fuchsite quartzite in the Lulong area was probably deposited after the Mesoarchean
(ca. 3.2 Ga) [34], there is currently no confirmed geochronologicalevidence to support
this hypothesis.

Given that a sedimentary unit can not be older than its youngest detrital zircon
grain [50], our youngest concordant 207Pb/206Pb age group with a weight mean age of
3359 ± 32 Ma, provides a maximum age for the deposition of the fuchsite quartzite in this
study (Figure 6b). The meta-gabbro that clearly intruded the fuchsite quartzite yielded
an age of 2535 ± 13 Ma, indicating that the fuchsite quartzite must have been deposited
sometime earlier than ca. 2535 Ma (Figure 4a,d and Figure 6d). Meanwhile, the metamor-
phic zircons from the fuchsite quartziteyielded the ages of 3243 ± 32 Ma and 3133 ± 34 Ma,
which constrain the metamorphic event (Figure 6b). On the one hand, the ages of the zircon
cores are obviously older than 3.1 Ga, indicating that the U–Pb isotopic system of these
metamorphic zircons has reached a new equilibrium. On the other hand, the metamorphic
zircons have prismatic shape, which can exclude the possibility of metamorphism in source
areas [33]. Furthermore, 3.2–3.1 Ga probably represents the record of a tectono-thermal
event that occurred after the fuchsite quartzite was deposited. For the same outcrop, Wan
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et al. [33] also reported the evidence of the Mesoarchean (ca. 3.1 Ga) metamorphic event in
the paragneisses (Figure 4a,e). Combining this with the age of the youngest detrital zircon
at 3.3 Ga, we can constrain the depositional age of the fuchsite quartzite to be 3.3–3.1 Ga.

Some scholars have proposed that the supracrustal rock assemblage in Labashan,
Lulong, is similar to the Caozhuang supracrustal sequence (excluding biotite–granulite and
BIF) in Huangbaiyu, Qian’an, with abundant Eoarchean–Paleoarchean zircons (specifically,
3.8 Ga to 3.3 Ga) [33,34]. Additionally, regional stratigraphic correlation indicates that
much of the Caozhuang supracrustal sequence is equivalent to the supracrustal rock
assemblage in Labashan, Lulong, and also has a depositional age of 3.3–3.1 Ga [33]. To
sum up, we defined the whole area as a 3.3–3.1 Ga Caozhuang–Labashan sequence, which
is mainly composed of fuchsite quartzite, feldspathic quartzite, biotite plagioclase gneiss,
para–amphibolite, ortho–amphibolite and meta–ultramafic rock.

5.2. Determination of Provenance

Determining the source of sedimentary rocks can be achieved through dating of
detrital zircon grains [51,52]. In this study, detrital zircons obtained from the fuchsite
quartzite sample (20JD03-1) yielded the ages ranging between 3931 and 3305 Ma, which
were grouped into five populations (Supplementary Table S1 and Figure 6c). The weighted
mean ages of these populations are 3931 Ma, 3828 Ma, 3619 Ma, 3400 Ma and 3305 Ma,
respectively (Figure 6c). Most of these ages are consistent with the known tectonothermal
events, indicating the potential source information for the fuchsite quartzite.

It is notable that the zircon grains from thefuchsite quartzite exhibit clear oscillatory
zoning texture andeuhedral crystal shape (Figure 5a), suggesting no or short distance of
sedimentary transportation. Sixzircon grains from the fuchsite quartzite were found to
be older than 3800 Ma, with the oldest age of 3931 ± 35 Ma (Supplementary Table S1 and
Figure 6c). This is nearly the oldest zircon recorded in the Lulong area. Given that the
3.8 Ga TTG gneiss was reported in the same outcrop of the Labashan area (Figure 4a,e) [10],
these zircons were likely derived from this Eoarchean gneiss. The ca. 3.6 Ga, ca. 3.4 Ga
and ca. 3.3 Ga detrital zircon grains from the fuchsite quartzite were most likely derived
from the Paleoarchean magmatic events in the Caozhuang and Huangbaiyu areas [33,34].
These zircon geochronological data provided valuable information for identifying the Eo-
to Paleoarchean rocks in the eastern Hebei Province [33].

5.3. Early Crustal Evolution of the NCC

The high closure temperature of Hf in zircon reduces the influence of later metamor-
phism or magmatic processes, except for the formation of overgrowths [53]. Therefore,
zircon Lu–Hf isotopic data can be used to determine magmatic sources and petrogenetic
processes, and to constrain the history of crustal growth [54].

The U-Pb age results of this study provide evidence of the existence of 3.9–3.3 Ga old
crustal fragments in the Lulong area, eastern Hebei Province, NCC. Most of the detrital zir-
con grains of this age display negative εHf(t) values as low as−9.2 (Supplementary Table S3
and Figure 7), while a significant number of zircon grains have positive εHf(t) values as high
as +8.9 (Supplementary Table S3 and Figure 7). As shown in Figure 7, the 3305–3524 Ma
zircons from the fuchsite quartzite show negative εHf(t) values that are distinct from the
positive εHf(t) value of the 3931 Ma. The Hf model ages also suggest that these zircon
grains were mainly derived from old recycled basement rocks rather thanjuvenile materials
(Supplementary Table S3). Zircon grains with ages between 3540 and 3862 Ma have both
positive and negative εHf(t) values (Supplementary Table S3 and Figure 7), indicating that
these zircon grains were derived from both recycled old basements and juvenile materials.
TDM2 model ages for the 3.9–3.3 Ga zircon grains range from 4.2 to 3.4 Gawith a peak at
ca. 3.8 Ga (Supplementary Table S3 and Figure 8), which are significantly older than their
U–Pb ages, suggesting that these grains were derived from the reworking of Hadean to
Paleoarchean crust. It is worth noting that zircon grains in fuchsite quartzite from the
Caozhuang, Qian’ an area show a broadly similar distribution of U–Pb ages spectrum and
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εHf(t) values (Figure 7). The εHf(t) values of zircons from both fuchsite quartzites decrease
regularly with the decreasing ages (Figure 7). Petrologiccharacteristics indicate that the
fuchsite quartzite from the Caozhuang area is equivalent to the fuchsite quartzite from the
Lulong area.
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To address the issues regarding the early crustal evolution of NCC, we compared
3.8–3.0 Ga zircon grains from the Anshan and Xinyang areas (Figure 7). The Anshan area
contains the oldest (ca. 3.8 Ga) igneous rocks in the northern NCC [7], as well as abundant ca.
3.45–2.90 Ga granitoids and minor Paleo- to Mesoarchean supracrustal rocks [57,58]. Zircon
Hf isotopes indicate that both ancient and juvenile crustal materials contributed to the
generation of the Eo- to Mesoarchean zircon grains in the Anshan area (Figure 7) [55]. Their
zircon TDM2(t) ages range from 4.0 to 3.2 Ga with a peak at ca. 3.6 Ga (Figure 8b), suggesting
significant crustal growth during the Hadean to Paleoarchean [55]. In the southern NCC, the
oldest rocks and minerals are the ca. 3.6 Ga felsic granulite xenoliths [59,60] and ca. 3.6 Ga
detrital zircons from the Songshan Group [61], respectively. The ca. 3.6 Ga zircons from the
Xinyang xenoliths show variable εHf(t) (Figure 7). Zircons with negative εHf(t) values (−2.2
to −8.2) have TDM2(t) model ages of 3.97–4.31 Ga, suggesting ancient crustal components of
the Hadean age (Figures 7 and 8c) [56]. Similarly, ca 3.5 Ga zircons in the Xinyang area also
show a wide range of εHf(t) (Figure 7). Some of them display negative εHf(t) values of −1.2
to −7.8 and yield TDM2(t) model ages of 3.95–4.12 Ga (Figures 7 and 8c) [56]. This implies
that the Hadean crustal materials were involved in the generation of the Paleoarchean felsic
magmas. In summary, old (≥4.0 Ga) crustal components have been found in the Eastern
Hebei Province (Caozhuang and Lulong areas), Anshan and Xinyang areas. This evidence
indicates that the oldest crust in the NCC was formed in the Hadean.
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Figure 8. The comparison of the Hf two-stage model age of the zircons from (a) sample 20JD03-1
(fuchsite quartzite, Lulong area, eastern Hebei Province); (b) Anshan area; and (c) Xinyang area. The
Hf isotopic data of the Anshan area and Xinyang area are taken from [55] and [56], respectively.

6. Conclusions

(1) Regional correlation reveals that the fuchsite quartzite from the Lulong area is equiva-
lent to that of the Caozhuang area, with a depositional age of 3.3–3.1 Ga constrained
by the detrital zircon ages and the metamorphic zircon ages.

(2) The primary sources of sediment in the fuchsite quartzite from the Lulong area were
the 3.8 Ga TTG gneisses and the Paleoarchean magmas, specifically those from the ca.
3.6 Ga, 3.4 Ga, and 3.3 Ga.

(3) Zircon Hf model ages from eastern Hebei Province, specifically the Anshan and
Xinyang areas, reinforce the theory of the earliest crustal growth event in NCC occur-
ring in Hadean.
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Abstract: The volcanic activity of the Xiong’er Group and its concomitant sedimentation are related
to the stretching–breakup of the Columbia supercontinent. The Dagushi Formation overlies the
Paleoproterozoic Shuangfang Formation with an angular unconformity. The Dagushi Formation, as
the earliest clastic strata of the Xiong’er Group and the first stable sedimentary cover overlying the
Archean crystalline basement in the southern margin of the North China Craton, provides tectonic
evolution information that predates Xiong’er volcanic activity. By distinguishing lithologic character-
istics and sedimentary structures, we identified that the sedimentary facies of the Dagushi Formation
were braided river delta lake facies from bottom to top. The U–Pb ages of the detrital zircons of
the Dagushi Formation can be divided into four groups: ~1905–1925, ~2154–2295, ~2529–2536, and
~2713–2720 Ma, indicating the provenance from the North China Craton basement. Based on the
geochemical characteristics of the Dagushi Formation, we suggest that the sediments accumulated
rapidly near the source, which were principally felsic in nature, and were supplemented by recycled
materials. The provenance area pointed to the underlying metamorphic crystalline basement of the
North China Craton as the main source area with an active tectonic background. The Chemical Index
of Alteration (CIA) values of the Dagushi Formation sandstone samples ranged from 60.8 to 76.7,
indicating that the source rocks suffered from slight to moderate chemic chemical weathering. The
Index of Composition Variability (ICV) values ranged from 0.8 to 1.3, which indicates the first cyclic
sediments. The vertical facies and provenance changes of the Dagushi Formation reflect a continuous
crust fracturing process that occurred in the North China Craton.

Keywords: North China Craton; Dagushi Formation; sedimentary facies; detrital zircon; geochemistry

1. Introduction

The North China Craton (NCC) is an ancient landmass with a long history covering
3.8 billion years, with evidence concerning many supercontinent events in geological his-
tory [1–6], including assembly and breakup records of the supercontinent Columbia [7–10].
Scholars think that the subduction between the eastern and western blocks occurred at
ca. 1850 Ma, thus forming a unified NCC [11–14]. After that, a volcanic sedimentary
succession, which is called the Xiong’er Group, was widely developed in the southern
margin of the NCC. The Xiong’er Group can be divided from bottom to top into the Da-
gushi Formation, Xushan Formation, Jidanping Formation, and Majiahe Formation, which
are a set of clastic rock and volcanic strata with low deformation and metamorphism. In
recent years, scholars have conducted extensive research on the Xiong’er Group in the
southern margin of the NCC using petrology, geochemistry, and chronology [6,9,12,15–35]
(Figure 1a). The chronological data of zircon uranium-lead (U–Pb) isotopes show that most
of the volcanic rocks of the Xiong’er Group were formed between 1800 and 1750 Ma [24,30].
However, the formation mechanism remains controversial [9,15–20]. To date, the main
viewpoints include an Andean-type continental margin [9,22], a passive continental margin
and rift [26–28,36,37], and an active continental margin and rift [22].
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However, research on the Xiong’er Group has focused on its volcanic lavas, while the
sedimentary rocks have not been a major subject of systematic research. Only a few scholars
have investigated the geochemical characteristics of the clastic rocks from the Dagushi
Formation [38]. Ref. [39] posited that the existence of primary glauconite in the sandstone
of the Majiahe Formation proved that the Xiong’er Group was in a marine environment
during its later stage. There is also controversy concerning the sedimentary source, which
limits the correlation between the Mesoproterozoic strata in the southern margin of the
NCC and other regions. Therefore, studies on the sedimentary environment, provenance
characteristics, and tectonic setting of early Mesoproterozoic strata in the southern margin
of the NCC are critical to reveal the evolution of paleogeography during the Proterozoic
eon (Figure 1b,c). schematic diagram of the geographical location of the Dagushi Formation
in the study area (modified from [40,41]).
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2. Geological Background

The total area of the NCC is approximately 1.6 million km2. Important components
include northern China, Bohai Bay, and Inner Mongolia [42,43]. The NCC has a long
history of geological evolution and has experienced several multi-stage tectonic evolution
events [5,26,44–49]. Furthermore, the formation of the NCC has experienced three impor-
tant geological events: the main continental crust growth at ~2.7 Ga, the cratonization event
at ~2.5 Ga, and the final formation of the NCC at ~2.0–1.8 Ga [42,50,51].

The Xiong’er Group is primarily exposed in the Zhongtiao, Xiao, Xiong’er, and Waifang
mountains [25,52]. The Xiong’er Group, as the cover of an ancient continental crust base-
ment, overlies the Archean crystalline basement or early Proterozoic strata with an un-
conformity [53]. They represent the most extensive magmatic activity that occurred after
the formation of the crystalline basement in the NCC [38,52]. The volcanic rocks are pri-
marily andesite and basaltic andesite, with a small amount of dacite, rhyolite, and minor
interlayered sedimentary rocks. Sedimentary rocks, sedimentary interbeds, and pyroclastic
rocks are limited, covering only 4.3% of the total thickness of the layer, and mainly dis-
tributed in the Dagushi Formation at the bottom and the Majiahe Formation at the top,
while only a small number of local intervals are exposed in the Xushan and Jidanping
Formations [24,38,54].

The outcrop range of sedimentary rocks in the Dagushi Formation is small, and
the thickness varies greatly. The representative section is located in Huangbeijiao and
Xiaogoubei in Shaoyuan Town, Jiyuan City, Henan Province. The Dagushi Formation in
this area overlays the biotite quartz schist of the late Neoarchean Shuangfang Formation
with an angular unconformity, and its distribution is continuous, and its largest thickness
is 189.5 m. The Dagushi Formation is also distributed in Moshigou, northern Luanchuan
County, with a maximum thickness of 92 m. The main lithology is as follows: conglomerate,
arkose sandstone, feldspathic quartz sandstone, and purple mudstone. Cross-bedding
is developed in sandstone strata. In addition, the Dagushi Formation in eastern Yuanqu
County of Shanxi Province and Luoning County of Henan Province outcrops sporadically.
In this study, the Dagushi Formation, which is completely exposed in Huangbeijiao and
Xiaogoubei north of Shaoyuan Town, Jiyuan City, was selected as the research object
(Figure 1c).

3. Analytical Methods

Two coarse- to medium-grained sandstone samples (approximately 4 kg) were col-
lected from the lowest and uppermost parts of the Dagushi Formation within the Huang-
beijiao section in Jiyuan City, southern North China, for zircon separation (Figures 1 and 2).
Zircon was separated using a heavy fluid and magnetic separator at the Hebei Institute
of Regional Geology and Mineral Resources, Langfang, China. Approximately 400 zir-
cons were hand-selected from each sample using a binocular microscope, and 177 zircons
were selected to analyze. Zircon particles were attached to adhesive tape with M257 stan-
dard [55], sealed with epoxy resin, and polished to half of their thickness. The images
of these zircons were taken using an optical microscope with transmitted and reflected
light. High-resolution cathodoluminescence imaging was performed by a scanning elec-
tron microscope using the Gatan monoCL 3 + cathodoluminescence system from Wuhan
SampleSolution Analytical Technology Co., Ltd. (Wuhan, China). Both imaging methods
were used to identify internal structures and select targets for further U–Pb analysis.

U–Pb dating and zircon trace element analysis were conducted simultaneously by
laser ablation inductively coupled plasma mass spectrometry (ICP-MS). Detailed operat-
ing parameters and procedures for laser ablation systems, ICP-MS instruments (Wuhan
SampleSolution Analytical Technology Co., Ltd.), and data simplification can be found
in [56–58]. Laser sampling was performed using a GeoLas 2005 instrument, and an Agilent
7900 ICP-MS system (Agilent Technologies, Palo Alto, CA, USA) was used to obtain the ion
signal strength. A laser beam repetition rate of 5 Hz and an analysis point size of 24 µm
diameter were used for each analysis. Helium was used as a carrier gas, and argon was used
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as a supplementary gas. Before entering the ICP, the sample was mixed with the carrier gas
through a T-joint. The laser is equipped with an ablation system to smooth the signal, which
can produce a smooth signal even at very low temperatures and frequencies [59] (i.e., down
to 1 Hz). Each analysis consisted of approximately 20 s of background acquisition and
30 s of gas blank, followed by 50 s of sample data acquisition. The Excel-based software,
ICPMSDataCal (Ver. 10.0), performed the offline selection, unified background and signal
analysis, time trend correction of the records, quantitative element correction analysis, and
U–Pb dating [56,57,60].
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The standard zircon 91,500 was used for U–Pb dating, and two determinations were
analyzed for every five measurements. The variation of the U–Th–Pb isotope ratio with
time was corrected for every five analyses by linear interpolation [57,58]. The standard
preferred U–Th–Pb isotope ratio for 91,500 was taken from [61]. The 207Pb/206Pb age was
used for zircons greater than 1000 Ma [62]. For zircons less than 1000 Ma, the discordance
was defined as 100% × abs [1 − (206Pb/238U)/(207Pb/235U)], and for zircons greater than
1000 Ma, the discordance was defined as 100% × abs [1 − (206Pb/238Pb)/(207Pb/206Pb)].
Harmonic graphs were then generated, and the weighted average was determined using
Isoplot/Ex_ver3 software [63].

Samples were collected from sandstone and argillaceous rocks from the Dagushi
Formation in the Jiyuan area for geochemical analysis, and major elements in the sandstone
and trace elements in the argillaceous rocks were determined. After the sample was
naturally dried, it was crushed into a 200-mesh powder using a mortar. An Axiosmax X-ray
fluorescence (XRF) spectrometer (PANalytical BV, Almelo, the Netherlands) was used in
a laboratory at ALS Minerals-ALS Chemex (Guangzhou, China) Co., Ltd. in Guangdong
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Province. The whole rock major element described the detailed analysis procedure with
errors between ±1% and ±2% [64].

Trace elements, including rare earth elements (REE), were detected by an Agilent 7900
ICP-MS Inductively Coupled Plasma Mass Spectrometer in ALS Minerals-ALS Chemex
(Guangzhou, China) Co., Ltd. The analytical accuracy of trace elements exceeded 95%, and
the detection range was less than or equal to 2 ppm in most cases. The detection range of
Ba, Cr, Rb, Sr, and V was 5 ppm.

4. Results
4.1. Sedimentary Facies

We researched two sections of strata from the Mesoproterozoic Dagushi Formation
in the Jiyuan area, divided their sedimentary facies, and further analyzed their sedimen-
tary environment. Our measurements showed that the thickness of the Huangbeijiao
Section from the Dagushi Formation in the Jiyuan area was approximately 133.2 m, while
the thickness of the Xiaogoubei Section was 189.5 m (Figure 2). Our field observations
showed that the Dagushi Formation rested upon the Paleoproterozoic crystalline base-
ment unconformably and was the only sedimentary rock stratum in the Xiong’er Group.
The color, composition, and structural characteristics of sediments in this stratum had
distinct variations. In general, this stratum was a retrograding sequence which consisted
of three different sedimentary sequences from bottom to top (Figure 2). Each sequence is
summarized and described below.

Huangbeijiao Section (133.2 m).
Sequence I (71.4 m): the lithology of Sequence I in the Huangbeijiao Section was gray

and purple pebbly sandstone and medium- to coarse-grained sandstone. From bottom to
top, the grain size of sediments changed from coarse to fine with a positive rhythm, and
the roundness changed from subangular to subrounded. Sequence I had parallel bedding
formed by water ripple and large cross-bedding (Figure 3a–d) which occurred repeatedly
from bottom to top. Sandstone layers with different grain sizes constituted multiple
sedimentary cycles, and lenticular sand bodies were observed (Figure 3e). Based on the
lithologic characteristics and recognizable sedimentary structures, Sequence I exhibited
characteristics of a braided river deposit.

Sequence II (17.5 m): the lithology of Sequence II in the Huangbeijiao Section was
primarily interbedding formed by purple medium- to fine-grained sandstone, siltstone,
and mudstone (Figure 3f). The grain size was significantly smaller than that of Sequence
I, and the main bedding was small wedge-shaped cross-bedding (Figure 3g). Irregular
horizontal bedding was occasionally seen in the mudstone layers, and mud cracks were
developed in the bedding of the local mudstone layers (Figure 3h). Mud cracks were most
common in dry areas, and they were formed after silty or argillaceous sediments exposed
their water surface, lost water, became dry, and shrank, which indicated exposure to a dry
environment. Sequence II was thought to be a braided delta deposit.

Sequence III (44.3 m): the lithology of Sequence III in the Huangbeijiao Section was
purple argillaceous siltstone and mudstone, which were typical products of overbank
deposition. A significant amount of the rocks was severely weathered (Figure 3i), and there
was no sedimentary structure of fluvial origin. The lithology in this sequence began to
significantly change, and a great number of argillaceous sediments occurred. Compared to
Sequence II, the grain size continued to decrease. The roundness of the sediment grains
was mainly subrounded and occasionally subangular. Sequence III was thought to be a
shore shallow lake deposit with weak hydrokinetics and without stagnancy.

Xiaogoubei Section (189.5 m).
Sequence I (71.6 m): the lithology of Sequence I in the Xiaogoubei Section was an

interbedding of light purple medium- to thick-bedded, medium- to fine-grained sandstone
and brown thin-bedded argillaceous rock. The basal sandstone included gravel with
a diameter range from millimeters to centimeters which reflected a process in which
sediments accumulated rapidly after short-distance transportation. From bottom to top,
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this sequence demonstrated multiple normal cycle rhythmites that were thick at the bottom
and thin at the top. At the bottom of each cycle, there were pronounced scouring surfaces
and coarse-grained imbricated pebbly sandstone layers (Figure 4a). The sandstone layer
in the lower part of the cycle was characterized by large wedge- and trough-shaped cross-
bedding, graded bedding, and parallel bedding, and lenticular sand bodies were commonly
seen, which were flat at the top and convex at the bottom (Figure 4b–d). The siltstone
or argillaceous siltstone in the upper part of the cycle was primarily small cross-bedding
and wavy bedding, suggesting that it belonged to a braided river deposit with a strong
hydrodynamic force that was controlled by directional flow in shallow water.
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Figure 3. Lithologic characteristics and sedimentary structure of the Dagushi Formation in the Huang-
beijiao section of Jiyuan. (a) Wedge-shaped cross-bedding; (b) trough cross-bedding; (c) tabular
cross-bedding; (d) parallel bedding; (e) sand lens; (f) lithology characteristics of section II; (g) small
wedge cross-bedding; (h) mud crack structure; (i) lithology characteristics of section III.

Sequence II (22 m): the lithology of Sequence II in the Xiaogoubei Section was a
shallow conglomerate with medium thickness and pebbly coarse sandstone at the bottom,
an interbedding of purple medium-grained sandstone and purple sandy mudstone in the
middle, and purple and gray–green silty mudstone at the top. The basal scouring surface
had a gentle slope, and the conglomerate, pebbled coarse sandstone, and sandstone all
exhibited low compositional and textural maturity with mixed sizing (Figure 4e). The
grain size of the sediments was significantly attenuated from bottom to top. Medium and
small cross-bedding, parallel bedding, and lateral accretion cross-bedding were developed
(Figure 4f,g). The sizes of various beds were smaller than those of Sequence I, suggesting
that the hydrodynamics shifted from strong to weak and the water turbulence increased.
Sequence II was determined to be a braided delta deposit.

Sequence III (95.9 m): the lithology included amaranth medium- to thick-bedded
argillaceous siltstone at the bottom, the interbedding of thick-bedded purple argillaceous
siltstone and mudstone in the middle, and gray–green coarse sandstone at the top. The
compositional maturity, sizing, and roundness of the clastic material were better than
those of Sequence II, and there was no sedimentary structure of fluvial origin; however,
there was irregular horizontal bedding in local areas (Figure 4h), which indicated weak
hydrodynamics. In addition to outcropped coarse sandstone at the top, the sediments of
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Sequence III were mostly fine-grained silty and argillaceous sediments, indicating that
the water gradually deepened. Thus, Sequence III was thought to be a shore shallow
lake deposit.
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4.2. Zircon U–Pb Geochronology

The CL images of representative zircons and their U–Pb ages are presented in
Figures 5 and 6a,c. Most zircons are polyhedral in shape. Ref. [65] introduced that the
calculation process of the age data. The analysis data are shown in Table S1, and the results
show that the confidence intervals of zircon ranged from 90% to 100%. The ICP-MS U–Pb
chronological test was performed on two sandstone samples collected from the top and
bottom of the Dagushi Formation in the Huangbeijiao section of the Jiyuan area. The
U–Pb age Concordia plot, age distribution histogram, and Th/U plot have the following
characteristics (Figure 6):

Sample DGS-02 was collected from the bottom of the Dagushi Formation in Jiyuan
(Figure 2). The age ranges of the 87 zircon grains were between 1784 and 2721 Ma. There
were two main age peaks (1905 and 2154 Ma) and three secondary peaks (2295, 2536, and
2720 Ma) (Figure 6a,b). The youngest zircon U–Pb age measured from this sample was
1784 ± 43 Ma (concordant 99%). The Th/U value was between 0.31 and 1.40. Sample
DGS-26 was collected from the top of the Dagushi Formation in Jiyuan (Figure 2). The
age ranges of the 90 zircon grains were between 1832 and 2850 Ma, with three main peaks
(2162, 2529, and 2713 Ma) and a secondary peak (1925 Ma) (Figure 6c,d). The youngest
zircon U–Pb age measured from this sample was 1832 ± 34 Ma (concordant 99%). The
Th/U value was between 0.07 and 1.22.
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4.3. Whole Rock Geochemistry

The major element compositions of the sandstones and trace element compositions
of the argillaceous rocks are listed in Table S2. The sandstone samples from the Dagushi
Formation were characterized by low SiO2 contents (45.5%–77.9%), high Fe2O3

T + MgO
contents (2.7%–12.4%), and low TiO2 contents (0.2%–0.8%). The Al2O3 and K2O contents
of the samples were 10.5%–20.4% and 1.7%–5.1%, respectively, while the MgO and Na2O
contents were 0.4%–4.1% and 0.2%–3.4%, respectively. We calculated the Chemical Index
of Alteration (CIA) = 100 [Al2O3/(Al2O3 + CaO* + Na2O + K2O)] (Table S2) [66], which
yielded values for the sandstone samples from the Dagushi Formation that varied between
60.8 and 76.7 (average value: 66.4) and are indicative of a slightly to moderately weath-
ered source [66–68] (Figure 7). We also calculated the Index of Compositional Variability
(ICV) = (Fe2O3 + K2O + Na2O + CaO + MgO+ TiO2)/Al2O3 (Table S2) in order to determine
the proportion of primary source material relative to the weathered minerals that occurred
in the sedimentary rocks [69,70]. Calculated ICV values for the Dagushi Formation sand-
stones generally varied between 0.8 and 1.3 (average value: 1). The ICV values of these
samples were greater than 1 or close to 1, which indicates the first cyclic sediments [70].
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Figure 7. A–CN–K diagram of sandstones from the Dagushi Formation in Jiyuan (modified based
on [66–68]). A = Al2O3; CN = CaO* + Na2O; K = K2O; CaO* refers only to CaO in the silicate minerals,
which is the molar coefficient of oxide.

The REE test results (×10−6) and partial characteristic indices (Table S2) of the mud-
stones sample from the Dagushi Formation indicated that the total REE contents of the
mudstones ranged between 185 and 368 µg/g (average value: 258), which is greater than
the averages for the North America shale (173 µg/g). Similarly, the ΣLREE/ΣHREE values
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varied from 9 to 13 (average value: 11), which is indicative of LREE enrichment. According
to the chondrite-normalized REE patterns diagram [71] (Figure 8a), the LaN/YbN ratios
ranged from 9.32 to 15.44, and the GdN/YbN ratios ranged from 1.52 to 1.89, indicating
obvious fractionation of light and heavy REEs. δ Eu ranged from 0.56 to 0.74 (average value:
0.64), showing an obvious negative anomaly. δ Ce ranged from 0.99 to 1.12 (average value:
1.03), showing no obvious abnormality. Figure 8b shows that the LaA/YbA ratios ranged
from 1.34 to 2.22 (average value: 1.84). LREEs were slightly enriched, and the overall
content of REEs displayed a roughly synchronous change [72]. As shown in Figure 8c, the
contents of the large ion lithophile elements Ba, Nb, and Sr were depleted, and Rb, Th, La,
Ce, and Nd were enriched [71]. The contents of the transition elements, such as Ba, Rb, Y,
Sc, V, Cr, Co, and Ni, were higher than the average values of the trace elements in the UCC,
and the contents of terrigenous elements, such as Th, Zr, and Hf, were higher than their
average values in the UCC [73] (Figure 8d).
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5. Discussion
5.1. Sedimentary Provenance of the Dagushi Formation

The results of the detrital zircon from the sandstone samples (DGS-02 and DGS-26)
at the bottom of the Dagushi Formation in the Jiyuan area indicated that there were two
primary age peaks, 1908 and 2147 Ma, and three secondary peaks, 2291, 2517, and 2713 Ma
(Figure 9). This implied that the provenance was dominated by Paleoproterozoic geological
bodies, with a small number of Neoarchean ones. The age peak at 2713 Ma corresponded
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to the growth period of the Neoarchean crust [5,74–77]. In the Lushan area near Jiyuan,
Trondhjemite, Tonalite, and Granodiorite (TTG) gneiss, plagioclase amphibolite, garnet
two-pyroxene granulite, aluminum-rich and carbon-rich gneiss, marble, quartzite, etc. of
the Taihua Group (2800–2700 Ma) were widely distributed [46,49,78] (Figure 9). The age
peak at 2517 Ma corresponded to the tectonic–magmatic events of the late Neoarchean
era, which was an important stage of continental crust accretion and cratonization in the
NCC [79–83]. The detrital zircons between 2650 and 2500 Ma were likely derived from
the TTG gneiss and supracrustal rock of the Dengfeng complex [5,42,84–89] (Figure 9).
The age peaks of 2147 and 2291 Ma corresponded to multiple Paleoproterozoic active
tectonic zones which developed during 2350–1950 Ma in the NCC; for example, the Shanxi–
Henan active zone and the supracrustal rocks of the Songshan Group were formed between
2350–1960 Ma [28,51,90] (Figure 9). The age peak at 1908 Ma corresponded to tectonic–
thermal events of collision and suturing between the eastern and western blocks of North
China [2,4,91–95] (Figure 9). The ages of detrital zircons indicated that the provenance of
the Dagushi Formation was primarily the NCC basement.
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Figure 9. Histograms of concordant detrital zircon 207Pb/206Pb ages for samples from the Dagushi
Formation, the Taihua, Dengfeng, and Songshan Groups, and the Central Orogenic Belt. Data sources:
Dagushi Formation (this study); Taihua Group [46,49,78]; Dengfeng Group [86,88,89]; Songshan
Group [90]; Central Orogenic Belt [2,4,91–95].
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Based on the sandstone type discrimination diagram of log(SiO2/Al2O3)-log(Fe2O3/
K2O) [96], the sandstones of the Dagushi Formation were found to be low-maturity wacke,
litharenite sublitharenite, and arkose (Figure 10), which indicated that these sandstones in
the Jiyuan area had undergone rapid proximal accumulation.
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Figure 10. Discrimination plot of sandstone type for the Mesoproterozoic Dagushi Formation in
Jiyuan (modified after [96]).

Several trace elements and REEs of clastic sedimentary rocks were inherited from their
parent rocks and have been used to show their properties [97–100]. The discrimination
diagram of the argillaceous rock of La/Yb–Ce [101] (Figure 11a) shows that the distribution
of argillaceous rocks from the Dagushi Formation form a cluster located in the field for
intermediate and silicate rocks. The diagram of La/Sc–Co/Th [101] (Figure 11b) shows that
the argillaceous rock samples from the Dagushi Formation plot near felsic volcanic rocks.
The La/Yb–∑REE discrimination diagram of the source rock [102] (Figure 11c) reveals
that the scatter plot distribution of argillaceous rocks in the Dagushi Formation was con-
centrated in the granite field. The discrimination diagram of La/Th–Hf [103] (Figure 11d)
shows that the argillaceous rock samples of the Dagushi Formation were located near
the felsic provenance area, with only a few in the passive continental provenance and
mixed provenance areas of felsic and mafic rocks. The discrimination diagram of Zr/Sc–
Th/Sc [104] (Figure 11e) shows that the projective points of argillaceous rock samples from
the Dagushi Formation fell near the upper crust (felsic volcanic rocks). Based on regional
geological data, the felsic metamorphic crystalline basement and granitic rocks in the late
Archean–Paleoproterozoic era were widely distributed in the Wangwu Mountain area
where Jiyuan is located [24,25,105,106]. For this reason, the sources of argillaceous rocks
from the Dagushi Formation were primarily felsic in provenance. The provenance area
pointed to is the underlying metamorphic crystalline basement of the NCC.
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The diagrams of trace elements Th–Sc–Zr/10 and Th–Co–Zr/10 (Figure 12a,b) and
major elements wt(Fe2O3

T + MgO)%-wt(TiO2)% and wt(Fe2OT + MgO)%-wt(Al2O3)% /
wt(SiO2)% (Figure 12c,d) have been used to distinguish tectonic environments [98,107–112].
Based on the discrimination diagrams of Th–Sc–Zr/10 and Th–Co–Zr/10 (Figure 12a,b), the
argillaceous rock sample from the Dagushi Formation in the Jiyuan area primarily fell into
the continent island arc and active continental margin, with a few samples in the nearby
area. Based on discrimination diagrams of wt(Fe2O3

T + MgO)%-wt(TiO2)% (Figure 12c), the
sandstone samples from the Dagushi Formation in the Jiyuan area also primarily fell into the
continent island arc and active continental margin fields, with a few near the ocean island
arc field. The discrimination diagrams of wt(Fe2O3

T + MgO)%-wt(Al2O3)%/wt(SiO2)%
(Figure 12d) show that most samples fell into the active continental margin, ocean island
arc field, and nearby areas, with a few in the ocean island arc field. Thus, the above findings
indicated that the provenance area showed mixed provenance characteristics dominated by
the active tectonic setting, supplemented by the settings of an active continental margin and
island arc. The tectonic settings identified above only reflected that of the provenance area
and did not represent the tectonic settings for the formation of the Dagushi Formation. The
determination of the tectonic background during the sedimentary period of the Dagushi
Formation in the Xionger Group should refer to evidence of coeval magmatic rocks in the
Xionger Group. However, judgment of the tectonic background of the Dagushi Formation
and even the Xionger Group is still controversial. To date, the main viewpoints include an
Andean-type continental margin [9,22], passive continental margin and rift [26–28,36,37],
and active continental margin and rift [22]. Thus far, the above viewpoints have not been
unified to reach consensus.
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5.2. Tectonic and Sedimentary Implications of Dagushi Formation for the Southern NCC during
the Mesoproterozoic

The North China Craton underwent multiple periods of continuous rift development
from ~18 Ga to the Neoproterozoic. Among them, the Xiong’er Rift, located at the southern
margin of the North China Craton, represents a significant continental stretching and
fracturing event that developed in response to the rifting process of the Mesoproterozoic
Columbia supercontinent within the context of extensional tectonics. During this rift-
ing process, subsidence initially occurred in the regions of Yuanqu County—Jiyuan City,
Luoning City—Luanchuan County, and Ruzhou City, located at the southern margin of
the North China Craton (Figure 13a). Because of the difference in terrain elevation, the
felsic crystalline basement of the relatively uplifted NCC was denuded quickly, and the
product of basement denudation carried by rivers was removed from the basin margin
and deposited in the adjacent depression. The coarse clastic sediments at the bottom were
gradually superimposed and extended to the rift center, forming a set of clastic sedimentary
strata consisting of coarse clastic sandstone and argillaceous clastic rock, i.e., the Dagushi
Formation of the Xiong’er Group (Figure 13a). This was followed by large-scale and contin-
uous volcanism throughout the entire region, resulting in the formation of the giant thick
volcanic rocks of the Xiong’er Group. The clastic rock filling of the Dagushi Formation
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in the Xiong’er Rift Basin and the subsequent eruption of the Xiong’er Group volcanic
rocks originated from the tectonic setting of a continental margin rift [25,38,105,106] and
represented the beginning of multi-stage fracturing events in the NCC from the end of the
Paleoproterozoic era to the beginning of the Mesoproterozoic era, which was likely related
to the transition of the Columbia supercontinent from collage and aggregation to stretching
and fracturing.
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During the rapid sedimentary process of the Dagushi Formation in Jiyuan City, the
initial stage was characterized by braided river facies, which resulted in the formation of
sedimentary sandstones. As hydrodynamic conditions gradually weakened, the water
body became deeper, leading to the development of delta facies with sand–mud inter-
action layers. This subsequently transformed upward into mudstone-based lake facies,
and this vertical change marked the beginning of crustal fracturing and continuous sink-
ing (Figure 13b). The Dagushi Formation, located at the base of the Xiong’er Group, is
overlain by the unconformable Gaoshanhe Formation and Xiaogoubei Formation that
consist of conglomerate and mixed sandstone. These sediments indicate several regional
tectonic movements that occurred on the southern edge of North China before and after the
eruption of the Xiong’er Volcano. Meanwhile, the Dagushi Formation represents the first
regional subsidence since the Paleozoic era and distinguishes between the metamorphic
basement of the Lower Paleoproterozoic Shuangfang Formation complex and the upper
non-metamorphic Mesoproterozoic Xiong’er Group. It serves as a marker to delineate the
earliest, non-metamorphic stable sedimentary cover on the crystalline basement of the
North China Craton, which actually indicates the Paleoproterozoic and Mesoproterozoic
boundary. The age of this study boundary is ~17.84 Ga, which is ~1.84 Ga earlier than the
internationally recognized Paleoproterozoic and Mesoproterozoic boundary age.

6. Conclusions

By identifying the lithologic characteristics and sedimentary tectonics of the Dagushi
Formation in the field, we determined that from bottom to top, the sedimentary facies of
the Dagushi Formation are braided river, braid delta, and lake.

The CIA indicates a slightly to moderately weathered source, and ICV indicates the
first cyclic sediments. The U–Pb ages of the detrital zircons of the Dagushi Formation
indicate that the sediments were likely supplied by the Taihua, Dengfeng, and Songshan
Groups and the Central Orogenic Belt.

The vertical facies and provenance changes of the Dagushi Formation reflect a contin-
uous crust fracturing process that occurred in the North China Craton.
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Abstract: Petrological, geochronological, and geochemical analyses of mafic rocks in northern Liaon-
ing were conducted to constrain the formation age of the Proterozoic strata, and to further study the
source characteristics, genesis, and tectonic setting. The mafic rocks in northern Liaoning primarily
consist of basalt, diabase, gabbro, and amphibolite. Results of zircon U-Pb chronology reveal four
stages of mafic magma activities in northern Liaoning: the first stage of basalt (2209 ± 12 Ma), the
second stage of diabase (2154 ± 15 Ma), the third stage of gabbro (2063 ± 7 Ma), and the fourth stage
of magmatic protolith of amphibolite (2018 ± 13 Ma). Combined with the unconformity overlying
Neoproterozoic granite, the formation age of the Proterozoic strata in northern Liaoning was found
to be Paleoproterozoic rather than Middle Neoproterozoic by the geochronology of these mafic rocks.
A chronological framework of mafic magmatic activities in the eastern segment of the North China
Craton (NCC) is proposed. The mafic rocks in northern Liaoning exhibit compositional ranges of
46.39–50.33 wt% for SiO2, 2.95–5.08 wt% for total alkalis (K2O + Na2O), 6.17–7.50 wt% for MgO, and
43.32–52.02 for the Mg number. TiO2 contents lie between 1.61 and 2.39 wt%, and those of MnO
between 0.17 and 0.21 wt%. The first basalt and the fourth amphibolite show low total rare earth
element contents. Normalized against primitive mantle, they are enriched in large ion lithophile
elements (Rb, Ba, K), depleted in high field strength elements (Th, U, Nb, Ta, Zr, Ti), and exhibit
negative anomalies in Sr and P, as well as slight positive anomalies in Zr and Hf. The second diabase
and the third gabbro have similar average total rare earth element contents. The diabase shows
slight negative Eu anomalies (Eu/Eu* = 0.72–0.88), enrichment in large ion lithophile elements (Ba),
depletion in Rb, and slight positive anomalies in high field strength elements (Th, U, Nb, Ta, Zr, Hf,
Ti), with negative anomalies in K, Sr, and P. The gabbro is enriched in large ion lithophile elements
(Rb, Ba, K), depleted in high field strength elements (Th, U, Nb, Ta, Zr, Hf), and exhibits positive
anomalies in Eu (Eu/Eu* = 1.31–1.37). The contents of Cr, Co, and Ni of these four stages of mafic
rocks are higher than those of N-MORB. The characteristics of trace element ratios indicate that the
mafic rocks belong to the calc-alkaline series and originate from the transitional mantle. During
the process of magma ascent and emplacement, it is contaminated by continental crustal materials.
There are residual hornblende and spinel in the magma source of the first basalt. The other three
magma sources contain residual garnet and spinel. The third gabbro was formed in an island arc
environment, and the other three stages of mafic rocks originated from the Dupal OIB and were
formed in an oceanic island environment. The discovery of mafic rocks in northern Liaoning suggests
that the Longgang Block underwent oceanic subduction and extinction in both the north and south in
the Paleoproterozoic, indicating the possibility of being in two different tectonic domains.
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1. Introduction

As one of the oldest cratons in the world, the North China Craton (NCC) is a product
of the amalgamation of multiple micro landmasses during the Late Neoarchean to Paleo-
proterozoic [1–7]. The researchers have different explanations on the tectonic evolution of
the NCC. Four Archean landmasses and three Paleoproterozoic orogenic belts have been
identified by some researchers (Figure 1c; [1,2,7]), and the aggregation process is summa-
rized as follows: (1) In the western part of the NCC, the Yinshan Block and the Ordos Block
converged along the Khondalite Belt at 1.95 Ga, forming a unified land block known as the
Western Block. (2) In the eastern part, the Longgang Block and the Liaonan–Rangnim Block
converged along the Jiao-Liao-Ji Belt (JLJB) at 1.92 Ga resulting in the formation of the
Eastern Block. (3) The final collision occurred at 1.85 Ga between the Eastern and Western
Blocks along the Trans-Central Orogenic Belt, leading to the final amalgamation of the
NCC into a unified Precambrian continent [1,2,7]. However, other scholars have a different
understanding of the convergence process of the NCC, with regard to the amalgamation of
smaller tectonic units into larger continental landmasses at the end of the Archean and into
the Paleoproterozoic with the formation of the Columbia Continent [3,4]. The Western Block
collided with the arc-modified margin of the composite Eastern Block at 2.43 Ga leading to
the formation of the Central Orogenic Belt with the imbricated arc and fore-arc ophiolitic
mélanges. The northern margin of the craton was modified to become an Andean-style
arc from 2.3 Ga to 1.9 Ga soon after this collision, and numerous magmatic rocks, volcanic
and volcaniclastic rocks, and thick clastic sediments occurred in the continental-margin arc
and retro-arc foreland basins. From about 1.88 to 1.79 Ga, the Columbia/Nuna Continent
collided with the NCC along the northern margin of the craton resulting in the formation of
the Inner Mongolia–Northern Hebei Orogen (IMNHO) [3,4,8,9]. Thus, the Paleoproterozoic
geological bodies exposed within the orogenic belt are the key to reconstructing the tectonic
evolution of the NCC.

In the eastern segment of the NCC, the well-known Paleoproterozoic JLJB is composed
of a large amount of Paleoproterozoic magmatic, sedimentary, and metamorphic rocks,
and has been studied extensively [1,2,10–20]. As the focus of debate, four primary tectonic
evolution models of the JLJB have been proposed by researchers including: (1) the opening
and closing of a Paleoproterozoic intracontinental rift [21–23]; (2) the collision of a continent–
arc–continent system [24–27]; (3) a complete Wilson cycle encompassing Paleoproterozoic
rifting–extension–ocean basin–subduction–collision [2,6,7,28,29]; and (4) the opening and
closing of a back-arc basin [10,13–15] or retro-arc foreland basin [4,5,8]. Large-scale Paleo-
proterozoic mafic dykes developed in the JLJB [13,14], and they are direct carriers reflecting
the stages of magmatic activity, the characteristics of magma source, and the tectonic setting.
The study of these rocks provides valuable insights into the composition and behavior of
the Earth’s interior. Thus, the mafic rocks in the JLJB are the key to discussing the evolution
of the tectonic belt.

In addition to the JLJB, many Paleoproterozoic magmatic and metamorphic events
have been identified in the Qingyuan terrane of the northern margin of the NCC [30–32].
The Paleoproterozoic Inner Mongolia–Northern Hebei Orogen, as defined by Kusky et al.
(2007), has been extended to the northern Liaoning but lacks direct geochronological
evidence [4,5,9]. A suite of low-grade metamorphic rocks consisting of dolomite, sandstone,
and siltstone has been exposed in northern Liaoning. Due to a lack of direct evidence of
geochronology, its deposition age has been controversial, and it is temporarily classified
as Mesoproterozoic based solely on lithological comparisons [33]. Large-scale mafic rocks
intrude into this stratigraphic sequence. According to whole-rock K–Ar dating results,
these mafic rocks are considered to have formed in the Early Triassic [33]. However,
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during the field investigation, the authors found that these mafic rocks intrude into the
dolomite, or are enveloped by marble, and have undergone high erosion, alteration, and
metamorphism, similar to the large-scale Paleoproterozoic mafic dykes developed in the
Liaoyang–Haicheng area in the south of the Longgang Block, rather than the Mesozoic
mafic dykes [13,14]. Meanwhile, a 2.12 Ga metabasic dyke has recently been reported
in Qingyuan [30]. Therefore, are the mafic rocks in northern Liaoning also products of
the Paleoproterozoic magmatic events? What is the relationship with the mafic rocks in
the JLJB and the tectonic setting in which they were formed? The composition of mafic–
ultramafic rocks can directly reflect their sources and tectonic settings. Thus, the mafic rocks
in northern Liaoning were selected for petrographic, geochronological, and geochemical
studies to constrain the deposition age of the Proterozoic sediments and reconstruct the
Paleoproterozoic tectonic evolution in this area.
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2. Geological Setting and Sample Descriptions
2.1. Geological Setting

The Precambrian basement of Liaodong Peninsula, located in the northeastern seg-
ment of the NCC, is composed of the Archean crystalline basement including the Liaonan–
Nangrim Block in the southeast and the Longgang Block in the northwest, and the Paleo-
proterozoic JLJB in the center (Figure 1a; [1]). Archean to Paleoproterozoic supracrustal and
granitoid rocks are exposed in the Liaonan–Nangrim Block in the southern Liaoning [34].
The Paleoproterozoic JLJB between these two blocks mainly contains metavolcano-sedimentary
successions and granitic to mafic intrusions that were metamorphosed to greenschist–
amphibolite facies [13–20]. The Longgang Block in the northern Liaoning exhibits extensive
occurrences of tonalite–trondhjemite–granodiorite rocks (TTGs) [35–37] and basic volcanic
rock [38]. These rocks, which date back approximately 3.8 Ga, have been discovered in the
Anshan area. Furthermore, various zircons of magmatic, xenocrystal, and detrital origins,
with ages ≥ 3.0 Ga, have been identified in this region [39].

The Proterozoic geological units are mainly exposed in the northern Liaoning, located
from north of Shenyang–Fushun to Kaiyuan, and from Tieling to Wangxiaopu in the east.
Based on rock composition, the stratigraphy is compared with the Changcheng and Jixian
Systems’ strata in western Liaoning, and is placed in the Mesoproterozoic. According
to the current classification scheme, it is divided from bottom to top into the Daposhan
Formation, Kangzhuangzi Formation, and Guanmenshan Formation of the Changcheng
System, the Tongjiajie Formation, Hutouling Formation, Erdaogou Formation, Shimen
Formation, and Yangshitun Formation of the Jixian System, the Yubeigou Formation and
Yaomotaichong Formation of Neoproterozoic, and the Yintun Formation of the Nanhua
System. These strata have undergone low-grade metamorphism and overlaid Archean
gneiss with angular unconformity [33].

Large-scale mafic rocks as sills or dykes are widely distributed in northern Liaoning,
generally trending east–west, and intruding into the Kangzhuangzi Formation, Guan-
menshan Formation, Tongjiajie Formation, and Hutouling Formation with minor mafic
intrusions into Neoarchean gneiss (Figure 1b). These mafic rocks can be subdivided into
two belts: the northern belt extends from Guojia Gou to Xinlitun, and the southern belt ex-
tends from Chaihe Reservoir to Zengjiazhai. Additionally, sporadic outcrops of mafic rocks
can be observed in the Xiongguantun area of Tieling City. They exhibit obvious contact
metamorphic belt and chilled margins, with varying widths and abundant country rock
xenoliths. The Precambrian basement in this area is covered by the Jurassic Qianwanling
Formation, Nankangzhuang Formation, and Yingshugou Formation with unconformity
(Figure 1b). Furthermore, through the 1:50,000 regional geological survey, a suite of two-
mica schist, marble, and basalt (partially pillow-shaped) rock assemblage was identified in
Wangxiaopu Village, which is in fault contact with the surrounding Permian granite and is
intruded by later quartz veins (Figure 1c).

2.2. Petrological Characteristics of Mafic Rocks

In this study, 4 geochronological samples and 28 geochemical samples were collected
from the intrusions of diabase, gabbro sills, and basalt associated with marble in the
Proterozoic strata for analysis, respectively. The sampling locations are shown in Figure 1
and Table 1.

Sample D1917, basalt, was collected from 500 m south of Yunpangou Village, Xiong-
guantun Town (Figure 1b). It crops out as a pillow structure, with a fine-grained contact
margin between the pillows (Figure 2a), and intrudes into the Guanmenshan Formation.
It is black to grey in color with a porphyritic texture, massive structure, and a matrix of
microcrystalline texture (Figure 2b,c). The phenocrysts are composed of plagioclase (~5%)
and pyroxene (~5%). Plagioclase, subhedral to euhedral columnar crystals ranging from
0.5–2 mm in diameter, has undergone chloritization, epidotization, and calcitization. Pyrox-
ene, euhedral columnar crystals, with a particle size of 0.5–2 mm, has undergone alteration
into amphibole and carbonation. The matrix consists of microcrystalline plagioclase (~55%)
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and pyroxene (~30%). Plagioclase is crystallized in subhedral columns with a particle size
of 0.2–0.5 mm. Pyroxenes exhibit xenomorphic granular textures with a particle size of
less than 0.2 mm. The accessory minerals are magnetite, apatite, etc., and the alteration
minerals include chlorite, epidote, calcite, etc. (Figure 2c).

Minerals 2024, 14, x FOR PEER REVIEW 6 of 28 
 

 

 
Figure 2. Occurrence and micro-pictures of mafic rocks from northern Liaoning. (a,b,c): D1917 bas-
alt; (a): pillow-shaped basalt; (b): edge and center phases of pillow-shaped basalt; (c): microscopic 
characteristics of basalt; (d,e,f): D1918 diabase; (d): field occurrence of diabase dyke; (e): specimen 
of diabase; (f): microscopic characteristics of diabase; (g,h,i): D1919 gabbro; (g): gabbro intruded 
into marble; (h): spherical weathering of gabbro; (i): microscopic characteristics of gabbro; (j,k,l): 
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Sample D2012, amphibolite, collected from the north of Wangxiaobao Village (Figure 
1c), intruded by later felsic veins (Figure 2j), was wrapped in marble in a pillow shape in 
the field (Figure 2k), which displayed as the rock assemblage of oceanic islands. It is com-
posed of primary minerals such as hornblende (~77%), plagioclase (~12%), and quartz 
(~6%) exhibiting a fine granular texture, columnar recrystallization texture, and gneissic 
structure (Figure 2l). Gray to green hornblende crystallizes as long columns with a particle 
size ranging from 0.05 to 85 mm. Plagioclase, subhedral-xenomorphic plate-columnar-
shaped, with a particle size of 0.12–0.50 mm, shows obvious sericitization and clayification 

Figure 2. Occurrence and micro-pictures of mafic rocks from northern Liaoning. (a,b,c): D1917
basalt; (a): pillow-shaped basalt; (b): edge and center phases of pillow-shaped basalt; (c): microscopic
characteristics of basalt; (d–f): D1918 diabase; (d): field occurrence of diabase dyke; (e): specimen of
diabase; (f): microscopic characteristics of diabase; (g–i): D1919 gabbro; (g): gabbro intruded into
marble; (h): spherical weathering of gabbro; (i): microscopic characteristics of gabbro; (j–l): D2012
amphibolite; (j): field occurrence of amphibolite; (k): amphibolite wrapped in marble in a pillow
shape; (l): microscopic characteristics of amphibolite; Pl: plagioclase; Px: pyroxene; Ol: olivine; Hbl:
hornblende; Spn: sphene; Ep: epidote.

217



Minerals 2024, 14, 717

Table 1. Location and lithology for the magmatic rocks from the Kaiyuan Area, North Liaoning.

Sample GPS Location Lithology Results (Ma)

D1917 125◦57′05.27′′,
41◦21′16.88′′ Basalt 2154 ± 15

D1918 124◦12′36.40′′,
42◦05′01.27′′ Diabase 2209 ± 12

D1919 124◦13′57.47′′,
42◦14′18.33′′ Gabbro 2063 ± 7

D2012 124◦51′44.51′′,
42◦19′09.73′′ Amphibolite 2018 ± 13

Sample D1918, diabase, collected from northwest of Baiqizhai Town (Figure 1b),
intrudes into the dolomite of the Guanmenshan Formation (Figure 2d) with a subhedral
granular texture and massive structure (Figure 2e). The mineral components of the diabase
are plagioclase (~55%), hornblende (~35%), biotite (~5%), and quartz (~3%) (Figure 2f).
Plagioclase, with a subhedral columnar texture, and a polysynthetic twin, with a particle
size of 0.5–2 mm and some particles of 2–3 mm, exhibits varying degrees of epidotization
and zoidization. Hornblende occurs as brown–green, subhedral columnar crystals ranging
from 0.2 to 2 mm in diameter, fading to light green hornblende in varying degrees. Biotite
is brown, idiomorphic flaky, with a particle size of 0.2–2 mm, and exhibits varying degrees
of chloritization showing a pseudomorphic or residual structure. Xenomorphic crystals
of quartz fill interstices between plagioclase and hornblende grains with a particle size of
<0.2 mm. Accessory minerals include magnetite, apatite, and sphene (Spn), with a content
of about 2%. Alteration includes sericitization, chloritization, and epidotization (Figure 2f).

Sample D1919, gabbro, collected from north of Huangqizhai Town (Figure 1b), intrudes
into dolomite (Figure 2g,h). It shows a gabbroic texture, an embedded olivine texture, and a
massive structure (Figure 2i), and consists of plagioclase (~55%), pyroxene (~30%), olivine
(~8%), hornblende (~5%), and biotite (~2%). Plagioclase shows a subhedral columnar
texture and a polysynthetic twin, with a main particle size of 0.2–2 mm and some particles
of 2–5 mm and 5–8 mm, and exhibits zoisitization. Pyroxene, subhedral columnar crystals
ranging from 0.2 to 2 mm in diameter, shows an embedded olivine texture containing
granular olivine, and partially shows brown amphibole reaction edges. Olivine, with a
xenomorphic granular texture and a particle size of 0.1–0.5 mm, is strongly altered to
serpentine, microscale biotite, magnetite, etc., retaining its structure. Colorless to green
hornblende, xenomorphic to granular in shape, shows amphibole cleavage with a particle
size of 0.2–0.5 mm, and has undergone varying degrees of chloritization. Biotite is brown,
idiomorphic flaky, with a particle size of 0.2–0.5 mm. The accessory minerals are magnetite,
ilmenite, etc. (Figure 2i).

Sample D2012, amphibolite, collected from the north of Wangxiaobao Village
(Figure 1c), intruded by later felsic veins (Figure 2j), was wrapped in marble in a pil-
low shape in the field (Figure 2k), which displayed as the rock assemblage of oceanic
islands. It is composed of primary minerals such as hornblende (~77%), plagioclase (~12%),
and quartz (~6%) exhibiting a fine granular texture, columnar recrystallization texture,
and gneissic structure (Figure 2l). Gray to green hornblende crystallizes as long columns
with a particle size ranging from 0.05 to 85 mm. Plagioclase, subhedral-xenomorphic
plate-columnar-shaped, with a particle size of 0.12–0.50 mm, shows obvious sericitization
and clayification with polysynthetic twin partially. Quartz, with a xenomorphic granular
texture and a particle size of 0.04–0.30 mm, shows a wavy extinction. A large amount of
opaque dark minerals are distributed in ribbons and clumps, with a total content of about
5%. Alteration includes chloritization and epidotization (Figure 2l).

218



Minerals 2024, 14, 717

2.3. Zircons in These Mafic Rocks

Commonly, some researchers contend that zircons are exclusively observed in felsic
rocks due to the gradual saturation of Zr (and Si) during magma evolution. Conversely, the
origin of zircons from mafic rocks, particularly fine-grained basalt and diabase, is consid-
ered highly improbable [40,41]. However, in recent research, some researchers believe that
zircon crystallization in low-Zr mafic magmas is possible [42]. They explored that possibil-
ity using 2D finite elements to model the crystallization of MORB melts confined in pores,
and found that zircon-saturated volumes may form locally at the growing mineral–melt
interfaces if the growth rate of a low KdZr mineral (<0.2) is much faster than the diffusion
rate of the rejected Zr4+ away into the melt, thus leading to the precipitation of zircon in
low-Zr mafic magmas. Thus, zircon crystallization in low-Zr mafic magmas is perfectly
possible under confined crystallization [42]. Through microscopic identification, zircons
were identified in thin sections of these four mafic rocks. The micrographs are as follows
(Figure 3).
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Figure 3. Micro-pictures of zircons in the mafic rocks from northern Liaoning. (a,b): D1917 zircon
in pillow-shaped basalt; (c,d): D1918 zircon in diabase; (e,f): D1919 zircon in gabbro; (g,h): D2012
zircon in amphibolite; Zr: zircon.

3. Analytical Methods
3.1. Sample Preparation

Samples for geochronological analyses were first cleaned, crushed, and ground after
being collected from the field. The zircon crystals were then separated from these samples
using conventional heavy liquid and magnetic techniques at Langfang Yuneng Mineral
Separation Co., Ltd. in Langfang, China. The separated zircons were carefully hand-picked
under a binocular microscope. To examine their internal structures, the selected zircons
were embedded in epoxy resin, polished, and imaged using a scanning electron microscope
with cathodoluminescence (CL) at the Beijing Gaonian Navigation Technology Limited
Company in Beijing, China. CL images of four samples were obtained using a CAMECA
SX51 microprobe (CAMRCA, Gennevilliers, France), operating at 50 kv and 15 nA.
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3.2. Zircon LA-ICP-MS U-Pb Isotope Dating

The LA-ICP-MS U-Pb isotope analyses were performed using an Agilent 7500a (Ag-
ilent Technologies Co., Ltd, Santa Clara, CA, USA) quadrupole ICP-MS with a UP-193
Solid-State Laser (193 nm, New Wave Research Inc., Shanghai, China). The laser spot size
was set to 32 µm for most of the analyses, with a laser energy density of 10 J/cm2 and a
repetition rate of 8 Hz. The laser sampling procedure consisted of a 30 s blank, followed
by a 30 s sampling ablation, and a 2 min sample-chamber flushing after the ablation. The
ablated material was carried into the ICP-MS by a high-purity Helium gas stream with
a flux of 1.15 L/min. The entire laser path was fluxed with Ar (600 mL/min) to ensure
energy stability. The counting times were 20 ms for 204Pb, 206Pb, 207Pb, and 208Pb, 15 ms for
232Th and 238U, 20 ms for 49Ti, and 6 ms for other elements. NIST 610 glass was used as an
external standard and Si as an internal standard for calibrations in the zircon analyses. U-Pb
isotope fractionation effects were corrected using zircon 91500 [43] as an external standard.
Isotopic ratios and element concentrations of zircons were calculated using Glitter [44].
Concordia ages and diagrams were obtained using Isoplot/Ex (3.0) [44]. The common
lead was corrected using LA-ICP-MS Common Lead Correction (ver. 3.15), following the
method of Andersen (2002) [45]. The analytical data are presented on U-Pb Concordia
diagrams with 1σ errors. The mean ages are weighted means at 95% confidence levels [44].
The analyses of four samples were conducted at the Key laboratory of Mineral Resources
Evaluation in Northeast Asia, Ministry of Natural Resources. The data are listed in Table 2.

Table 2. LA-ICP-MS zircon U-Pb dating data of mafic rocks from northern Liaoning.

Sample No.

Pb Th U

Th/U

Isotopic Ratios Ages (Ma)

µg/g µg/g µg/g
207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U

Ratio 1σ Ratio 1σ Ratio 1σ Ages 1σ Ages 1σ Ages 1σ

D1917-1 147 204 204 1.00 0.16593 0.00205 11.11433 0.14256 0.48580 0.00550 2517 10 2533 12 2552 24
D1917-2 113 152 158 0.97 0.16924 0.00222 11.30379 0.15295 0.48440 0.00559 2550 10 2549 13 2546 24
D1917-3 165 151 248 0.61 0.16773 0.00201 11.23557 0.14037 0.48583 0.00546 2535 9 2543 12 2553 24
D1917-4 80 96 115 0.84 0.15909 0.00245 10.67661 0.16715 0.48672 0.00591 2446 12 2495 15 2556 26
D1917-5 104 126 150 0.84 0.16642 0.00228 11.13507 0.15676 0.48528 0.00568 2522 11 2534 13 2550 25
D1917-6 136 173 256 0.67 0.13358 0.00185 7.24344 0.10270 0.39328 0.00453 2146 11 2142 13 2138 21
D1917-7 248 208 383 0.54 0.15805 0.00210 10.60423 0.14510 0.48660 0.00562 2435 10 2489 13 2556 24
D1917-8 55 166 181 0.92 0.16471 0.00251 11.02476 0.17113 0.48546 0.00590 2505 12 2525 14 2551 26
D1917-9 107 142 175 0.81 0.17198 0.00301 11.50736 0.20313 0.48529 0.00629 2577 14 2565 16 2550 27

D1917-10 34 53 48 1.11 0.16709 0.00336 11.17697 0.22481 0.48516 0.00669 2529 17 2538 19 2550 29
D1917-11 181 241 263 0.92 0.16475 0.00252 11.02789 0.17202 0.48548 0.00593 2505 12 2525 15 2551 26
D1917-12 110 16 190 0.08 0.11216 0.00165 5.06862 0.07596 0.32775 0.00379 1835 13 1831 13 1827 18
D1917-13 56 63 84 0.75 0.16491 0.00264 11.03467 0.17975 0.48530 0.00604 2507 13 2526 15 2550 26
D1917-14 126 108 198 0.54 0.17321 0.00275 11.59110 0.18697 0.48534 0.00605 2589 13 2572 15 2550 26
D1917-15 81 85 132 0.64 0.16791 0.00233 11.23826 0.16055 0.48543 0.00575 2537 11 2543 13 2551 25
D1917-16 86 100 168 0.60 0.13479 0.00178 7.34147 0.10054 0.39503 0.00453 2161 11 2154 12 2146 21
D1917-17 40 52 67 0.78 0.16737 0.00265 11.20165 0.18090 0.48541 0.00604 2532 13 2540 15 2551 26
D1917-18 156 204 233 0.87 0.16325 0.00198 10.92303 0.13888 0.48530 0.00553 2490 10 2517 12 2550 24

D1918-1 433 579 329 1.76 0.12674 0.00165 4.73294 0.06320 0.27084 0.00302 2053 11 1773 11 1545 15
D1918-2 66 192 346 0.55 0.06855 0.00126 1.27825 0.02361 0.10524 0.00155 885 20 836 11 618 9
D1918-3 34 199 325 0.61 0.06050 0.00145 0.56447 0.01342 0.06766 0.00081 622 31 454 9 422 5
D1918-4 11 47 23 2.07 0.13647 0.00693 5.34881 0.26801 0.28956 0.00662 2183 54 1853 42 1639 33
D1918-5 105 156 295 0.53 0.13855 0.00200 7.80004 0.11473 0.40831 0.00472 2209 12 2208 13 2207 22
D1918-6 19 353 401 0.88 0.05312 0.00189 0.29153 0.01019 0.05181 0.00053 334 55 260 8 352 3

D1919-1 551 998 1166 0.86 0.12831 0.00145 6.72157 0.07992 0.37990 0.00419 2075 9 2075 11 2076 20
D1919-2 372 565 819 0.69 0.11940 0.00128 4.47229 0.05086 0.27164 0.00296 1947 9 1726 9 1549 15
D1919-3 328 1128 1005 1.12 0.11497 0.00187 3.19372 0.05222 0.20145 0.00237 1879 14 1456 13 1183 13
D1919-4 187 322 396 0.81 0.12081 0.00168 5.02826 0.07156 0.30184 0.00345 1968 12 1824 12 1700 17
D1919-5 432 597 962 0.62 0.11532 0.00150 4.79112 0.06421 0.30130 0.00338 1885 11 1783 11 1698 17
D1919-6 714 1159 871 1.33 0.12667 0.00198 6.55743 0.10378 0.37542 0.00445 2052 13 2054 14 2055 21
D1919-7 799 1533 843 1.82 0.11443 0.00129 3.09836 0.03670 0.19636 0.00214 1871 10 1432 9 1156 12
D1919-8 694 1404 1140 1.23 0.11692 0.00131 3.17513 0.03728 0.19694 0.00214 1910 9 1451 9 1159 12
D1919-9 806 181 254 0.71 0.12653 0.00137 5.71060 0.06523 0.32730 0.00355 2050 9 1933 10 1825 17

D1919-10 611 1042 1350 0.77 0.12085 0.00134 4.63869 0.05410 0.27837 0.00303 1969 9 1756 10 1583 15
D1919-11 537 698 1196 0.58 0.12378 0.00151 5.18714 0.06559 0.30390 0.00336 2011 10 1851 11 1711 17
D1919-12 399 435 930 0.47 0.11951 0.00171 4.96315 0.07215 0.30119 0.00343 1949 12 1813 12 1697 17
D1919-13 578 767 1327 0.58 0.12760 0.00138 6.64670 0.07600 0.37777 0.00409 2065 9 2066 10 2066 19
D1919-14 597 1330 1279 1.04 0.11898 0.00138 4.61516 0.05564 0.28131 0.00307 1941 10 1752 10 1598 15
D1919-15 628 1179 1345 0.88 0.12776 0.00147 6.66303 0.08020 0.37825 0.00413 2067 9 2068 11 2068 19

220



Minerals 2024, 14, 717

Table 2. Cont.

Sample No.

Pb Th U

Th/U

Isotopic Ratios Ages (Ma)

µg/g µg/g µg/g
207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U

Ratio 1σ Ratio 1σ Ratio 1σ Ages 1σ Ages 1σ Ages 1σ

D1919-16 758 1279 867 1.48 0.12795 0.00148 6.64009 0.08005 0.37640 0.00411 2070 9 2065 11 2059 19
D1919-17 247 373 539 0.69 0.12699 0.00204 6.45484 0.10483 0.36867 0.00437 2057 14 2040 14 2023 21
D1919-18 268 222 426 0.52 0.12721 0.00198 6.48693 0.10213 0.36985 0.00433 2060 13 2044 14 2029 20
D1919-19 610 836 1352 0.62 0.11767 0.00132 4.44471 0.05225 0.27399 0.00296 1921 9 1721 10 1561 15
D1919-20 763 921 791 1.16 0.12337 0.00164 4.68489 0.06379 0.27543 0.00307 2006 11 1765 11 1568 16

D2012-1 223 612 385 1.59 0.12430 0.00309 6.28771 0.16997 0.36747 0.00890 2019 21 2017 24 2017 42
D2012-2 78 97 102 0.95 0.15723 0.00568 9.88062 0.36881 0.45644 0.01234 2426 30 2424 34 2424 55
D2012-3 79 104 89 1.17 0.12421 0.01113 7.42792 0.65583 0.43433 0.01872 2018 36 2164 79 2325 84
D2012-4 53 141 144 0.98 0.12424 0.01331 4.55272 0.46856 0.26612 0.01318 2018 23 1741 86 1521 67
D2012-5 322 647 422 1.53 0.12418 0.00274 5.65294 0.13968 0.33053 0.00789 2017 20 1924 21 1841 38
D2012-6 83 117 178 0.66 0.12429 0.00296 6.17418 0.16200 0.36066 0.00872 2019 21 2001 23 1985 41
D2012-7 338 376 628 0.60 0.15747 0.00470 9.93961 0.31371 0.45823 0.01188 2429 24 2429 29 2432 53
D2012-8 98 151 155 0.98 0.15584 0.00733 9.78661 0.46316 0.45576 0.01418 2411 41 2415 44 2421 63
D2012-9 262 786 490 1.60 0.12434 0.00329 6.02196 0.17227 0.35136 0.00873 2019 23 1979 25 1941 42

D2012-10 490 1059 936 1.13 0.12424 0.00285 4.68979 0.12025 0.27383 0.00664 2018 20 1765 21 1560 34
D2012-11 301 263 553 0.48 0.15727 0.00436 9.87122 0.29528 0.45526 0.01168 2427 23 2423 28 2419 52
D2012-12 169 155 319 0.48 0.15791 0.00332 9.89645 0.23891 0.45448 0.01100 2433 19 2425 22 2415 49
D2012-13 586 999 675 1.48 0.12436 0.00279 5.90907 0.14947 0.34455 0.00839 2020 20 1963 22 1909 40
D2012-14 87 136 211 0.64 0.12432 0.01120 5.79273 0.51744 0.33781 0.01512 2019 16 1945 77 1876 73
D2012-15 313 1264 735 1.72 0.12418 0.00345 6.76699 0.20284 0.39505 0.01003 2017 24 2081 27 2146 46
D2012-16 166 178 302 0.59 0.15738 0.00401 9.93189 0.27757 0.45748 0.01156 2428 21 2428 26 2428 51
D2012-17 87 89 111 0.80 0.15522 0.01408 9.77099 0.86913 0.45628 0.02187 2404 38 2413 82 2423 97

3.3. Major and Trace Element Analyses

After conducting major, trace, and rare earth element (REE) analyses for 28 samples,
the results were obtained from the Northeast China Supervision and Inspection Center
of Mineral Resources, Ministry of Natural Resources (Shenyang, China). The samples
underwent petrographic examination and the altered rock surfaces were removed before
being crushed and ground to 74 µm using an agate mill. The major element contents of the
whole rock were determined using X-ray fluorescence spectrometry (XRF), with analytical
precisions exceeding 2%. The trace element and REE contents were determined using X
Series II ICP-MS from American Thermal Power Company in Salt Lake City Utah State.
A total of 0.1 g of the sample was placed in a digestion tank, with 1 mL of concentrated
nitric acid and 1 mL of hydrofluoric acid added. The digestion tank was placed in an oven
and was heated up to 180 degrees for 10–12 h. After removal, it was heated at 120 degrees
on an electric heating plate in an open environment. When about 2–3 mL of the digestion
solution was left, it was heated up to 240 degrees. After redissolving, 0.5% dilute nitric
acid was added to the mark for measurement. Twelve measurements were conducted on
samples, with analytical precisions exceeding 5% for elements with contents of >10 µg/g,
exceeding 8% for elements with contents of <10 µg/g, and 10% for the transition metals.
The results are listed in Table 3.
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4. Analytical Results
4.1. Zircon U-Pb Geochronology

Sample D1917 is a basalt collected from Xiongguantun Town Yunpangou Village in
Tieling City. Eighteen isotopic analyses were conducted on 18 zircons from this sample, and
can be divided into three groups. Dark edges with different widths occurred around most
zircons from the first group, which may be the proliferative edges formed by recrystalliza-
tion during metamorphism. They are mostly self-shaped rhombohedral with diameters of
60–140 µm and length–width ratios of 1.5:1 to 3:1, generally black, clear oscillatory zoning
(Figure 4), and the combination with their higher Th/U ratios (0.54–1.11), higher contents
of total rare earth elements (REEs) (average contents of 585.65 µg/g), Nb, and Ta (average
contents of 1.94 µg/g and 0.58 µg/g), and a significant positive Ce anomaly and negative
Eu anomaly (Figure 5a), indicates a magmatic origin [46–49]. Fifteen analyses yielded an
upper intercept age of 2550 ± 16 Ma (n = 15, MSWD = 0.1), which is consistent with the
207Pb/206Pb weighted average age of 2544 ± 18 Ma (n = 9, MSWD = 3.5) (Figure 6a). The
age of the first group is interpreted as the captured zircons from the surrounding Archean
rocks. The second group is composed of two zircons (6, 16) with diameters of 60–70 µm
and length–width ratios around 2:1 (Figure 4), which combined with their evident inter-
nal structure and Th/U ratios (0.60, 0.67), higher REEs (average contents of 840.5 µg/g),
Nb, and Ta (average contents of 1.65 µg/g and 0.53 µg/g), and a significant positive Ce
anomaly and negative Eu anomaly (Figure 5a), indicate a magmatic origin [46–49]. Two
analyses yield a concordant weighted average 207Pb/206Pb age of 2154 ± 15 Ma (n = 2,
MSWD = 0.93) (Figure 6a). Thus, this represents the magmatic crystallization age. Only one
zircon (data 12) belongs to the third group. It exhibits rounded and embayed boundaries,
largely homogeneous central regions with an unzoned internal structure (Figure 4) and
low ratio of Th/U (0.08), lower contents of REEs (127.03 µg/g), Nb, and Ta (0.04 µg/g and
0.02 µg/g), and a flat Ce and Eu distribution (Figure 5a), which indicate a metamorphic
zircon [46–49]. This zircon has a concordant 207Pb/206Pb age of 1831 ± 13 Ma (Figure 6a)
and is interpreted as the time of late metamorphism.
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Figure 4. Cathodoluminescence (CL) images of the selected zircons from the mafic rocks in northern
Liaoning. The circles on zircons represent analyzed spots.

Only six zircons have been separated from the D1918 diabase sample, and they are
euhedral stubby prisms (length/width ratios 1.5:1–3:1), clear and colorless to light-brown,
ranging in size from 50 to 120 µm, with larger grains being fragments presumably broken
during processing. In cathodoluminescence (CL) imaging, the internal structures vary from
high-CL to low-CL contrast fine oscillatory zoning in both CL-bright and CL-dark grains
(Figure 4). Combined with high Th/U ratios (0.60, 0.67), higher contents of REEs (average
contents of 1271.34 µg/g), Nb, and Ta (average contents of 1.96 µg/g and 0.76 µg/g), and a
significant positive Ce anomaly and negative Eu anomaly (Figure 5b), this indicates that the
zircons in this sample are magmatic-derived zircon [46–49]. Six analyses yielded an upper
intercept age of 2203± 50 Ma (n = 6, MSWD = 5.7), which is consistent with the 207Pb/206Pb
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age (2209 ± 12 Ma) in the concordant line (Figure 6b). Thus, this age is interpreted as the
time of magmatic emplacement.
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Zircons from the gabbro sample D1919 are euhedral prisms ranging in size from 50
to 130 µm with length/width ratios from 2:1 to 4:1 with some rounding of their apices.
Although exhibiting a low contrast, CL imaging of the internal structure reveals dominantly
fine oscillatory zoning (Figure 4). With the Th/U ratios ranging from 0.47 to 1.82, higher
contents of REEs (average contents of 933.35 µg/g), Nb, and Ta (average contents of
2.97 µg/g and 1.19 µg/g), and a significant positive Ce anomaly and negative Eu anomaly
(Figure 5c), these zircons were considered to be of magmatic origin [46–49]. A total of
20 U-Pb isotopic analyses were conducted on 20 zircons from this sample, yielding an
upper intercept 207Pb/206Pb age of 2055 ± 23 Ma (n = 20, MSWD = 3.0), which is consistent
with the weighted average 207Pb/206Pb age of 2063 ± 7 Ma (n = 8, MSWD = 0.18) from
eight zircons on the concordant line (Figure 6c). This age is interpreted as the crystallization
age of the gabbro.

227



Minerals 2024, 14, 717

Minerals 2024, 14, x FOR PEER REVIEW 14 of 28 
 

 

ranging in size from 50 to 120 µm, with larger grains being fragments presumably broken 
during processing. In cathodoluminescence (CL) imaging, the internal structures vary 
from high-CL to low-CL contrast fine oscillatory zoning in both CL-bright and CL-dark 
grains (Figure 4). Combined with high Th/U ratios (0.60, 0.67), higher contents of REEs 
(average contents of 1271.34 µg/g), Nb, and Ta (average contents of 1.96 µg/g and 0.76 
µg/g), and a significant positive Ce anomaly and negative Eu anomaly (Figure 5b), this 
indicates that the zircons in this sample are magmatic-derived zircon [46–49]. Six analyses 
yielded an upper intercept age of 2203 ± 50 Ma (n = 6, MSWD = 5.7), which is consistent 
with the 207Pb/206Pb age (2209 ± 12 Ma) in the concordant line (Figure 6b). Thus, this age is 
interpreted as the time of magmatic emplacement. 

Zircons from the gabbro sample D1919 are euhedral prisms ranging in size from 50 
to 130 µm with length/width ratios from 2:1 to 4:1 with some rounding of their apices. 
Although exhibiting a low contrast, CL imaging of the internal structure reveals domi-
nantly fine oscillatory zoning (Figure 4). With the Th/U ratios ranging from 0.47 to 1.82, 
higher contents of REEs (average contents of 933.35 µg/g), Nb, and Ta (average contents 
of 2.97 µg/g and 1.19 µg/g), and a significant positive Ce anomaly and negative Eu anom-
aly (Figure 5c), these zircons were considered to be of magmatic origin [46–49]. A total of 
20 U-Pb isotopic analyses were conducted on 20 zircons from this sample, yielding an 
upper intercept 207Pb/206Pb age of 2055 ± 23 Ma (n = 20, MSWD = 3.0), which is consistent 
with the weighted average 207Pb/206Pb age of 2063 ± 7 Ma (n = 8, MSWD = 0.18) from eight 
zircons on the concordant line (Figure 6c). This age is interpreted as the crystallization age 
of the gabbro. 

 
Figure 6. Concordia diagrams for zircons analysed from mafic rocks in the northern Liaoning. Figure 6. Concordia diagrams for zircons analysed from mafic rocks in the northern Liaoning.

Sample D2012, which was collected from Wangxiaopu Village, yielded prismatic
and sub-angular zircon ranging in size from 35 µm to 120 µm with length/width ratios
from 1:1 to 4:1. The zircon grains contain numerous inclusions and are divided into
two groups according to the CL images (Figure 4). The rounded or irregular cores and
white rims are present in these grains from the first group and are CL-dark with no obvious
zoning. The ratios of Th/U range from 0.48 to 0.98, with high contents of REEs (average
contents of 232.59 µg/g), Nb, and Ta (average contents of 0.95 µg/g and 0.48 µg/g), and a
significant positive Ce anomaly and negative Eu anomaly (Figure 5d) indicate a magmatic
origin [46–49]. Seven analyses were obtained from seven zircons, yielding a concordant
207Pb/206Pb age of 2428 ± 19 Ma (n = 7, MSWD = 0.05) (Figure 6d). Due to the small size of
zircon, both the core and rim were collected during sampling, so this age represents a mixed
age, and these zircons are interpreted as the captured zircons from the surrounding Archean
rocks. The other groups of zircons generally have an evident internal structure with fine,
oscillatory zoning and Th/U ratios (0.59–1.72), higher contents of REEs (average contents of
2736.25 µg/g), Nb and Ta (average contents of 13.40 µg/g and 1.81 µg/g), and a significant
positive Ce anomaly and negative Eu anomaly (Figure 5d), which show the characteristics
of magmatic origin zircon [46–49]. Ten analyses were concordant to near-concordant
and yielded an upper intercept 207Pb/206Pb age of 2017 ± 39 Ma (n = 10, MSWD = 0.01),
and a weighted average 207Pb/206Pb age of 2018 ± 13 Ma (n = 10, MSWD = 0.02) was
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obtained from these same ten grains (Figure 6d). This age is interpreted as the magmatic
protolith age.

In summary, all the zircons separated from mafic rock samples in northern Liaoning
of the northern margin of the NCC record four distinct age groups including the first basalt
(~2209 Ma (D1918)), the second diabase (~2154 Ma (D1917)), the third gabbro (~2063 Ma
(D1919), and the forth amphibolite (~2018 Ma (D2012)), which represent the emplacement
ages for the mafic rocks, respectively.

4.2. Major and Trace Element Geochemistry

The average SiO2 content of the first three periods of mafic rocks is 49.27–50.33 wt%,
while the fourth amphibolite has a lower average SiO2 content (46.39 wt%). The Al2O3
content is moderate (13.22–14.86 wt%). The total alkali content (K2O + Na2O) is moderate,
with the lowest being 2.95 wt% in the first basalt and ranging from 3.93 to 5.08 wt% in the
other three stages of mafic rocks. On the TAS diagram (Figure 7a), most of the samples
belong to the gabbro, and on the R1-R2 diagram (Figure 7b), they fall within the gabbro
and olivine-gabbro area. The K2O content of samples is very variable, with average values
of 0.94 wt%, 0.42 wt%, 1.73 wt%, and 1.32 wt%, respectively. On the SiO2-K2O diagram,
the samples belong to the calc-alkaline to high-K calc-alkaline series (Figure 7c), and
Ta/Yb vs. Ce/Yb ratios allow an allocation to the calc-alkaline series (Figure 7d). The
average Fe2O3 content of the samples is 2.13–3.50 wt%, with a high average FeO content of
9.41–11.90 wt%, an average MgO content of 6.17–7.50 wt%, and a low average content of
TiO2 (1.61–2.39 wt%) and MnO (0.17–0.21 wt%). Mg# is low, ranging from 43.32 to 52.02,
which is much lower than that of primary basaltic rocks (Mg# = 70 [50]). The first basalt
and the fourth amphibolite have a relatively high CaO content (9.52–10.00 wt%) and low
P2O5 content (0.18–0.19 wt%), while the other two periods of mafic rocks have a relatively
low CaO content (6.90–7.17 wt%) and high P2O5 content (0.25–0.39 wt%).

There are differences in the characteristics of rare earth elements and trace elements
in these mafic rocks. The total contents of rare earth elements (REEs) in the first basalt
and the fourth amphibolite are low, with average contents of 83 µg/g and 86 µg/g, respec-
tively. On the chondrite-normalized rare earth element (REE) diagram, they exhibit similar
characteristics to ocean island basalt (OIB), with a right-skewed smooth curve (Figure 8a),
indicating an enrichment of light rare earth elements (LREEs) and a flat distribution pattern
of heavy rare earth elements (HREEs). The differentiation between LREEs and HREEs is
not significant, with an average (La/Yb)N value of 2.55–4.78 and a slight positive europium
anomaly (Eu/Eu* = 0.98–1.06) (Figure 8a). In the primitive mantle-normalized trace ele-
ment spider diagram, these two mafic rocks demonstrate similar characteristics, with an
enrichment of large ion lithophile elements (LILEs) (Rb, Ba, K, etc.), depletion of high field
strength elements (HFSEs) (Th, U, Nb, Ta, Zr, Ti, etc.), and negative anomalies of Sr and
P, as well as slight positive anomalies of Zr and Hf (Figure 8b). The contents of Cr (with
average contents of 106 µg/g and 129 µg/g), Co (with average contents of 51.2 µg/g and
48.4 µg/g), and Ni (with average contents of 73.6 µg/g and 98 µg/g) in these two mafic
rocks are higher than normal mid-ocean ridge basalt (N-MORB).
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Figure 7. SiO2 vs. total alkali (Na2O + K2O) ((a), after [51]), R1 vs. R2 ((b), after [52]), SiO2-
K2O ((c), after [53]) and Ta/Yb vs. Ce/Yb ((d), after [54]) diagrams for mafic rocks from northern
Liaoning. (b): 1—alkaline gabbro (alkaline basalt); 2—olivine gabbro (olivine basalt); 3—gabbro
norite (tholeiite); 4—syenite gabbro (trachyte basalt); 5—monzonite gabbro (andesite coarse basalt);
6—gabbro (basalt); 7—trachyandesite (syenite); 8—monzonite (andesite); 9—monzodiorite (tra-
chyte); 10—diorite (andesite); 11—nepheline syenite (trachyte phonolite); 12—syenite (trachyte);
13—quartz syenite (quartz trachyte); 14—quartz monzonite (quartz andesite); 15—tonalite (dacite);
16—alkaline granite (alkaline rhyolite); 17—syenogranite (rhyolite); 18—monzogranite (dacite rhy-
olite); 19—granodiorite (rhyolite dacite); 20—essenite aegirine gabbro; 21—peridotite (picrite);
22—nepheline (picrite nepheline); 23—qilieyan (basanite); 24—neonite (nepheline); 25—essenite;
26—nepheline syenite (phonolite).

The second diabase and the third gabbro show similar average REE contents, which
are 119.28 µg/g and 121.41 µg/g, respectively, and are between OIB and N-MORB [55]. On
the chondrite-normalized REE diagram, the samples show a right-skewed curve (Figure 8a),
indicating an enrichment of LREEs and a flat pattern of HREEs. There is a slight differen-
tiation between them, with average (La/Yb)N values of 5.44 and 7.32, respectively. The
diabase shows a slight negative europium anomaly (Eu/Eu* = 0.72–0.88), while the gabbro
exhibits a positive europium anomaly (Eu/Eu* = 1.31–1.37) (Figure 8a). In the primitive
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mantle-normalized trace element spider diagram, the diabase is enriched in LILEs (Ba,
etc.), relatively depleted in Rb and HFSEs (Th, U, Nb, Ta, Zr, Hf, Ti, etc.), and shows slight
positive anomalies of K, Sr, and P, and Eu shows negative anomalies (Figure 8b); the gabbro
shows the enrichment of LILEs (Rb, Ba, K), depletion of HFSEs (Th, U, Nb, Ta, Zr, Hf, etc.),
and a positive anomaly of Eu (Figure 8b). The contents of Cr (with average contents of
123 µg/g and 113 µg/g), Co (with average contents of 46.8 µg/g and 62.7 µg/g), and Ni
(with average contents of 71.4 µg/g and 74.0 µg/g) in these two mafic rocks are slightly
higher than N-MORB.
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5. Discussion
5.1. The Geochronological Significance of Mafic Rocks
5.1.1. Constraints on the Age of Proterozoic Strata in Northern Liaoning

The Proterozoic strata, exposed in northern Liaoning, are placed in the Changcheng,
Jixian, and Nanhua System of the Meso-Neoproterozoic, according to the comparison of
rock assemblage with the Proterozoic strata in western Liaoning [33]. However, after field
investigation, this suite of strata has certain differences from the strata of Mesoproterozoic
in western Liaoning. The Proterozoic strata in northern Liaoning has generally undergone
metamorphism, with the lithology consisting of dolomite, meta-sandstone, meta-siltstone,
and slate. These characteristics of rock composition and low-grade metamorphism are
similar to those of the North Liaohe Groups and Laoling Groups in JLJB [56]. The mafic
rocks studied in this paper intrude into the Kangzhuangzi Formation, Guanmenshan
Formation, Tongjiajie Formation, and Hutouling Formation in northern Liaoning. They
are considered to have formed in the Early Triassic according to whole-rock K–Ar dating
results of 238.2 Ma [33].

However, the credibility of this chronology result is doubted: (1) In northern Liaoning,
these mafic rocks have intruded into the earlier strata with objective contact metamorphic
belts, rather than the Neoproterozoic strata (Figure 1b). (2) Partial pillow-shaped mafic
rocks, associated with marble and dolomite, are in tectonic contact with the surrounding
Permian granite (Figure 1c). (3) Metamorphism is widely developed in these mafic rocks.
Pyroxene has undergone metamorphism into amphibole and carbonation or with brown
amphibole reaction edges partially. Plagioclase has undergone epidotization, zoisitiza-
tion, etc. Olivine has intensely metamorphosed into microscale biotite, magnetite, etc.
Hornblende has undergone chloritization. Some mafic rocks have metamorphosed into
amphibolite (Figure 2k,l).
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Four zircon U-Pb ages have been obtained from the mafic rocks in northern Liaoning,
~2209 Ma, ~2154 Ma, ~2055 Ma, and ~2018 Ma, recording four periods of mafic magmatic
activity. These results indicate that the emplacement age of the mafic rocks is the Paleopro-
terozoic rather than the Early Triassic, which means the intruded strata by, or associated
with, the mafic rocks were formed in the Paleoproterozoic or earlier. Combined with the
unconformity of overlying the Neoproterozoic granite, the formation age of these strata
should be corrected to Paleoproterozoic.

5.1.2. Paleoproterozoic Mafic Magmatic Events in the Eastern Segment of the NCC

In this study, four episodes of mafic magmatic activities have been identified in
northern Liaoning. Meanwhile, a 2118 Ma metamorphic basic dyke has recently been
reported in the Qingyuan area [30]. The magmatic activities of mafic rocks in the eastern
segment of the NCC are primarily concentrated in the JLBT and persist from approximately
2209 Ma to around 1820 Ma. The rock assemblage with this activity includes basalt, diabase,
gabbro, and amphibolite, which are found as intrusions, sills, dykes, or strata interlayers
coexisting with Paleoproterozoic meta-sedimentary and metamorphic rocks. Based on
previous studies and new data obtained in this study, a chronological framework for these
Paleoproterozoic mafic magmatic activities in the eastern segment of the NCC has been
established. This framework provides a timeline of when these events occurred, helping
scientists understand the sequence of geological processes during this time (Figure 8,
Table 4).

Table 4. Summary of geochronological data of Paleoproterozoic mafic rocks in the eastern segment of
the NCC.

No. Sample Lithology U-Pb Age (Ma) Location Analytical Method References

1 D021 Amphibolite 1952 ± 38 Zhujiagou Zircon (LA-ICPMS) [17]

2 D019 Amphibolite 2024 ± 33 124◦58′14.9′′,
40◦47′22.5′′ Zircon (LA-ICPMS) [18]

3 D014 Amphibolite 2053 ± 34 124◦55′53′′,
40◦39′13′′ Zircon (LA-ICPMS) [18]

4 D018 Amphibolite 2130 ± 19 124◦58′43.8′′,
40◦47′12.8′′ Zircon (LA-ICPMS) [18]

5 HLY-3 Pillow basalt 1928 ± 16 Helan Town Zircon (LA-ICPMS) [19]
6 D15054 Amphibolite 1985 ± 31 Helan Town Zircon (LA-ICPMS) [19]
7 D1423-1 Amphibolite 2079 ± 21 Zircon (LA-ICPMS) [19]
8 D1488-1 Amphibolite 2145 ± 19 Zircon (LA-ICPMS) [19]

9 TWD15003 Meta-diabase 1821 ± 78 Lianshanguan
Town Zircon (LA-ICPMS) [20]

10 TWD15008 Meta-diabase 2010 ± 27 Helan Town Zircon (LA-ICPMS) [20]
11 A1102 Meta-gabbro 2110 ± 31 Qianshan Town Zircon (SHRIMP) [57]

12 D1002-B1 Amphibolite 1995 ± 13 Huanghuadianzi
Town Zircon (LA-ICPMS) [58]

13 D4034-B1 Amphibolite 2150 ± 21 Huanghuadianzi
Town Zircon (LA-ICPMS) [58]

14 Gabbro 1880 ± 6 LA-ICP-MS [59]
15 Amphibolite 1886 ± 26 Helan Town LA-MC-ICP-MS [59]
16 Gabbro 1914 ± 40 Helan Town LA-MC-ICP-MS [59]
17 SJZ07-2.1 Amphibolite 2167 ± 31 Sanjiazi Town Zircon (LA-ICPMS) [60]
18 DZ74-1 Meta-gabbro 2144 ± 16 Bahui Town Zircon (LA-ICPMS) [10]
19 DZ85-1 Meta-gabbro 2157 ± 17 Helan Town Zircon (LA-ICPMS) [10]
20 DZ73-1 Meta-gabbro 2159 ± 12 Helan Town Zircon (LA-ICPMS) [10]
21 DZ91-1 Meta-diabase 2161 ± 12 Mafeng Town Zircon (LA-ICPMS) [10]
22 DZ78-1 Amphibolite 2161 ± 45 Helan Town Zircon (LA-ICPMS) [10]
23 DZ40-2 Amphibolite 2159 ± 28 Fengcheng Zircon (LA-ICPMS) [11]
24 NLX02-4 Amphibolite 2163 ± 22 Helan Town Zircon (SHRIMP) [61]
25 09LG29 Gabbro 1828 ± 13 Helan Town Zircon (SHRIMP) [62]
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Table 4. Cont.

No. Sample Lithology U-Pb Age (Ma) Location Analytical Method References

26 09LG28 Meta-mafic rock 1875 ± 28 Helan Town Zircon (SHRIMP) [62]
27 598XLLZ2 Meta-gabbro 2115 ± 13 Qianshan Town Zircon (CAMECA) [63]

28 598XLLZ2 Meta-gabbro 2115 ± 3 Qianshan Town Baddeleyite
(CAMECA) [63]

29 SJZ07-5 Amphibolite 2054–2061 Sanjiazi Town Zircon (LA-ICPMS) [13]
30 16KD55-1-1 Amphibolite 2063 ± 23 Sanjiazi Town Zircon (LA-ICPMS) [13]
31 D2066-11 Amphibolite 2083 ± 13 Helan Town Zircon (LA-ICPMS) [13]
32 SJZ11-1 Amphibolite 2119 ± 19 Sanjiazi Town Zircon (LA-ICPMS) [13]
33 D1009-5 Meta-diabase 2100 ± 12 Helan Town Zircon (LA-ICPMS) [14]
34 D1009-7 Meta-diabase 2110 ± 23 Helan Town Zircon (LA-ICPMS) [14]
35 D1002-2 Meta-diabase 2133 ± 14 Helan Town Zircon (LA-ICPMS) [14]
36 D5048-4 Amphibolite 2164 ± 6 Helan Town Zircon (LA-ICPMS) [14]
37 D9001-1 Meta-gabbro 2118.6 ± 6.3 Helan Town Zircon (LA-ICPMS) [13]
38 16KD68-1 Meta-gabbro 2188.2 ± 8.5 Helan Town Zircon (LA-ICPMS) [13]
39 HP-9 Meta-mafic vein 2157 ± 21 Hupiyu Pluton Zircon (LA-ICPMS) [64]
40 DD24-1 Amphibolite 2059 ± 22 Mafeng Town Zircon (LA-ICPMS) [65]
41 YK12-1-4 Gabbro 2125 ± 6 Pailou Town Zircon (LA-ICPMS) [27]
42 Gabbro 2113 ± 15 Longchang Town Zircon (LA-ICPMS) [66]

43 15Q18 Metabasic dykes 2118 ± 18 124◦56.57′,
42◦12.66′ Zircon (LA-ICPMS) [30]

44 D1917 basalt 2154 ± 15 125◦57′05.27′′,
41◦21′16.88′′ Zircon (LA-ICPMS) This study

45 D1918 Diabase 2209 ± 12 124◦12′36.40′′,
42◦05′01.27′′ Zircon (LA-ICPMS) This study

46 D1919 Gabbro 2063 ± 7 124◦13′57.47′′,
42◦14′18.33′′ Zircon (LA-ICPMS) This study

47 D2012 Amphibolite 2018 ± 13 124◦51′44.51′′,
42◦19′09.73′′ Zircon (LA-ICPMS) This study

In the eastern segment of the NCC, the Paleoproterozoic mafic rocks underwent four
events of magmatism: The period from 2210 to 2100 Ma was marked by an especially
intense activity of mafic magmatism. This mafic magmatic event started around 2209 Ma
and persisted until 2100 Ma, with two significant peaks occurring at approximately 2162 Ma
and 2108 Ma, respectively. The geological implications of this phenomenon suggest the
potential onset and continuous development of ocean opening processes, commencing
around 2209 Ma and extending until 2100 Ma when the ocean basin reached its maximum
extent. From 2100 to 2000 Ma, the mafic magmatic activity gradually decreased, possibly
indicating the onset of subduction and reduced basaltic magma activity in a compressional
tectonic setting. Occasional mafic magmatic activity was observed from 2000 to 1900 Ma,
which may be associated with a continent–continent collision and crustal thickening after
2000 Ma, resulting in reduced magmatic activity. After 1900 Ma, there was an increase
in mafic magmatic activities. This could be attributed to the post-orogenic extensional
phase. In this tensional tectonic setting, a certain scale of mafic magmatism occurred.
However, due to the thicker crust at this time compared to earlier periods, the intensity of
mafic magmatism during this stage was not as strong as that observed in the initial phase
(Figure 9, Table 4).
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5.2. Source Characteristics and Genesis of the Paleoproterozoic Mafic Rocks

The ratio of some incompatible elements is stable during partial melting and fractional
crystallization processes, which can largely reflect the characteristics of the source. For
example, since Nb and Ta have similar valence states and ionic radii, their ratios are also
comparable in igneous rocks from the same source. Similarly, Zr and Hf have similar
valence states, ionic radii, and distribution coefficients in various minerals, so similar ratios
and trends can be observed in rocks derived from the same origin. The ratios of Nb/Ta,
Nb/La, Ta/Th, Ce/Pb, La/Pb, Nb/U, Zr/Nb, and Zr/Hf in the four periods of mafic rocks
all show differences (Table 3), indicating that they come from different sources. These
mafic rocks have undergone medium- to high-grade metamorphism and later experienced
alteration processes such as sericitization, chloritization, and epidotization. During the
process, highly active elements may migrate due to changing conditions, while REEs and
HFSEs remain stable [67]. These elements are used to analyze and discuss the magma
series, genesis, and source characteristics of metamorphic rocks [67].

Generally, mafic rocks originate from the mantle source [68]. The Paleoproterozoic
mafic rocks are characterized by the enrichment of LREEs and LILEs, depletion of HREEs
and HFSEs such as Nb, Ta, Ti, and Zr, and a slight negative or positive Eu anomaly,
indicating characteristics of a mantle source [68]. The REE and trace element patterns of
the Paleoproterozoic mafic rocks are different from N-MORB and E-MORB, but similar
to OIB (Figure 8a,b), suggesting their origin from the lithospheric mantle rather than the
asthenospheric mantle [68]. On the Nb/Th-Zr/Nb diagram, the first basalt is located
between the primitive mantle, enriched mantle, and recycled slab, while the second diabase
and fourth amphibolite are located at the transitional zone between the primitive mantle
and recycled subduction slab, and the third gabbro is relatively close to the enriched mantle
(Figure 10a). This indicates that the sources of these mafic rocks are transitional mantle.
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Due to the similar distribution coefficients, trace elements are difficult to fractionate
during partial melting or fractional crystallization; they are usually used to reflect the
nature of the parent magma in the magma source [70]. The first basalt shows flat patterns
for REEs, with a low LREE/HREE ratio, indicating that there may be no residual garnet in
the source area (Figure 10b,c). On the La/Yb-Yb diagram, it is located at the 3–4% melting
position of the Amphibole-bearing spinel lherzolite melting curve (Figure 10b), indicating
the presence of residual amphibole and spinel in the magma source. The other stages
of mafic rocks show similar patterns of enrichment in LREEs, relatively flat patterns of
HREEs, high LREE/HREE ratios, and low Yb contents, indicating the presence of residual
garnet in the source (Figure 10b,c). On the La/Yb-Yb diagram, they are located near the
Garnet spinel lherzolite melting curve (Figure 10b), indicating the residual garnet and
spinel in the magma source. The garnet to spinel ratio of the diabase is between 50:50 and
25:75, and the ratio of the gabbro and amphibolite is between 50:50 and 70:30 (Figure 10b).
Differing from the partial melting of spinel lherzolite, during the partial melting process of
different proportions of clinopyroxene and garnet, the properties of La/Sm and Sm/Yb
show different characteristics, with Sm/Yb not changing with the decrease in La/Sm [73].
On the (La/Sm)N-(Sm/Yb)N diagram (Figure 10c), consistent with the above conclusion,
there is no garnet in the source, and the first basalt is the product of 3%–4% melting of
amphibole-bearing spinel lherzolite. The other three stages of mafic rocks are products of
partial melting of garnet–spinel lherzolite with a ratio of clinopyroxene to garnet of 6:1 to
5:2, only with different degrees of partial melting (Figure 10c [74]). The diabase, gabbro, and
amphibolite show partial melting degrees of about 3%, 1%–2%, and 3%–5%, respectively
(Figure 10c). All mafic rocks show negative Sr anomalies (Figure 10b), indicating the
possible residual plagioclase in the source.

The mafic rocks exhibit similar enrichments in LREEs and LILEs such as Rb, Ba, and
K, as well as depletions in HFSEs such as Nb, Ta, Zr, Hf, Ti, and P. In the La/Nb-Ba/Nb
diagram (Figure 10d), the third gabbro falls within the area of island arc volcanic rocks,
while the other mafic rocks fall within the transitional zone between Dupal OIB and arc
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volcanic rocks. This could be related to the introduction of fluids or involvement of mantle
components, indicating that metasomatic processes occurred in the source [75]. Thus,
is the metasomatism caused by melts or fluids? The mafic rocks show high contents
of Cr (average content of 106 µg/g, 123 µg/g, 113 µg/g, and 129 µg/g), Co (average
content of 51.2 µg/g, 46.8 µg/g, 62.7 µg/g, and 48.4 µg/g), and Ni (average content of
73.6 µg/g, 71.4 µg/g, 74.0 µg/g, and 98 µg/g) compared to N-MORB, indicating that
their source has undergone melt metasomatism, which is consistent with the trends shown
in the Th/Zr-Nb/Zr diagram (Figure 10e). When the mantle-derived magma interacts
with crustal material on the subducting plate and subducted oceanic crust, the magma
generally exhibits low Na2O, P2O5, and TiO2 contents, positive anomalies of Nb, Ta, and
Ti [76], or low Ce/Th (≈8), low Ba/Th (≈111), and obvious negative Ce anomaly [77]. The
geochemical characteristics of these four episodes of mafic rocks are as follows: The first
basalt exhibits a low Ce/Th (14.32), low Ba/Th (114.74), low Na2O, P2O5, and TiO2 contents,
negative anomalies of Nb, Ta, and Ti (Figure 8b), and a slight negative Ce anomaly (average
Ce/Ce* = 0.94). The second diabase exhibits high Na2O, P2O5, and TiO2 contents and
positive anomalies of Nb, Ta, and Ti (Figure 8b), with low Ba/Th (114.74) but high Ce/Th
(24.47), and a slightly negative Ce anomaly (average Ce/Ce* = 0.93). The third gabbro
exhibits high Na2O, P2O5, and TiO2 contents, low Ce/Th (14.32), negative anomalies of
Nb and Ta, no anomaly in Ti (Figure 8b), high Ba/Th (371.73), high Ce/Th (21.33), and a
slightly negative Ce anomaly (average Ce/Ce* = 0.91). The fourth amphibolite exhibits a
low Ba/Th (110.08) and a positive anomaly in Ti, but low Na2O, P2O5, and TiO2 contents,
negative anomalies of Nb and Ta (Figure 8b), high Ce/Th (29.47), and a slightly negative Ce
anomaly (average Ce/Ce* = 0.97). These characteristics indicate that all four stages of mafic
rocks have undergone dual metasomatism by both fluid and melt, which is consistent with
the trends shown in the Th/Zr-Nb/Zr and Th/Yb-Ba/La diagrams (Figure 10e,f). The third
gabbro has undergone greater fluid metasomatism, while the others are mainly influenced
by melt metasomatism.

Generally, mantle-derived magma may undergo assimilation and contamination
with crustal materials during its ascent and emplacement. The geochemical data of
the mafic rocks show moderate potassium and alkali contents (Figure 7c), low Mg#

(Mg# = 43.32–52.02), enrichment in LILEs (Rb, Ba, K, etc.), and depletion in HFSEs (Nb, Ta,
Zr, etc.). These characteristics suggest that the magma may have undergone contamination
by crustal materials [78]. The Nb/Ta (average values of 15.63, 16.53, 15.01, and 15.74) and
Zr/Hf (average values of 30.07, 31.88, 31.04, and 33.53) of the mafic rocks are similar to the
values of the continental crust in eastern China (Nb/Ta = 15.38, Zr/Hf = 35.56, according
to [79]), and lower than those of mid-ocean ridge basalts (MORB) and primitive mantle
(Nb/Ta = 17.7, Zr/Hf = 36.1 [55]), indicating the influence of crustal contamination on the
mafic magmas. The La/Sm is often used to reflect the degree of crustal contamination [80].
A higher La/Sm ratio often suggests a greater influence from crustal components, while a
lower ratio may indicate a more pristine mantle signature [80]. The average La/Sm ratios
of the four episodes of mafic rocks are 2.95, 3.11, 4.03, and 2.75, respectively, indicating
the incorporation of continental crustal material during magma ascent. The intensity of
crustal contamination is highest in the third gabbro, followed by the first basalt and second
diabase, and weakest in the fourth amphibolite.

In conclusion, the Paleoproterozoic mafic rocks originated from a transitional mantle
source. The first basalt, containing residual hornblende and spinel in the source, is the
product of 3%–4% partial melting of amphibole-bearing spinel lherzolite. The source of
the other three stages of mafic rocks contains residual garnet and spinel, and experienced
partial melting of garnet–spinel lherzolite with a clinopyroxene to garnet ratio ranging from
6:1 to 5:2. The garnet to spinel ratios in these three mafic rocks range from 50:50 to 25:75
and 50:50 to 70:30, with partial melting degrees of 3%, 1%–2%, and 3%–5%, respectively.
During the ascent and emplacement of all mafic magmas, they were contaminated by
crustal material and incorporated continental crustal material.
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5.3. Tectonic Setting of Paleoproterozoic Mafic Rocks

Mafic rocks formed in various tectonic settings show different TiO2 contents [81].
Island arc basalt (IAB) typically contains the lowest TiO2 content, around 0.98 wt% [81].
MORB contains a TiO2 content of 1.5 wt%, while OIB contains the highest TiO2 content at
2.63 wt% [81]. Within-plate basalts (WPB), on the other hand, show higher TiO2 contents
ranging from 2.23 wt% to 2.9 wt% [53]. In terms of trace element abundances, WPB
generally show higher Nb and Ta contents, ranging from 13 to 84 µg/g and 0.73 to 5.9 µg/g,
respectively. IAB, in contrast, exhibits very low Nb and Ta contents, ranging from 1.7 to
2.7 µg/g and 0.1 to 0.18 µg/g, respectively [53]. According to Condie’s (1989) study on
element ratios in different tectonic settings of basaltic rocks, WPB and MORB are enriched
in TiO2 and HFSEs. The element ratio shows the following characteristics: Nb/La > 0.8,
Ti/Y > 350, Ti/V > 30, Hf/Ta < 5, La/Ta < 15, and Th/Ta < 3 [53,82]. On the contrary, it is
similar to IAB on the active continental margin.

In this study, the third gabbro exhibits high TiO2, Nb, and Ta contents (averages of
2.17 wt%, 9.42 µg/g, and 0.63 µg/g, respectively), as well as high Ti/Y and Ti/V ratios
(averages of 587 and 42.5, respectively). This may be attributed to the influence of melt
contamination, resulting in excessively high TiO2 contents. The average trace element
ratios of Nb/La = 0.43, Hf/Ta = 5.57, La/Ta = 34.87, and Th/Ta = 3.19 indicate that it differs
from WPB and MORB but shares similarities with continental arc basalts (CAB) [53,82].
The gabbro also exhibits characteristics of island arc volcanic rocks in the La/Nb-Ba/Nb
diagram (Figure 10d). Furthermore, in the Hf/3-Th-Nb/16 triangular diagram and Nb/Yb-
Th/Yb diagram, the gabbro falls within the continental arc region (Figure 11a,b). These
characteristics suggest that the gabbro was formed in an island arc environment.
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The other three phases of mafic rocks show high TiO2 (averages of 1.61 wt%, 2.39 wt%,
1.94 wt%), Nb (averages of 13 µg/g, 21 µg/g, 11.2 µg/g), and Ta (averages of 0.83 µg/g,
1.28 µg/g, 0.76 µg/g) contents. The average trace element ratios of Nb/La (averages of
1.01, 1.08, 0.89), Ti/Y (averages of 351, 558, 587), Ti/V (averages of 30.01, 39.5, 43.4), Hf/Ta
(averages of 4.23, 3.78, 4.82), La/Ta (averages of 15.4, 15.3, 16.6), and Th/Ta (averages of
2.42, 1.42, 1.33) indicate that they are similar with WPB and MORB. They also share similar
characteristics in the Hf/3-Th-Nb/16 triangular diagram (Figure 11a). The first basalt
and the second diabase intrude into the limestone as sills, while the fourth amphibolite is
surrounded by marble. These field features are similar to the rock assemblage of oceanic
islands or seamounts. The geochemical characteristics of these three phases of mafic rocks
are similar to OIB. In the La/Nb-Ba/Nb diagram, they mainly originate from the Dupal
OIB and transition to arc volcanic rocks (Figure 10d), and in the Nb/Yb-Th/Yb diagram,
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they fall on the MORB-OIB trend line, indicating that these three phases of mafic rocks
were formed in an oceanic island environment (Figure 11b).

The formation mechanism of the Paleoproterozoic orogenic belt (JLJB) in the eastern
segment of the NCC has been a subject of ongoing debate and differing interpretations
among geologists [4,5,8,9,13–20,30,84]. One view suggests that it resulted from subduction
and continental collision from the northern plate of the Longgang block, with the JLJB
forming in an arc-back basin, and the northern margin of the NCC belonging to a conti-
nental margin sedimentary environment [4,5]. Previous studies on high-pressure granulite
metamorphic rocks in the northern margin of the NCC proposed the existence of an east–
west striking Paleoproterozoic orogenic belt (IMNHB), which may have formed during
the assembly of the Columbia supercontinent, influenced by the closure, disappearance,
and collision of the northern ocean of the NCC [4,5,8,9]. It is believed that this orogenic
belt extended from Hebei to northern Liaoning [9]. The Paleoproterozoic mafic magmatic
events and metamorphism in the Hebei–Northern Liaoning area also support the existence
of this orogenic belt [30,84]. The mafic rocks identified in this study were formed in an
oceanic island and island arc tectonic setting, indicating the existence of subduction, and
the extinction of ocean and continent–continent collision in the north of the Longgang Block
during the Paleoproterozoic, which is consistent with Kusky’s viewpoint.

However, in recent years, according to regional geological investigations and studies
on magmatic rocks, and metamorphism and sedimentary rocks, more and more scholars
believe that the JLJB is a locally ordered and globally disordered mélange, and the forma-
tion of JLJB is related to northward subduction of the Nangrim Block in the south towards
to the Longgang Block in the north [1,2,13–20]. The genetic models of JLJB in the sub-
duction environment can be divided into two types: the continent–arc–continent collision
model [13–15,24–27] and the rift–subduction–collision cycle model [2,6,7,18–20,28,29].

The debate between these two views lies in whether the subduction occurred in
the south or north of the Longgang Block. The geochronological framework of mafic
magmatic activity in the eastern segment of the NCC shows that there were similar mafic
magmatic activities in the northern and southern parts of the Longgang Block during the
Paleoproterozoic. Therefore, the northern and southern parts of the Longgang Block may
have been in two different tectonic domains in the Paleoproterozoic. This issue requires
further research in the future.

6. Conclusions

(1) Zircon U-Pb ages (2209 ± 12 Ma, 2154 ± 15 Ma, 2063 ± 7 Ma, 2018 ± 13 Ma)
and metamorphic ages (1835 ± 13 Ma) have been obtained from mafic rocks in northern
Liaoning, which constrained the formation age of the Proterozoic strata to be Paleopro-
terozoic. Based on previous data, the Paleoproterozoic mafic magmatic activities in the
eastern segment of the NCC can be classified into four stages: the most frequent activity
occurred between 2210 and 2100 Ma, gradually decreased between 2100 and 2000 Ma, with
occasional activities between 2000 and 1900 Ma, and increased activities after 1900 Ma.

(2) Geochemical characteristics reveal that the four stages of mafic rocks belong to the
calc-alkaline series and originated from transitional mantle. During the process of magma
ascent and emplacement, the magma underwent contamination by crustal materials. The
first basalt contains residual hornblende and spinel in the source, and is a product of
3–4% partial melting of amphibole-bearing spinel lherzolite. The other mafic rocks contain
residual garnet and spinel in the source, and experienced partial melting of garnet–spinel
lherzolite with a clinopyroxene to garnet ratio ranging from 6:1 to 5:2. The proportions
of garnet to spinel range from 25:75 to 70:30, and the degrees of partial melting are 3%,
1%–2%, and 3%–5%, respectively.

(3) Trace element data indicate that the third gabbro exhibits characteristics of con-
tinental island arc basalts, suggesting it was formed in an island arc environment. The
other three stages of mafic rocks originated from the Dupal OIB and formed in an oceanic
island environment. The identification of Paleoproterozoic magmatic and subsequent
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metamorphic events in the mafic rocks from northern Liaoning, as well as the verification
that the northern orogenic belt of the NCC extends to this region, suggests that the north of
the Longgang Block may be under an oceanic subduction tectonic setting. JLJB was formed
under the background of a northward subduction of the Nangrim Block or island arc in the
south of the Longgang Block. Therefore, it is possible that the northern and southern parts
of the Longgang block were located at different tectonic domains in the Paleoproterozoic.
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