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ARTICLE INFO ABSTRACT

Keywords: Identification of Paleoproterozoic tectonothermal events in ancient continental blocks is crucial for under-
Columbia supercontinent standing the history of the Columbia supercontinent. The Dunhuang Block is located east of the Tarim Craton and
Paleoproterozoic

it keeps archives of multiple events of Paleoproterozoic magmatism and metamorphism. It represents an
excellent window to understand tectonic relationships between the Dunhuang Block and adjacent Tarim and
North China cratons and to trace its tectonic evolution during the assembly of Columbia. In this paper, we
present first data on zircon and apatite U-Pb geochronology, whole-rock geochemistry and Hf-in-zircon isotopes
from newly discovered Paleoproterozoic meta-igneous rocks, amphibolite and granitic gneiss, that are exposed in
the Dongshuigou area of the Dunhuang Block. Amphibolite and granitic gneiss yielded similar U-Pb zircon ages
of crystallization of igneous protoliths, ~2.02 and ~ 2.04 Ga, respectively. Apatite U-Pb dating of both rocks
indicates a late Paleozoic tectonothermal event, probably, superimposed metamorphism at 391-380 Ma. The
amphibolites are enriched in light rare earth element (LREE) and large ion lithophile elements (LILE), depleted in
high field strength elements (HFSE) and possess depleted Hf-in-zircon isotope characteristics (epf(t) = +0.71 to
+ 4.93); their igneous mafic protoliths were possibly derived by low-degree melting of an enriched mantle wedge
source. The granitic gneisses possess geochemical affinities to TTG: SiO2 of 73.03 to 78.05 wt%, low K20/Na0
ratios (0.17-0.22 wt%), enriched LREE, depleted heavy REE, and high Sr/Y (57-82). Such geochemical char-
acteristics and the eyg(t) values spanning —2.7 to + 1.2 suggest that the granitic gneisses could be derived by
melting of TTG-type igneous protoliths triggered by intrusion of hot mantle-derived magmas. The protoliths of
both types of meta-igneous rocks were probably emplaced in an active continental margin setting. The new data
from the Dunhuang Block accord well with previous data from other Neoarchean-Paleoproterozoic magmatic and
metamorphic rocks of the whole Dunhuang-Tarim region suggesting similar and nearly synchronous tectonic
evolution: the Dunhuang Block approached northern Tarim during oceanic subduction at ca. 2.0-1.90 Ga and
then experienced collisional orogeny at ca. 1.85-1.82 Ga. The Dunhuang and Tarim blocks could be both
involved into the assembly of the Columbia supercontinent at ca. 2.1-1.8 Ga.

Dunhuang Block
Tectonothermal events
Amphibolite and granitic gneiss

1. Introduction comes from a global-scale collisional orogeny at ca. 2.1-1.8 Ga (e.g.,

Zhao et al., 2002, 2004) that resulted in amalgamation of almost all

In the Earth’s geological history nearly all continental blocks peri-
odically assembled to form huge landmasses-supercontinents (Condie,
2003b, 2011; Murphy and Nance, 2013; Nance et al., 2014; Li et al.,
2016a; Mitchell et al., 2021). An early event of supercontinent formation
happened during the Paleoproterozoic era, when the Columbia (or
Nuna) supercontinent assembled (e.g., Rogers and Santosh, 2002; Zhao
et al., 2002, 2004; Meert and Santosh, 2017; Evans et al., 2011). The
most compelling piece of evidence for the Columbia supercontinent
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Earth’s major continental blocks to form the Columbia supercontinent
(e.g., Rogers and Santosh, 2002). Therefore, identification of Paleo-
proterozoic magmatic and metamorphic archives related to orogeny
(tectonothermal events) in space and time is crucial to understand which
Precambrian landmasses participated in the assembly of the Columbia
supercontinent and their tectonic affinity with other continental blocks
in the configuration of Columbia, in particular, in respect of relatively
small blocks.
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Fig. 1. Tectonic scheme of the Tarim Craton and surrounding orogens (modified from Wu et al., 2019).

The major Precambrian blocks of China are North China Craton
(NCC), Tarim Craton (TC) and South China Craton (SCC) that all were
argued to experience Paleoproterozoic orogeny related to the assembly
of the Columbia supercontinent (e.g., Zhao et al., 2003, 2005; Zhao and
Cawood, 2012; Zhai and Liu 2003; Zhai and Santosh, 2011). Among
three cratons, the NCC has been better studied: its geological structure
includes three Paleoproterozoic collisional belts and its tectonic evolu-
tion traces both the assembly and the breakup of the Columbia super-
continent (e.g., Zhao et al., 2011). The Paleoproterozoic collisional belts
of the NCC are Khondalite, Jiao-Liao-Ji and Trans-North China belts.
The ~ 1.95 Ga Khondalite Belt marks the amalgamation of the Yinshan
and Ordos blocks to form the Western Block of NCC (Zhao et al., 2002,
2005; Zhai et al., 2010; Zhai and Santosh, 2011). The ~ 1.9 Ga Jiao-
Liao-Ji Belt in the Eastern Block, formed by subduction-collisional
orogeny (Faure et al., 2004; Zhou et al., 2008; Zhao et al., 2011,
2012; Zhao and Zhai, 2013). The Trans-North China Orogen is domi-
nated by ~ 1.85 Ga high-pressure metamorphic rocks and it resulted
from the collision of the Eastern and Western blocks to form a single
cratonic block during assembly of the Columbia supercontinent (e.g.,
Wilde et al., 2002; Guo et al., 2005; Liu et al., 2006; Wang et al., 2010;
Zhao et al., 2011). The SCC also keeps numerous archives of Paleo-
proterozoic metamorphic and magmatic events related to the assembly
Columbia (e.g., Zhang et al., 2006; Wu et al., 2009; Yin et al., 2013;
Wang et al., 2014a; Guo et al., 2015; Li et al., 2016b). However, the
Paleoproterozoic history of the TC and its surrounding terranes has been
lesser understood as the craton is covered by thick Cenozoic sediments
so that the Precambrian basement rocks are exposed only along its
margins (Shu et al., 2011; Xin et al., 2011, 2013; Long et al., 2012; Ge
et al., 2013a, 2013b, 2014; Xu et al., 2013). Two Paleoproterozoic
orogenic belts have been reconstructed in the TC: the ca. 2.0-1.9 Ga
South Tarim orogen and the ca. 1.9-1.8 Ga Northern Tarim orogen (Ge
et al., 2013b, 2015). In this context, the Paleoproterozoic history TC has
been parallelized with the Alxa Block of the NCC (Ge et al., 2015) and
they both were considered to participate in the assembly of Columbia (e.
g., Xu et al., 2013; Ge et al., 2015; Wu et al., 2019).

The Dunhuang Block is located in the eastern TC and it is bounded by
the Alxa Block to the east (Fig. 1). The tectonic position of the Dunhuang
Block in respect to the adjacent TC and NCC in Neoarchean-
Paleoproterozoic time remains debatable. Based on an analysis of Neo-
archean crustal growth, and Paleoproterozoic events of magmatism and
metamorphism, the Dunhuang Block has been previously considered as

a part of the TC (Mei et al., 1997; Meng et al., 2011; Long et al., 2014) or
a westward extension of the NCC (Zhang et al., 2011, 2012b). Later,
based on a comparison of regional Paleoproterozoic magmatic-
metamorphic events, the TC including the Dunhuang Block was
argued to be correlative to the Alxa Block of the NCC (Ge et al., 2015;
Zhao et al., 2015b). Precambrian basement rocks are widely exposed in
the Dunhuang Block and therefore provide a key to understand its tec-
tonic relationships with surrounding continental blocks. During the past
decade, numerous outcrops of Paleoproterozoic magmatic and meta-
morphic rocks have been reported in the Dunhuang Block (Fig. 2; Zhang
et al., 2012b, 2013a; He et al., 2013; Zhao et al., 2015a, 2019b, 2020,
2022). Evidence for the Paleoproterozoic collision related tectono-
thermal events comes from ~ 1.85 Ga high-pressure granulites of the
Shibaocheng area in the southern Dunhuang Block (Zhang et al., 2012b).
The occurrence of 1.79-1.73 Ga A-type granites indicates that the
Dunhuang Block experienced late Paleoproterozoic post-collisional
magmatism (Yu et al., 2014; Gan et al., 2020). Those findings fit well
the global-scale Paleoproterozoic orogenic events related to the assem-
bly of the Columbia supercontinent (Zhao et al., 2002, 2004). Never-
theless, the Paleoproterozoic tectonic evolution of the Dunhuang Block
prior to the ~ 1.85 Ga continental collision has not been well con-
strained yet. Therefore, identification of Paleoproterozoic tectono-
thermal events in the Dunhuang Block is of particular importance for
understanding its tectonic relationships with neighboring continental
blocks during the Paleoproterozoic and its tectonic position during the
assembly of Columbia.

In this paper, we report new U-Pb zircon and apatite ages, whole-
rock geochemical data and Hf-in-zircon isotope data from Paleoproter-
ozoic amphibolites and granitic gneisses of the Dongshuigou area in the
central part of the Dunhuang Block in order to determine the ages of
their igneous protoliths and event of superimposed metamorphism, to
reconstruct their petrogenesis and to discriminate tectonic settings. In
addition, integration of new and previous geochronological data allows
us to establish a succession of Neoarchean-Paleoproterozoic tectono-
thermal events as recorded in the Dunhuang Block, and to discuss its
tectonic relationships with the NCC and TC and tectonic position during
the assembly of the Columbia supercontinent.

2. Geological overview

The Dunhuang Block is situated at the eastern margin of the TC and it
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Fig. 2. Simplified geological map of the Dunhuang Block showing a spatial-temporal distribution of Neoarchean-Paleoproterozoic rocks. (a) Dunhuang region; (b)

Aktashtagh region of north Altyn Tagh (modified from Ge et al., 2018).

occupies a triangular area, separated by the Qiemo-Xingxingxia fault
from the main part of the TC to the west, and by the Altyn Tagh fault
from the Alxa Block to the east and from the Qilian Orogen to the
southeast (Fig. 1; Lu and Yuan, 2003; Lu et al., 2008). Previous studies
show that the Dunhuang Block includes Precambrian basement rocks of
the Aktashtagh region of northern Altyn Tagh and of the Dunhuang
region. The oldest Archean-Paleoproterozoic rock formations that are
exposed in the Dunhuang and Aktashtagh regions have been referred to
as the Dunhuang and Milan groups, respectively (Mei et al., 1997; Lu
et al., 2008; Meng et al., 2011; Zhu et al., 2018). Both groups consist of
Neoarchean TTG (tonalite-trondhjemite-granodiorite) gneisses and
Neoarchean-Paleoproterozoic metamorphosed supracrustal rocks,
although they probably had different tectonic evolutions (Zhang et al.,
2012b; Wu et al., 2019).

In the Dunhuang region, there are three NE-SW trending lithotec-
tonic belts hosting Precambrian basement rocks and numerous outcrops
of Paleozoic magmatic and metamorphic rocks (Fig. 2a). The Dunhuang
Group is dominated by highly deformed TTG gneisses, amphibolites,

mafic granulites and sedimentary supracrustal rocks. The TTG gneisses
are exposed in the Gangou, Dongbatu, Shibaocheng, Langchaigou,
Shuixiakou, and Hongliuxia areas in the central and southern parts of
Dunhuang (Zhang et al., 2012b, 2013b, Zhao et al., 2013, 2015a; Zong
et al., 2013). The ages of the protoliths of the TTG gneisses in Gangou,
Dongbatu, Langchaigou, and Shibaocheng are 3.06 Ga, 2.6 Ga, 2.7-2.6
Ga, and 2.5 Ga respectively (Mei et al., 1997; Zong et al., 2013; Zhao
et al., 2015a). In the Hongliuxia area, the protoliths of the TTG gneisses
formed at 2.5-2.3 Ga and also underwent a superimposed event of
1.85-1.82 Ga high-pressure granulite facies metamorphism (Zhang
et al., 2013b). The amphibolites in the Sanweishan, Hanxia and Yulinhe
areas formed at 1.99-1.86 Ga (He et al., 2013; Zhao et al., 2020). The
supracrustal rocks of the Dunhuang Group are garnet-kyanite schist,
graphite-bearing marble, garnet amphibolite, gneiss and quartzite, plus
a subordinate amount of metavolcanic rocks. In addition, there are also
outcrops of 1.79-1.73 Ga A-type granites in the Sanweishan and
Huoyanshan areas in the northern part of the Dunhuang region (Yu
et al., 2014; Gan et al., 2020).
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Fig. 3. Representative field photographs: (a) direct contact between amphibolite and granitic gneiss; (b) amphibolite cut by thin felsic dykes; (c) leucocratic granitic
gneiss. (d and e) Photomicrographs of amphibolite and granitic gneiss showing typical mineral assemblages. Abbreviations are after Whitney and Evans (2010): Amp,

amphibole, Pl, plagioclase, Qz, quartz, Kfs, K-feldspar, Bt, biotite, Chl, chlorite.

The Milan Group crops out in the Aktashtagh region of northern
Altyn Tagh, and it is dominated by TTGs, monzogranitic and granitic
gneisses (Fig. 2b; Lu, 2002; Liu et al., 2010), granulite, plus subordinate
amphibolites (Lu, 2002; Lu and Yuan, 2003). The supracrustal meta-
morphic rocks, granulite, amphibolite, marble, metapelite and quartzite,
look strongly deformed and often occur as enclaves within deformed
felsic plutonic rocks (Che and Sun, 1996; Liu et al., 2010). The U-Pb
zircon dating shows that the TTG gneisses formed at 2.8-2.5 Ga (Lu and
Yuan, 2003; Lu et al., 2008; Liu et al., 2009; Xin et al., 2013; Long et al.,
2014; Zhang et al., 2014), granitic gneiss, dioritic gneiss, and monzonite

formed at 2.03-1.96 Ga (Zhang et al., 2014; Wang et al., 2017c; Zhu
et al., 2018), and 1.87 Ga (Xin et al., 2011). In addition, a ~ 2.06 Ga
amphibolite was found in the Aktashtagh region (Wang et al., 2017c).
The age of the oldest zircon population of the Archean tonalitic gneiss
that has been so far identified in the Aktashtagh region is ~ 3.7 Ga (Lu
et al., 2008; Ge et al., 2018). The Neoarchean-Paleoproterozoic base-
ment rocks were metamorphosed at 2.05-1.86 Ga (Xin et al., 2013;
Zhang et al., 2014; Ge et al., 2018; Zhu et al., 2018; Wang et al., 2019;
Wu et al., 2019; Lv et al., 2020). In addition, a volcanic rock yielded a
SHRIMP U-Pb zircon age of 2592 Ma (Liu et al., 2009), and a
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Fig. 4. (a, ¢) U-Pb zircon concordia diagrams. (b, d) Weighted mean U-Pb zircon ages. Light grey envelopes in panels b and d represent two standard deviations (20).

metasedimentary rock yielded 2°’Pb/2%Pb detrital zircon ages in the
range from 2884 Ma to 2339 Ma (Lu et al., 2008). However, there re-
mains a deficiency in isotope age data from the supracrustal rocks of the
Milan Group.

During the Paleozoic, the Dunhuang Block experienced several tec-
tonothermal events: numerous granites with crystallization ages of 510
Ma, 440-400 Ma, 370-360 Ma and 330-310 Ma intruded the Precam-
brian basement rocks (Gan et al., 2024 and references therein). There
are also variable high-grade metamorphosed rocks, eclogites, high-
pressure granulites and amphibolites that occur as blocks, lenses or
boudines surrounded by metaclastic rocks and marbles in the Hongliuxia
and Mogutai areas. The age of metamorphism ranges from 440 to 350
Ma (He et al., 2014; Si et al., 2022; Wang et al., 2017a,b; Zong et al.,
2012). The Paleozoic metamorphic rocks are typically characterized by
clockwise P-T paths implying a collisional orogeny (He et al., 2014;
Wang et al., 2017b; Zong et al., 2012).

3. Sampling and petrography

We collected Paleoproterozoic meta-igneous rocks in the southern
Dongshuigou area that is located in the middle of a NEE-SWW-trending
tectonic belt in the Dunhuang region (Fig. 2a). The Dongshuigou rock
assemblage includes mica-quartz schists, biotite-plagioclase gneisses
and gneissic granitoids that were intruded by the middle Devonian
granites (389 Ma; Zhao et al., 2020), and 1.84-1.82 Ga granites that

later experienced a late Devonian tectonothermal event (366 Ma; Zhao
et al., 2020). The meta-igneous rocks under study are amphibolites and
granitic gneisses of the Dunhuang Group (Fig. 2a). In outcrops, granitic
gneisses have direct contacts with the amphibolites (Fig. 3a). The
amphibolite (sample DSGO1) that was analyzed for U-Pb age was
collected at the southern edge of the Dongshuigou granitic pluton; it
shows foliation and coherent leucocratic felsic veins (Fig. 3b). The
amphibolite consists of amphibole (50-55%), plagioclase (30-35%),
quartz (5-10%) and accessory zircon and apatite (Fig. 3d). Plagioclases
are partly replaced by fine-grained sericite aggregates. The granitic
gneiss dated for U-Pb geochronology (sample DSG02) shows a coarse-
grained texture and weak foliation (Fig. 3c), and it consists mainly of
quartz (30-35%), plagioclase (40-45%), K-feldspar (5-10%) and biotite
(~5%) and accessory zircon and apatite (Fig. 3e). Biotite grains are
aligned parallel to the foliation between the grains of feldspars.

4. Results
4.1. U-Pb zircon dating and Hf-in-zircon isotopes

The zircon grains from both samples, amphibolite DSG0O1 and
granitic gneiss DSG02, are colorless, transparent with a size of 100-300
pm in length and aspect ratios of 1:1 to 2:1 (Fig. S1). The zircons from
the amphibolite are sub-rounded and in CL images they are homoge-
neous, patched or banded internal structures with bright outermost rims
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(Fig. S1) suggesting post-magmatic modification (Corfu et al., 2003).
The zircons from the granitic gneiss are mostly euhedral to subhedral
prismatic and a small fraction of those are stubby or oval (Fig. S1). In CL
images, the zircons have clear core-rim structure and oscillatory zoning,
or fir-tree and patchy zoning. There are also bright rims indicating later
recrystallization or overgrowth (Fig. S1). There are also dark domains
between the cores and the rims, and several cores have embayed mar-
gins probably due to dissolution.

Twenty-five zircons from amphibolite DSGO1 were analyzed for
geochronology. The zircons have relatively high Th/U ratios ranging
from 0.44 to 1.34 (Fig. S1; Table S1), and REE patterns with positive Ce
anomalies and negative Eu anomalies (Fig. S1; Table S2), both con-
firming their magmatic origin. The calculated 2°’Pb/2°°Pb ages range
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from 2046 Ma to 1992 Ma with a concordia upper intercept age at 2039
+ 12 Ma (Fig. 4a) and a weighted mean 2°”Pb/2°6Pb age of 2021 + 5 Ma
(MSWD = 1.3, n = 26) (Fig. 4b). Fifteen Lu-Hf isotopic ratios were
measured in the dated zircons from the same sample. The values of ep(t)
were calculated based on the time of their crystallization. Hf isotope
analyses yielded homogeneous 7°Hf/'”’Hf ratios varying from
0.281576 to 0.281721 (Table S3), and consistently positive ey¢(t) values
between + 0.71 and + 4.93 (Fig. 5; Table S3).

Eighteen zircon cores from granitic gneiss DSG02 yielded Th/U ra-
tios of 0.11-0.74 and concordant 2°7Pb/2%®Pb ages in the range of 2080
Ma to 2009 Ma with a concordia upper intercept age of 2063 + 21 Ma
(Fig. 4c), and an older weighted mean 2°’Pb/2%Pb age of 2035 - 7 Ma
(MSWD = 1.5, n = 18) (Fig. 4d). The Th/U ratios in the metamorphic
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Fig. 6. Tera-Wasserburg concordia diagrams of U-Pb data from apatite.
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rims are 0.19 to 0.93. The zircons yielded a concordant 2°7Pb/2%5Pb age
population from 2005 to 1949 Ma with a concordia upper intercept age
of 2001 + 23 Ma (Fig. 4c). A weighted mean 2°7Pb/2%6Pb age of 1984 +
9 Ma (MSWD = 0.59, n = 13) was calculated on thirteen ages excluding
two ages with high uncertainties (Fig. 4d). The REE patterns of all
analyzed zircons show positive Ce anomalies and negative Eu anomalies
(Fig. S1; Table S2). Twenty-four zircons from granitic gneiss were
analyzed for Lu-Hf isotopes. Eleven older zircon cores yielded
17611£/177Hf ratios ranging from 0.281475 to 0.281598 (Table S3), eyf(t)
values of —1.95 to + 1.72 (Fig. 5; Table S3), and Tpymz2 values from 2767
Ma to 2544 Ma (Table S3).

4.2. U-Pb apatite dating

U-Pb apatite dating was performed for the same samples: amphibo-
lite DSGO1 and granitic gneiss DSG02. Apatite grains are typically oval
and subhedral, columnar, 100 to 300 pm in length with aspect ratios of
1:1 to 2:1 (Fig. S2). In CL images, apatite grains from the amphibolite
show typical core-rim structures and compositional zoning with bright
or dark luminescence, and those from the granitic gneiss have little more

complex internal structures (Fig. S2). Results of U-Pb apatite isotope
analyses are presented in Table S4 and in a Tera-Wasserburg concordia
diagram (Fig. 6). U-Pb apatite dating shows low Th and U abundances
and Th/U ratios less than 1. All U-Pb dates of twenty-nine apatite grains
from the amphibolite are discordant providing a lower intercept age of
380 + 8 Ma (Fig. 6a). The U-Pb dates of thirty-four apatites from the
granitic gneiss yielded a lower intercept age of 391 + 10 Ma (Fig. 6b).

4.3. Whole-rock geochemistry

Three samples of amphibolite (DSG01-01, DSG01-02, and DSGO1-
03) and three samples of granitic gneiss (DSG02-01, DSG02-02, and
DSG02-03) were selected for whole-rock geochemical analyses
(Table S5). According to the petrographic composition and geochemical
data, the samples under study are relatively fresh. Losses on ignition
(LOI) ranges from 1.43 to 1.96 in the amphibolites and from 0.72 to 0.75
in the granitic gneisses.

The amphibolite samples are compositionally similar to mafic rocks
with SiOy = 47.5-49.8 wt% (Fig. 7a), Na0 = 3.2-3.6 wt%, K;0 =
1.6-2.0 wt%, CaO = 8.0-8.4 wt%, MgO = 5.7-6.1 wt%, and FezOE =
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10.8-12.2 wt% (Table S5) providing moderate total alkali (NaO + K20
= 5.1-5.3 wt%) and Mg# of 49.7 to 51.1. Chondrite-normalized rare
earth element (REE) patterns are nearly flat, with slightly enriched light
REE (LREE), undifferentiated heavy REE (HREE), and no negative Eu
anomalies (Eu/Eu* = 0.95-0.98). In general, such REE patterns
resemble that of E-MORB, but have higher normalized LREE (Fig. 8a). In
the primitive mantle normalized trace-element spidergrams, the am-
phibolites show peaks at Rb, Ba, K, Pb, La and Ce, and small troughs at
high field strength elements (HFSEs, i.e., Zr, Hf, Nb and Ta) (Fig. 8b).

The granitic gneisses have high SiO, (73.0-78.1 wt%) and NayO
(3.79-4.72 wt%), and low CaO, MgO and Fe2o£ (2.80-3.21, 0.60-0.72
and 1.36-1.71 wt%, respectively; Table S5). The contents of Al,O3 are
moderate (11.51-14.86 wt%), providing an aluminous saturation index
(ASI = molar [Al;03/(CaO + Ky0 + Nay0)]) of 1.02-1.03 and accord-
ingly they possess peraluminous features. The low contents of KyO
(0.75-0.90 wt%) result in low K;0/Na50 ratios (0.17-0.22) (Fig. 7c). In
the An-Ab-Or ternary classification diagram (Fig. S3), the granitic
gneisses plot in the field of trondhjemite. The REE patterns of the
granitic gneisses are strongly enriched in LREE giving (La/Yb)y ratios
from 87 to 136 and depleted in HREE (Fig. 8c). Unlike the amphibolites,
the granitic gneisses show negative Eu anomalies (Eu/Eu* = 0.60-0.78).
Their spidergrams display a higher enrichment in Th, La, Ce, Zr, and Hf,
and a stronger depletion in Nb, Ta, P and Ti (Fig. 8d).

5. Discussion

5.1. Episodes of magmatism and metamorphism recorded in
Paleoproterozoic meta-igneous rocks

The two types of meta-igneous rocks under study record episodes of
both magmatism and superimposed metamorphism. The amphibolite
yielded the 2021 + 5 Ma crystallization age of its igneous protolith
(Fig. 4b). The dated granitic gneiss yielded two U-Pb zircon age pop-
ulations: the cores and the rims have the ages of 2035 4+ 7 Ma and 1984
+ 9 Ma, respectively (Fig. 4d). The cores typically show Th/U ratios
higher than 0.2, oscillatory zoning and REE distribution pattern all
indicating their magmatic origin (Fig. S1). The 2.02 Ga age of zircon
cores of the amphibolite match the 2.04 Ga age of zircon cores of the
granitic gneiss. These Paleoproterozoic ages are consistent with the
protolithic ages of other meta-igneous rocks of the Dunhuang Block (He
etal., 2013; Zhao et al., 2015b, 2022; Zhu et al., 2018). The 1984 Ma age
from CL-bright zircon rims indicates an episode of superimposed
metamorphism. In addition, the U-Pb apatite age data from amphibolite
and granitic gneiss define lower intercept ages of 380 + 8 Ma (Fig. 6a)
and 391 + 10 Ma (Fig. 6b), respectively, suggesting that both Paleo-
proterozoic meta-igneous rocks under study experienced a superimposed
Paleozoic tectonothermal event. The Paleozoic tectonothermal event
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has been also documented in other localities of Precambrian rocks in
Dunhuang. For example, the Neoarchean TTG rocks exposed in the
Yulinhe, Gangou and Shibaocheng areas gave Paleozoic metamorphic
ages of 440-390 Ma (Zong et al., 2013; Zhao et al., 2015b). The Pale-
oproterozoic Dongshuigou granitic gneiss (1.84 Ga), Shuwozi granitic

gneiss (1.80 Ga), and the Haixia amphibolite (1.86 Ga) also yielded
Paleozoic ages of superimposed metamorphism (437-367 Ma; Zhao
etal., 2015b). In addition, the U-Pb apatite and titanite dating of garnet-
bearing amphibolite gave younger metamorphic ages of 237 + 4 Ma,
300 + 10 Ma and 345 + 3 Ma (Si et al., 2022). Therefore, we suggest
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that in Paleozoic time those Precambrian rocks of the Dunhuang Block
commonly experienced superimposed metamorphism. Evidence for
active Paleozoic tectonothermal events in the Dunhuang Block comes
from many other localities of magmatic and metamorphic complexes
(Zong et al., 2012; Wang et al., 2016, 2017a, 2017b, 2018; Zhao et al.,
2016; Gan et al., 2024).

5.2. Petrogenesis of Paleoproterozoic meta-igneous rocks

Although the rocks under study are metamorphic, amphibolites and
granitic gneisses, they are ortho-metamorphic rocks or meta-igneous
rocks, i.e. formed by metamorphism of igneous rocks. The geochemical
and petrographic data suggest that magmatic protoliths of the meta-
morphic rocks probably experienced low-degree to nil post-magmatic
alteration. There are few if any typical secondary minerals (chlorite,
epidote, calcite; Fig. 3d, e) and the rocks gave relatively low LOI
(0.72-1.96; Table S5).

5.2.1. Amphibolites

In section 4, we argue that the protoliths of the amphibolites were
igneous rocks (Figs. 1a, ¢, 4a). In the TiO5 versus MnO and Ni versus Zr/
TiO4 diagrams, the amphibolites are plotted in the ortho-amphibolite
field (Fig. S4). The Mg# values (49.7-50.2) and the concentrations of Cr
(85-95 ppm) and Ni (28-38 ppm) are all notably lower than those in
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primitive magmas (Mg# > 64; Cr > 400 ppm, Ni > 200 ppm; Tatsumi
and Eggins, 1995). Therefore, the protoliths of the amphibolites were
evolved magmas, which petrogenesis could be affected by crustal
contamination or fractional crystallization. In term of crustal contami-
nation, the amphibolites have less variable compositions of both major
oxides and trace elements compared to typical crustal materials that
have higher concentrations of Th (5.6 ppm in average), higher Th/Nb
(0.7 in average) and La/Sm (5.13 in average) compared to depleted
MORB (Rudnick and Gao, 2003). However, the Dunhuang amphibolites
have lower Th (0.24-0.49), Th/Nb (0.05-0.12) and La/Sm (3.60-4.09).
Accordingly, we suggest that crustal contamination played an insignif-
icant role in the evolution of the protolithic magmas. In term of frac-
tional crystallization, the contents of Ni, Cr, and Co gradually decrease
as MgO decreases that can be explained by fractionation of olivine and
pyroxene (Sato, 1977; Nabelek, 1980; Barnes, 1986; Roux et al., 2011).
The Eu negative anomalies are very small (Eu/Eu* = 0.95-0.98) sug-
gesting minor fractionation of plagioclase (Fig. 8a). The troughs at Ti in
the spidergrams (Fig. 8b) suggest fractionation of Fe-Ti oxides. There-
fore, the parental magmas of the igneous protoliths of the amphibolites
probably underwent fractionation of olivine, pyroxene and Fe-Ti oxides.

The protoliths of the amphibolites could be subalkaline basaltic
magmas as seen in the SiO; versus KO diagram (Fig. 7¢), but their SiO»
versus FeOT/MgO diagram (Fig. 7d) and the Ti versus V systematics
(Fig. 9a) show a tholeiitic affinity. Although the amphibolites are plotted
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within the N-MORB and OIB mantle array and near E-MORB in the Th/
Yb versus Nb/Yb diagram (Fig. 9b), their REE patterns and spidergrams
are different from that of E-MORB as they are characterized by enriched
LREE and LILEs (e.g., Rb, Ba and Sr) and troughs at Nb-Ta (Fig. 8a, b).

The mantle sources of the protoliths were possibly affected by crustal
material because they show enrichment in incompatible elements (e.g.,
Rb, Ba, K and LREEs; Fig. 8a, b). The amphibolites have depleted Hf-in-
zircon isotope compositions with low to moderate eyg(t) values of + 0.71
to + 4.93 (Fig. 5), indicating that the amphibolites were produced by
melting of a slightly enriched mantle source. Crustal contamination is
usually considered to be a key magmatic process to contribute to
evolved compositions of mantle-derived magmas (Wooden et al., 1993;
Haase et al., 2004; Mungall, 2007). However, as we discussed above,
crustal contamination hardly had a notable impact on the variation of
trace elements in the amphibolites. A mantle wedge source may be
enriched in Ba, Rb, Th, U, K and LREEs and depleted in Nb-Ta during
interaction with melts or fluids released from the subducting slab (e.g.,
Tatsumi et al., 1986; Hawkesworth et al., 1993; Elliott et al., 1997;
Grove et al., 2002; Plank, 2005; Spandler and Pirard, 2013).
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Elemental LILE/HFSE ratios, such as La/Nb can be used to trace the
enrichment of mantle sources by subducted materials (Rudnick, 1995;
Condie, 1999, 2003a; Hanyu et al., 2006). The higher La/Nb ratios
(3.44-3.66) relative to N-MORB (La/Nb = 1.07; Sun and McDonough,
1989) suggest that the amphibolites were probably derived from a
mantle wedge that was enriched by subducted materials prior to the
melting. The very high ratio of Ba/Th (1019-1197) and Ba/La (18-35),
but low Th/La (0.015-0.033) and Th/Yb (0.12-0.24) suggest rather
metasomatism of the mantle source by slab-derived fluids than partici-
pation of melted subducted sediments like in the case of the Mariana
intra-oceanic arc (Fig. 9¢, d; Woodhead et al., 2001; Plank, 2005; Hanyu
et al., 2006). The Ce/Pb ratios (4.36-5.20) are lower than that of N-
MORB (Ce/Pb > 20; Sun and McDonough, 1989) and also support the
contribution of slab fluids based on the principle of preferential parti-
tioning of Pb with respect to Ce (Brenan et al., 1995; Kogiso et al., 1997).
To evaluate the degree of the melting, we compared chondrite-
normalized REE ratios of the amphibolites with those of modeled
melts derived by a non-modal equilibrium melting of garnet-bearing and
spinel-bearing lherzolites (Jourdan et al., 2007). The results show that
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Table 1

A summary of Neoarchean-Paleoproterozoic magmatic and metamorphic rocks in the Dunhuang Block.
Sample no. Lithology Location Age (Ma) Age type References
XLP-1 Tonalitic gneiss Aktashtagh 2532 Magmatic Long et al. 2014
XLP-16 Tonalitic gneiss Aktashtagh 2727 Magmatic Long et al. 2014
XLP-30 Monzogranitic gneiss Aktashtagh 2511 Magmatic Long et al. 2014
XILPO1 Metadiorite Aktashtagh 2498 Magmatic Long et al. 2014
WI118-8-3.5 Granitic dyke Aktashtagh 1847 Magmatic Lv et al. 2020
AKS09 Meta-felsic rock Aktashtagh 1963 Magmatic Wang et al., 2017c¢
AKS12 Meta-mafic rock Aktashtagh 2061 Magmatic Wang et al., 2017c
AK07 Amphibole plagiogneiss Aktashtagh 2545 Magmatic Wang et al. 2020
AK17 Biotite plagiogneiss Aktashtagh 2514 Magmatic Wang et al. 2020
AKO05 Amphibolite Aktashtagh 1964 Metamorphic Wang et al. 2020
AK07 Amphibole plagiogneiss Aktashtagh 2065 Metamorphic Wang et al. 2020
AK28 Garnet-biotite gneiss Aktashtagh 2028 Magmatic Wang et al. 2020
AK5 Amphibolite Aktashtagh 1961 Metamorphic Zhang et al. 2019
AK21 Garnet biotite gneiss Aktashtagh 1845 Metamorphic Zhang et al. 2019
AK3 Garnet biotite gneiss Aktashtagh 1972 Metamorphic Zhang et al. 2019
Y027 Quartz monzonitic dyke Aktashtagh 1825 Magmatic Lu and Yuan 2003
Y023 Trondhjemitic gneiss Aktashtagh 2374 Magmatic Lu and Yuan 2003
Y026 Tonalitic gneiss Aktashtagh 2604 Magmatic Lu and Yuan 2003
Y025 Monzogranitic gneiss Aktashtagh 2830 Magmatic Lu et al. 2008
19809 Granitic gneiss Aktashtagh 3665 Magmatic Lu et al. 2008
19809 Granitic gneiss Aktashtagh 2396 Magmatic Lu et al. 2008
15ALT10 Tonalitic gneiss Aktashtagh 3704 Magmatic Ge et al., 2018
15ALT10 Tonalitic gneiss Aktashtagh 3570 Metamorphic Ge et al., 2018
15ALT10 Tonalitic gneiss Aktashtagh 2000 Metamorphic Ge et al., 2018
16ALTO1 Tonalitic gneiss Aktashtagh 3717 Magmatic Ge et al., 2018
16ALT04 Tonalitic gneiss Aktashtagh 3549 Metamorphic Ge et al., 2018
16ALT04 Tonalitic gneiss Aktashtagh 1971 Metamorphic Ge et al., 2018
16ALTO5 Tonalitic gneiss Aktashtagh 3686 Magmatic Ge et al., 2018
16ALTO8 Tonalitic gneiss Aktashtagh 3719 Magmatic Ge et al., 2018
16ALTO09 Tonalitic gneiss Aktashtagh 2041 Magmatic Zhu et al. 2018
16ALT10 Dioritic gneiss Aktashtagh 2031 Magmatic Zhu et al. 2018
15ALTO7 Amphibolite Aktashtagh 2012 Metamorphic Zhu et al. 2018
15ALT12 Cpx-bearing amphibolite Aktashtagh 2048 Metamorphic Zhu et al. 2018
SKZ06 Granodioritic gneiss Shangkouzigou 2003 Magmatic Yan 2017
SKZ09 Biotite amphibole plagiogneiss Shangkouzigou 1991 Magmatic Yan 2017
YHX02 Trondhjemitic gneiss Yinghuxia 2557 Magmatic Yan et al., 2024
YHXO02 Trondhjemitic gneiss Yinghuxia 2051 Metamorphic Yan et al., 2024
SKZ06 Granodioritic gneiss Shangkouzigou 1814 Metamorphic Yan 2017
SKZ08 Trondhjemitic gneiss Shangkouzigou 2618 Magmatic Yan et al., 2024
SKZ08 Trondhjemitic gneiss Shangkouzigou 2455 Metamorphic Yan et al., 2024
SKZ08 Trondhjemitic gneiss Shangkouzigou 2040 Metamorphic Yan et al., 2024
SKZ07 Trondhjemitic gneiss Shangkouzigou 2547 Magmatic Yan et al., 2024
SKZ07 Trondhjemitic gneiss Shangkouzigou 2467 Metamorphic Yan et al., 2024
AQ11-13-1.1 A-type granite Sanweishan 1776 Magmatic Yu et al. 2014
AQ11-13-1.3 A-type granite Sanweishan 1777 Magmatic Yu et al. 2014
AQ11-13-1.4 A-type granite Sanweishan 1759 Magmatic Yu et al. 2014
HYSO01 A-type granite Huoyanshan 1791 Magmatic Gan et al. 2020
HYS02 A-type granite Huoyanshan 1787 Magmatic Gan et al. 2020
HYS08 A-type granite Huoyanshan 1786 Magmatic Gan et al. 2020
X10-4-1 Amphibolite Sanweishan 1987 Magmatic He et al. 2013
X10-9-1 Augen gneiss Danghe reservoir 1852 Magmatic He et al. 2013
X10-5-2 Augen gneiss Sanweishan 1733 Magmatic He et al. 2013
X10-1-8 Augen gneiss Sanweishan 1767 Magmatic He et al. 2013
WI18-9-3.1 Granite Huoyanshan 1757 Magmatic Lv et al. 2020
WI18-9-1.1 Mafic granulite Shibaocheng 1815 Metamorphic Lv et al. 2020
19SBCO1 Garnet amphibolite Shibaocheng 1830 Metamorphic Si et al. 2022
19SBC02 Garnet amphibolite Shibaocheng 1822 Metamorphic Si et al. 2022
20SBC03 Garnet amphibolite Shibaocheng 1846 Metamorphic Si et al. 2022
20GG09 Garnet amphibolite Gangou 1951 Metamorphic Si et al. 2022
HLX05 Quartz-micaschist Hongliuxia 1818 Metamorphic Wang et al. 2013a
HLX17-2 Garnet-bearing biotite-plagioclase gneiss Hongliuxia 1830 Metamorphic Wang et al. 2013a
HLX29 Kyanite-bearing biotite-plagioclase gneiss Hongliuxia 1833 Metamorphic Wang et al. 2013a
HLX19-2 Garnet-bearing amphibolite Hongliuxia 1830 Magmatic Wang et al., 2014b
HLX08-1 Garnet-bearing amphibolite Hongliuxia 1608 Magmatic Wang et al., 2014b
YLHO1 Tonalite Yulin river 2485 Magmatic Zhao et al. 2015b
YLHO3 Tonalite Yulin river 2452 Magmatic Zhao et al. 2015b
YLHO6 Tonalite Yulinhe reservoir 2004 Magmatic Zhao et al. 2015b
GGO09 Granodiorite Gangou 2630 Magmatic Zhao et al. 2015b
GG10 Tonalite Gangou 2635 Magmatic Zhao et al. 2015b
SBC09 Tonalite Shibaocheng 2556 Magmatic Zhao et al. 2015b
YLHO1 Tonalite Yulin river 1878 Metamorphic Zhao et al. 2015b
YLHO3 Tonalite Yulin river 1825 Metamorphic Zhao et al. 2015b
GG09 Granodiorite Gangou 1936 Metamorphic Zhao et al. 2015b
GG10 Tonalite Gangou 2031 Metamorphic Zhao et al. 2015b
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Table 1 (continued)

Sample no. Lithology Location Age (Ma) Age type References
1311GG11 Granodioritic gneiss Gangou 3056 Magmatic Zhao et al. 2015a
1311GG11 Granodioritic gneiss Gangou 1922 Metamorphic Zhao et al. 2015a
X11-113-2 Trondhjemitic gneiss Langchaigou 2717 Magmatic Zong et al. 2013
X11-114-1 Trondhjemitic gneiss Langchaigou 2642 Magmatic Zong et al. 2013
X11-122-1 Trondhjemitic gneiss Langchaigou 2708 Magmatic Zong et al. 2013
X11-113-2 Trondhjemitic gneiss Langchaigou 1914 Metamorphic Zong et al. 2013
X11-114-1 Trondhjemitic gneiss Langchaigou 2002 Metamorphic Zong et al. 2013
X11-122-1 Trondhjemitic gneiss Langchaigou 1966 Metamorphic Zong et al. 2013
AQ10-4-4.1 HP mafic granulite Shibaocheng 1842 Metamorphic Zhang et al., 2012b
AQ10-4-2.3 HP mafic granulite Shibaocheng 1834 Metamorphic Zhang et al., 2012b
AQ10-4-1.1 Tonalitic gneiss Shibaocheng 2549 Magmatic Zhang et al. 2013b
AQ10-4-2.2 Tonalitic gneiss Shibaocheng 2489 Magmatic Zhang et al. 2013b
AQ10-11-4.1 Granodioritic gneiss Hongliuxia 2533 Magmatic Zhang et al. 2013b
T08-12-3.3 Granodioritic gneiss Hongliuxia 2299 Magmatic Zhang et al. 2013b
T08-12-1.1 Granodioritic gneiss Hongliuxia 2332 Magmatic Zhang et al. 2013b
AQ10-4-4.1 HP mafic granulite Shibaocheng 1818 Metamorphic Zhang et al. 2013b
AQ10-4-1.1 Tonalitic gneiss Shibaocheng 1885 Metamorphic Zhang et al. 2013b
AQ10-12-2.1 Tonalitic gneiss Haobula 1829 Metamorphic Zhang et al. 2013b
AQ10-11-4.1 Granodioritic gneiss Hongliuxia 1825 Metamorphic Zhang et al. 2013b
T08-12-3.3 Granodioritic gneiss Hongliuxia 1828 Metamorphic Zhang et al. 2013b
T08-12-1.1 Granodioritic gneiss Hongliuxia 1842 Metamorphic Zhang et al. 2013b
SXK29 Amphibolite Shuixiakou 1807 Metamorphic Zhao et al. 2013
SXK-31 Tonalitic gneiss Shuixiakou 2561 Magmatic Zhao et al. 2013
SXK-30 Granitic gneiss Shuixiakou 2510 Magmatic Zhao et al. 2013
1318HLX18 Dioritic gneiss Hongliuxia 2045 Magmatic Zhao et al. 2022
1405GG04 Granodioritic gneiss Gangou 1998 Magmatic Zhao et al. 2022
1312GG12 Potassic granite Gangou 1950 Magmatic Zhao et al. 2022
17DBT10 Granodioritic gneiss Gangou 2057 Magmatic Diao 2018
17DBT16 Granitic gneiss Dashuixia 1842 Magmatic Diao 2018
17SWS09 Granodioritic gneiss Dongshuigou 1846 Magmatic Diao 2018
17HLX03 Granodioritic gneiss Hongliuxia 2376 Magmatic Diao 2018
17DBT10 Granodioritic gneiss Gangou 1884 Metamorphic Diao 2018
17HLX03 Granodioritic gneiss Hongliuxia 1888 Metamorphic Diao 2018
1302SWS02 Rhyolite Sanweishan 1838 Magmatic Zhao et al. 2020
1307DSG07 Granite Dongshuigou 1839 Magmatic Zhao et al. 2020
1308DSG08 Granite Dongshuigou 1820 Magmatic Zhao et al. 2020
1310SWZ10 Granitic gneiss Shuwozi 1805 Magmatic Zhao et al. 2020
1306HX06 Amphibolite Hanxia 1861 Magmatic Zhao et al. 2020
19DH-1 Metapelite Mogutai 1812 Metamorphic Zhao et al. 2020
13SWS Muscovite-quartz schist Sanweishan 1818 Metamorphic Zhao et al., 2019b
09HX Biotite-quartz schist Hanxia 1802 Metamorphic Zhao et al., 2019b
1432MGTO01 Garnel-sillimanite-bearing mica-quartz schist Mogutai 1813 Metamorphic Zhao et al., 2019b
1433MGT02 Garnet-bearing mica-quartz schist Mogutai 1818 Metamorphic Zhao et al., 2019b
1324HLX24 Quartzite Hongliuxia 1810 Metamorphic Zhao et al., 2019b
1304YLHO4 Amphibolite Yulinhe 1876 Magmatic Zhao 2017

HYS09 Potassic granite Huoyanshan 1786 Magmatic Zhao et al., 2019a
HLX26 Amphibolite Hongliuxia 1605 Magmatic Zhao et al., 2019a
HLX08 Amphibolite Hongliuxia 1611 Magmatic Wang et al. 2013b
1312GG12 Potassic granite Gangou 1950 Magmatic Zhao et al. 2022
17DBT10 Granodioritic gneiss Gangou 2057 Magmatic Diao 2018
17DBT16 Granitic gneiss Dashuixia 1842 Magmatic Diao 2018
17SWS09 Granodioritic gneiss Dongshuigou 1846 Magmatic Diao 2018
17HLX03 Granodioritic gneiss Hongliuxia 2376 Magmatic Diao 2018
17DBT10 Granodioritic gneiss Gangou 1884 Metamorphic Diao 2018
17HLX03 Granodioritic gneiss Hongliuxia 1888 Metamorphic Diao 2018
1302SWS02 Rhyolite Sanweishan 1838 Magmatic Zhao et al. 2020
1307DSG07 Granite Dongshuigou 1839 Magmatic Zhao et al. 2020
1308DSG08 Granite Dongshuigou 1820 Magmatic Zhao et al. 2020
1310SWZ10 Granitic gneiss Shuwozi 1805 Magmatic Zhao et al. 2020
1306HX06 Amphibolite Hanxia 1861 Magmatic Zhao et al. 2020
19DH-1 Metapelite Mogutai 1812 Metamorphic Zhao et al. 2020
13SWS Muscovite-quartz schist Sanweishan 1818 Metamorphic Zhao et al., 2019b
09HX Biotite-quartz schist Hanxia 1802 Metamorphic Zhao et al., 2019b
1432MGTO01 Garnel-sillimanite-bearing mica-quartz schist Mogutai 1813 Metamorphic Zhao et al., 2019b
1433MGT02 Garnet-bearing mica-quartz schist Mogutai 1818 Metamorphic Zhao et al., 2019b
1324HLX24 Quartzite Hongliuxia 1810 Metamorphic Zhao et al., 2019b
1304YLHO4 Amphibolite Yulinhe 1876 Magmatic Zhao 2017

HYS09 Potassic granite Huoyanshan 1786 Magmatic Zhao et al., 2019a
HLX26 Amphibolite Hongliuxia 1605 Magmatic Zhao et al., 2019a
HLX08 Amphibolite Hongliuxia 1611 Magmatic Wang et al. 2013b
1306HX06 Amphibolite Hanxia 1861 Magmatic Zhao et al. 2020
19DH-1 Metapelite Mogutai 1812 Metamorphic Zhao et al. 2020
13SWS Muscovite-quartz schist Sanweishan 1818 Metamorphic Zhao et al., 2019b
09HX Biotite-quartz schist Hanxia 1802 Metamorphic Zhao et al., 2019b
1432MGTO01 Garnel-sillimanite-bearing mica-quartz schist Mogutai 1813 Metamorphic Zhao et al., 2019b
1433MGT02 Garnet-bearing mica-quartz schist Mogutai 1818 Metamorphic Zhao et al., 2019b

(continued on next page)
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Sample no. Lithology Location Age (Ma) Age type References
1324HLX24 Quartzite Hongliuxia 1810 Metamorphic Zhao et al., 2019b
1304YLHO04 Amphibolite Yulinhe 1876 Magmatic Zhao 2017
HYS09 Potassic granite Huoyanshan 1786 Magmatic Zhao et al., 2019a
HLX26 Amphibolite Hongliuxia 1605 Magmatic Zhao et al., 2019a
HLX08 Amphibolite Hongliuxia 1611 Magmatic Wang et al. 2013b
DSGO1 Amphibolite Dongshuigou 2021 Magmatic this study

DSG02 Granitic gneiss Dongshuigou 2035 Magmatic this study

DSG02 Granitic gneiss Dongshuigou 1984 Metamorphic this study

amphibolites plot between the melting curves of garnet lherzolites and
spinel lherzolite at a low degree (Fig. 9e, f). In the Ti-Zr-Y, Y-La-Nb, Nb-
Zr-Y and Hf-Th-Ta tectonic discrimination diagrams (Fig. 10a-d), the
amphibolites plot in the fields of volcanic arcs. Therefore, we conclude
that the igneous protoliths of the amphibolites were derived by a low
degree of melting of a mantle wedge that was metasomatized by sub-
duction related fluids in a supra-subduction tectonic setting.

5.2.2. Granitic gneisses

The granitic gneisses have high SiO, (73.0-78.1 wt%) and NayO
(3.8-4.7 wt%), but low K;0/Nay0 ratios (0.17-0.22 wt%). They are
enriched in LREE and depleted in HREE (Fig. 8c) and show high ratios of
Sr/Y (57-82) and (La/Yb)y (86-136) (Fig. 11a, b). Therefore, the
granitic gneisses possess geochemical affinities to TTG or high-silica
adakitic rocks (Martin, 1999; Martin et al., 2005). As far as the
granitic gneisses are high-silica rocks (SiO2 > 72 wt%), they cannot be
correlated even with high-silica adakites which mostly have a content of
SiO5 lower than 60 wt% (Martin et al., 2005). In addition, the extent of
LREE enrichment ((La/Yb)x = 87-136) is higher and the concentrations
of MgO, Cr and Ni are lower than those in typical high-silica adakites
(Fig. 8c) (Martin et al., 2005; Rapp et al., 1999, 2003, 2010). Finally, the
granitic gneisses are characterized by the values of Nb/Ta (33-46) and
Zr/Sm (42-67) higher than those of slab-derived adakites (Fig. 11d). All
these features rule out an adakite-type nature of the granitic gneisses.

Alternatively, the compositions of the granitic gneisses can be
compared with TTG. In the Or-An-Ab diagram, the granitic gneisses plot
at the boundary between the fields of trondhjemite and tonalite, i.e.,
match the TTG composition (Fig. S3). In general, a typical scenario for
the petrogenesis of TTG implies hydrous melting of eclogite or enriched
basaltic rocks at island arc/oceanic plateau (Smithies, 2000; Rapp et al.,
2003; Smithies et al., 2009; Moyen and Martin, 2012; Palin et al., 2016).
However, the available experimental data suggested that the high-
pressure low-degree melting of mafic rocks tend to produce silica-rich
trondhjemitic or tonalitic rocks (SiOz > 70 wt%) (Fig. 11c; Rapp and
Watson, 1995; Skjerlie and Patino-Douce, 2002).

In the Dunhuang Group, the granitic gneisses are exposed as large
bodies rather than thin felsic veins (Fig. 3a) excluding the low-degree

melting scenario. In addition, the Dunhuang granitic gneisses display
more evolved Hf-in-zircon isotopic compositions (ege(t) = -1.95 to +
1.72) than the coeval mafic rocks with more positive eyg(t) values
reaching + 4.93 (Fig. 5). Such a difference in isotope characteristics also
argues against the origin of the granitic gneisses by melting of mafic
rocks. In the age versus eyg(t) diagram, the cores of zircons from the
granitic gneiss and the 2.6-2.5 Ga zircon from other TTG rocks of the
Dunhuang Block plot between 3.0 Ga and 2.5 Ga crustal evolutionary
arrays and show relatively enriched eg¢(t) values ranging from —1.95 to
+ 1.72 (Fig. 5). Thus, our data suggest that the granitic gneisses were
probably derived by re-melting of the ca. 2.6-2.5 Ga TTG rocks due to
heat input of mantle-derived magmas as coeval mafic rocks are spatially
related to the granitic gneisses. The emplacement of the granitic gneisses
may represent an episode of crustal anatexis event at ~ 2.04 Ga within
the Dunhuang Block.

5.3. Tectonic evolution of the Dunhuang Block in the Neoarchean-
Paleoproterozoic

The Dunhuang Block is dominated by Neoarchean TTG rocks and
Paleoproterozoic gneissic rocks implying the presence of an ancient
continental nucleus (Lu et al., 2008; Zong et al., 2013; Zhao et al.,
2015Db). Previously, the Dunhuang Block has been considered as a part of
the TC (Long et al., 2014; Zhao et al., 2015b; Wan et al., 2018), or it has
been correlated with the Alxa Block that is located in the western NCC
during the Neoarchean-Paleoproterozoic (Zhang et al., 2012b, 2013b;
He et al., 2013). An alternative suggestion is that from the Neoarchean
to the early Paleoproterozoic the Tarim, Dunhuang and Alxa blocks
probably composed a single continental landmass (Chen et al., 2013; Ge
et al., 2013b, 2015).

A large number of robust geochronological data from magmatic and
metamorphic formations of the Dunhuang Block and its surrounding
blocks (Fig. 2; Table 1) allow us to compare the Neoarchean-
Paleoproterozoic tectonothermal events of the Dunhuang Block with
those of the surrounding blocks. In the Dunhuang Block, there have been
recorded two main stages of magmatism of 2.6-2.5 Ga and 2.05-1.80 Ga
(Fig. 12). The 2.6-2.5 Ga magmatism mainly corresponds to the
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Fig. 12. Distribution curves of Neoarchean-Paleoproterozoic magmatic (blue) and metamorphic (red) zircon ages from the Dunhuang Blocks (Table 1).

14



X. Ren et al. Precambrian Research 436 (2026) 108040
Dunhuang Aktashtagh Northern Tarim Alxa Block
1.5
=4 O
i, A TS, |
i ol - = &
2.0 & i3 A o
ks
12 scarce tectonothermal events
g 1" \g
o . v
oNas - Y . n
< _
15 i
309 2 h
=
1<
3.5
, TTG ,felsicgneiss vmeta-maficrock ? potassic/A-type granite mm metamorphic event

Fig. 13. Time-space diagram illustrating Neoarchean-Paleoproterozoic tectonothermal events in the Dunhuang Block (Dunhuang and Aktashtagh regions), northern
Tarim Block and Alxa Block. Source: Dunhuang Block — Table 1; northern Tarim Block — Dong et al. (1999); Guo et al. (2003); Hu and Wei (2006); Deng et al. (2008);
Long et al. (2010, 2011, 2012); Dong et al. (2011); Shu et al. (2011); Lei et al. (2012); Zhang et al. (2012a); Ge et al. (2013a, 2013b, 2014, 2015); He et al. (2013); Xu
et al. (2013); Wu et al. (2020); Alxa Block - Lu (2002); Xiu et al. (2002); Li et al. (2004); Shen et al. (2005); Zhou et al. (2007); Dong et al. (2007); Liu (2008); Geng
et al. (2010); Gong et al. (2011, 2012, 2016); Dan et al. (2012); Bao et al. (2013); Zhang et al. (2013a); Wu et al. (2014); Zeng et al. (2018).

emplacement of TTG (Zong et al., 2013; Long et al., 2014; Zhang et al.,
2014; Zhao et al., 2015b). During the second stage (2.05-1.80 Ga),
mostly felsic rocks with arc geochemical affinities were emplaced (He
et al., 2013; Zhu et al., 2018; Diao et al., 2019; Wang et al., 2020; Zhao
et al., 2020, 2022). Two episodes of metamorphism have been also
recorded in Dunhuang (Fig. 12): an earlier occurred at ~ 2.5 Ga, soon
after the crystallization of TTG rocks (Yan et al., 2024), and a later was
at 2.05-1.80 Ga (Zhang et al., 2012b, 2013b, 2013; Wang et al., 2013a;
Zong et al., 2013; Zhao et al., 2015b; Wu et al., 2019, 2024). In addition,
there have been identified two episodes of high pressure granulites-
facies metamorphism at ~ 1.97 Ga and ~ 1.85 Ga (Zhang et al.,
2012b, 2013b; Wu et al., 2019). A similar succession of Neoarchean-
Paleoproterozoic tectonothermal events was recorded in the adjacent
northern Tarim and Alxa Block (Fig. 13): (1) ~ 2.5 Ga TTG magmatism
and coeval metamorphism; (2) 2.0-1.90 Ga felsic magmatism; (3)
1.95-1.80 Ga high-grade metamorphism. Late Neoarchean (~2.5 Ga)
magmatic rocks are exposed in the Kuruktag region of the northern TC
and are represented by TTG rocks, granitic gneiss, meta-gabbro and
meta-diorite (Long et al., 2010; Zhang et al., 2012a; Ge et al., 2014).
Evidence for the late Paleoproterozoic metamorphism come from
supracrustal rocks and migmatites of the Korla Complex in northern
Tarim (Ge et al., 2013b, 2014), and from gneisses and TTG rocks of the
Longshoushan and Beidashan complexes in the western Alxa Block
(Dong et al., 2007; Dan et al., 2012; Zhang et al., 2013a, b; Wu et al.,
2014; Gong et al., 2016; Su et al., 2023).
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In general, the Neoarchean-Paleoproterozoic tectonothermal events
that have been so far documented in the Dunhuang Block are similar to
those recorded in the northern Tarim and Alxa blocks, however, the
2.3-2.1 Ga tectonothermal event has not been recorded there (Fig. 13).
Thus, the succession of Neoarchean-Paleoproterozoic tectonothermal
events in the Dunhuang Block is not the same as in the Alxa Block of the
NCC, but more similar to that of the northern Tarim (Fig. 13). Therefore,
we consider that the Neoarchean to Paleoproterozoic events of mag-
matism and metamorphism of the Dunhuang Block should be rather
correlated with the Tarim Craton.

Previous studies have shown that the Dunhuang Block and the
northern Tarim both keep records of the ca. 2.1-1.8 Ga tectonothermal
events that are generally coeval with the global-scale ca. 2.1-1.8 Ga
orogeny related to assembly of Columbia supercontinent (e.g., Rogers
and Santosh, 2002, 2009; Zhao et al., 2002, 2004; Meert and Santosh,
2017). Therefore, the Dunhuang Block was probably connected with
northern Tarim during the assembly of the Columbia supercontinent
(Fig. 14; Zhao et al., 2011). The newly discovered ~ 2.04 Ga Dong-
shuigou amphibolites (this study) and the other meta-igneous rocks of
the Dunhuang Block, e.g., ~2.05 Ga Hongliuxia dioritic gneisses (Zhao
et al., 2022) and ~ 1.99 Ga Sanweishan amphibolites (He et al., 2013),
all show arc geochemical affinities and depleted mantle sources as seen
in the Hf-in-zircon isotope systematics (Fig. 5). The parental melts of
amphibolite magmatic protoliths were likely derived by partial melting
of an enriched sub-arc mantle wedge (Fig. 9). The 1.85-1.82 Ga high-
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Fig. 14. Paleogeographic position of the Dunhuang Block in respect to the Tarim Craton within the Columbia supercontinent (modified after Zhao et al., 2011).

pressure granulites in the Shibaocheng area indicate the beginning of
the collisional orogeny (Zhang et al., 2012b, 2013b; Lv et al., 2020).
Finally, the occurrence of ~ 1.75 Ga A-type granites in the Huoyanshan
area suggests the post-collision stage (Yu et al., 2014; Gan et al., 2020;
Lv et al., 2020). A similar succession of Paleoproterozoic tectonothermal
events implying a continuous tectonic evolution from subduction to
collision orogeny (Xin et al., 2011; Wang et al., 2019; Lv et al., 2020)
was also identified in the Aktashtagh region of northern Altyn Tagh
(Fig. 13). Evidence for that comes from 2.15-2.0 Ga arc-type gneissic
diorite, gneissic granite and gabbro (Xin et al., 2011; Zhang et al., 2014;
Zhu et al, 2018) and 2.0-1.85 Ga high-pressure granulite meta-
morphism (Wu et al., 2019; Zhang et al., 2021). The protoliths of those
metamorphic rocks were basement rocks of a Paleoproterozoic
magmatic arc (Wu et al., 2019). Subsequently, the 1.87-1.84 Ga massive
granites and the mafic dike swarms of Aktashtagh suggest termination of
subduction and beginning of post-collisional extension (Wu et al., 2023).
Thus, during the Paleoproterozoic, the Dunhuang Block experienced a
complete orogenic cycle from oceanic subduction at ca. 2.15-1.90 Ga to
subsequent continental collision at ca. 1.85-1.82 Ga and post-collisional
extension at ca. 1.79-1.73 Ga.

The subduction-to-collision tectonic model was also suggested in the
northern Tarim: an Andean-type continental arc existed during a period
of 1.94-1.93 Ga was followed by the late Paleoproterozoic collisional
orogeny (Lei et al., 2012; Ma et al., 2013; Ge et al., 2015). Evidence for
such an arc and subsequent collisional orogeny comes from Paleo-
proterozoic granitoids of the Kuruktag area and Korla Complex, both in
the northern Tarim, which were emplaced at 1.94-1.93 Ga at an
advancing-type accretionary continental margin and then meta-
morphosed at 1.92-1.91 Ga (Long et al., 2012; Ge et al., 2015) and at ~
1.85 Ga (Dong et al., 2011; Ge et al., 2013b). Therefore, the Dunhuang
Block can be generally correlated with northern Tarim in terms of coeval
periods of oceanic subduction and continental collision. Such a contin-
uous subduction-to-collision Paleoproterozoic orogeny that was recor-
ded in both the northern Tarim and Dunhuang blocks, is closely linked to
the assembly of the Columbia supercontinent (Figs. 13 and 14).

6. Conclusions

The new U-Pb zircon and apatite ages from amphibolites and granitic
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gneisses of the Dunhuang Block confirmed the crystallization of their
magmatic protoliths at 2.02 Ga and 2.04 Ga, respectively, and high-
lighted two episodes of Paleoproterozoic and late Paleozoic super-
imposed metamorphism. The amphibolites possessing arc-type
geochemical affinities and positive ey¢(t) values (+0.71 to + 4.93) were
formed by low-degree melting of a mantle wedge source enriched by
subduction fluids in a suprasubduction zone setting. The granitic
gneisses show TTG-type geochemical affinities, i.e. depleted heavy REE,
high Sr/Y (57-82) and La/Yby ratios (87-136) and slightly enriched Hf
isotopes (epf(t) = -2.7 to + 1.2) and were produced by melting of TTG-
like felsic rocks. The new data confirm that the Dunhuang Block records
a succession of Neoarchean-Paleoproterozoic tectonothermal events
similar to that of northern Tarim. At ca. 2.0-1.90 Ga, the Dunhuang
Block was attached to northern Tarim during the oceanic subduction
that was followed by the late Paleoproterozoic collisional orogeny at
1.85-1.82 Ga. Both blocks, Dunhuang and Tarim, were together
involved into the assembly of the Columbia supercontinent.
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