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Abstract: The Anshan–Benxi area, situated in the northeast of the North China Craton (NCC), is home
to not only the oldest rocks in China (~3.8 Ga) but also a diverse range of granitoids dated between
3.8 and 2.5 Ga. The Lianshanguan batholith, covering an area of approximately 250 km2 with an
east–west trend, predominantly consists of syenogranites (K2O > 4 wt. % and K2O/Na2O ratios > 1.3).
Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) U-Pb analyses of the
two syenogranites yielded concordant ages of 2541 ± 22 and 2512 ± 13 Ma, respectively. These
syenogranites had zircon εHf(t) values ranging from −20 to +4.9 with two-stage Hf model ages
(TDM2(Hf)) spanning 3.9–2.7 Ga. Based on petrological, geochemical, and isotopic characteristics, we
conclude that the Lianshanguan syenogranites are mainly resulted from the reworking of complicated
Eoarchean–Mesoarchean crustal materials, possibly with a small proportion of ~2.7 Ga juvenile crustal
materials. When compared with coeval syenogranites from the Northern Liaoning and Western
Liaoning–Eastern Hebei areas, ~2.5 Ga syenogranites from the Anshan–Benxi area displayed more
complicated TDM2(Hf) ages, hinting at a pronounced late Neoarchean reworking of the Eoarchean
to Mesoarchean continental crust (including metasedimentary sources) primarily in the Anshan–
Benxi region of the North China Craton. This scenario significantly bolsters the arc–continent
collision model.

Keywords: Neoarchean; Anshan–Benxi; syenogranite; North China Craton; Eoarchean; Hf isotopes;
zircon U-Pb ages; geochemistry

1. Introduction

The geodynamic regime of the early Precambrian continental evolution has long been
a focal point in geology. Hadean and Eoarchean rocks and zircons have been identified
in different cratons, such as Slave, North Atlantic, North China, Kaappvaal, Pilbara, and
Yilgan (e.g., [1–20]). Studies of whole-rock Nd isotopes and zircon Hf isotopes of Hadean
to Archean rocks have indicated that more than 70% of the continental crust was derived
from the mantle before 2.5 Ga [21]. Therefore, new discoveries in this area are crucial for
the study of early continental crust formation and evolution [22].

The NCC, the largest craton in China, has 3.8 Ga rocks and numerous Hadean to
Paleoarchean zircons [3,9,22–26]. Globally, the formation and reworking of the continental
crust are primarily marked by three igneous age peaks at approximately 2.9, 2.7, and
2.5 Ga [27]. In the NCC, the intense tectonic–magmatic activity during the late Neoarchean
(~2.6 to 2.5 Ga) provides valuable insights into key geodynamic processes, as it includes
evidence supporting both vertical and horizontal tectonic hypotheses [28,29]. The distinct
geochemical signatures in the Neoarchean rocks offer critical insights into the temporal
evolution and dynamics of these contrasting geodynamic models. This, combined with
the NCC’s well-preserved geological record, makes it an ideal region for studying the
formation and evolution of the Earth’s early continental crust.
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In this study, we focus on the Neoarchean Lianshanguan pluton in the Anshan–Benxi
area, which is characterized predominantly by syenogranites. Through using new whole-
rock geochemical and zircon U-Pb ages and Lu-Hf isotope analyses of the Lianshanguan
pluton, we aim to uncover more about the genesis of the ~2.5 Ga syenogranites and
constrain the reworking of the Eoarchean to Mesoarchean continental crust throughout the
Earth’s geological history. Furthermore, through comparing our results with existing data
from other late Neoarchean granites in the Anshan–Benxi, Northern Liaoning and Western
Liaoning–Eastern Hebei areas, we can significantly expand our understanding of crustal
evolution during the late Neoarchean (Figure 1).

Figure 1. (A) Tectonic framework of NCC (modified after [30]), KB—Khondalite Belt; TNCO—Trans
North–Central Orogen; JLJB—Jiao-Liao-Ji Belt; (B) Geological map of the Anshan–Benxi area in the
Eastern Block, North China Craton (modified after [31,32]); (C) A simplified geological map of the
Lianshanguan pluton in the Anshan–Benxi area (after [32,33]). (Our data and data from Wan et al.,
2015 [31] and Yang et al., 2016 [33]).
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2. Geological Background

The Anshan–Benxi area, situated in the northeast of the NCC, boasts not only China’s
oldest rocks (~3.8 Ga) [9,10,34–38] but also the most widely distributed Mesoarchean potas-
sic granitoid pluton [39–41]. The area includes various granites from 3.8 to 2.5 Ga, such as
the 3.8–3.1 Ga Baijiafen, Dongshan, Shengousi, and Guodishan Complexes, the 3.3–3.1 Ga
Chentaigou granite, the 3.1 Ga Lishan trondhjemite, the 3.0 Ga Donganshan–Jinjialing trond-
hjemitic to monzogranitic gneisses, the 3.0–2.9 Ga Tiejiashan-Gongchangling K-rich granite,
and the 2.5 Ga Qidashan syenogranite and Lianshanguan granite [9,23,34,37,39,40,42–44].

The Lianshanguan pluton, located in the Anshan–Benxi area and extending in an east–
west direction with an area of ~250 km2, occurs as a batholith, and includes BIF, plagioclase
amphibolite, and Anshan Group gneiss as xenoliths. The pluton is unconformably overlain
by the Paleoproterozoic Langzishan Formation (Liaohe Group), and the contact area has
become a ductile deformation zone. In a previous regional geological report [32], the pluton
was defined as migmatite. However, through field investigation, it was discovered that the
main rock type of the pluton was granite, and it was only migmatized at the margin.

Several zircon U-Pb ages of the Lianshanguan pluton have been reported (Table 1):
2563 ± 3 Ma for gneissic biotite monzogranite [45], 2511 ± 15 Ma and 2540 ± 25 Ma for
flesh-red K-feldspar granite (065-1 and 093-2) [46], 2533 ± 42 Ma for gray–white remelted
migmatite (090-1) [46], 2489 ± 20 Ma for weakly deformed syenogranite (A1214) [31],
2512 ± 29 Ma for gneissic syenogranite (A1123) [31], 2512 ± 14 Ma for light-flesh-red
syenite (TW6-1) [33], 2510 ± 15 Ma for gray–white streaked monzogranite (TW6-2) [33],
2493 ± 130 Ma for medium-fine grained K-feldspar granite (16LSG66-2) [47], and
2484 ± 29 Ma for flesh-red K-feldspar granitic pegmatite vein (15LSG43-1) [47]. In addition,
a recent regional geological report [45] pointed out that the rock types of the Lianshanguan
pluton are gneissic porphyritic biotite monzogranite and gneissic biotite monzogranite.

Table 1. Summary of zircon age data for Lianshanguan granites, Anshan–Benxi area, North
China Craton.

Sample No. Age (Ma) Rock Type 1 References

21LY24-1 2541 ± 22 flesh-red fine-grained syenogranite This study
21LY24-2 2517 ±7 gray–white medium-grained syenogranite This study

16LSG66-2 2493 ± 130 medium-fine grained K-feldspar granite [47]
15LSG43-1 2484 ± 29 flesh-red K-feldspar granitic pegmatite vein [47]

TW6-1 2 2512 ± 14 light-flesh-red syenite [33]
TW6-2 3 2510 ± 15 gray–white streaked monzogranite [33]
A1214 2489 ± 20 weakly deformed syenogranite [31]
A1123 2512 ± 29 gneissic syenogranite [31]
065-1 2511 ± 15 flesh-red K-feldspar granite [46]
093-2 2540 ± 25 flesh-red K-feldspar granite [46]
090-1 2533 ± 42 gray–white remelted migmatite [46]

Unknown 2563 ± 3 gneissic biotite monzogranite [45]

Notes: 1 There is considerable variation in rock types due to the application of diverse classification criteria. 2 Four
distinct samples (Ls611-614) were chosen for major and trace element analyses for TW6-1. 3 Four distinct samples
(Fj621-624) were chosen for major and trace element analyses for TW6-2.

3. Sampling and Petrography

Lianshanguan granite samples were collected from the south of Chenjia Village in
Tianshui Country, Liaoyang Town, Liaoyang City, Liaoning Province (Figure 1).

Sample 21LY24-1 (41◦02′44.29′′ N, 123◦37′06.10′′ E) is a flesh-red, fine-grained,
muscovite-bearing, potassium-rich granite. The main minerals are K-feldspar (30–50 vol. %,
mainly microcline, perthite, and orthoclase), plagioclase (10–20 vol. %), quartz (20–30 vol. %),
muscovite (8–10 vol. %), and biotite (few, mostly altered to chlorite) (Figure 2). Accessory
minerals include zircon and apatite. Little opaque minerals are also observed.
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Figure 2. (A) Representative photographs of the Lianshanguan syenogranites outcrop in the Anshan–
Benxi area. (B,C) Thin-section microphotographs of representative Lianshanguan syenogranites.
Abbreviations: Qz—quartz, Pl—plagioclase, Mc—microcline, Mus—Muscovite.

Sample 21LY24-2 (41◦03′00.31′′ N, 123◦37′27.64′′ E) is a gray–white, medium-grained,
potassium-rich granite. The main minerals are K-feldspar (40–60 vol. %, mainly micro-
cline, perthite, and orthoclase), plagioclase (10–25 vol. %, sericitization occurs), quartz
(20–30 vol. %, mostly recrystallized), and some muscovite and biotite (Figure 2).

4. Analytical Methods

Cathodoluminescence (CL) was carried out using a TESCAN Field Emission Scanning
Electron Microscope (TESCAN Mira3, TESCAN company, Brno, Czech Republic) at the
facility of Nanjing Hongchuang Exploration Technology Service Co., Ltd. U-Pb dating and
trace element analysis of zircon were undertaken using LA-ICP-MS at the Wuhan Sample
Solution Analytical Technology Co., Ltd. in Wuhan, China. The specifics of the operating
conditions and data processing are detailed in Zong et al. [48]. For this study, the laser’s
spot size and pulse frequency were adjusted to 30 µm and 5 Hz, respectively. The external
standards for U-Pb dating and trace element analysis calibration were zircon 91,500 and
glass NIST610. Plesovic [49] and GJ-1 [50] were employed as unknown samples to limit sta-
bility and accuracy. ICPMSDataCal software (version 10.9, China University of Geosciences,
Wuhan, China) was used to perform offline selection and integration of background and
analyzed signals, time-drift correction, and quantitative calibration [51,52]. Concordia
diagrams and weighted mean calculations were performed using Isoplot/Ex_ver3 [53], as
elaborated in Supplementary Table S1.
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In situ analyses of Hf isotope ratios were performed using a RESOlution LR laser-
ablation system (Canberra, Australia) coupled with a Nu Plasma II MC-ICP-MS (Wrexham,
Wales, UK) at the Nanjing FocuMS Technology Co. Ltd., Nanjing, China. A 193 nm
ArF excimer laser, homogenized by a set of beam delivery systems, targeted the zircon
surfaces with a fluence of 4.5 J/cm2. The procedure involved a 20-s background (gas blank)
measurement, followed by a 40-s analysis at a spot diameter of 50 µm and a repetition rate
of 9 Hz. Helium (370 mL/min) served as the carrier gas to effectively transfer aerosols
from the ablation cell, mixing with argon (~0.97 L/min) via a T-connector before entering
the ICP torch. The integration interval for the Nu Plasma II was set at 0.3 s (equating to
133 cycles during the 40 s). Standard zircons such as GJ-1, 91,500, Plešovice, Mud Tank, and
Penglai were utilized for quality control for every fifteen unknown samples. The results
are presented in Supplementary Table S2.

Major and trace elements analyses of the whole rock were conducted using X-ray
fluorescence (XRF) (Primus II, Rigaku, Japan) and Agilent 7700e ICP-MS, respectively, at
the Wuhan Sample Solution Analytical Technology Co., Ltd. in Wuhan, China. The results
are provided in Supplementary Table S3.

5. Results
5.1. Zircon U-Pb Dating

Zircon grains from samples 21LY24-1 and 21LY24-2 are mostly euhedral to subhedral
and translucent. The grains’ lengths range from 80 to 120 µm, with aspect ratios of 2:1–3:2.
CL images reveal that most zircons have a core-rim texture (see Figure 3), but some
exhibit strong recrystallization or cracking. Some cores have igneous oscillatory growth
zones [54,55], while others do not show a clear igneous texture, possibly indicating partial
resetting during metamorphism. Some rims are gray or dark with no zoning, indicating a
metamorphic origin [56]. Analyses were performed on oscillatory zonings or other cores.
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Sample 21LY24-1: Forty-one analyses on magmatic cores show severe Pb loss, with
some cores yielding low Th/U ratios (<0.1). Fifteen analyses on zircon cores define a
discordia line with an upper intercept at 2541 ± 22 Ma (MSWD = 2.8), which is interpreted
as the emplacement age of the sample. Six analyses on xenocrystic cores define a discordia
line with an upper intercept at 3016 ± 15 Ma (MSWD = 1.3). Other analyses yielded
207Pb/206Pb ages from 1628 ± 23 to 2943 ± 19 Ma with a discordance (|(207Pb/206Pb
age)/(206Pb/238U age) − 1| × 100%) of 20–137, indicating significant Pb loss.

Sample 21LY24-2: Eighty-three analyses on magmatic cores show severe Pb loss, with
some cores yielding low Th/U ratios (<0.1). Fifty-one analyses on zircon cores define a
discordia line with an upper intercept at 2512 ± 13 Ma (MSWD = 8.1), and five analyses
close to concordia yield a concordant age of 2517 ± 7 Ma (MSWD = 0.97), representing
the crystallization age of sample 21LY24-2. Nine analyses define a discordia line with
intercepts at 142 ± 84 and 1919 ± 85 Ma (MSWD = 20), and we interpret the upper age
of 1919 ± 85 Ma as the metamorphic age of the sample. If anchored at this metamorphic
age, five analyses on xenocrystic cores define a discordia line with an upper intercept at
3531 ± 37 Ma (MSWD = 2.8). Other analyses yielded 207Pb/206Pb ages from 1934 ± 19 to
3569 ± 11 Ma with high discordance, indicating significant Pb loss.

5.2. Zircon Hf Isotopic Composition

Zircon grains from sample 21LY24-1 underwent thirty-four Hf analyses. Fourteen
of these analyses were calculated at a crystallization age of 2541 ± 22 Ma and yielded
εHf(t) values ranging from −13.0 to +4.9 (Figure 4A) and depleted-mantle two-stage Hf
model ages (TDM2(Hf)) of 2695–3569 Ma (Figure 4B). Six analyses, calculated at the age of
3016 ± 15 Ma, yielded εHf(t) values of −2.7 to +0.6 and TDM2(Hf) ages of 3295–3554 Ma.
Other analyses were calculated at their apparent ages (2520–2943 Ma) and yielded εHf(t)
values of −12.5 to +3.4 and TDM2(Hf) values of 2845–3775 Ma.

Figure 4. (A) Zircon εHf(t) versus crystallization age; (B) Distribution of two-stage Hf model ages
(TDM2). TDM2 is defined in Supplementary Table S2. Please note that the analyses calculated based
on apparent ages are not included in this figure. (Our data and data from Wan et al., 2015 [31] and
Yang et al., 2016 [33]).

Seventy-five Hf analyses were carried out on zircon grains from sample 21LY24-2.
Forty-nine of these analyses were calculated at a crystallization age of 2517 ± 7 Ma
and yielded εHf (t) values ranging from −20.2 to +1.6 (Figure 4B) and TDM2(Hf) ages
of 2838–3900 Ma (Figure 4B). Five analyses, calculated at the age of 3531 ± 37 Ma, yielded
εHf(t) values of −3.0 to +9.7 and TDM2(Hf) ages of 3295–3554 Ma. Other analyses with
apparent ages (2555–3771 Ma) yielded εHf(t) values of 0.3 to 1.0 and TDM2(Hf)) values of
2801–4149 Ma. The rest of the analyses with apparent ages (1695–2068 Ma) yielded εHf(t)
values of −34.5 to −22.7 and TDM2(Hf)) values of 3533–4055 Ma. It is worth noting that in
this study, we used an upper continental crustal reservoir with 176Lu/177Hf = 0.0093 [58]
instead of an average continental crustal reservoir with 176Lu/177Hf = 0.015 [59] (which
would produce ages of ~0.2 Ga younger).
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5.3. Geochemistry

Lianshanguan granites have K2O concentrations greater than 4 wt. % and K2O/Na2O
ratios greater than 1.3, which Wan et al. [37] defined as syenogranites (Figure 5A,B). In
the QAP diagram, Lianshanguan samples also plot in the field of syenogranite [60]. These
syenogranites have SiO2 contents ranging from 71.08 to 75.32 wt. %, Al2O3 contents
ranging from 12.97 to 14.18 wt. %, Na2O + K2O contents ranging from 8.7 to 9.8 wt. %,
and Mg# values ranging from 20.4 to 49.7. They are alkalic to alkali-calcic [61] and slightly
peraluminous to peraluminous (ASI = 1.08–1.18) (Figure 5). Chondrite-normalized REE
patterns reveal enrichment in LREEs [(La/Yb)N = 2.6–60.6] and negative Eu anomalies
(δEu = 0.21–0.39) (Figure 5G). Primitive mantle-normalized multi-element patterns show
enrichments in Th, K, Pb, and Nd, and depletions in Ba, Nb, Ta, P, and Ti (Figure 5H).

Figure 5. (A) K2O-SiO2 classification diagram (after [62]). (B) K2O/Na2O-SiO2 classification diagram
(after [37]). (C) A/NK-A/CNK diagram [molar Al2O3/(Na2O + K2O) versus molar Al2O3/(CaO +
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Na2O +K2O)] (after [11]). (D) K2O-Na2O-CaO diagram (after [63]). (E) (FeOT + MgO + MnO + TiO2)
vs. SiO2 diagrams (after [64]). (F) Na2O/K2O-2A/CNK-2(FeOT + MgO)(Sr + Ba) (after [55]). (G)
Chondrite-normalized REEs (values after [57]). (H). Primitive mantle-normalized trace elements
(values after [57]). (Our data and data from Wan et al., 2015 [31] and Yang et al., 2016 [33]).

6. Discussions
6.1. Magmatic Emplacement Age of Granites

The two syenogranites from this study have ages of 2541 ± 22 Ma (sample 21LY24-1)
and 2517 ±7 Ma (sample 21LY24-2). Combined with data from previous studies, the
crystallization age of the Lianshanguan syenogranite is constrained to between 2.49 and
2.56 Ga ([31,46,47] and this study), and the formation age of the monzogranite is limited to
2.51 Ga [33].

The age of 1919 ± 85 Ma obtained from sample 21LY24-2 is consistent with the
widely distributed metamorphism of the Jiao-Liao-Ji Belt at around 1.83–1.95 Ga [65–74].
However, it is worth noting that while the Anshan–Benxi area indeed documents this late
Paleoproterozoic metamorphic occurrence, the main preserved metamorphic event in this
area occurred at 2.5 Ga [75]. The lower intercept (142 Ma) possibly indicates that the pluton
could have been largely affected by the destruction of the North China Craton, which
culminated at the Early Cretaceous (e.g., [76]).

Due to the disturbance of the zircon U-Pb dating system and analytical errors, it is
difficult to determine whether the Lianshanguan granites were formed in a single magmatic
event or a series of closely spaced events. Contacts between different granite phases are
not clear in the outcrop, and the Lianshanguan granites may have different phases that are
indistinguishable in age.

6.2. Petrogenesis

To achieve a comprehensive understanding of the Lianshanguan pluton, we integrated
samples 21LY24-1 and 21LY24-2 with published data from [31] for samples A1123, A1214,
A1215, and A1216, as well as samples TW6-1 and TW6-2 from [33]. Using the Ab-An-Or
diagram, we found that all the samples fell into the granite field.

Most of the Lianshanguan granites are syenogranites (21LY24-1, 21LY24-2, A1123,
A1214, A1216, and TW6-1). One sample, A1215, has a K2O concentration greater than
4 wt. % but a K2O/Na2O ratio less than 1.3, which Wan et al. [37] defined as potassium-
rich granite (Figure 5B). From the TW6-2 group, four samples were identified as monzo-
granites [33]. Specifically, three of them have SiO2 concentrations of 65.53–66.03 wt. %,
Na2O/K2O ratios of 1.0–1.2, high MgO (2.37–2.56 wt. %) and FeOT (10.22–10.57 wt. %) with
Mg# ranging from 48.0–49.7, Ba+Sr concentrations are 662–887 ppm, and (Gd/Er)N ratios
are 3.6–8.0. These characteristics are similar to the definition of a sanukitoid by Heilimo
et al. [77], which includes SiO2 = 55–70 wt. %, Na2O/K2O = 0.5–3, MgO = 1.5–9 wt. %,
Mg# = 45–65, K2O = 1.5–5.0 wt. %, Ba+Sr > 1400 ppm, and (Gd/Er)N = 2–6. Furthermore,
these sanukitoid-like granites plot in the sanukitoid field in the K2O–Na2O–CaO ternary
diagram (after [63]) (Figure 5D) and in the 2A/CNK–Na2O/K2O–2(FeOT + MgO)(Sr + Ba)
ternary diagram (Figure 5F).

Due to limited reported data on potassium-rich granite and sanukitoid-like granites,
we primarily focused on the petrogenesis of syenogranites in this study. The Lianshanguan
syenogranites exhibit low LOI values (0.35–1.05 wt. %), and their SiO2, MgO, FeOT, CaO,
P2O5, REEs, Y, Ba, Ti, Hf, and Sr show relatively good linear correlation with alteration
sensitive Zr (Supplementary Figure S1), indicating their immobility and usability for further
discussion. However, some elements such as Th, Ta, Nb, Rb, and Cs display scattered
trends with Zr, reflecting remobilization during post-emplacement events.

As previously mentioned, the Late Neoarchean Lianshanguan syenogranites belong to
the high-K calc-alkaline to shoshonitic series and are peraluminous, with high SiO2 contents
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and low mafic oxide contents, indicating little or no contribution from mantle-derived
materials to their genesis. On the Al2O3/(FeOT + MgO)-3CaO-5K2O/Na2O diagram, the
Lianshanguan syenogranites are consistent with experimental partial melts from meta-
sediments (Figure 6A). This is further supported by the lower CaO/(MgO+FeOT) ratios
(Figure 6B). Experiments on partial melting have confirmed that mature pelitic sediments
can produce peraluminous and potassic granitic melts [78,79].

Figure 6. Petrogenetic diagrams. (A) 3CaO-Al2O3/(FeOT + MgO)-5K2O/Na2O (after [64]). (B) AFM-
CFM diagram [molar Al2O3/(FeOT+ MgO) versus molar CaO/(FeOT+ MgO)] (after [80]). (C) Q-Ab-
Or diagram. (D) 1/V versus Sr/V diagram. The inset is a schematic of the 1/CC versus CI/CC

diagram (I and C being incompatible and compatible elements, respectively), showing trends pro-
duced via magma mixing, fractional crystallization, and partial melting processes (after [81]). (Our
data and data from Wan et al., 2015 [31] and Yang et al., 2016 [33]).

The zircon saturation temperatures (TZr) for the Lianshanguan syenogranites were
calculated to vary between 857 and 775 ◦C, with an average of 809 ◦C [82], which is slightly
lower than the 830 ◦C observed for A-type granite [83]. The strongly peraluminous compo-
sitions, low 1000 × Ga/Al ratios, Zr + Nb + Ce + Y contents, existence of Al-rich minerals
(such as muscovite), and high normative contents of CIPW corundum (mostly >1%) suggest
that they are similar to S-type granites derived from mature pelitic sediments [84,85]. The
negative Eu anomalies reflect plagioclase fractionation crystallization and lower melting
pressures (Figure 6C). In the 1/V-Sr/V diagram, the Lianshanguan syenogranites define a
line with a positive slope, suggesting that their compositional variation could potentially be
attributed to mixing processes [81] (Figure 6D). This is also supported by their Hf isotopic
compositions. The Lianshanguan syenogranites have variable zircon TDM2 (Hf) values
ranging from 3.90 to 2.70 Ga, which are divided into two groups:
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TDM2 (Hf) = ~3.90–3.19 Ga with negative εHf(t) ranging from −5.2 to −20.19. This
group has a dominant TDM2 (Hf) peak at 3.54 Ga and subordinate age peaks at 3.45, 3.79,
3.74, and 3.34 Ga. A ~3.53 Ga upper intercept age was also obtained in this study (sample
21LY24-2). In addition, a ~3.45 Ga continent microblock was proposed to exist in the
Beitai–Waitousha area located in the north of the Lianshanguan area [86]. The Anshan–
Benxi area also has ~3810 Ma Baijiafen banded trondhjemitic rocks, ~3790 Ma quartz
diorite gneisses at Dongshan, 3800 and 3300 Ma migmatites at Dongshan, 3362–3342 Ma
Chentaigou supracrustal rocks, and ~3300 Ma Chentaigou granite [9,10,34–38,43]. Dong
et al. [39] also highlighted the likelihood of the presence of undiscovered rocks older than
3.3 Ga of varying types in the Anben area, which are anticipated to exhibit relatively higher
ratios of K2O/Na2O and elevated ∑REE contents when compared to the known Paleo- to
Eoarchean rocks in the same region. This indicates the involvement of ancient continental
crustal materials in their generation.

TDM2 (Hf) = ~3.04–2.70 Ga with slightly negative–positive εHf(t) ranging from −3.0 to
+4.9, with an average of 0.0. This group has a prominent peak at 2.89 Ga and a subordi-
nate age peak at 3.02 Ga. In addition, the TDM2 (Hf) of one sanukitoid-like granite has
similar values, with a dominant peak at 2.93 Ga. To the west of the Lianshanguan gran-
ite, there are ~2.9 Ga Tiejiashan-Gongchangling high-K granitoid gneisses, and ~3.0 Ga
Dong’anshan granite and Jinjialing trondhjemitic gneisses [34,39,40]. The Dagushan BIFs
and related supracrustal wall rocks are believed to have formed before 2.99 Ga, indicating
that crustal sources extracted from the mantle during the Mesoarchean were involved in
their generation [87].

Additionally, two of the youngest TDM2 (Hf) ages were determined to be 2.70 and
2.75 Ga, and crustal growth in the NCC around 2.7 Ga has also been confirmed [78,79].
Wan et al. [88] suggested that Anshan’s Paleo- to Mesoarchean continental cores were
surrounded by continental crust that formed around 2.7 Ga. Monzo- and syenogranites in
the Beitai–Waitousha area, with an age of ~2.5 Ga, were produced via partial melting of
either ~2.7 Ga juvenile or ~3.5 Ga ancient continent crustal materials [86]. The formation of
large granitoid plutons is generally recognized to be influenced by heat and material contri-
butions from the upwelling asthenosphere (e.g., [89,90]). The Lianshanguan syenogranites’
positive εHf values and high Mg, Cr, and Ni contents indicate the key role of upwelling
asthenosphere in their genesis. Additionally, the metamorphic volcanic rocks of the Anshan
Group in the Anshan–Benxi area were formed in the Neoarchean [87,91–93], indicating
that younger ~2.7 Ga juvenile crustal materials also contributed to the generation of the
Lianshanguan granite.

Compared to the Lianshanguan syenogranites, the Lianshanguan sanukitoid-like gran-
ites exhibit characteristics of high-K mafic rocks and metasedimentary sources
(Figure 6A–C) and similar formation pressures (7–10 kbar, Figure 6C). However, one
Lianshanguan potassium-rich granite has a different source from the tonalites in the
Al2O3/(FeOT + MgO)-3CaO-5K2O/Na2O diagram (Figure 6A). Therefore, the Lianshanguan
granitoids mainly resulted from complex Eoarchean–Neoarchean crustal materials, and
extensive syenogranites may have been derived from magmatic mixing processes involving
varying proportions of different end-melts.

6.3. Reworking of Eoarchean to Mesoarchean Continental Crust in Anshan–Benxi Area

In Northern Liaoning area (north of the Anshan–Benxi area) and Western Liaoning–
Eastern Hebei area (west of the Anshan–Benxi area) (Figure 7A), there are abundant
late Neoarchean non-tonalite-trondhjemite-granodiorite (non-TTG) granitoids
reported [94–100]. Recently, Wang et al. [94] summarized granitoids in the Suizhong
granitic belt (which spans the Western Liaoning–Eastern Hebei area) and divided the non-
TTG granitoids into two groups, namely sanukitoid-like granites and potassic granites.
They suggested that the former resulted from the hybridization of melts from Mesoarchean
enriched mafic crust and enriched mantle, whereas the latter resulted from melts from
Hadean–Mesoarchean crustal lithologies. In this study, we have rearranged the non-TTG
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granitoids from the Suizhong granitic belt ([94]), Northern Liaoning area [98–100], and
Anshan–Benxi area ([31,86] and this study). We used the fLu/Hf = −0.72 [58] to recalculate
zircon TDM2(Hf) values. Non-TTG granitoids were divided into four groups according to
the concentrations of K2O and K2O/Na2O ratios as follows:
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• Sanukitoid-like granites: They meet most of the sanukitoid criteria defined by Heilimo
et al. [77]. SiO2 = 55–70 wt. %, Na2O/K2O = 0.5–3, MgO= 1.5–9 wt. %, Mg# = 45–65,
K2O = 1.5–5.0 wt. %, Ba + Sr > 1400 ppm, and (Gd/Er)N = 2–6.

• Syenogranites: They have K2O ≥ 4 wt. % with K2O/Na2O ≥ 1.3 [37].
• Potassium-rich granites: They have K2O ≥ 4 wt. % with K2O/Na2O < 1.3 [37].
• Other granites: They have K2O < 4 wt. % without sanukitoid-like characteristics.
• Based on the age distribution of the four types of granitoids in different areas

(Figure 7B), we observe that the Northern Liaoning area has a higher abundance
of sanukitoid-like granites and potassium-rich granites, while the Suizhong granitic
belt has more sanukitoid-like granites and syenogranites. In the Anshan–Benxi area,
syenogranites make up a significant proportion. The age peaks of these granites range
from 2.56 to 2.50 Ga, and no clear age patterns are evident among the four types
of granites.

Analyzing the zircon TDM2(Hf) values of the four types of granites (Figure 8), we can
see that in the Anshan–Benxi area, syenogranites have obvious TDM2(Hf) values >3.0 Ga,
particularly Eoarchean ages. Most TDM2(Hf) ages of the four types of granites from the
Northern Liaoning area and Suizhong granitic belt are younger than 3.0 Ga. A weak
~3.1 Ga TDM2(Hf) age peak can also be found in the potassium-rich granites of the Northern
Liaoning area and syenogranites of the Suizhong granitic belt.
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Figure 8. Zircon TDM2(Hf) age distributions of ~2.5 Ga syenogranite, sanukitoid-like granite,
potassium-rich granites, and other non-TTG granites from the Suizhong granitic belt, Western
Liaoning–Eastern Hebei area ([94]), Northern Liaoning area [98–100], and Anshan–Benxi area ([31,86]
and this study). Note: Zircon TDM2(Hf) values were recalculated using fLu/Hf = −0.72 of the upper
continental crustal reservoir [58].

In conclusion, we can infer that older continental crust played an important role
in the formation of high K2O granites. In the Anshan–Benxi area, there was significant
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late Neoarchean reworking of the Eoarchean to Mesoarchean continental crust (including
metasedimentary sources).

6.4. Tectonic Implications

The advent of late Archean potassic granitoids, as outlined by Laurent et al. [64], sym-
bolizes a pivotal geodynamic transition marked by terrane amalgamation and continental
collision. Various studies have supported that the NCC transitioned into an extensional
tectonic setting towards the end of the Neoarchean era (~2.52–2.50 Ga) [26,37,101–103].
The manifestation of potassic granitoids, exemplified by the Lianshanguan syenogranites,
primarily through the reworking of pre-existing crustal materials, signifies a notable phase
in the maturation of the Archean upper continental crust. This large-scale intracrustal
recycling of ancient continental materials is indicative of cratonic stability [31].

Wang et al. [98] postulated that a late Neoarchean intra-oceanic arc system existed in
the region southwest of Northern Liaoning Terrane and a post-2530 Ma lateral accretion of
the Northern Liaoning Terrane to the Anshan–Benxi Terrane occurred. In the Anshan–Benxi
area, a back-arc basin evolutionary scenario was also proposed [31,104]. The genesis of
Qidashan syenogranites was hypothesized to have occurred during a syntectonic phase
where the tectonic regime transitioned from compression to extension within the lower
crust. Drawing insights from the investigation of the Suizhong granitic belt, Wang et al. [94]
propounded that during the late Archean micro-continental collision (Eastern Hebei and
Anshan–Benxi) and post-collisional extension, coupled with the upwelling of the astheno-
sphere, the pre-existing Archean continental crust was significantly modified and reworked
with the production of K-rich granitoids.

Upon juxtaposing ~2.5 Ga syenogranites from the Anshan–Benxi area with those
from the Northern Liaoning and Western Liaoning–Eastern Hebei areas, the Anshan–Benxi
samples reveal more ancient TDM2(Hf) ages. This implies a pronounced late Neoarchean
reworking of the Eoarchean to Mesoarchean continental crust, primarily in the Anshan–
Benxi area. The scenario of arc–continent collision appears to be more plausible.

7. Conclusions

1. The Lianshanguan granitoids consist mainly of syenogranites (K2O > 4 wt. % and
K2O/Na2O ratios >1.3). The zircon U-Pb ages of the two syenogranites are 2541 ± 22
and 2512 ± 13 Ma, respectively. These syenogranites have εHf(t) of −20.19 to +4.9,
with TDM2(Hf) ages of 3.90–2.70 Ga.

2. The Lianshanguan syenogranites exhibit similar characteristics to granites derived
from meta-sediments. These granites were likely generated from the reworking of
Eoarchean–Mesoarchean crustal materials, possibly with a small portion of ~2.7 Ga
juvenile crustal materials.

3. Zircon xenocrystic cores indicate two upper intercepts at 3016 ± 15 Ma (MSWD = 1.3,
n = 6) and 3531 ± 37 Ma (MSWD = 2.8, n = 5). A metamorphic age of 1919 ± 85 Ma
(MSWD = 20, n = 9) was also obtained.

4. Compared to the TDM2(Hf) ages of late Neoarchean syenogranites from the Anshan–
Benxi area (prominent peaks at 3.54, 3.45, and 2.89 Ga and subordinate age peaks at
3.79, 3.74, 3.34, and 3.02 Ga), the TDM2(Hf) ages of late Neoarchean syenogranites from
Northern Liaoning and Western Liaoning–Eastern Hebei areas show one dominant
peaks at ~2.8 Ga and one subordinate age peak at ~3.1 Ga, indicating that the late
Neoarchean reworking of the Eoarchean to Paleoarchean continental crust mainly
occurred in the Anshan–Benxi area.

5. An arc–continent collision is likely the dominant geodynamic mechanism during the
late Neoarchean.
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