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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 2%’Pb/20Pb ages of 1901 4 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 HI-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]).
CAORB, Central Asian Orogenic Belt; YGA, the Yagan arc; ZHA, the Zhusileng-Hangwula arc; SLB,
the Shalazhashan belt; NLB, the Nuru-Langshan belt. D) The Langshan fault, @ the Longshoushan
fault, ® the Enger US fault, @ the Badain Jaran fault, ) 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 51-53) 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 um.
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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 um 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). [Imenite and hematite are present
as interstitial grains (Figure 4d,e). Clinopyroxenes are diopside in composition (Table S1;
Figure 6a). Plagioclases have Xy, 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 Xjg = 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). II-
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
X an value (0.34-0.37) (Table S2; Figure 6b). Coarse-grained hornblendes are ferropargasite
or pargasite, with Xy 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 the
Diebusige Complex; (d—f) amphibolite interlayers and felsic gneiss in the Bayanwulashan Complex.

4.2.3. Amphibolite Sample ALS2191

Ampbhibolite 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 X, = 0.36-0.39 and belong to andesine (Figure 6b; Table S3). Hornblendes
belong to pargasite and magnesio-hastingsite, with Xjg 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 6¢; Table S3).

(a) TALS2164(amphibolite) |l

TV

(c)|AL32164(amphibo|ite)| ' (d)|AL82164(émphiboIite)|
& L - IO 3
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o SRS S N B _

(9) [ ALS2166(amphibolite) (h)§ ALS2166(amphibolite)

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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Figure 5. Photomicrographs for the amphibolite sample ALS2191 in the Bayanwulashan Com-
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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Figure 6. Compositions of clinopyroxene, plagioclase and hornblende: (a) the Wo—En-Fs classifi-
cation diagram for the clinopyroxene; (b) the Xo,—Xap—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 (Na;O-CaO-K;O-FeO-MgO-Al,O3-5i0,-H,O-
TiO,—0;) 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 Fe,O3; was calcu-
lated by the difference. The T-Xpp0 pseudosection was used to evaluate the appropriate
H,O 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-Xp0 pseudosection constructed at 8 kbar (Figure 7a) using the oxygen content
obtained by the Fe?* titration was used to select a suitable H,O 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
Xm0 correspond to a range of HyO contents from 0 to 5 mol.% (Table 1; Figure 7b,c). A
Xm0 value of 0.65 (equivalent to 3.25 mol.% H,O) was chosen, which crosses the liquid-out
line of the peak mineral assemblage (Table 1; Figure 7b).
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Figure 7. T-Xip0 and P-T pseudosections for the amphibolite sample ALS2164 in the Diebusige
Complex: (a) T-Xpp0o pseudosection at 8 kbar; (b) P-T pseudosection; (c) P-T pseudosection with
isopleths of X1;(M2) and X4(M2) in hornblende, Xy, in clinopyroxene and Xa,, 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 HyO 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 X1;(M2) and X x;(M2) in
hornblende, Xy, in clinopyroxene and Xa, 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 810910 °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 X, = 0.32-0.34 of plagioclase
and X ;(M2) = 0.26-0.33 of hornblende (Figure 7c). However, the measured X1;(M2) of
0.11-0.14 in hornblende and Xyg 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 H,O content was determined using the T-Xpp0 pseudosection (Figure 8a) to
ensure that the final mineral assemblage is stable just above the solidus [70]. The T-
Xm0 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 Xy correspond to a range of H,O 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 X0
and 772-868 °C in the T-Xyyp0 pseudosection (Figure 8a). A Xipo value of 0.64 (equivalent
to 3.20 mol.% HyO) 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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Figure 8. T-Xyp0 and P-T pseudosections for the amphibolite sample ALS2191 in the Bayanwulashan
Complex: (a) T-Xpppo pseudosection at 9 kbar; (b) P-T pseudosection; (¢) P-T pseudosection with
isopleths of X1i(M2) and X ;(M2) in hornblende, and X, in plagioclase. The field of peak mineral
assemblage is marked by cpx + hbl + pl + kfs + qz + ilm + liq in red type. Red bars in (a) denote H,O
content used for subsequent modelling.
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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 Xt1i(M2) and X 4;(M2) in hornblende, and Xa,, 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 X, = 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 X41(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
XT1i(M2) of 0.09-0.16, of which the Ti-rich composition (XT;(M2) = 0.11-0.16) of hornblende
(Table S3) and the corresponding X1i(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
ALS2164
ALS2191

Normalized Molar
Proportion Used for
Phase Equilibria
Modelling

ALS2164

ALS2191

SiO, TiO, ALO3; Fe;O3 FeO MnO MgO CaO Na,O K;O P05 LOI  Total

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

48.65 1.27 1476  3.32 7.75 0.17 6.38 9.49 2.78 2.10 0.44 1.66  99.63
Figures H,O0 SiO, AlLO3 CaO MgO FeO KO Na,O TiO; (6]

Figure 7a x=0 0.00 48.07 742 10.84 1396 11.49 1.19 2.61 1.88 2.54

x=1 5,00 45.66 7.05 1030 13.26  10.92 1.13 2.48 1.78 241

Figure 7b,c 3.25  46.51 7.18 1049 1350 11.12 1.15 2.52 1.82 2.46

Figure 8a x=0 0.00 53.10 949 1042 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 320 5140 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 TiO, activity was 0.6 [75]. The SiO, 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 54;
Figure 9b).
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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 pum, 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 2%Pb/2%Pb age of
1847 &+ 25 Ma (n = 40, MSWD = 1.4) (Table 54; 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 um.

6.2. Amphibolite Sample ALS2166

Zircon grains from this sample are generally stubby to rounded in shape, with a diam-
eter of 70-150 um. 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 2””Pb/2%Pb 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)y = 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 um, 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 2”Pb/2%Pb age of 1901 4 22 Ma (n = 35, MSWD = 0.4)
(Table S4; Figure 11e). Notably, all metamorphic zircons display an enriched HREE pat-
tern ((Gd/Lu)y = 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 54).
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Figure 11. Concordia diagrams, chondrite-normalized rare earth element patterns and Th vs. U
diagram with Th/U isopleths for the metamorphic zircons of amphibolite samples ALS2164 (a,b),
ALS2166 (c,d), ALS2191 (e,f) and ALS2156 (g h).
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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 um,
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 2/Pb/?%Pb age of 1862 4 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)y = 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 27Pb /2%Pb
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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