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Editorial on the Research Topic
Seeing convergent margin processes through metamorphism

Introduction

Plate convergence can induce large-scale metamorphism and magmatism, reshape
large parts of continental margins, and subsequently change regional climate and
biodiversity. Metamorphic rocks in orogenic belts commonly record different
metamorphic evolutions and temporal-spatial distributions at the regional scale,
which are strongly influenced by convergent processes through time. In some cases,
ultrahigh-pressure (UHP) and ultrahigh-temperature (UHT) metamorphic rocks are
observed at both ancient and young convergent plate margins, marking the operation of
extreme tectonism in the regime of plate tectonics. This Research Topic aims to
understand how regional metamorphism operated at convergent plate margins
through the study of field and petrographic observations, geochemical and
petrological analysis, high-pressure experiments, and thermodynamic modeling. The
scope is to gather new ideas and interpretations on the structure and processes of
convergent plate margins.
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Contributions in this Topic

This Research Topic assembles ten papers focusing on
metamorphic processes in orogenic belts worldwide from the
Neoarchean to Cenozoic.

Metamorphic response to tectonic
transition in orogenic belts

Tectonic evolution of the early Earth can be seen from
multiple metamorphism at Archean cratonic margins. Liu
et al. present metamorphic conditions and geochronology
for mafic granulites from the east Hebei terrane in the
North China Craton. This paper establishes two-episode
metamorphism in this region. The late Neoarchean (ca. 2.
5 Ga) UHT metamorphism with an anticlockwise P-T path
reflects a vertical sagduction regime. In contrast, the
1.8Ga) HP
metamorphism with a clockwise P-T path corresponds to

Paleoproterozoic  (ca. granulite facies
the continental collision process. Therefore, this study
provides valuable information about the Neoarchean-
Paleoproterozoic tectonic transition in the northern margin
of the North China Craton.

Tectonic transition in orogens can be illustrated by
changes in metamorphic thermal structure. Zhang et al.
present an example of the tectonic transition from the
termination of oceanic subduction to continental collision.
This paper investigates two newly found garnet schists
from the Ondor Sum Group mélanges (central Inner
Mongolia), both of which record clockwise P-T paths
but with different peak thermal gradients. The early
Paleozoic HP metamorphism with a thermal gradient of
~8°C/km resulted from the terminal subduction of
the Paleo-Asian oceanic plate, whereas the Devonian
medium-pressure metamorphism with a thermal gradient
of ~22°C/km points to the subsequent continental collision
process.

How continental collision stems from subduction is a critical
but unclear process in subduction zones. Chen et al. yield an
eclogite-facies metamorphic age of ca. 31 Ma for the Stak HP
massif in the western Himalayan syntaxis. Based on the
comparison of peak P-T-t conditions of the Himalayan HP-
UHP rocks, the authors find that the HP rocks record higher peak
thermal gradients and younger ages than those of UHP rocks.
These new data, combined with the regional geological and
geophysical evidence, suggest that the Indian continental
lithosphere underwent a coherent change in subduction dip
angle in the middle Eocene. This study provides critical
constraints on the change in subduction geometry responsible
for the tectonic transition from continental subduction to
collision.

Frontiers in Earth Science
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Convergent margin processes trigger
intracontinental orogeny

The dynamic mechanism of intracontinental orogens is still
controversial. Zhao et al. investigate HP metabasites in the
northeastern Cathaysia of the South China Block. Petrological
and geochemical data indicate that these rocks originated from
the continental crust and experienced eclogite-facies
metamorphism during the early Triassic. Based on a
comprehensive geological comparison around the South China
Block, these high-grade rocks are interpreted to be formed in an
intracontinental orogen triggered by far-field stress from margin
convergence. This study provides a good case for intracontinental
orogeny and constructs its connection with continental margin

processes.

Evolution of the continental crust at
convergent margins

Convergent margin processes play critical roles in the
continental crust reworking. A common way is to investigate
the behavior of crustal anatexis in orogens. Yang et al. present
isotope geochemistry of Himalayan leucosome produced by
partial melting of metasediments. The leucosome shows a
broad range of Sr-Nd-Hf isotopes that deviate from the
source. This isotopic disequilibrium might be caused by the
different consumption (or dissolution) behaviors of muscovite,
plagioclase, apatite, monazite, and zircon during crustal melting.
This study highlights that isotopic disequilibrium may be
common in low-temperature partial melting of metasediments.

Another crustal reworking study, by Gou et al, presents
geochronology and metamorphic petrology from the Ramba
gneiss dome in the northern Himalaya. The authors obtain a
clockwise P-T path for garnet-mica schist in the dome. In situ
biotite Rb-Sr geochronology yields two metamorphic ages of ca.
37 and 5.0 Ma, corresponding to the timing of retrograde cooling
and the cooling age of the latest thermal resetting, respectively.
This study provides valuable information on the tectonic
evolution of the Ramba gneiss dome, from the Eocene crustal
thickening during the India-Asia collision to the later
exhumation.

The continental crust reworking can also be illustrated by the
thermal structure of the crustal root. Zheng et al. present a large-
scale (~10,000 km?®) thermal mapping, based on a Ti-in-quartz
thermometer, for the Paleoproterozoic eastern Khondalite Belt,
North China Craton. The new results highlight the hottest region
in this belt, where UHT metamorphism closely correlates with
abundant charnockite. This hottest region may represent the
crustal root of a Paleoproterozoic large hot orogen. Further
models for the mechanism of large-scale UHT metamorphism
need to consider its close relation with charnockite.
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Liu et al. present detrital zircon U-Pb geochronology and
isotopic geochemistry from the northern Tibetan Plateau, aiming
to investigate the continental crust evolution in the South Qilian,
North Qaidam, and East Kunlun terranes. The results indicate
that these three terranes show affinity to the western Yangtze
Block and have undergone multiple Wilson cycles since the
Paleoproterozoic. Based on geological comparison in the three
terranes, the authors construct a detailed tectonic evolution of the
northern Tibetan Plateau from the Neoproterozoic to Early
Mesozoic.

Carbon cycle in subduction zones

Subduction zones act as a key region transporting
supracrustal carbonates down to the deep mantle. How
carbonates evolve at depths is crucial for understanding deep
carbon flux and sequestration mechanisms. Gao et al. review
prominent progress in the chemistry of carbonates under
pressures up to the core-mantle boundary. This review
highlights that several new polymorphs of carbonates would
be stable at high pressure-temperature conditions, but
metamorphic decarbonization and reduction reactions restrict
subducting carbonates to the top-mid region of the lower mantle.
This study shows more possibilities for carbon behavior in the
mantle, which offers a strong handle on Earth’s extraordinary
history.

Methane (CH,) is a critical carbon species in subduction
zone fluids; however, its flux in subduction zones is still
unknown. Using microanalysis techniques, Zhang et al.
document the first case to estimate the abiotic CH, flux in the
western Tianshan based on fluid inclusion compositions in
eclogites. The authors estimate that the western Tianshan
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eclogites at least contain 113-342 Mt CH,4, and propose that
cold subduction zones may be a hidden, huge reservoir of CH4 on
Earth. This study highlights that CH, flux must be considered
further when evaluating carbon flux in global subduction zones.
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The occurrence of ultrahigh-pressure (UHP) and high-pressure (HP) rocks in the Himalayan
orogen has been conventionally attributed to the different subduction dip angles along the
strike. The western Himalayan UHP eclogites point to a steep continental subduction in the
Eocene. The present-day geophysical data show low subduction dip angles of the Indian
lithosphere beneath southern Tibet and Karakoram, implying that a shift from steep to low-
angle subduction probably happened in the western Himalaya. However, the timing and
mechanism of such a subduction-angle change are still unknown. Here we present a
combined analysis of zircon geochronology and geochemistry of eclogites and gneiss in
the Stak massif, western Himalaya. Metamorphic zircons equilibrated with garnet and
omphacite show flat heavy rare earth element patterns without Eu anomalies and, thus,
yield similar eclogite-facie ages of ca. 31 Ma. The Stak HP eclogite-facie metamorphism is
at least 15 Ma younger than those measured in the western Himalayan UHP eclogites, but
broadly contemporaneous with other Himalayan HP rocks. Therefore, all the Himalayan HP
rocks record higher peak geothermal gradients and younger ages than those of the UHP
rocks. Our new data, combined with the magmatic Iull observed in the
Kohistan—-Ladakh-Gangdese arc and with the convergent rate of the Indian plate,
suggest a change in subduction dip angle over time. Consequently, we suggest that
the entire Indian continental lithosphere experienced an approximately coherent shift from
steep to low-angle subduction after the breakoff of the Neo-Tethyan slab since the middle
Eocene. This critical change in subduction geometry is interpreted to be responsible for the
transition from continental subduction to collision dynamics.

Keywords: Himalaya, Stak, eclogites, zircon chronology, subduction dip angle
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INTRODUCTION

The Indo-Asia collision after the closure of the Neo-Tethys
produced the present-day largest ongoing continent-continent
collisional orogen of the Earth, the Himalayan orogen (Yin,
2006). Because subduction angle, convergence rate, and slab
rollback/breakoff strongly influence the spatial and temporal
distribution of metamorphic and magmatic rocks (Kay and
Coira, 2009; Paterson and Ducea, 2015), the subduction style
of the orogen can be revealed by studying these aspects.
High-pressure (HP) metamorphic rocks (blueschist, eclogite,
HP granulite facies rocks, and HP garnet amphibolite facies rocks)
are exposed along the Himalayan orogen (Figure 1). However,
ultrahigh-pressure (UHP) eclogites only occur at Kaghan and Tso
Morari in the western syntaxis (O’Brien et al., 2001; Sachan et al,
2004). The UHP eclogites in the western Himalaya were subducted
earlier (53-46 Ma) and exhumed faster (45-40 Ma) than the HP
rocks (buried at 38-15Ma and exhumed at 25-13 Ma) in the
central and eastern Himalaya (Parrish et al., 2006; Zhang et al.,
2010; Donaldson et al., 2013; Rehman, 2019; Wang et al., 2021),
possibly reflecting different subduction dip angles or depths of the
Indian continental slab along strike (Guillot et al., 2008). Therefore,
it is proposed that the Indo-Asia plates in the western syntaxis
collided earlier followed by steep subduction, and that those in the
central and eastern Himalaya collided later with low-angle
subduction (Chemenda et al., 2000; Guillot et al, 2008; Zhang
et al, 2015). Numerical models imply that a subduction angle
decreases over time due to continental lithosphere buoyancy
(Duretz and Gerya, 2013; Magni et al., 2017). Geophysical data
point to the present-day low subduction angles (or underthrusting)

Stak Eclogites

of the Indian continental lithosphere beneath east and west Tibet
and Karakoram (Hazarika et al., 2017; Parsons et al., 2020). If
correct, the Indian continental slab underwent a shift from steep
subduction to low-angle subduction or underthrusting in the
western Himalaya. However, such a subduction-angle change
has not been evidenced by the rocks in this region, making the
timing and mechanism of such a process poorly resolved.

In addition to UHP eclogites, HP eclogites were discovered in
the Stak massif in the western syntaxis (Le Fort et al., 1997). These
HP-UHP eclogites record clockwise P-T paths (Wilke et al., 2010;
Lanari et al., 2013; St-Onge et al., 2013) and, thus, define a large
HP-UHP province (Guillot et al., 2008; Lanari et al., 2013).
However, the Stak eclogite suffered a greater degree of
overprint and recorded younger metamorphic zircon ages of
32Ma (Kouketsu et al., 2016) than the UHP eclogites with
peak metamorphic ages of 53-46 Ma (e.g., Rehman, 2019). Is
this a reflection of zircon recrystallization during exhumation in
Stak, or a real age of eclogite formation? It remains uncertain
whether the western Himalayan HP-UHP eclogites were formed
synchronously at different subducting depths and then
experienced different exhumation histories or were formed by
diachronous subduction of various continental slices.

Here we show, based on petrology, zircon geochronology, and
geochemistry, that both the Stak eclogites and their country
gneiss share the same peak metamorphic age of ca. 31 Ma.
This age is younger than that of the UHP eclogites, but coeval
to a magmatic lull in the entire Himalayan orogen. Steep
subduction of the continental lithosphere, driven by
downgoing oceanic lithosphere, would generate UHP
metamorphism in the subducting crust (Figure 2A). However,
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FIGURE 1 | (A) Location of the Himalayan orogen. (B) Geological map of Himalaya (modified after Ding et al., 2016a; Guillot et al., 2008) with locations and peak
metamorphic ages of high-pressure (HP) and ultrahigh-pressure (UHP) metamorphic rocks. MKT, Main Karakoram Thrust; MMT, Main Mantle Thrust; IYS,
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FIGURE 4 | Back-scattered electron (BSE) images showing microstructure of zircon in eclogites (A,C,D) and gneiss (E,F); (B) Cathodoluminescence (CL) image of

the continental lithosphere, without driven force from subducted
oceanic lithosphere, would undergo low-angle subduction or
underthrusting (Magni et al, 2017) and, thus, more likely
produce HP metamorphism (Figure 2B). Based on geological
and geophysical records, we further infer a uniform change in the
subduction dip angle over 2,500 km throughout the Himalayan
belt since the middle Eocene.

GEOLOGICAL SETTING AND SAMPLES

The Stak massif is located in the north Indian continental margin,
northeast of the Nanga Parbat-Haramosh massif (NPHM),
southwest of the Ladakh arc (Figure 1B), and close to the Main
Mantle Thrust (MMT). This massif consists of gneisses, schists,
metabasites, with minor marbles, and develops fold and imbricate
structures (Guillot et al, 2008). Eclogites with extensive
retrogression in the Stak massif occur as boudins or dikes in
the gneisses. A detailed petrological study on the Stak eclogites
yields HP peak conditions at ~750°C and ~2.5 GPa and retrograde
conditions at 650°C-700°C and 0.9-1.6 GPa (Lanari et al., 2013).
This retrograde temperature is slightly higher than those (<600°C
at 1.0-1.7 GPa) of the Kaghan and Tso Morari UHP eclogites
(Wilke et al., 2010; Wilke et al., 2015).

The peak metamorphic age of the Stak eclogite is still
unknown. Sensitive high-resolution ion microprobe (SHRIMP)
zircon U-Pb data yielded scattered ages between 70 and 50 Ma
(Riel et al., 2008). However, Kouketsu et al. (2016) used the same
method to show that a small cluster of low Th/U (<0.03) and Yb
(<10 ppm) zircon ages are concentrated between 36 and 28 Ma
with a lower intercept age of ~32 Ma. This age was interpreted as
recrystallization after eclogite-facie metamorphism, which was
possibly induced by heating from nearby NPHM at lower crustal
levels (Kouketsu et al., 2016).

The present study focuses on the eclogite boudins (16PK190 and
16PK194) and country gneiss (16PK181) in the Stak massif. Both
eclogite samples contain an eclogite-facies assemblage of garnet,

omphacite, quartz, and rutile (Figure 3). Garnet is surrounded by
amphibole and plagioclase kelyphite and has a compositionally
homogeneous core (Almss s5;Prp; 13Grsys 2sSpsi—2) (see the
Supplementary Table S1) with a narrow retrograde zoning rim.
Omphacite with a 234-30.0mol% jadeite component
(Supplementary Table S2) is partially replaced by fine-grained
symplectite of diopside + plagioclase + amphibole. The symplectite
is rimmed by coarser (200-500 um) amphibole and biotite. The
eclogite sample zircons occur as inclusions within garnet and
symplectite, and as an intergranular phase in the matrix
(Figure 4). The zircon grains in the symplectite are larger
(~100 um) than the plagioclase and diopside grains, and show
disequilibrium texture with these phases. The gneiss (16PK181)
contains garnet, muscovite, biotite, plagioclase, and quartz with
minor rutile and zircon (Figure 3). The garnet is surrounded by
plagioclase and mica, and could be a relict eclogite-facie phase. The
gneiss sample zircons exist as matrix phases and inclusions within
garnet and muscovite (Figure 4).

MATERIALS AND METHODS

Mineral Major Elements

Major elements of rock-forming minerals were analyzed using an
electron microprobe analyzer (EPMA, JEOL-JXA8100) at the
IGG-CAS. The operating conditions were a 15-kV accelerating
voltage, a 20-nA beam current, and 3-um spot diameter. The
counting time was 20 s at peak and 10 s at the lower and upper
background positions, respectively. All data were corrected online
using a modified ZAF (atomic number, absorption, and
fluorescence) correction procedure. The detection limits (1o)
were in the range of 0.008-0.02wt%. The precision of the
major element analysis was better than 1.0%.

Zircon U-Pb Isotopes and Trace Elements
Zircon grains were separated from samples by using conventional
heavy liquid and magnetic separation techniques. Approximately
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200 zircons of each sample were handpicked out from under a
binocular microscope and mounted in epoxy resin together with
zircon U-Pb age reference materials. Then the epoxy mounts were
polished to expose the interior of the crystals. All grains were
photographed in reflected and transmitted light under
petrographic microscope to avoid fissures and inclusions.
Cathodoluminescence (CL) and back-scattered electron (BSE)
images were obtained using field emission scanning electron
microscope (Nova NanoSEM 450) equipped with Gatan
MomoCL4 at the Institute of Geology and Geophysics,
Chinese Academy of Sciences (IGG-CAS). Mineral inclusions
in zircon were identified using Raman spectroscopy at the IGG-
CAS. Homogeneous zircons without inclusions or fissures were
chosen for U-Pb dating and trace element analyses. Zircon U-Pb
ages were determined by using secondary ion mass spectrometry
(SIMS) and laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS). Zircon trace elements were
acquired in the same run of age dating by LA-ICP-MS.

Secondary lon Mass Spectrometry Zircon
U-Pb Dating

Zircon U, Th, and Pb isotope analyses were performed with a
Cameca IMS-1280HR SIMS at the IGG-CAS. Detailed
instrumental parameters and analytical procedures are
described by Li et al. (2009). The analytical spot is about
20 x 30 ym in size. PleSovice zircon standard (**°Pb/***U age
of 337.3 Ma; Sldma et al., 2008) was interspersed with unknown
grains. Nonradiogenic ***Pb was used for common Pb correction
of measured compositions, and the present-day crustal common
Pb composition is used in the model of Stacey and Kramers
(1975). An inhouse zircon standard Qinghu was alternately
analyzed together with other unknown zircons for the purpose
of monitoring external uncertainties of SIMS U-Pb zircon dating

calibrated by the Plesovice standard. Excel and the add-in Isoplot
2.49 program (Ludwig, 2001) were used for data calculation.
Uncertainties on individual analyses in Supplementary Table S3
are reported at 1o level. The weighted mean U-Pb ages are quoted
with 95% confidence interval. Seven measurements on Qinghu
zircon yielded a Concordia age of 159.7 +£1.8 Ma, which is
identical within errors with the recommended value of
159.5 + 0.2 Ma (Li et al,, 2013).

Laser Ablation-Inductively Coupled
Plasma-Mass Spectrometry Zircon U-Pb

Dating and Trace Element Analyses

U-Pb dating combined with in situ trace element analyses of
zircons were carried out in a single run by Agilent 7500a ICP-MS
instrument equipped with Geolas-193 UV laser ablation system at
the State Key Laboratory of Continental Dynamics, Northwest
University, China. Operating conditions and data processing are
described by Liu et al. (2007) in detail. The spot diameter is 32 pm
for two eclogites (16PK190 and 16PK196) and 44 um for gneiss
(16PK181) with a laser repetition rate of 6 Hz. Helium was used
as the carrier gas. Laboratory standards (GJ-1, 91500, NIST 610)
were interspersed with unknown grains. U-Th-Pb isotope ratios
and trace element contents were calculated using the GLITTER
4.0 program (Macquarie University). Harvard zircon 91500 was
used as external standard. To monitor the external uncertainties
of U-Pb zircon dating calibrated against 91500, a second zircon
standard GJ-1 was analyzed as an unknown together with other
unknown zircons. Trace element concentrations were calibrated
by using *Si as internal standard and NIST 610 as external
standard. Data reduction was carried out using Isoplot/Excel
version 2.49 (Ludwig, 2001). Fifteen measurements on GJ-1 and
32 measurements on 91500 yielded weighted mean *°°Pb/***U
ages of 602 + 3.7 Ma (10) and 1,062.5 + 2.8 Ma (10), respectively,
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which are in good agreement with the recommended value of
608 + 0.4 Ma (Jackson et al., 2004) for GJ-1 and 1,065.4 + 0.6 Ma
(Wiedenbeck et al., 2004) for 91500.

RESULTS

The zircons from the two eclogites are mostly subhedral and
consist of two major parts under cathodoluminescence (CL)
images (Figure 5): 1) a core with relatively bright and slightly
oscillatory zoning luminescence, and 2) a rim with relatively dark,
homogeneous luminescence. Inclusions of diopside, amphibole,
plagioclase, quartz, and apatite are common in the zircon cores,
while the rims have garnet, rutile, and quartz inclusions without
plagioclase and coesite (Supplementary Figure S1). Fourtheen
zircons from sample 16PK190 and 10 zircons from sample
16PK194 were dated by the SIMS method. The Th/U ratios of
the zircon cores and rims are 2.05-3.17 and <0.05, respectively
(Supplementary Table S3). The SIMS dating results show that
the two eclogites, 16PK190 and 16PK194, have similar *°°Pb/***U
weighted mean ages of 284.3 + 52 Ma (MSWD =1.7, n=7) and
280.4+7.4Ma (MSWD =2.0, n=5) for the zircon cores and
31.0£05Ma  (MSWD=055  n=6), 319+14Ma
(MSWD =2.8, n=>5) for the zircon rims (Figures 6A, B). The
LA-ICP-MS results (see the Supplementary Figure S2) are
consistent with those of SIMS. The zircon cores have higher

REE concentrations than the rims and are characterized by
positive Ce anomalies, negative Eu anomalies, and steep heavy
REE patterns (Figure 6C). The zircon rims for both samples show
flat heavy REE patterns with a distinct lack of Eu anomalies
(Figure 6C).

Zircons from the country gneiss 16PK181 are oval or prismatic
crystals characterized by weak luminescence and patchy zoning
under CL, with rare bright cores (Figure 5). All the analyses were
conducted on the core-free zircons. They show low Th/U ratios
(<0.01) (Supplementary Table S3) and REE concentrations
(Supplementary Table S5), with flat heavy REE patterns and
no negative Eu anomalies (Figure 6C). The SIMS dating result
(30.4 £ 0.5 Ma, MSWD = 1.0, n =10) (Figure 6D) is consistent
with that of LA-ICP-MS (30.8 + 0.8 Ma, MSWD =0.46, n=7)
within errors (Supplementary Figure S2).

DISCUSSION

Timing of Eclogite-Facies Metamorphism

The *°°Pb/***U weighted mean ages of ca. 284-280 Ma measured
in the zircon cores from both eclogites represent the
crystallization age of the magmatic protolith, which is
demonstrated by their oscillatory zoning, high Th/U ratios,
and steep REE patterns. This age is contemporaneous with the
protolith formation of the Kaghan and Tso Morari UHP eclogites
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(Rajkumar, 2015; Rehman et al., 2016), which is ascribed to the
eruption of the Panjal Traps in the north Indian continental
margin (Shellnutt, 2018). Our results, coupled with the similar
whole-rock chemistry and Nd isotopic compositions between the
Stak eclogites and the Panjal Traps volcanic rocks (Kouketsu
et al.,, 2017), indicate that the western Himalayan eclogites likely
shared the same protoliths during the Permian magmatism of the
Panjal Traps.

The rims of the eclogite zircons exhibit metamorphic
characteristics and equilibrium texture with HP phases. The
date of ca. 31 Ma most likely reflects eclogite-facies zircon
recrystallization because, 1) the zircon rims have inclusions of
garnet and rutile without plagioclase, 2) the disequilibrium
texture of zircon with symplectitic diopside and plagioclase
implies zircon inclusions presented in preexisting omphacite
(Figure 4), and 3) the REE data indicate recrystallization in
the presence of garnet and absence of plagioclase (Figure 6C). A
similar metamorphic age (ca. 32 Ma) reported by Koukestsu et al.
(2016) was interpreted as a recrystallization time after eclogite-
facies metamorphism. However, the low Yb concentrations in
those zircons only reflect equilibration with garnet, which could
occur both under eclogite- and granulite-facies conditions.
Moreover, metamorphic zircons from the country gneiss show
REE characteristics and ages similar to those from the eclogites
(Figures 6C,D). Therefore, the Stak massif was coherently buried
beneath the Asian plate and underwent eclogite-facies
metamorphism at ca. 31 Ma.

The HP metamorphic time of the Stak massif is at least 15 Ma
later than the UHP metamorphic time (53-46 Ma) in the Kaghan
and Tso Morari massifs (de Sigoyer et al., 2000; Kaneko et al,,
2003; Donaldson et al., 2013). Therefore, the HP-UHP massifs in
the western Himalaya were asynchronously buried to
~2.5-3.8 GPa, indicating a continuous subduction/collision
process spanning more than 15 Ma. After the Kaghan and Tso
Morari massifs experienced UHP metamorphism (~46 Ma) and
rapid exhumation to the middle to lower crustal levels
(~44-40 Ma) (de Sigoyer et al, 2000; Parrish et al., 2006;
Wilke et al., 2010), the Stak massif was buried to HP eclogite-
facie conditions at ca. 31 Ma. Such a continuous burial process
recorded by HP-UHP rocks is common in other collisional belts
such as Dabie-Sulu (e.g., Zhang et al., 2009), Alps (e.g., Berger and
Bousquet, 2008), and the Western Gneiss Region (e.g., Kylander-
Clark et al., 2009). In the following section, we will focus on how
this process proceeded through time.

Implications for change in subduction dip

angle through time

The HP metamorphism of the Stak massif is broadly
contemporaneous with that of quartz eclogites, HP granulites,
and garnet amphibolites (mostly 40-25 Ma) in the central and
eastern Himalayas (Figure 7A) (Corrie et al., 2010; Zhang et al.,
2010; Rubatto et al., 2013; Wang et al., 2021). This indicates that
the subducted Indian continental slab probably underwent a
coherent process along the Indus-Yarlung Suture Zone since
40 Ma. However, UHP metamorphism spatially restricted to the
western Himalaya (Kaghan and Tso Morari) was only recognized
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FIGURE 7 | (A) Cumulative probability curve and histogram showing the
peak metamorphic ages of the HP and UHP rocks in the western (red) and
central-eastern Himalayas (green). (B) Cumulative probability curve and
histogram for the crystallization ages of the western Himalaya (South
Karakoram, Kohistan-Ladakh Arc, red), and Gangdese (green) magmatic
rocks. (C) India—Asia convergence rates. Detailed data and sources are listed
in Supplementary Table S6.

before ca. 46 Ma (Kaneko et al., 2003; Donaldson et al., 2013). The
discrepancy of HP-UHP timing in the western and central
Himalayas could be induced by continental subduction of a
jagged Indian margin (Guillot et al., 2008), by different
exhumation styles (residence times at crustal level) of eclogites
(O’Brien, 2019; Rehman, 2019), or by changes in subduction dip
angle (Figure 2). However, it is unlikely that an irregular
northern margin of India would trigger the long discrepancy
(>15Ma) between UHP and HP peak metamorphic ages. The
different P-T-t paths observed between UHP and HP eclogites
were interpreted to result from the prolonged residence times in
the central and eastern Himalayas but rapid exhumation of UHP
rocks in the west (Rehman, 2019). However, the different
exhumation styles are not the first-order mechanism
responsible for the distinct peak metamorphic ages of
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2005), Yadong (Ya) (Zhang et al., 2017), Namche Barwa Syntaxis (NBS)
(Zhang et al., 2015), and Zanskar (Zk) (Vance and Harris, 1999).

HP-UHP rocks. The ~31 Ma eclogite-facies metamorphic age in
Stak is similar to those recorded in the central Himalayan HP
eclogite (~30Ma; Wang et al, 2021) and the Zanskar HP
granulite (31-28 Ma; Vance and Harris, 1999) and the Ayilari
garnet amphibolite (~32 Ma; Chen et al.,, 2021) in the western
Himalaya (Figure 1B), indicating that these HP rocks were
synchronously buried to shallow depths much later than the
UHP rocks.

Notably, the old UHP eclogites and young HP rocks record
different peak-pressure thermal gradients (temperature change
with depth, referred to as metamorphic 7/P) (Figure 8), implying
a change in the subduction geometry of the Indian continental
slab during 46-40 Ma. The subduction of oceanic lithosphere
(Neo-Tethys) after the initial India-Asia collision (~60 Ma; e.g.,
Parsons et al., 2020) would continuously release fluids or melts,
generate convective corner flow in the mantle wedge, and, thus,
induce magmatism at convergent plate margins (Figure 7B). The
successive steep subduction of Indian continental crust driven by
slab pull of the Neo-Tethys underwent UHP metamorphism (low
T/P) at 53-46 Ma (Figures 2A and 9A). The steep subduction of
the Indian continental slab is also supported by the presence of
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FIGURE 9 | Schematic diagrams illustrating the evolution process of the
western Himalaya during the India—Asia collision. (A) Steep subduction and
UHP metamorphism of the Indian continental slab at ca. 53-46 Ma. (B)
Breakoff of the Neo-Tethyan lithosphere induced fast exhnumation of

UHP metamorphic rocks and then rebound of subducted Indian continental
slab at ca. 46-40 Ma. (C) Continuous (ca. 40-25 Ma) low-angle
underthrusting of the Indian continental slab during collision contributed to the
HP metamorphism and magmatic lull. K & T, Kaghan and Tso Morari; KLA,
Kohistan-Ladakh arc.

the UHP eclogite units in the western Himalaya now directly
adjacent to the Indus-Tsangpo suture zone (O’Brien, 2019).
However, after ~40Ma, the sole occurrence of HP
metamorphism (high T/P) along the strike reflects an increase
of geothermal gradient that requires a change in subduction dip
angle (Figures 2B and 9B). These young HP rocks most likely
resulted from low-angle underthrusting during continental
collision (Guillot et al., 2008; Soret et al., 2021). Therefore, the
change in subduction dip angle of the Indian continental slab
during 46-40 Ma is critical for the transition from continental
subduction to collision dynamics.

The change in subduction dip angle can be induced by the
continuous subduction of buoyant continental lithosphere
(Parsons et al., 2021) or by the breakoff of the oceanic (Neo-
Tethyan) lithosphere (Davies and von Blanckenburg, 1995;
Magni et al., 2017). Breakoff of the Neo-Tethyan lithosphere
would lead to fast exhumation of UHP rocks (Kohn and
2002), uplifting of the buoyant continental
lithosphere, and shifting to gently dipping subduction or
underthrusting  (Davies and Blanckenburg, 1995;

Parkinson,

von
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Chemenda et al.,, 2000). In addition, slab breakoff mostly occurs
at greater depths (~130-240 km) than the base of the overriding
lithosphere and would not trigger significant magmatism at
convergent margins (e.g., Freeburn et al, 2017), which is
consistent with the weak magmatism within the Asian plate at
46-40 Ma (Figure 7B). There are many lines of evidence
supporting the breakoff of the Neo-Tethyan slab around
46-40 Ma after the initial India—-Asia collision. 1) According to
paleomagnetic reconstructions and tomographical observations,
Negredo et al. (2007) estimated the breakoff of oceanic slab
occurring at 48-44 Ma. 2) The rapid exhumation of the
Kaghan UHP eclogite from ~100 to ~35km during 46-44 Ma
(Parrish et al., 2006) also agrees with the breakoff model (Kohn
and Parkinson, 2002). 3) Based on tomography, the Asian
tectonics reconstructions and the Indian plate kinematics,
Replumaz et al. (2014) proposed that the major breakoff
between India and the Tethys ocean occurred at ~45Ma.
However, Parsons et al. (2021) proposed a different timing for
slab breakoff based on interpretations of the same tomographic
anomalies. 4) The occurrence of 42-40 Ma intraplate-type mafic
dykes in eastern Tibet supports the breakoff of subducting Neo-
Tethyan slab from the Indian continental slab during the middle
Eocene (Xu et al.,, 2008). 5) The 45 Ma oceanic island basalt-type
gabbro in southern Tibet was used to constrain the breakoff time
of the Neo-Tethyan slab (Ji et al, 2016). Numerical studies
suggest that the timing of slab breakoff after the onset of
continental collision varies from 10 to 25 Ma, which is largely
affected by the strength and age of the subducting oceanic slab
(e.g., van Hunen and Allen, 2011). Our proposed slab breakoff
timing (46-40 Ma) for the old Neo-Tethyan slab after the onset of
continental collision (~60 Ma) broadly fits this modeled result.
Therefore, we suggest that the different T/P and ages between the
Himalayan UHP and HP rocks were induced by the breakoff of
the Neo-Tethyan slab and subsequent transition from steep
continental subduction to low-angle underthrusting (collision)
at 46-40 Ma (Figure 9B).

The synchronous HP metamorphism induced by laterally large-
scale low-angle underthrusting is also supported by
palacomagnetic and magmatic data. Since the Late Cretaceous,
the India-Asia convergence rates in the eastern and western
Himalayas show high consistency (Figure 7C), decreasing from
140-160 to 80-100 mm/year at 52-50 Ma and then decreasing to
40-60 mm/year at ca. 45 Ma (van Hinsbergen et al., 2011). The first
deceleration is attributed to the initial India-Asia collision (van
Hinsbergen et al., 2011), whereas the second most likely resulted
from the loss of oceanic slab pull after breakoff (e.g., Bercovici et al.,
2015; Jietal, 2016) or the India—Asia second collision (45-40 Ma)
after an earlier collision (~60Ma) of either Indian
continent + intraoceanic arc or greater India
microcontinent + Asia (e.g., Parsons et al,, 2020, 2021). A low
convergence rate benefits sufficient heat exchange between the
subducting plate and the overlying mantle, thus inducing HP
metamorphism with high T/P (Guillot et al., 2008). In addition,
the Himalayan magmatic activities from east to west were
systematically complementary to the HP metamorphic events
after 40 Ma. The Kohistan-Ladakh-Gangdese arc system and
south Karakoram exhibit a coherent magmatic lull at 40-25 Ma
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(Figure 7B). The Stak eclogite in the western Himalaya and most of
the other HP rocks in the central and eastern Himalaya also formed
at this stage (Figures 7A and 9C). The low-angle underthrusting
after slab breakoff would have driven the asthenosphere beneath
the Asian plate away and then shielded the active continental
margin from convective heat, which would have led to the
magmatic lull in the convergent margin (Chung et al., 2005; Ji
et al, 2016; Ji et al., 2020). The driving force for the continuous
convergence and underthrusting after the breakoff of the Neo-
Tethyan slab could be subduction of Australian oceanic lithosphere
(e.g., Parsons et al, 2021) or subduction of Indian continental
lithosphere (e.g., Capitanio et al., 2010). In addition, the continuous
low-angle underthrusting during continental collision at 40-25 Ma
potentially enhanced crustal thickening (Soret et al, 2021) and
elevated the thermal structure of orogenic wedge due to radiogenic
heat production in the thickened crust (Berger et al, 2011),
contributing to the high- or ultrahigh-temperature overprints in
HP eclogites during exhumation (Wang et al., 2021). In this regard,
the change in subduction dip angle of continental slab would have
influenced both magmatic activities and peak geothermal gradients
of HP-UHP rocks. To summarize, a lateral (>2,500 km) change in
the subduction geometry of the Indian continental slab during the
middle Eocene would be broadly consistent with the igneous and
metamorphic records.

CONCLUSION

The Stak eclogites and their country gneiss in the western
Himalayan syntexis provide insight into the change in
subduction dip angle of the Indian continental lithosphere.
Precise geochronological data show that the Stak massif
underwent HP eclogite-facie metamorphism at ~31 Ma, which
is at least ~15 Ma later than the Himalayan UHP metamorphism.
Considering the discrepancies in peak ages and geothermal
gradients between the Himalayan HP and UHP metamorphic
rocks, we suggest that the Indian continental lithosphere
underwent a coherent change in subduction dip angle during
46-40 Ma. Based on geological and geophysical evidence, this
change in subduction geometry is likely induced by the breakoft
of the Neo-Tethyan slab. We suggest that the change in
subduction dip angle is a critical process controlling the
transition from continental subduction to collision dynamics.
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Earth carbon cycle shapes the evolution of our planet and our habitats. As a key region of
carbon cycle, subduction zone acts as a sole channel transporting supracrustal carbonate
rocks down to the mantle, balancing carbon budget between the Earth’s surface and the
interior, and regulating CO, concentration of the atmosphere. How carbonates evolve at
depth is thus, a most fundamental issue in understanding carbon flux and carbon
sequestration mechanism in the Earth. This study reviews prominent progresses made
in the field of crystal chemistry of carbonates along subduction geotherms. It clearly finds
that, in addition to common carbonates in the Earth’s crust, several new polymorphs of
carbonates have been discovered to be stable under high-pressure and high-temperature
conditions. This opens possibilities for oxidized carbon species in the deep Earth.
However, metamorphic decarbonatation and reduction reactions restrict subducting
carbonates to the top-mid region of the lower mantle. Specifically, subsolidus
decarbonatation in the form of carbonates reacting with silicates has been proposed
as an efficient process releasing CO, from slabs to the mantle. Besides, carbonate
reduction in the metal-saturated mantle likely results in generation of super-deep
diamonds and a considerable degree of carbon isotope fractionation. Review of these
novel findings leads us to consider three issues in the further studies, including 7) searching
for new chemical forms of carbon in the mantle, 2) determining the reduction efficiency of
carbonates to diamonds and the accompanying carbon isotope fractionation and 3)
concerning carbon cycle in subduction of continental crust.

Keywords: phase relation, crystal chemistry, diamond, graphite, decarbonatation

INTRODUCTION

Carbon is a basic element that forms the Earth and the biosphere. Earth carbon cycle ties closely with
the global climate, the origin and evolution of life and the carbon-based energy resources. The
present review focuses on the carbon cycle in subduction zones. The crustal carbon is carried down to
the Earth’s interior via subduction processes, modifying the redox state of the mantle, and the deep
carbon exchanges with the crustal carbon via volcanism or metamorphic decarburization over
geological timescales (Dasgupta and Hirschmann, 2010; Plank and Langmuir, 1993). This process is
responsible for the recycling of a great amount of carbon and consequently, exerts profound
influence upon the terrestrial ecosystem functions. In recent decades, the carbon balance between the
Earth’s surface and the interior is wrecked. It has become our urgent desire to examine carbon
sequestration capacity of different reservoirs and strive for a balance of carbon income and outcome.
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Extensive studies have been carried out on carbon flux from the
Earth’s surface to the interior but obtained totally different results
(Gorman et al., 2006; Johnston et al., 2011). Estimation on the
removal amount of the subducted carbon from slabs varies from
35 to 100% (Kelemen and Manning, 2015). The large
inconsistency is due mainly to our limited knowledge on
behaviors of carbonates in subduction zones.

Carbonates (e.g. calcite CaCO;, magnesite MgCO; and
dolomite (Ca, Mg)COj3) are predominantly carbon species in
the Earth’s crust. Their structural stability in subduction zones is
a key to measuring carbon flux. On the one hand, with the
increase of the subduction depth, the pressure-temperature and
the oxygen fugacity conditions become more and more favorable
for reduced carbon species. In this respect, carbonates would be
overtaken by diamond or graphite at mantle depths in excess of
~250 km where the redox state begins to be buffered by iron-
wiistite equilibrium due to disproportionation of Fe** to Fe’* and
metallic Fe® (Frost et al, 2004). At greater depths, Fe**
disproportionation to Fe’* and Fe’ progressively increases,
which likely results to diamond domains in the deep Earth
(Rohrbach and Schmidt, 2011). On the other hand, however,
the possibilities of crustal carbonates in the upper-mid mantle
have been suggested by thermodynamic calculations (Sun et al.,
2018) and experiments (Ghosh et al., 2009; Litvin et al., 2014).
Besides, carbonate associations have been frequently discovered
as inclusions in the transition-zone and the lower-mantle
diamonds (e.g. Brenker et al, 2007; Kaminsky, 2012;
Kaminsky et al., 2013; 2016). This indicates that the crystal
chemistry of carbonates and the carbon sequestration
mechanism in the deep Earth are far more complicated than
previously thought.

In this study, we systematically review the high-pressure
behaviors of carbonates along from cold to the hottest
subduction geotherms, aiming at three scientific issues: 1)
Establishing a comprehensive phase relation of main
carbonates in the Earth’s mantle. Our first concern is
whether carbonates will melt and breakdown at high-
pressure and high-temperature conditions, or preserve to
greater depths even approaching the core-mantle boundary
(CMB). 2) Next, close attention are paid upon the reduction
mechanism of carbonates in reactions with the metallic mantle
during subducting processes, as that would be an impenetrable
barrier to  carbonate subduction. 3) Meanwhile,
decarbonization of carbonated peridotites and eclogites
(including mid-ocean ridge basalt, MORB) by the
surrounding silicates should also be examined, as these
processes exhibit the possibility of CO, release as an
equilibrium phase in the deep mantle, which sets
fundamental control on mantle metasomatism.

PHASE DIAGRAM OF CARBONATES IN THE
MANTLE

CaCO3, MgCOs3, (Ca,Mg)COj; are three main inorganic carbon
substances in the Earth’s crust. They are also dominant carbon
species recovered in sublithospheric diamonds. Carbonates

Carbonates in Subduction Zones
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FIGURE 1 | Phase diagram of CaCOgz, MgCQyg, (Ca,Mg)CO3 and the
ferrous series under high pressures and temperatures. Equilibrium boundary
between Gr. and Dm. is based on Bundy et al. (1996). Pressure-Temperature-
profiles of hot subduction slab (red arrow) stagnant in the transition zone

and the coldest slab (navy-blue arrow) penetrating into the lower mantle (an
extrapolated curve) are referred to Syracuse et al. (2010). The gray zone
indicates the Mantle Geotherm (Katsura et al., 2010). Curve [1] represents the
phase boundary between Arag. and CaCOz-VIl and Curve [2] between
CaCO3-VIl and Post-Arag. (Gavryushkin et al., 2017; Li et al., 2018).
Transformation from Post-Arag. to P24/c-h is indicated by Curve [3]
(Gavryushkin et al., 2017; Zhang ZG. et al., 2018). Phase relation between
CaCO3-VI (P-1) and Arag. (13.5-25 GPa; ~1100 K) is denoted by Curve [4]
(Pickard and Needs, 2015; Bayarjargal et al., 2018). Curve [5] is an
extrapolated curve showing the transformation from Arag. to CaCOgz-V
(disordered) (Litasov et al., 2017; Zhao et al., 2019) or an unknown structure.
Melting curves of CaCOz and the boundary of decomposition of CaCOz melt
are referred to Litvin et al. (2014) (Curve [6]), Zhang and Liu, (2015) (Curve [7])
and Li et al. (2017) (Curve [8]). Structural evolution from MgCO3 to C2/m
(Curve [9)) is based on Oganov et al. (2008) and Boulard et al. (2011). MgCO3-
P-1 has a limited stable regime between 85 and 101 GPa below ~1100 K
(Pickard and Needs, 2015). Spin crossover of Fe?" in ferromagnesite (Curve
[10]) is from Liu et al. (2015). Phase boundaries from Fe?*-rich Mg-
carbonates-R-3c to Pmm?2 (Curve [11]) is plotted by Liu et al. (2015) and to
C2/m (Curve [12]) by Boulard et al. (2011; 2012; 2015). MgCOg melt and the
decomposition to diamond are measured from Litvin et al. (2014) (Curve [13])
and Solopova et al. (2015) (Curve [14]). Phase transition from Fe-Dol. to Fe-
Dol.-Il'is denoted by Curve [15] and further to Fe-Dol.-lll by Curve [16] (Merlini
et al., 2012). Abbreviations: Gr., graphite; Dm., diamond; Arag., aragonite;
Post-Arag., post-aragonite; Fe-Dol., Fe?*-bearing dolomite; Fe-Dol.-Il, Fe®*-
bearing dolomite-II; Fe-Dol.-lll, Fe**-bearing dolomite-Iil.

show versatile behaviors such as phase transition,
dissolution, melting, decomposition and decarburization at
mantle conditions. For example, CaCOj; exhibits exceeding
solubility in aqueous fluids and may extract a considerable
portion of carbon from slabs. But Ca®" in carbonates would be
replaced by Mg”* upon sinking, and the solubility of dolomite
reduces significantly if carbonates become Mg-rich (Farsang
etal, 2021). Naturally Fe** substituting Mg>* forms a complete
MgCO;-FeCO; solid solution, and a minor addition of Fe**
significantly affect the phase boundary of carbonates especially
atlower-mantle pressures (Liu et al., 2015; Tao et al., 2014). The
following section presents a summary of phase relation of
CaCO3, MgCO; and (Ca,Mg)CO; and their ferrous series at
depths.
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Calcite CaCO;

The stable polymorph of CaCO; at ambient conditions is calcite
(R-3¢, Z = 6) where [CO5]*~ species form parallel layers and Ca**
are six-fold coordinated by O*". Upon pressures above ~2 GPa,
calcite reconstructively converts to aragonite (Pmcn, Z = 4) with
[CaOg]-octahedra turning into [CaOy]-polyhedra. Aragonite has
long been considered as the dominant CaCOs-structure in the
Earth’s interior from the upper mantle to the top of the lower
mantle. Yet its density is lower than the principle constituents of
the mantle (Litasov et al., 2007), which casts doubts on the
presence of CaCO; in the deep Earth. Accumulations of
experimental and theoretical data lately, however, create a
whole new landscape of CaCOj; inside the Earth. One
significant finding is CaCO3-VII (P2,/c-l, Z = 4), which was
put forward by Gavryushkin et al. (2017) as favorable in the
pressure range of 30-50 GPa below1200 K (Figure 1). Bayarjargal
et al. (2018) and Li et al. (2018) subsequently expanded its
temperature scope to the melting point and suggest CaCO;-
VII as a predominant candidate at mantle depths of
690-1010 km. Increasing temperature would lower the
pressure of aragonite — CaCO;-VII transformation (Zhang
ZG. et al, 2018). CaCO;-VII is characterized with non-planar
[CO;]*" units that are rotated by ~45° relative to those in calcite/
aragonite and are tilted ~90° to one another. It is considered as an
intermediate in the aragonite — post-aragonite transformation
wherein the [CO5]*™ units undergo a ~90° rotation (Pickard and
Needs, 2015; Smith et al., 2018). Conversion of aragonite to
CaCO5-VII is accompanied by an uprush of 2% for density, and
an increase of 9, 2 and 8% for shear, longitudinal and average
sound velocities. The difference in wave velocities increase by
~6% when 10% CaCOj is present with respect to a pure pyrolitic
composition (Bayarjargal et al., 2018). Therefore, the potential
preferred orientation of CaCO;-VII may contribute to seismic
discontinuities at ~700 km in the vicinity of slabs (Kaneshima,
2013; Yang and He, 2015; Bayarjargal et al., 2018).

In the meanwhile, Gavryushkin et al. (2017) took the initiative
in observing the occurrence of aragonite-II (P2,/c), another
model structurally relevant to aragonite at 35GPa and its
absence at 50 GPa. The phase domain of aragonite-II was
reproduced by Bayarjargal et al. (2018) under non-hydrostatic
pressures of 30-38 GPa. Yet never aragonite-II was a pure phase
in both studies. By contrast, at pressures of 23-38 GPa, Li et al.
(2018) observed only CaCO;-VII generation at temperatures up
to 2300 K. Zhang ZG. et al. (2018) provided thermodynamic
arguments for the marginal metastability of aragonite-II at
30-40 GPa, and with temperature rising, aragonite-II became
increasingly unfavorable. It is open to question for the presence
and stability of aragonite-II, which is subjected to kinetic barriers
of equilibrium phase transformations in experiments and
uncertainties in calculations.

At 42 GPa and 1400 K, a further phase transition occurs from
CaCO;-VII to post-aragonite (Pmmn, Z = 2) with the Clapeyron
slope of the phase boundary being -233 K/GPa (Bayarjargal et al.,
2018; Li et al., 2018). Post-aragonite exhibits much higher wave
velocity anisotropies than major silicates and other carbonates
(Huang et al., 2017). This reconstructive transformation leads to
measurable decreases in shear (—7.0%) and longitudinal (—4.7%)

Carbonates in Subduction Zones

wave velocities around 1010 km in consideration of the pyrolitic
mantle composition with 10% CaCOj; (Li and Yuen, 2014; Niu,
2014; Bayarjargal et al., 2018). Post-aragonite was once believed
as the best host structure for CaCO; in the bulk of the lower
mantle and it transformed to a pyroxene-like structure C222; at
the CMB (Oganov et al., 2008). This notion, however, should be
deliberated. Another pyroxene-phase P2,/c-h as recommended
above ~65GPa, which was evolved from collapse of P2,/c-I
without energy barriers (Pickard and Needs, 2015; Huang
et al., 2017; Zhang ZG. et al, 2018). Both P2,/c-h and C222,
are featured with [CO4]* species, but the former is made up of
pyroxene chains stacked out-of-phase while the latter of parallel
chains. In spite of pyroxene-phases, Lobanov et al. (2017) insisted
that post-aragonite perseveres until ~105GPa, afterwards it
undergoes the lowest-enthalpy path to become P2/c-h along
with conversion of sp>-to sp>-hybridized carbon. But Smith et al.
(2018) documented that CaCO;-VII itself is capable of sp*-sp’
hybridization exchange and rather than any known CaCOs;-
polymorphs, an entirely new phase came in above ~50 GPa.
There exist remarkable discrepancies as to the stability of
CaCOs-polymorphs under mid-mantle pressures as well as the
phase boundaries, due likely to the kinetic hindrance of the
transformations or limitations of different approaches, but sp*-
hybridized carbon does merit special notice because of its
thermodynamical stability in the megabar regime.

Melting of CaCO; was observed at ~1880 K at 3 GPa (Irving
and Wyllie, 1975) and monitored using Raman Spectroscopy
above ~1900 K at 10 GPa (Litvin et al., 2014), with a smoother
slope by conductivity measurement (Li et al., 2017). The melting
curve derived from First-principles calculations shifted slightly to
lower temperatures, where a knee point occurred at 13 (1) GPa
and 1970 (40) K that was attributed to conversion between
CaCOs5-V and aragonite. Aragonite was detected in the
recovered products in the pressure-temperature region where
CaCOs3-V is supposed to be stable (Zhang and Liu, 2015; Li et al.,
2017) due likely to the unquenchable character of CaCO;-V.
CaCO; had a broad area of congruent melting up to ~3500 K,
above which, it started to decompose. Decomposition of CaCO3
resulted in generation of graphite that transformed to diamond if
annealed to lower temperatures of 700-2700 K (Bayarjargal et al.,
2010; Spivak et al, 2011). All these studies pointed out that
melting and decomposition of CaCO; were realized at
temperatures above most subduction geotherms. That is,
almost the whole mantle falls into the solid regime of CaCOs;
polymorphs.

CaCO; with complex structural chemistry can be understood
from the following two perspectives. 1) In calcite-members
(CaCOs3;, CdCO;, MnCO;, FeCOs;, ZnCO;, MgCOs;, etc),
CaCOs has the largest ionic radius of Ca®* that can bear
various pressures by adjusting coordination numbers (Oganov
et al., 2008). 2) In aragonite-family (CaCO;, SrCO;, PbCOs,
BaCO;, etc), CaCOj; contains the closest matching in distance
between Ca®* and [CO;]* species that results to the most
variation in C-O bond lengths and deviation from [CO;)*-
coplane (Antao and Hassan, 2009). The great variety of
CaCO; polymorphs opens possibilities of stable CaCO;
component in the deep mantle. According to the results
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above, we plot Figure 1 for to obtain an overview of phase
evolution of CaCOj; to be aragonite (<~25 GPa) — CaCO;-VII
(25-42 GPa) — post-aragonite (42-80 GPa) — P2,/c-h or C222,
(80-137 GPa), which is dominantly affected by pressure.

Magnesite MgCO; and Ferromagnesite
MgCO; maintained its rhombohedral structure (R-3¢; Z = 6) up
to at least ~80 GPa and ~2300K, thereafter it turned into
MgCO;-11 (C2/m; Z = 6) until the CMB (Isshiki et al., 2004;
Maede et al., 2017) (Figure 1). MgCO5-I1 is featured with [C50,]
6_—rings that consists of three [CO,]* -tetrahedra with
asymmetric C-O bonds, and Mg®" are in eight- or ten-fold
coordination (Oganov et al, 2008; Boulard et al, 2011).
Another silicate-like polymorph C222; was once proposed as
the most thermodynamically favorable for MgCO; above
~102 GPa (Panero and Kabbes, 2008), but it was dismissed
later. By calculations, Pickard and Needs (2015) suggested a
new phase of P-1 to be the best candidate at pressures of
85-101 GPa in a limited temperature regime that is slightly
lower than the coldest subduction geotherm. That is the
reason why in most attempts we observed MgCO; directly
transformed to MgCO;-1I (Boulard et al., 2011; Maeda et al,
2017; Martirosyan et al., 2018). The stability of C2/m was also
confirmed in Fe*'-rich MgCO; (Ferromagnesite-II) above
80 GPa between 1850 and 2500 K. Ferromagnesite-II hasd a
higher density and was temperature quenchable. Especially it
could accommodate a considerable amount of Fe** (magnetite
Fe,O3 and/or a new phase of Fe,(CO,);) that resulted from self-
redox reaction between Fe** and [CO;]*~ (Boulard et al,, 2011,
2012, 2015; Chen et al,, 2018). Special attention has been paid on
spin transition of Fe®* that drives a prior-transformation of
ferromagnesite from R-3¢ to Pmm2 at ~50 GPa and 1400 K
(Liu et al., 2015), along with an abrupt volume collapse. The
phase boundary of ferromagnesite from high spin to low spin
state was tightly constrained around 60 GPa for temperatures
above ~1000 K (Liu et al, 2015). There might be a positive
correlation between the Fe’*-content and the spin transition
pressure (Spivak et al, 2014). Or there is just a negligible
compositional effect due to the long Fe**-Fe®" distances in the
structure separated by [CO;* species (Lin et al., 2012; Hsu and
Huang, 2016; Weis et al., 2017). Some doubts remain regarding
the presence of intermediate-spin state (Hsu and Huang, 2016;
Weis et al.,, 2017).

MgCOj; melt congruently at temperatures above the Mantle
Geotherm (Litvin et al, 2014; Solopova et al, 2015). An
increasing separation in melting points between CaCO; and
MgCO; with pressure was expected to partially account for
the majority of carboantitic melt found on the Earth’s surface
being highly calcic (Hammouda et al., 2015; Li et al.,, 2017).
MgCO; decomposed to oxides and diamond above ~3000 K
(Spivak et al., 2013; Litvin et al., 2014; Solopova et al., 2015),
and the energy cost for CaCOj3 is much higher (Santos et al.,
2019). Melting curve of ferromagnesite deviated seriously from
that of pure MgCO;. Similar to FeCO;, melting loop of
ferromagnesite was asymmetrical and had a thermal minimum
for Fe**-rich compositions (Tao et al., 2014; Kang et al., 2015). At

mantle  conditions, ferromagnesite = was  energetically
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advantageous over decomposition (Boulard et al., 2011; 2012),
which generated magnetite-magnesioferrite solid solution,
graphite and CO, (Kang et al, 2016). So melting and
decomposition of CaCO;-MgCO; series bounded the phase
fields of these carbonates, and that cast doubts on releasing
free CO, in the deep Earth.

The elastic behaviors of MgCO; associate closely to its
structural chemistry, which besides, helps to locate the
presence of subducted carbonates in the mantle. At mantle
pressures, the shear wave velocities in MgCO; were smaller
than those in silicates. Marcondes et al. (2016) thus associated
the low-velocity zones near the bottom of the lower mantle with
the presence of MgCOs. In the light of the density reduction,
Litasov et al. (2008) announced that MgCO; had a limited effect
on seismic profiles of principle assemblages in the mantle, but
Yang et al. (2014)proposed to detect its presence by regionally
seismic anisotropies because of its unusual high compressional
(Vp) and shear (V) anisotropies. Existence of minor Fe** as well
as the spin transition opened a new window on the elastic
properties of ferromagnesite (Fu et al, 2017; Stekiel et al,
2017). For high spin state, the sound velocities decreased with
Fe**-content, whereas the anisotropy of the sound velocities
increased. Upon pressure, anisotropies of Vp and Vy increased
until spin transition occurred and decreased afterwards. So a
drastic softening of sound velocities across spin transition may
occur in slabs enriched with ferromagnesite in the mid-lower
mantle. Increases of both Vp and Vg velocities were observed after
spin transition. Enrichment of Fe’" led to larger differences in
sound velocities and velocity anisotropies for low spin state as
well. In this regard, Fe**-rich MgCOj; regions may show higher
seismic contrast compared with principle minerals in the deep
mantle.

To sum up (Figure 1), along subduction geotherms MgCO;
maintains initial R-3¢ structure up to ~80 GPa and hereafter
converts to C2/m, with sp*-sp’ transition further upholding the
phase in the lowermost mantle. Ferromagnesite undergoes spin
transition in the mid-mantle and changes to Pmm2-structure
subsequently. The drop in the unit-cell and the accordingly
uprush of the density expand the stability field of
ferromagnesite to higher pressures, yet disproportionation of
Fe** could highly disintegrate the structure at lower-mantle
conditions. Temperature exerts a greater impact on phase
relations of ferromagnesite relative to MgCOj3. Neither melting
nor decomposition occurs in MgCOj; or ferromagnesite over the
entire mantle.

Dolomite (Ca,Mg)CO; and Ankerite

Dolomite-(Ca,Mg)CO; is a common carbonate mineral in
marine sediments, carbonated eclogite and ophiolite (Tao
et al., 2020; Shatskiy et al., 2021). At the topmost of the upper
mantle, dolomite broke down into a mixture of magnesite-
MgCO; and aragonite-CaCOs;, the field of the coexistence
opening towards higher temperature with pressure (Tao et al,
2014). A monoclinic phase (dolomite-II) set in driven by rotation
of [CO;]*” groups at 14-20 GPa under ambient temperature
(Santillan et al., 2003; Merlini et al., 2019; Stekiel et al., 2019).
This new phase was expected to enhance the thermodynamic
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stability of (Ca,Mg)CO; up to 40 GPa over MgCO;+CaCOs.
Above 41 GPa, a triclinic structure (dolomite-III, Z 8)
formed (Merlini et al., 2019).

Naturally Fe** substitutes Mg®" in dolomite with various
contents. Incorporation of Fe** strongly decreased the order
degree of the structure (Tao et al.,, 2014) and helprf maintain
its stability to higher pressures and temperatures (Stekiel et al.,
2019). A trigonal — orthorhombic transformation was firstly
observed in (Ca,Mg); oFey1(CO;), at ~17 GPa and 300 K (Mao
et al,, 2011). This new orthorhombic phase persisted in upon
laser-heating to ~1600-1700 K at 27-31 GPa. At 36-83 GPa, it
further transformed to a monoclinic structure. The pressure-
induced spin transition of Fe** was manifested by a drop in the
unit-cell volume at ~47 GPa. This observation, however, was not
reproduced in Fe-richer counterparts. A similar experimental
study on a Fe**-richer crystal CaMgggFe4(CO3),, suggested
formation of two triclinic structures under pressures (Merlini
et al., 2012). One was Fe-dolomite-II (P-1; Z = 4), a distortion of
the dolomite structure associated by rotation of [CO;]*~ groups,
existing between 17 and 35 GPa. The coordination number of
Ca”" increased from six in Fe-dolomite to eight in Fe-dolomite-II.
The other was Fe-dolomite-IIT that adopted the same P-1
symmetry but had eight formula units in the primitive cell. It
exhibited structural relations to CaCO;-111, as the [CO5]*” units
are non-planar with carbon partly in four-fold coordination,
some of which edge-shared with Ca®" and Fe** polyhedra. Fe-
dolomite-IIT had a broad stability domain to 43 GPa and the
melting point (~2600K). Its density was demonstrably
comparable to that of the mixture MgCO;+CaCQO; if taking
into account the FeCO; component. The second-order
transformation from Fe-dolomite to Fe-dolomite-II was similar
to that of dolomite — dolomite-II, and it had been strongly
confirmed by Merlini et al. (2019). But above 36 GPa, Merlini
et al. (2019) suggested a first-order transition to a rhombohedral
symmetry (R3) (Fe-dolomite-IIIb). In the pressure range of
70-120 GPa and at 2500K, Fe-dolomite-IV with an
orthorhombic symmetry (Pnma) formed. It was charactered
with corner-sharing [CO4]* units in three-fold rings, similar
to MgCO;-C2/m (Oganov et al.,, 2008). Different Fe" contents
could be responsible for the disagreement. Previously,
Solomatova and Asimow (2016) predicted a monoclinic phase
C2/cas the stable structure for more Fe’*-enriched samples
Ca(Mgy 5,Fe 5)(CO;), and CaFe(CO;), up to 60 GPa. The C2/
¢ phase cannot be achieved experimentally due to the large energy
barrier and the correspondingly large volume collapse, resulting
in conversion from dolomite to metastable structures.

Existing data has revealed the high-pressure behaviors of
dolomite, as is summarized in Figure 1, but it is limited to
draw a full understanding of the structural evolution of Fe-
dolomite at pressures and temperatures. Issues deserve
evaluation with respect to the effect of Fe**-content and its
spin transition on the thermal and elastic properties and the
stability fields (Tao et al, 2014; Merlini et al, 2016), and
possibility of energetically competitive structures. Besides,
there remains a large area uncovered for pressures above
~60 GPa. We now reach agreements on 1) a minor addition of
Fe’* stabilizes the rhombohedral structure of dolomite against
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FIGURE 2 | Experimental pressure-temperature conditions and run
products of carbonates-Fe® system. Blue diamond and green square
represent formation of diamond (Dm.) and iron carbide (Fe-C), respectively,
with uncertainties estimated for conditions marked. Diamond formation

is always along with graphite generation. The dashed black curve is
extrapolated from Zhu et al. (2018) for indicating the onset boundary of
MgCOg-Fe® interaction.

decomposition and transformation under upper mantle
conditions; 2) there stands a good chance for fine changes
occurring at ~17 and ~35 GPa, and a decrease trend of crystal
symmetry is expected with pressure.

CARBONATES REDUCTION BY REDUCED
MANTLE

Given most subduction geotherms, CaCO;, MgCOs;, (Ca,Mg)
COj; and their ferrous series maintain solid polymorphs over a
wide range of depths down to the CMB. But their presence in the
mantle depends highly as well on oxygen fugacity, which is
controlled by oxidation state of iron in minerals and melts
(e.g. sulfides and silicates) (Bataleva et al., 2017). A large part
of the mantle below 250 km is thought to be Fe’-sufficient and
favorable for reductions of carbonates or carbonatitic melts,
which is a potential barrier to carbonates further-subduction
and a promising mechanism for sublithospheric diamond
formation (Rohrbach and Schmidt, 2011; Stagno et al., 2011).
Several carbon species uncovered from the lower-mantle
diamonds, vary from oxidized phases (e.g. carbonates) to the
reduced (e.g. methane, graphite and iron carbide) (Brenker et al.,
2007; Kaminsky and Wirth, 2011; Kaminsky, 2012; Kaminsky
etal, 2013, 2016; Smith et al., 2016). That strongly indicates that
the redox reactions between subducted carbonates (oxidized) and
metallic mantle (reduced) is responsible for sublithospheric
diamond genesis (Figure 2).

Several studies have been conducted in petrologic context of
subducted carbonate assemblages in contact with metallic mantle.
One representative study (Palyanov et al., 2013) at 6.5-7.5 GPa
and 1273-1873 K documented that (Mgo,gCaO,l)COyFe0
interaction generated carbonatitic melts, magnesiowustite
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(Mg,Fe)O, cohenite Fe;C and metastable graphite. Increasing
temperature led to a higher degree of partial melting but a
decrease in Ca®"-component in carbonate melt. Diamonds
nucleation from carbonatitic melts (>1673 K) was expected
with heavier carbon isotope relative to the initial carbonate
and high concentrations of nitrogen (1000-1500 ppm). In
contrast, at iron front where carbide (Fe-C) melt formed,
diamond crystallized with lower &°C value and only
100-200 ppm of nitrogen mostly in the form of single
substitutional aggregation. These chemical characters are
analogous to that of natural sublithospheric diamonds.
Besides, the accompanying products, iron carbide, graphite
and (Mg, Fe)O are characteristic inclusions in natural stones.
For simplicity, at the topmost of the upper mantle, MgCO;
reduction by Fe” is described as:

MgCO, (magnesite) + Fe’ (metal) — (Mg, Fe)O + Fe;C
+ C(diamond) (R3-1)

Thermodynamic calculations showed that over the entire
mantle pressure range, C+(Mg,Fe)O is more stable than
MgCOs+Fe-C. Thus, presence of residual carbides in the
run products is due to incomplete reaction. A similar
experimental work (Martirosyan et al, 2015) later
reproduced this observation but for only formation of
graphite rather than diamond. That can be accounted for
by kinetic impeding for graphite-to-diamond conversion.
Increase of temperature and addition of catalysts are two
effective methods for diamond formation (Tomlinson et al,,
2011; Palyanov et al., 2013).

At higher pressure-temperature conditions, the onset
boundary of MgCOs;-Fe® interaction was defined linearly
crossing 1100 K at ~14 GPa and 1375K at ~40 GPa. The
onset of the reaction and diamond nucleation seemed to
have nothing to do with partial melting of Fe-C,
whichrequired much higher temperatures (Morard et al.,
2017). Crystallization of diamond slowed down drastically in
14-18 GPa, corresponding to the mantle depths of 410-525 km
(Zhu et al., 2018). That implied a high-pressure kinetic for the
reaction and accordingly, a huge reduction in diamond
production at the transition zone. The mechanism of the
high-pressure kinetic was unknown but it provided a
plausible explanation for the abundance of sublithospheric
diamond at 250-450 km in contrast to the rarity below. In a
broader pressure-temperature range of 70-150 GPa and
1500-2600 K, MgCOs-Fe’ interaction was exemplified by
(Martirosyan et al., 2018):

MgCO, (magnesite) + Fe(metal) - FeO + (Mg, Fe)O
+ Fe;C; + C(diamond) (R3-2)

Transformation from MgCO5-R-3¢ to C2/m around 80 GPa
exerted little effect on the reaction path. Diamonds nucleated
and grew directly from carbonates at subsolidus conditions.
Coexistence of FeO+(Mg,Fe)O in the run products suggested
an immiscibility gap in MgO-FeO system (Dorfman et al,
2018; Martirosyan et al., 2018). Naturally for worldwide
sublithospheric diamonds, (Mg,Fe)O solid solution is the

Carbonates in Subduction Zones

dominant (50-56%) lower-mantle inclusions which presents
a broad range in magnesium index (Mg# = Mg/(Mg+Fe),.,
0.36-0.90). Brazil, the most productive for population of
transition zone and lower mantle diamonds, however,
possesses (Mg,Fe)O of severely Fe**-rich, up to Mg# = 0.36
(Kaminsky, 2012). An origin from the D" layer was proposed as
a mechanism to explain this discrepancy (Kaminsky and Wirth,
2011), but it seemed at odds with the immiscibility gap in
MgO-FeO system. Factors such as temperature (Palyanov
et al, 2013) and oxygen fugacity (Martirosyan et al.,, 2015)
may be more possible to account for the variations of (Mg,Fe)O
composition.

In comparison with MgCOs; CaCOs; reacting with Fe’
proceeded much slower. For CaCOj-Fe’ coupling in closed
systems, Ca-wiistites were identified after reactions at 3-5.5
GPa and 1573-1673 K (5-48 h) with solid carbon in the form
of graphite (Chepurov et al, 2011). Similarly for deeper
subduction geotherms, interaction of CaCOs-Fe” system at
4-16 GPa and 923-1673 K was established as (Martirosyan
et al., 2016):

CaCO; (aragonite) + Fe’ (metal) — Fe,C,

+ CaFe,0; (Ca — wiistite) (R3-3)

The sluggish kinetics of established CaCOs-Fe” interaction
suggested that significant amount of carbonates could survive and
sink to the transition zone (Martirosyan et al., a 2016). At 6 GPa
and 1273-1473 K, redox reaction between CaCO;+MgCO;
mixture and metallic iron resulted in formation of Ca-(Mg,Fe)
O and Fe;C (Martirosyan et al., 2015). But under higher pressure-
temperature conditions of 51-113 GPa and 1800-2500 K, the
CaCO; component in (Mg 33CagsoFeo3)CO;  seemed
unresponsive in the reactions but remained in the phase of
post-aragonite (Dorfman et al., 2018). Model of carbonates-Fe°
interaction was applicable to Fe*'-carbonates self-reduction,
where Fe** disproportionated and reacted with C** to form
diamond and Fe’*-oxides at lower mantle pressures (see
Section 2.2; Boulard et al, 2011; 2012; 2015; Chen et al,
2018). But diamonds nucleated from Fe®'-carbonates self-
reduction were too tiny to be analyzed.

For all the carbon-phases during carbonates-Fe” interaction, a
closer look leads us to check the behaviors of iron carbide (e.g.
cohenite Fe;C, Fe,C;). Iron carbide has been discovered as
inclusions in sublithospheric diamonds (Kaminsky and Wirth,
2011) and silicates which are believed to originate at various
depths spanning from the upper mantle to possibly the CMB.
That indicates an active participation of iron carbide in deep
carbon cycle. Iron carbides could form by solid-solid reaction in
portions of the Earth’s interior where metallic iron and elemental
carbon or carbonateare in mutual contact (Palyanov et al., 2013).
It dissolves carbon with bulk content as high as ~300 ppm, and
maintains stable in the reduced mantle environments with
oxygen fugacity values close to or below IW buffer
equilibrium. Besides, multiple lines of evidence suggest a
mantle with sulfide-rich metallic melt (Stachel and Harris,
2008; Zhang Z. et al, 2018). Owing to strong non-ideal
mixing between carbon and sulfur in Fe-bearing alloy, the

Frontiers in Earth Science | www.frontiersin.org

24

March 2022 | Volume 10 | Article 837775


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Gao et al.

presence of sulfur significantly lower the solubility of carbon and
trigger carbon exsolution from the carbide (Zhang Z. et al., 2018).
The discovery of a carbide+sulfide+metal assemblage in
sublithospheric diamonds shed lights on mechanism of
diamond formation from Fe-C-S melt (Smith et al., 2016).
Here we evaluate the phase relations of Fe-C-S systems in the
mantle focusing on exsolution of diamond. Chemical reactions
involving:

2Fe;C + 3S, — 6FeS + 2C°
Fe;C + 3FeS, — 6FeS + C°

(R3-4)
(R3-5)

Most studies on Fe-C-S systems were performed at
pressures <8 GPa (Bataleva et al., 2017). These studies
reported efficient capabilities of Fe;C to generate graphite
(1473-1873 K), diamond (1573-1873K) and pyrrhotite
(FeS) in the presence of sulfur-bearing metasomatic agents;
further temperature increase led to higher efficiency of
diamond crystallization. The established Fe-C-S model was
applicable to Fe-Ni-C-S system, where Fe-Ni alloy showed a
greater accommodation of dissolved carbon with temperature
up to 2600 K but at lower pressures (<20 GPa) (Narygina et al,,
2011).

Redox reactions between subducted carbonates and
Fe*"-peridotites/eclogites can be taken as a simplified
model of slab-mantle interactions processing in the deep
zones. It was mainly controlled by low concentrations of
carbonates and metallic iron at the CMB as well as low
diffusion of chemical components (e.g. O>7, Fe*") among
silicates and carbonates. This is a limited process and set
constraints for carbon speciation and protections for
carbonates from reduction (Figure 2). Likely that a
significant amount of (Ca,Mg,Fe)-carbonates may survive
from Fe’-saturation boundary (Martirosyan et al., a 2016)
at the upper mantle and the transition zone. But at the top
of the lower mantle due to stagnation of subducting slabs,
carbonates accumulate and are heated up. Carbonates-Fe®
interaction would be more probable for diamond
production. = The rate of  graphite-to-diamond
transformation was higher in a FeNi system. Higher
pressure appeared to favor growth of cubo-octahedral
diamonds, whereas octahedral diamonds grow at lower
pressure conditions (<10 GPa in MgCO; and <15 GPa in
FeNi). The run products lacked the slip planes and
lamination lines commonly associated with superdeep
diamonds, and we may suggest that these deformation
features are due to transport instead of growth
conditions (Tomlinson et al., 2011). Accompanying with
carbon freezing in the Earth, carbon isotope fractionation
occurs. The carbon isotope composition in the mantle
displays a well-defined peak around §'°C = —5%o in an
extensive range to the lowest of ~—40%o. Subduction of
organic carbon was advocated for the mantle regions with
'3C depletion. Relatively, reduction of carbonates extracted
'2C to a greater degree and it was more likely to contribute
to the broad distribution of carbon in the mantle (Horita
and Polyakov, 2015).

Carbonates in Subduction Zones

CARBONATES DECARBONIZATION BY
SILICATES

In consideration of major minerals in basaltic plates and the
mantle, carbonate stability should also be inspected by
carbonates-silicates interactions under mantle conditions. This
reaction sets fundamental control not merely on subduction limit
of carbonate or CO, release in the mantle, but on
physicochemical properties of the mantle such as initiation of
melting by lowering the mantle solidus, generation of alkalic
magma in oceanic islands and carbonate metasomatism in
cratonic mantle. Two typical chemical reactions are appraised
here:

CaC03 + SIOZ - CaSlO3 + C02
MgCO, + SiO, — MgSiO, + CO,

R4-1)
(R4-2)

SiO, is one of the abundant components in MORB. Along
subduction geotherms, SiO, changes to its high-pressure
polymorphs as coesite, stishovite, CaCl,-type and seifertite
successively (Murakami et al, 2003; Grocholski et al., 2013).
According to experimental and theoretical results, even for the
temperature profiles in cold subduction slabs, CaCO5-VII reacted
with SiO,-stishovite above 23 GPa and 1500K to produce
CaSiOs-perovskite and possibly free CO,. High temperature
greatly increased the tendency of partitioning Ca®* from
carbonates CaCOj to silicates CaSiO3 (Zhang ZG. et al., 2018;
Li et al., 2018), accounting for the observation of abundance of
CaSiOj;-perovskite in sublithospheric diamonds compared to
typical mantle mineralogy. Decarbonation of MgCO3 by SiO,-
coesite was confirmed beginning at 6-7 GPa and above 1600 K,
and the decarbonatation temperature increased sharply with
pressure (Palyanov et al, 2002; Kakizawa et al., 2015). An
addition of alkali-component to MgCO;-Si0, system
negligibly changed the reaction path, and the output diamond
was close to the initial MgCO; in terms of carbon isotopic
composition (Palyanov et al, 2002). At 28-62GPa and
1490-2000 K (770-1500 km), MgSiOs-perovskite and solid
CO, (V or VI) formed from interactions between MgCO; and
SiO,-stishovite (Takafuji et al, 2006). With this regard, both
CaCOj; and MgCO; was unstable and would release CO, to the
lower mantle for SiO,-rich subducted basalts.

Calculations carried out at higher pressures of 50-200 GPa
under static conditions (0K) showed that CaCO; (post-
aragonite) and MgCO; (R-3c) maintained stable but react with
SiO; at closely the CMB (Oganov et al., 2008; Pickard and Needs,
2015; Santos et al, 2019). This was contradictory to the
experimental observations (Maeda et al., 2017) where the
reaction of MgCOj3-SiO, occurred at mantle depth beginning
from ~1000 km and that held true for all the mantle regions
below. Different results could be due to different conditions in
these studies. MgCO;-R-3¢ reacted with SiO,-stishovite for
formation of MgSiOs-bridgmanite and CO,-VI (six-fold
coordinated of carbon) at depths around 1700 km (83 GPa;
1780 K). Internal production of CO, from MgCO;-SiO,
system was thus, possible in the middle of the lower mantle
(1700-1900 km) and at greater depths CO,-VI would decompose
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FIGURE 3 | Schematic reaction line of carbonate-silicate at the Earth’s
mantle conditions. The black lines representing CaCO3-SiO, reaction is
measured according to Li et al. (2018) and Zhang and Liu (2015). The dark-
blue lines indicate phase boundaries for MgCO3-SiO, system (solid:
Maeda et al., 2017; dotted [1]: Takafuiji et al., 2006). Partial melting of MgCOsz-
SiO, series produces a simple eutectic system (Kakizawa et al., 2015). Curve
[2] represents solidus curve of carbonated peridotite (Litasov and Ohtani,
2009). Solidus curves of carbonated eclogites are plotted according to Litasov
and Ohtani (2010) (Curve [3]) and Kiseeva et al. (2013) (Curve [4], [5]). The
melting curve of carbonated MORB (Curve [6]) according to Thomson et al.
(2016). Phase diagram for the stability of MgCO3+CaSiO3 versus
CaCO3+MgSIiOs is referred to Santos et al. (2019). Phase boundaries of
CaCO0g3- and MgCOs-polymorphs follow the references in Section 2.1. The
phase diagrams of SiO, (Murakami et al., 2003; Grocholski et al., 2013), CO»
(Litasov et al., 201 1) and MgSiOg (Komabayashi et al., 2008) are included with
gray solid lines. Abbreviations: Gr., graphite; Dm., diamond; St., stishovite;
CS., CaCly-type SiOy; Se., seifertite; Brd., MgSiOg bridgmanite; Ppv., MgSiOg
post-perovskite.

to diamond. If survived, MgCO;-R-3¢ changed to C2/m and
reacted with SiO,-seifertite to generate MgSiOs-post-perovskite
and diamond at the lowermost mantle.

Figure 3 summarizes the phase relations of carbonate-silicate
system at mantle conditions. The solidus of the carbonated
MORB intersected most subduction geotherms at mantle
depths of 300-700 km, creating a focused region of melt at the
top of the transition zone and producing a barrier to carbonate
recycling into the deep mantle (Thomson et al., 2016). But in
super-cold slabs, carbonated MORB would survive from the
melting process and sink further. Carbonation reactions
involving olivine or pyroxene tended to react with CO, to
form carbonate without dissociation into a CO,-bearing
assemblage, so present-day subduction of oceanic crust likely
introduced carbon into the mantle in the form of carbonated
eclogite. Phase relations of CaO-MgO-Al,05-5i0,-CO, system
exhibited a substantial increase in MgCO; component in melt
compositions from lower pressures (12-16 GPa) to the higher
(20-25 GPa). That may be due to CaSiO;-perovskite formation at
20 GPa but MgSiOs-perovskite required higher pressures
(Keshav and Gudfinnsson, 2010). For carbonates with high
bulk alkali contents, the alkali-rich carbonates tended to form
a solid solution with Ca** but left Mg** incorporating into
majorite. What is striking was that most carbon in SiO,-rich
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melts partitioned into alkali-rich aragonite and diamond, whereas
little diamond formed in SiO,-deficient melts. It may be
accounted for by more progressive Fe’*-Fe’* transformation
with pressure in SiO,-rich melts (Kiseeva et al., 2013). Along
subduction geotherms from the upper mantle to the transition
zone, carbon-phases in alkali-rich carbonated eclogites evolve
following the route of “MgCO;+CaCO; (aragonite) or MgCO5-
CaCO; (calcite) solid solution — MgCOj+alkali-rich CaCOs;
(aragonite) — alkali-rich CaCOj; (aragonite) — graphite and
diamond.”

CaCOs; + MgO — CaO + MgCO,
CaCO; + MgSiO; — CaSiO; + MgCO,

(R4-3)
(R4-4)

Calculations indicated that the reaction R4-3 was energetically
unfavorable over the entire mantle. That is, CaCOj is stable under
thermodynamic conditions if there is MgO in excess as expected
in a pyrolitic mantle (Oganov et al., 2008; Pickard and Needs,
2015; Santos et al., 2019). For the conditions of MgSiO; in excess
(R4-4), which was the main mineral in the lower mantle, CaCO;
would be consumed and the MgCO;+CaSiO; association was
more favorable to the mid-mantle, hereafter CaCO; became
restabilized over MgCO; (Oganov et al., 2008; Pickard and
Needs, 2015; Zhang ZG. et al., 2018; Santos et al., 2019). The
higher densities of the CaCOs;-polymorphs relative to the
MgCOj;-polymorphs could be responsible for the free energy
change of the reaction. However, temperature and chemical
potentials need to be taken into account further as they can
shift the phase relations conceivably. Santos et al. (2019) believed
that an increase in temperature increased the pressure at which
the reaction becomes unfavorable. That is, MgCO; was the main
host of oxidized carbon over almost the mantle. But for super-
cold subduction geotherms, CaCO; was more stable than

As is highlighted in Figure 3, during deep-subduction
processes, MgCOj; exhibits much higher stability relative to
CaCO; in consideration of existence of subducted SiO, and
MgSiO; in a pyrolitic mantle model. Only for locally regions
where MgO is in excess, CaCOj; could be preserved to the CMB.
Carbonatitic melts reacting with SiO, would release CO, (solid)
into the lower mantle, which will eventually decompose to
diamond.

CONCLUSIONS AND PROSPECTS

Carbonates play a key role in the recycling of carbon from the
Earth’s crust to the interior via subduction processes, producing
one of the carbon budgets in the entire Earth’s system. In light of
the striking discoveries above, we now have a much clearer
picture of behaviors of carbonates in the deep Earth.

First, several new polymorphs have been identified as stable of
CaCO;, MgCO; and (Ca,Mg)CO; and their ferrous series
(Figure 1), which improve our expectations for their
possibilities in the mantle. Existence of carbonates and the
occurrence of the phase transitions may correlate with the
discontinuities in the Earth’s seismic profile. Carbonates of
CaCO3-MgCO;-FeCO; series remain in solid phases along
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most modern subduction geotherms. So liberation of carbonatitic
melts or CO, owing to carbonate decomposition seems unlikely,
with such possibility restricted merely for conditions in hot zones.
However, decarbonization of CaCO; and MgCO; takes place in
SiO,-rich subducted basalts under the lower-mantle conditions
(Figure 3). CO, decomposing to diamond is energetically favored
in the region from the middle of the lower mantle to the CMB.
Meanwhile, carbonates in slabs tend to be reduced to diamond at
metal-saturation boundary at the topmost of the lower mantle
(Figure 2). Diamonds produced from slab-mantle interactions
are similar to natural stones in terms of chemical composition
and inclusion characteristics. So far the existing data have covered
almost the entire mantle conditions for decarbonization and
reduction of carbonates and documented diamond nucleation.
In this regard, carbonates reduction and decarbonization are
effective mechanisms of carbon sequestration at the top-mid
region of the lower mantle.

Researches on carbon cycle throughout the Earth’s system
have long represented an interesting frontier. One fundamental
goal of carbon cycle research is to know the balance between
income and outcome global carbon fluxes as well as the carbon
fluxes change in space and time. But many details of the processes
remain unclear for the lack of intensive monitoring. Three issues
may be worth of particular considerations in the future work:

(1) Besides carbonates, CO, and iron carbides mentioned above,
there could exist other chemical forms of carbon in the
mantle that has been uncovered, for example, a new
carbon phase of Fe,(CO,); derived from decomposition of
Fe-bearing carbonates (Boulard et al., 2015). So a critical and
pressing task is to search for these undiscovered carbon.
Given the scarcity of natural samples, we may gain insights by
thermodynamic calculations and experiments. These efforts
will shed new lights on our view on deep carbon reservoirs,
for example, how they form and under what conditions are
they stable for long.

(2) Existing experiments have confirmed the possibility of redox
reactions between subducted carbonates and metallic mantle
to produce sublithospheric diamonds and other reduced
carbon species. However, it is not yet clear whether
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The thermal regime of the lower crust is a critical factor that controls crustal anatexis, high-
grade metamorphism, and granite formation, which finally results in crustal differentiation.
However, the large-scale thermal regime in the Precambrian continental crust is generally
not well established. In this study, we first applied Ti-in-quartz (TitaniQ) thermometer to
map the temperature variation in the lower crust within an area of ~10,000 km? in the
Paleoproterozoic eastern Khondalite Belt, North China Craton. The studied rocks are
aluminous gneisses/granulites, which contain abundant quartz that generally coexists with
rutile. The results show that matrix-type quartz with substantial rutile exsolution generally
contains the maximum Ti concentration, which is <800 ppm higher than that of inclusion-
type quartz. This result suggests that two quartz types probably formed at the prograde
and near-peak to early cooling metamorphic stages, respectively. Therefore, the
temperature mapping result based on the maximum Ti concentrations of the matrix-
type quartz can better represent the thermal regime than inclusion-type quartz. Our regime
shows that the hottest Paleoproterozoic lower crust is underneath the Liangcheng-
Heling’er-Zhuozi area, where ultrahigh-temperature (UHT) metamorphism is closely
associated with abundant charnockite. The hottest region may represent the root of an
ancient large hot orogeny. Our study provides a new insight into the formation of UHT
metamorphism.

Keywords: Ti-in-quartz (TitaniQ) thermometer, aluminous gneiss/granulite, UHT metamorphism, thermal regime,
the khondalite belt, North China Craton

INTRODUCTION

Ultrahigh-temperature (UHT) metamorphism occurs at temperatures of >900°C (0.7-1.3 GPa; Harley,
1998), and is the hottest metamorphism in the lower crust. The first UHT metamorphism was reported
over 50 years ago. Numbers of UHT localities have been discovered worldwide, and detailed studies
have laid the foundation for a complete understanding of the crustal thermal regime (Harley, 1998;
Sajeev et al., 2004; Santosh et al., 2007a; Harley, 2008; Janwari et al, 2012). Study of UHT
metamorphism facilitates interpreting the lithospheric evolution throughout Earth’s history,
especially the crust-mantle interaction and tectonic evolution.
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The Khondalite Belt within the North China Craton (NCC)
was formed by the collision of the Yinshan Block in the north and
the Ordos Block in the south at ca. 1.95 Ga (Zhao et al., 2005).
Since the first identification of two typical UHT metamorphic
localities at Dongpo in the Daqingshan terrane (Guo et al., 2012)
and Tuguiwula in the Jining terrane (Santosh et al, 2006),
investigations have discovered new localities of UHT rocks, for
example, Tuguishan, Xuwujia, Hongsigou, Zhaojiayao, Xumayao,
Nantianmen, and Xiaonangou (Jiao et al., 2011; Jiao and Guo,
2011; Liu et al., 2012; Zhang et al., 2012; Yang et al., 2014; Li and
Wei, 2016; Wang et al., 2020). However, their spatial relationship,
especially the distribution area of UHT metamorphism, is
ambiguous.

Numerous methods have been applied to estimate the peak
metamorphic temperature of UHT granulites, including
thermometers and phase equilibria ~modeling. The
thermometers of two-feldspar, Zr-in-rutile, Ti-in-zircon, and
Al-in-orthopyroxene performed well in the UHT temperature
estimates. Titanium in quartz was also calibrated as a Ti-in-quartz
(TitaniQ) thermometer (Ostapenko et al, 1987; Wark and
Watson, 2006; Thomas et al., 2010; Huang and Audétat, 2012;
Zhang et al., 2020), which has been applied to various rock types
and proved to be valid (Spear and Wark, 2009; Storm and Spear,
2009; Thomas and Bruce Watson, 2012; Kidder et al., 2013; Tual
et al., 2018). Quartz is ubiquitous in many UHT rocks, and the
application of the TitaniQ thermometer is convenient because
only the quartz phase needs to be analyzed. In addition, quartz
internal structures revealed by cathodoluminescence (CL) images
can assist in interpreting the mechanism of quartz formation
(Sprunt et al., 1978; Miiller et al., 2002; Kendrick and Indares,
2018). Therefore, the application of the TitaniQ thermometer in
combination with quartz CL imaging can potentially indicate the
metamorphic evolution of UHT granulites.

In this study, we applied the TitaniQ thermometer and CL
imaging of quartz to metapelites (including UHT granulites) in
the eastern Khondalite Belt for the first time. The samples were
collected from an area of ~10,000km® to conduct regional
temperature mapping. Our approach provides a new simple
method for calculating metamorphic temperature in this
region. Our temperature mapping shows the regional thermal
regime of the lower crust and provides a new insight into the
formation of UHT metamorphism.

GEOLOGICAL SETTING AND SAMPLING
LOCALITY

The formation and evolution of the NCC have been topics of
ongoing debates for many decades. As the oldest craton in China
with an age record of up to 3.8 Ga (Liu et al., 1992; Wan et al,,
2005), the NCC has experienced complicated geological
processes. The model ages from zircon Hf isotope and whole-
rock Nd isotope in TTG gneisses suggest that the formation age of
the continental crust of NCC is 2.8-2.7 Ga and ca. 2.5 Ga (Wu
et al., 2005; Geng et al., 2012).

A suggestion has been that the NCC could be divided into
three major tectonic units: The Western block, the Eastern block,
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and the collisional belt of the Trans-North China Orogen (Zhao
et al., 2011). There are two other recognized orogens: the Jiao-
Liao-Ji Belt in the Eastern Block, formed by the collision between
the Nangrim Block and Longgang Block at ca. 1.95-1.90 Ga and
the Khondalite Belt in the Western Block, formed by the collision
between the Yinshan Block and Ordos Block at ca. 1.95 Ga, which
is related to the assembly of the Columbia supercontinent (Zhao
et al,, 1998; Zhao et al., 2001; Zhao et al., 2003; Zhao et al., 2005;
Zhao et al., 2011).

The east-west trending Khondalite Belt is located in the north-
central part of the Western Block, NCC. It can be divided into
three terranes from west to east: Helanshan-Qianlishan (H-Q),
Woulashan-Dagqingshan (W-D), and Jining (JN) terranes (Figure
1A). The rock types of the belt are composed of khondalite series
rocks (aluminum-rich meta-sedimentary rocks), garnet-
cordierite granites, charnockites, meta-gabbros, and a small
amount of TTG gneisses. Zircon geochronological results
suggest that detrital materials in the Khondalite Belt were
derived from Archean and Paleoproterozoic magmatism (Zhai
and Peng, 2007; Zhai, 2009). The protolith of the Khondalite
series is considered to have been deposited between 2.00 and
1.95 Ga, which represents the deposition of an active continent
margin, instead of an Archean cratonic basin (Wan et al., 2009;
Dan et al., 2012).

The whole Khondalite Belt has experienced upper
amphibolite- to granulite-facies metamorphism, including
high-pressure metamorphism between 1.96 and 1.94 Ga and
an overprinted HT-UHT metamorphism event at 1.94-1.80 Ga
(Santosh et al., 2007b; Santosh et al., 2009; Yin et al., 2011; Jiao
et al., 2020; Jiao and Guo, 2020; Jiao et al., 2021).

In the Helanshan-Qianlishan terrane of western Khondalite
Belt, the calculated peak temperature and pressure conditions are
850-870°C and 1.4-1.5 GPa, within a clockwise P-T path, and
this high-pressure metamorphism suggests the occurrence of
continent-continent collision in the Khondalite Belt (Yin et al.,
2009; Yin et al., 2011; Yin et al., 2015; Zhou et al., 2010). In the
Woulashan-Dagqingshan terrane, rock types are variable and
contain meta-sedimentary rocks, Archean TTG gneisses, and
mafic granulites, with varying degrees of multi-metamorphism
(Jiang et al., 2022).

Rock types in the Jining terrane of eastern Khondalite Belt
are khondalite series rocks associated with a small amount of
quartzite, graphite gneiss, marble, calc-siliceous gneiss,
potassic garnet-bearing granite, and intrusive meta-gabbro
and -norite (Figure 1B). The distribution area of the
potassic garnet-bearing granite is large: 40% of the rock
exposed (Figure 1A). The potassic garnet-bearing granite is
dominated by abundant charnockite associated with minor
leucogranites, which represent two periods of magmatic events
(Peng et al., 2012; Wang et al., 2017; Wang et al., 2018). The
distribution area of intrusive meta-gabbros and norites is
small. A suggestion has been that the formation of meta-
gabbros and meta-norites provides a heat source for UHT
metamorphism (Peng et al., 2010; Peng et al., 2012), which
leads to the formation of garnet-bearing granite by in-situ
anatexis of khondalite series rocks. The volume of granites is
one third to one half of the khondalite series rocks, and the age
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of granite formation is coeval with the metamorphic age of
khondalite series rocks (Zhai, 2009).

Sapphirine-bearing metapelites or residual granulites have been
discovered at the Dongpo and Shaergin localities in the Wulashan-
Dagingshan terrane, recording HT-UHT conditions of 910-980°C
and 860-890°C, respectively (Guo et al,, 2012; Jiao et al,, 2015). The
sapphirine-bearing UHT granulites were reported from the
Tuguiwula (Tianpishan) locality (Santosh et al, 2007a), which
preserves the diagnostic UHT mineral assemblages of Spr + Qz and
Opx + Sil + Qz (Mineral abbreviations follow Warr, 2021), and the
near-peak  temperature of 900-1,000°C was recorded.
Subsequently, additional UHT granulite localities have been
reported in the Jining terrane, such as Tuguishan, Xuwujia,
Nantianmen, Xiaonangou, and Xumayao (Santosh et al., 2007a;
Jiao et al., 2011; Jiao and Guo, 2011; Liu et al,, 2012; Zhang et al.,
2012). In Helanshan terrane, UHT metamorphism was reported in
spinel-bearing granulites, with peak conditions of ~960-1,030°C
and 6.3-7.3 kbar (Gou et al., 2018). Generally, the UHT granulites
in the Khondalite Belt have experienced complex clockwise P-T
paths, including decompression-heating, nearly isobaric cooling
(IBC), and nearly isothermal decompression/decompression-
heating stages, although anticlockwise P-T paths were also
proposed (Figure 2; Liu et al.,, 2010; Jiao et al, 2011; Jiao and
Guo, 2011; Li and Wei, 2016).

Our research region is the Jining-Tuguiwula-Liangcheng-
Heling’er-Youyu area located within the Jining terrane of the
eastern Khondalite Belt (Figure 1B), which contains several UHT
localities. Forty-four representative samples throughout this
region were studied using a TitaniQ thermometer to constrain
the occurrence and spatial scale of the UHT metamorphism.

PETROGRAPHY

The studied samples were mostly aluminous gneisses (or
granulites). The major minerals in these samples are quartz,
plagioclase, K-feldspar, garnet, sillimanite, and biotite. These
samples were classified into four groups. The first group is
characterized by a Grt + Sil + Bt + Qz + PI/Kfs mineral
assemblage, which can be subdivided into coarse-grained and
fine-grained according to the granularity of garnet grains
(Figures 3A,B). Thirty-two samples belong to this group,
accounting for the majority of the samples. In addition, four
samples in this group had distinct foliation structures (samples
20HL19, 20HL39, 20HL89, 20HL143) (Figure 3C). The oriented
arrangement of sillimanite composes the foliation. Except for
sillimanite, minerals such as quartz, biotite, and resorbed garnet
can also compose the foliation. The second group was
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characterized by a Grt + Bt + Qz + P1/Kfs mineral assemblage and
comprised four samples (Figure 3D). In this group, the volume
proportion of sillimanite was relatively low to none, and biotite
was the main aluminous-rich mineral. The third group was
characterized by a Grt + Sil + Qz + PI/Kfs mineral assemblage
and comprised three samples (Figure 3E). In this group, the size
of the biotite was small, and the main aluminous-rich mineral was
sillimanite. The fourth group was characterized by a Grt + Qz +
PI/Kfs mineral assemblage and comprised five samples
(Figure 3F).

Garnet occurs as porphyroblasts in all samples, which contain
quartz, plagioclase, biotite, and rutile as inclusions. Garnet in
some samples had been resorbed and broken into small pieces.
Plagioclase and K-feldspar are commonly present in the matrix.
K-feldspar had been altered in some samples. Sillimanite mainly
occurs in the matrix in the needle-and-column shape. Lamellar
biotite mainly disperses in the matrix: Some grains are distributed
around garnet, and some occur as inclusions in garnet. Quartz
exists in two forms: Matrix-type quartz and quartz inclusions in
garnet. In some samples, rutile needles are within quartz grains,
which can be observed in the photomicrographs. In some
samples, rutile grew along three directions, which may
represent the crystallization direction. We observed that the
occurrence of rutile needles in quartz grains from the
northern part is more general than that in the southern part
of the studied region.

Rutile exists as an accessory phase in all the samples. Most of
the rutile grains occur in the matrix surrounded by quartz, and
the others occur as inclusions in garnet. The volume proportion
and grain size of rutile differ. In five samples from south of
Heling'er (samples 20HL49, 20HL59, 20HL64, 20HL73, and
20HL89), rutile was 50-200 um in size and had an extremely
low volume percentage. By contrast, rutile in samples from the
Xinghe area was 100-800 um and occupied a higher volume
percentage (samples 09XHO07, 09XH16, 09XH21, and 09XH32).
In samples from Tuguishan locality, a few spinel grains with grain
sizes of 100-250 um were observed (samples 09TGS01, 09TGS18,
and 18TGO1), which is distinct from the other samples.

ANALYTICAL METHODS

Electron Microprobe Analysis

Concentrations of major (Si) and minor (Al and Ti) elements in
quartz grains were all determined by CAMECA SXFive electron
probe micro-analyzer at the Institute of Geology and Geophysics,
Chinese Academy of Sciences (IGGCAS) in Beijing, China.
Accelerating voltage was 15kV and beam currents were 30
and 300 nA for major and minor elements. The peak counting
times were 20s for Si and 120s for Al and Ti. Rhodonite, albite and
rutile were used as standards for calibration. Standardization was
performed with a beam current of 20 nA and with a peak
counting time of 20s. Data were obtained by the X-PHI
matrix correction (Merlet, 1994). Oxygen was calculated by
cation stoichiometry and included in the matrix correction.
The following detection limits were based on a 3¢ estimate of

The Application of Ti-n-Qz Thermometry

the measured background variance: ~210 ppm for Si, ~12 ppm
for Al and ~13 ppm for Ti.

A large spot size of 50 um was used for all analyses in order to
involve the composition of substantial rutile needles in the
measurement, because TiO, in these rutile needles might have
once occupied by pre-existing quartz that is before rutile
exsolution (See Section Discussion). The natural smoky quartz
crystal was used as a secondary standard, which has reproducible
Ti concentration (57 + 4 ppm; Audétat et al., 2015). Our averaged
Ti concentration (N = 55) of the quartz standard is 58 + 3 ppm,
which is consistent with the recommended value within error.
Our analyzed quartz grains in the matrix are all far away from
other major Ti-bearing minerals, such as rutile and biotite, to
avoid secondary fluorescence effect.

Cathodoluminescence Imaging

The Cathodoluminescence (CL) images of quartz were observed
using a Nova NanoSEM 450 (FSEM) scanning electron
microscope at the IGGCAS. The Nova NanoSEM 450 was
equipped with a Gatan Instrument “MonoCL14” detector. An
accelerating voltage of 10 kV and a beam current of 1.1 nA were
used during the analysis, and the working distance was
27-29 mm.

Thermometry

The titanium concentration in quartz was first proposed as a
geological thermometer in 1987 (Ostapenko et al, 1987). The
thermodynamic principle of the TitaniQ thermometer depends
on the titanium equilibrium between quartz and rutile, which can
be expressed in an exchange reaction: TiO,% = TiO,". The
calibration experiments suggest that titanium solubility in quartz
depends on the pressure and temperature conditions in the case
that quartz crystallizes coexisting with rutile, and titanium
contents of quartz (in ppm by weight) would increase
exponentially with T. Similar to other trace-element
thermometers, TitaniQ thermometer has several calibrations
(Wark and Watson, 2006; Thomas et al., 2010; Huang and
Audétat, 2012; Thomas et al., 2015). Within these models, the
experiments were set to high pressure (5-20kbar) and high
temperature (700-940°C) conditions in the Thomas et al
(2010) model, which is the most suitable for the metamorphic
conditions of our studied samples. Hence, we used the model
calibrated by Thomas et al. (Thomas et al., 2010) in this study.
And the pressure we have chosen for all calculations is 8 kbar
based on couples of previous studies in the eastern Khondalite
Belt (Figure 2; e.g., Santosh et al., 2007a; Santosh et al., 2012; Jiao
et al,, 2013a; Yang et al., 2014; Li and Wei, 2016; Li and Wei,
2018).

When applying the TitaniQ thermometer, the activity of TiO,
should be accurately estimated. The value is generally 1 if rutile
exists in the studied rocks, which means that the system is TiO,
saturated (Ghent and Stout, 1984). There are also methods for
calculating TiO, activity if the rocks do not contain rutile, which
are mainly based on different solution models and compositions
of Fe-Ti oxides (Hayden and Watson, 2007; Hildreth and Wilson,
2007; Kularatne and Audétat, 2014).

Frontiers in Earth Science | www.frontiersin.org

34

March 2022 | Volume 10 | Article 860057


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Zheng et al.

3 & | | L U||-IT
600 700 800 900 1000 1100
T(°C)

FIGURE 2 | Previously reported P-T paths of UHT granulites in the
Khondalite Belt. (1) is from Li and Wei (2016), (2) is from Li and Wei (2018), (3) is
from Santosh et al. (2012) and (4) is from Yang et al. (2014).

All samples in this study contain rutile, although the grain size
and volume percentage vary. For example, five samples from
south of Heling’er (samples 20HL49, 20HL59, 20HL64, 20HL73,
and 20HL89) contain few tiny rutile. A study suggested that fluid
remains saturated with respect to rutile once the fluid is rutile-
saturated, and subsequent rutile growth is not sufficient to drive
the liquid to rutile-undersaturation (Acosta et al, 2020).
Although the absence of rutile does not necessarily imply
quartz growth from a rutile-undersaturated liquid, researcher
interpreted it as a liquid that was near saturation but below the
critical supersaturation required to nucleate new rutile crystals
(Acosta et al., 2020). Because of the aforementioned reasons, we
used a TiO, activity of 1 for all samples.

TitaniQ temperature mapping was conducted using ArcGIS
with the inverse distance weighted interpolation method.

RESULT

Quartz Ti Concentrations and

Temperatures by TitaniQ
A total of 463 spots were analyzed in 44 samples. Analyses with
unacceptable total SiO, content (>105 or <95) were discarded.
We finally obtained 417 valid data points (Supplementary Tables
S1, S2), among which 182 were quartz inclusions within garnet
from 42 samples (Supplementary Table S1), and 235 were of
matrix-type quartz from 43 samples (Supplementary Table S2).
Within quartz inclusions of garnet, Ti concentrations range
from 40 to 550 ppm. We calculated the average Ti concentrations
for each sample, which range from 58 to 420 ppm, and four data
points of extremely high Ti concentrations far from the others
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within several samples (samples 20HL34, 20HL59, 20HL64, and
09TGS01) were not included and regarded as outlier data
(Figure 3A). Temperatures calculated by the TitaniQ
thermometer for these quartz average Ti concentrations range
from 654°C (sample 20HL89) to 891°C (sample 18LCO01), all
below UHT conditions (Figure 4A). The maximum Ti
concentrations of each sample range from 65 to 550 ppm, the
corresponding TitaniQ temperatures range from 665 to 934°C,
and the highest temperatures are from samples in the Liangcheng
and Zhuozi areas (Figure 4B).

Within matrix-type quartz, Ti concentrations range from 30 to
1,000 ppm. The calculated average Ti concentrations for each
sample, range from 100 to 528 ppm, and six data points of
extremely high Ti concentrations far from the others within
several samples (ie., samples 18ZZ01, 20HL104, 18TGO1,
18TGO04, and 09XH32) were not included, and were regarded
as outlier data (Figure 4C). Temperatures calculated by the
TitaniQ thermometer for these quartz average Ti
concentrations range from 685 to 917°C (Figure 4D), and
some of them have recorded UHT metamorphic conditions.
The maximum Ti concentrations of each sample range from
156 to 680 ppm (Figure 4C), and the corresponding TitaniQ
temperatures are 760-970°C, and the highest temperatures are
also from samples in the Liangcheng and Zhuozi areas
(Figure 4D).

We compared the difference in average Ti concentrations
between the matrix-type quartz and quartz inclusions for each
sample, without considering the outlier data (Figure 5A). The
matrix-type quartz contains Ti concentrations <180 ppm higher
than that of quartz inclusions, and only five samples show an
inverse trend (Figure 5A). Therefore, the temperature calculated
for the matrix-type quartz is generally <120°C higher than that of
quartz inclusions (Figure 5B).

We also compared the difference in maximum Ti
concentrations between the matrix-type quartz and quartz
inclusions for each sample, without considering the outlier
data (Figure 5C). The matrix-type quartz also contains Ti
concentrations <300 ppm higher than that of quartz
inclusions. The temperature calculated for matrix-type quartz
is generally <160°C higher than that of quartz inclusions
(Figure 5D).

Quartz Internal Structures
The CL images revealed types of quartz internal structures not
observed in the photomicrographs. We divided quartz according
to internal structure into four types: 1) Non-structure with
homogeneous luminescence, 2) linear structure with low
luminescence, 3) sealed fractures, and 4) reticular structures.
The non-structure with homogeneous luminescence is the
simplest CL image in our samples and displays uniform
luminescence without a special structure (Figure 6). It is more
common in quartz inclusions than in matrix-type quartz. Quartz
inclusions with non-structure contain low Ti concentrations,
generally 100-200 ppm, and TitaniQ temperatures are
700-800°C (Figures 6A,B). Matrix-type quartz with non-
structure has different Ti concentrations, which could be as
low as 225ppm with a TitaniQ temperature of 805°C
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FIGURE 3 | Photomicrographs showing the typical mineral assemblages and quartz micro-textures of samples from the eastern Khondalite Belt, North China
Craton. (A) Quartz occurs as inclusions in rims of coarse-grained garnet, and in the matrix from Grt-Sil-Bt gneiss (sample 20HL64); (B) Quartz is included by fine-grained
garnet and occurs in the matrix from Grt-Sil-Bt gneiss (sample 20HL39); (C) Quartz occurs in the matrix from fine-grained Grt-Sil-Bt gneiss (sample 20HL19), the oriented
arrangement of silimanite defines the foliation; (D) Quartz occurs as inclusions in rims of coarse-grained garnet, and in the matrix from Grt-Bt gneiss/granulite
(sample 18LC21), with rutile in the matrix; (E) Quartz occurs as inclusions in rim of coarse-grained garnet, and in the matrix from Grt-Sil gneiss (sample 20HL123); (F)
Garnet occurs as porphyroblast with quartz and rutile in the matrix from garnet-bearing gneiss/granulite (sample 09XH21). Mineral abbreviations follow Warr (2021).

(Figure 6D) and as high as 490 ppm with a TitaniQ temperature
of 917°C (Figure 6F).

A linear structure with low luminescence occurs in both quartz
inclusions and matrix-type quartz (Figure 7). These dark
linearities within quartz generally correspond to the rutile
needles shown in the photomicrographs. Rutile is rare and
barely visible under photomicrographs but distinct in CL
images. The occurrence of rutile needles is more common in

quartz inclusions than in matrix-type quartz but generally occurs
in the cores of the grains. Quartz Ti concentrations within rutile
needle-rich domains are commonly high (>250 ppm), and the
corresponding temperatures are >820°C (Figure 7).

Healed fractures characterized by healed microcracks and dark
patches occur in both quartz inclusions and matrix-type quartz
(Figure 8). The dark patches grew around and extended along the
cracks. Healed fractures generally occur simultaneously with
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FIGURE 4 | The titanium concentrations of quartz and the calculated temperatures by TitaniQ thermometer in Grt-Sil-Bt and Grt-Bt gneisses (or granulites) from the
eastern Khondalite Belt. (A,B) The titanium concentrations of quartz inclusions in garnet and the calculated temperatures. (C,D) The titanium concentrations of matrix-
type quartz and the calculated temperatures. We have three series of data: the average data, the maximum data and the outlier data. The average concentration of
titanium and the temperature were calculated without the outlier data. The temperatures were calculated at pressure = 8 kbar and atiop = 1. The erroris 1SD of the
dataset in each sample. The TitaniQ model we used here was calibrated by Thomas et al. (2010).

rutile needles (i.e., linear structures with low luminescence).
Thus, quartz with healed fractures also has high Ti
concentrations of >200 ppm and corresponding temperatures
of >790°C (Figures 8B,D).

Reticular structures only occur in a few quartz grains
(Figure 9). An irregular pattern of differential CL forms an
enigmatic reticular microstructure. It is likely that a large
single quartz crystal with bright luminescence is separated by
dark stringers into numerous sub-crystals. However, this
structure occurs differently in quartz inclusions and matrix-
type quartz; in the former, the dark stringers are relatively
blurry and disappear in the rim of the grain (Figure 9B). By
contrast, the stringers are more fully developed in the matrix-type
quartz (Figure 9D). Quartz grains with this internal structure
generally contain low Ti concentrations of <250 ppm and
corresponding temperatures of <820°C (Figure 9).

DISCUSSION

Multi-Stage Quartz Formation/Alteration
During Metamorphism

Studies have constrained the metamorphic age and P-T path of
aluminous gneisses/granulites in the eastern Khondalite Belt.

Zircon U-Pb dating and detailed petrological investigations in
combination with phase equilibria modeling have constrained the
timing of UHT metamorphism at 1.94-1.80 Ga, following the
prior HP metamorphism (Santosh et al., 2007b; Jiao et al., 2013b;
Liand Wei, 2016). The P-T paths involved post-peak cooling and
decompression stages, although the prograde stages were variable
(Figure 2; Santosh et al., 2007a; Santosh et al., 2012; Yang et al.,
2014; Li and Wei, 2016; Li and Wei, 2018). We interpret the
quartz formation based on the aforementioned metamorphic
evolution history.

Quartz inclusions in garnet generally contain less Ti
concentrations than matrix-type quartz, and the TitaniQ
temperature is <160°C lower (Figure 5). This result suggests
that the quartz inclusions probably grew during prograde
metamorphism. Garnet may protect quartz inclusions from
later resetting. However, quartz inclusions have a wide range
of Ti concentrations, which may represent quartz inclusions that
formed during different periods of prograde metamorphism, or
are reset by later retrogression. Quartz inclusions with
homogeneous luminescence CL images have low Ti
concentrations, which may form at relatively low temperatures
during the early prograde period, and others with rutile needles
have high Ti concentrations and may form at relatively higher
temperature conditions of the prograde metamorphism.
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FIGURE 5 | Comparison of quartz titanium concentrations and the calculated temperatures by TitaniQ thermometer between matrix-type quartz and quartz
inclusions in garnet. (A) Difference of the average quartz titanium concentrations between matrix-type quartz and quartz inclusions; (B) Difference of the average
calculated temperatures between matrix-type quartz and quartz inclusions; (C) Difference between the maximum titanium concentrations between matrix-type quartz
and quartz inclusions; (D) Difference between maximum calculated temperatures between matrix-type quartz and quartz inclusions; The Y axes are that Ti
concentrations of quartz or calculated temperatures of matrix-type quartz minus those of quartz inclusions in garnet in each sample.

Matrix-type quartz was dominant in the studied rocks. The
grains with homogeneous luminescence CL images and rutile
needle structures that contain high Ti concentrations probably
formed during the near-peak or early cooling stage. It was
suggested that the high-temperature quartz that crystallized
from the residual melt during early cooling is characterized by
non-structure homogeneous luminescence CL (Storm and Spear,
2009).

The occurrence of rutile needles has been observed in Ti-rich
quartz interiors of medium- to high-grade metamorphic rocks,
such as quartz in migmatites and UHT metamorphic rocks
(Cherniak et al., 2007; Sato and Santosh, 2007; Storm and
Spear, 2009). Two mechanisms have been proposed to explain
these features: 1) The entrapment of preexisting acicular rutile by
growing quartz and 2) the exsolution of high-Ti quartz into low-
Ti quartz and acicular rutile. In our samples, rutile needles are
generally restricted to grain cores and are consistent with quartz
crystallographic orientations, which strongly proves the second
mechanism (Storm and Spear, 2009; Thomas and Nachlas, 2020).
The dark “spots” in the CL images observed by Cherniak et al.
(2007) were also interpreted as the feature of rutile exsolution
during the post-peak cooling.

For both quartz inclusions and matrix-type quartz, especially the
latter without garnet protection, some grains contain low Ti
concentrations, which suggest the occurrence of later resetting.
Healed fracture structures exist in both quartz inclusions and
matrix-type quartz, which are similar to filled fractures in plutonic
quartz and fluid-controlled quartz recovery in granulites (Seyedolali

et al., 1997; Van den Kerkhof et al., 2004). Quartz first formed with
non-healed fractures owing to the stresses imposed on the grains and
decrepitation of fluid inclusions caused by the pressure difference
between fluid inclusions and host quartz, probably by tectonic
settings, such as uplift. Subsequently, the fractures were filled with
secondary quartz or quartz nuclei by precipitation of non-
luminescing SiO,. Quartz with such structures commonly contains
high Ti concentrations and yields high TitaniQQ temperatures. Thus,
we propose that quartz with such fractures within our samples grew
or recrystallized during post-peak nearly isothermal decompression.

The occurrence of reticular structure in quartz is less common
in our samples, and quartz with such structures contains relatively
low Ti concentrations and accordingly records low TitaniQ
temperatures. Many studies have verified a positive correlation
between Ti concentrations in quartz and CL intensity (Sprunt et al.,
1978; Miiller et al., 2002; Spear and Wark, 2009). Thus, the Ti
concentrations are heterogeneously distributed. Reticular zoning
might indicate the pathway of fluid infiltration.

In summary, we posit that matrix-type quartz with extensive rutile
exsolution most probably grew during the near-peak to the early
cooling stage and can better constrain the near-peak conditions of the
studied samples than inclusion-type quartz. Therefore, the variation
in the maximum TitaniQ temperatures of matrix-type quartz in these
samples can better show the thermal regime of the studied region.

Validity of the TitaniQ Thermometer
Another major question can be posed to interpret the meaning of
TitaniQ temperature: Can the matrix-type quartz that formed
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(D,F), respectively. The red circle marks the analyzed EPMA spot.

FIGURE 6 | Representative photomicrographs and CL images of the analyzed quartz grains showing non-structure with homogeneous luminescence. (A) Quartz
inclusion within garnet rim in sample 20HL101, and CL image is shown in (B); (C,E) Matrix-type quartz in samples 09XHO7 and 09JGQ15, and CL images are shown in

during near-peak or early cooling preserve the original Ti
concentrations? Mechanisms for quartz Ti re-equilibrium are
diffusion (e.g., both lattice and grain boundary diffusion) and
recrystallization during deformation and/or retrogression.

Experimental studies have shown that Ti diffusion is slow in
quartz (Cherniak et al., 2007; Jollands et al., 2020). According to
Cherniak et al. (2007), the diffusion distance of Ti-in-quartz is
0.05, 2, and 5 pm at 0.001, 1.0, and 10 Ma at 500°C. However, the
diffusion distances increased to 16 pm, 500 pm, and 1,600 um over
the same time range at 800°C. Nevertheless, experiments under
anhydrous conditions suggest that grain boundary diffusion is 3-4
orders of magnitude faster than lattice diffusion (Bromiley and
Hiscock, 2016). Therefore, the grain boundary acts as an efficient
conduit for Ti equilibrium, especially in fine-grained rocks. Studies
have shown an increasing trend of Ti concentrations from the core
toward the rim in quartz inclusions of garnet, interpreted as an
exchange with the host garnet (Spear et al., 2012), but we did not
recognize such features in our samples.

Many studies have suggested that dynamic recrystallization is
an efficient mechanism for Ti re-equilibrium, especially fast grain
boundary migration, which is crucial for Ti re-equilibrium at high

temperatures (Stipp et al., 2002; Grujic et al,, 2011). Generally,
recrystallized quartz, which has well-developed facets impinging
on the preliminary quartz, results in cuspate, serrated, and irregular
grain boundaries of preliminary quartz (Thomas and Nachlas,
2020). Typical serrated boundaries from matrix-type quartz shown
in Figures 5C,D suggest incomplete re-equilibration and would
contain low Ti concentrations; thus, we did not select domains near
the serrated boundaries for analysis.

Despite the aforementioned factors, the highest TitaniQ
temperatures (ca. 960-970°C) are broadly consistent with the
reported temperatures calculated by other methods in the
studied region (Santosh et al, 2007a; Jiao et al, 2013a; Jiao
et al.,, 2013b; Li and Wei, 2016; Li and Wei, 2018), for example,
966-1,096°C by a two-feldspar thermometer in Xuwujia,
850-1,000°C by a Zr-in-rutile thermometer in Tuiguishan,
940-1,030°C by Ti-in-zircon and a ternary feldspar
thermometer in Nantianmen and Xiaonangou, ~975°C based on
phase equilibria modeling in Xumayao, and 930-1,050°C by
pseudosection in Hongsigou (Jiao et al, 2011; Jiao and Guo,
2011; Liu et al, 2012; Zhang et al, 2012; Yang et al, 2014).
This result confirms the validity of the TitaniQ thermometer in
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FIGURE 7 | Representative photomicrographs and CL images of the analyzed quartz grains showing linear structure with low luminescence. (A) Quartz inclusion
within garnet in sample 09JGQ15 and CL image is shown in (B); (C) Matrix-type quartz in sample 09DSZ17 and CL image is shown in (D).
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FIGURE 8 | Representative photomicrographs and CL images of the analyzed quartz grains showing healed fractures. (A,C) Quartz inclusion within garnet and
matrix-type quartz both in sample 09DSZ35, and CL image is shown in (B,D), respectively.

high-grade rocks, and TitaniQ temperatures may represent the  spots, and 3) sample bias. We set a pressure of 8 kbar for all
minimum estimates of the peak temperatures. calculations in this study. Pressure at 1 kbar higher would result

Other possible influences on our calculated temperatures were ~ in a 30°C higher calculated temperature. The analyzed domains
1) the pressure estimation, 2) the location of selected analytical ~ with abundant rutile needles contain higher Ti concentrations
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FIGURE 9 | Representative photomicrographs and CL images of the analyzed quartz grains showing reticular structure. (A) Quartz inclusion within garnet in sample
20HL59 and CL image is shown in (B); (C) Matrix-type quartz in sample 20HL89 and CL image is shown in (D).

than the domains without rutile needles; therefore, if any, we
generally selected domains with the most abundant rutile needles
for analysis. However, quartz and rutile have different crystal
structure, which result in different characteristic X-ray
efficiencies. This effect might influence the measured Ti
concentrations. The EMP analytical spots are actually in two-
dimension, which may underestimate the real volume percentage
of rutile needles in quartz. Finally, we must acknowledge that in
some samples we probably missed the quartz grain that contains
the highest Ti concentrations, and in this case, the maximum
TitaniQ temperatures for such samples would be underestimated.

Thermal Regime of the Eastern Khondalite
Belt

In Figure 10A, the mapping is based on the temperature
calculated from the maximum Ti concentrations of matrix-
type quartz in each sample; for comparison, that in
Figure 10B is based on the temperature calculated from the
average Ti concentrations of matrix-type quartz in each sample.
Sample localities are marked in the picture to show the
distribution of the samples and the effect of sample bias.

Both temperature mapping results show that the large-scale
and extremely hot regions are surrounded by Liangcheng,
Helinger, and Zhuozi. The maximum TitaniQ temperatures
were  >900°C, suggesting the occurrence of UHT
metamorphism. This phenomenon is consistent with those of
several UHT metamorphic localities reported in this area (e.g.,
Liu et al., 2012; Jiao et al., 2013a; Jiao et al., 2013b). This hottest
area was also consistent with the region where extensive
charnockite occurred (Figure 1). Our results also show that

Tuguiwula area, where typical UHT granulites with diagnostic
Spr + Qz and Opx + Sil + Qz mineral assemblages have been
reported, are hot, but the scale of the hot region is limited and
surrounded by a relatively cold region. It might imply that the
surrounding area is probably located at a higher crustal level.
Alternatively, it is noticed that we have not collected samples
from Zhuozi to Jining and further to Tuguiwula because of the
thick sediment cover. The variation of temperatures in this region
is probably caused by sample bias. Therefore, it is also possible
that the whole area of Heling’er-Liangcheng-Tuguiwula-Jining-
Zhuozi have experienced UHT metamorphism. It requires
confirmation in future research.

In contrast, the Youyu and Xinghe areas are not as hot as the
Liangcheng-Heling’er-Zhuozi area, although the major mineral
assemblages are mostly the same. The maximum TitaniQ
temperature is below 900°C, implying that these two areas
probably do not experience UHT  metamorphism.
Alternatively, the analyzed quartz probably crystallized during
the later stage of post-peak cooling. Quartz from these areas
generally shows a non-structure with homogeneous
luminescence structures, and rutile needles cannot be observed.

The thermal regime of the eastern Khondalite Belt, established
by the TitaniQ thermometer in this case, is consistent with the
results of another independent study using Zr-in-rutile
thermometry mapping (Qi et al., unpublished). This particular
case study further confirms the validity of the TitaniQ
thermometer in recognizing UHT metamorphism and
constraining its thermal conditions and spatial scales.

Several models have been proposed to interpret the formation
of UHT metamorphism in the eastern Khondalite Belt, including
radiogenic heat production (Jiao et al.,, 2013a), post-collisional
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FIGURE 10 | The thermal regime of the lower crust of the eastern Khondalite Belt, North China Craton, constrained by TitaniQ thermometer in this study. (A)
Metamorphic temperature mapping with the maximum calculated temperatures of matrix-type quartz. (B) Metamorphic temperature mapping with the average
calculated temperatures of matrix-type quartz. The mapping was conducted by ArcGIS, with inverse distance weighted (IDW) method. Sample localities are marked as
triangle labels.

lithosphere extension due to asthenospheric upwelling (Zhao,
2009; Li and Wei, 2018; Jiao et al, 2021), ridge subduction
(Santosh and Kusky, 2009; Peng et al, 2011; Santosh et al,
2012), mantle plume (Santosh et al.,, 2008), and emplacement
of mantle-derived mafic magma (Huang et al., 2019). In addition,
a back-arc setting has also been proposed to explain UHT
metamorphism in other regions (Brown, 2006; Brown and
Johnson, 2018). Our study certifies the regional distribution of
UHT metamorphism in the eastern Khondalite Belt, and the
large-scale hottest region is the Liangcheng-Heling’er-Zhuozi

area, which is consistent with the occurrence of extensive
charnockite. This result implies that the formation of UHT
metamorphism is closely related to charnockite. This
extremely hot metamorphism and magmatism might be the
coupling effect of the same mechanism, which probably
formed in the root of a Paleoproterozoic large hot orogeny.
However, we could not distinguish these UHT formation
models in this study, and the potential model should be
able to explain the spatially close relationship between UHT
metamorphism and charnockite.
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CONCLUSION

In this study, we first applied TitaniQ thermometer to 44
aluminous gneisses/granulites in the Paleoproterozoic eastern
Khondalite Belt, collected from an area of ~10,000 km>. Our
results show that matrix-type quartz with substantial rutile
exsolution generally yielded the maximum TitaniQ
temperatures, and that of quartz inclusions in garnet was
<160°C lower. These results implied that quartz inclusions
probably formed during the prograde metamorphism, and
matrix-type rutile needle-rich quartz formed during the near-
peak to early cooling stages. The temperature mapping result
based on the maximum TitaniQ temperatures of matrix-type
quartz indicates that the hottest Paleoproterozoic lower crust is
beneath the Liangcheng-Heling'er-Zhuozi area, where UHT
metamorphism is closely associated with abundant
charnockite. This region may represent the root of an ancient
large hot orogeny.
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High-pressure (HP) rocks exhumed from subduction zones usually record much warmer
geotherms than numerical modelling results, as their peak mineral assemblages are always
modified during the exhumation process. The decompressional metamorphic evolution of
HP rocks should be considered carefully if using their P-T records to constrain the thermal
structure of a subduction zone. The Ondor Sum Group, known as mélanges containing
various high P/T metamorphic rocks in central Inner Mongolia, represents a fragment of
subducted oceanic crust in the Early Paleozoic, However, the thermal structure of the
subduction zone is unavailable due to an absence of exhumed HP rocks with P-T
estimates. In this study, the HP schists were newly discovered in the Ondor Sum
Group at Airgin Sum in the central Inner Mongolia. The HP schists include a
garnet—-phengite schist (sample ELO1) and a garnet-amphibole schist (sample ELOS).
The petrography of these rocks and phase equilibrium modelling using THERMOCALC
suggest two phases of metamorphism, both of which are characterized by clockwise P-T
evolutions involving pre-peak prograde stage, peak-stage, and post-peak decompression
stage. The peak P-T conditions of the early-phase metamorphism are constrained by P-T
pseudosections to be ~18 kbar/~535°C for sample ELO1 and 18 kbar/~500°C for sample
ELO8. The peak P-T conditions of the late-phase metamorphism are constrained by P-T
pseudosections to be ~8 kbar/532°C in ELO1 and ~7.0 kbar/495°C in ELO8. Available
U-Pb data of zircons from the HP schists and a granodiorite vein using LA-ICP-MS
constrain the timing of early-phase HP metamorphism in the early Paleozoic and the late-
phase metamorphism supposed to be in the Devonian based on the previous reported
ages. The peak P-T conditions for the early-phase metamorphism were high-P/T
conditions with a thermal gradient of ~8C/km, pointing to a warm oceanic
subduction. The overprinting late-phase metamorphism represents medium-P/T
conditions with a geothermal gradient of 22-25°C/km, which we attribute to a
collisional thickening process. As a result, we suggest that the HP schists in the
Ondor Sum Group represent the terminal stage of subduction of the Paleo-Asian
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oceanic plate, and that the schists were involved in the continental collision after the
closure of the Paleo-Asian Ocean in the Devonian.

Keywords: high-pressure schist, ondor sum group, pseudosection, tectonic transition, paleo-asian ocean

1 INTRODUCTION

The thermal structure of subduction zones is controversial as
different insights are acquired from geological observations
(Tsujimori et al, 2006; Groppo et al, 2009;
Penniston-Dorland et al., 2015; Agard et al., 2018; Brown and
Johnson, 2018; Holder et al., 2019; Tamblyn et al., 2019) and
numerical modelling (e.g., Peacock, 1996; Peacock and Wang,
1999; Syracuse et al., 2010; van Keken et al., 2011; van Keken et al.,
2018; van Keken et al, 2019). According to the previous
geological studies, metamorphism during oceanic plate
subduction is typically of high-P type with geothermal
gradients within 5-15°C/km, based mainly on the P-T
estimates using traditional methods of high-pressure (HP)
rocks exhumed from ancient subduction zones (Miyashiro,
1961, 1994). However, using kinematically defined slabs for

obtaining a comprehensive suite of thermal models suitable
for the current global subduction system, Syracuse et al.
(2010) simulated the thermal structure in 56 segments of
active subduction zones. The results suggested that the
geothermal gradients along slab surfaces in most oceanic
subduction zones range from 3 to 10°C/km, with the P-T
conditions mainly located in the metamorphic “forbidden
zone” of <5°C/km. Although the numerical modelling results
are subject to argument and discussion (Penniston-Dorland
et al.,, 2015; Kohn et al., 2018; van Keken et al., 2018), it is a
fact that the HP rocks exhumed from ancient subduction zones
generally record much warmer geotherms than numerical
modelling results. The mismatch forces us to reevaluate the
rigidity and rationality of the P-T estimates for exhumed HP
rocks. One uncertainty should be taken into account as the peak
mineral assemblages in the exhumed HP rocks are always
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FIGURE 1 | (A) Location of the Central Asian Orogenic Belt (modified after Xu et al., 2013). (B) Geological sketch map of the central Inner Mongolia showing the
subdivided tectonic units (compiled from IMBGMR, 1991; Jian et al., 2008; Xiao et al., 2003; Xu et al., 2013), and distribution of the Ondor Sum Group.
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modified during decompression (Whitney and Davis, 2006; Wei
and Clarke, 2011; Tsujimori and Ernst, 2014; Wei and Tian, 2014;
Hernande-Uribe et al, 2018), and this may result in
underestimation of the peak pressure or overestimation of the
peak temperature related to the metamorphism. Therefore, the
decompressional metamorphic evolution of HP rocks should be
considered carefully if using their P-T records to constrain
thermal structure of a subduction zone.

The early Paleozoic subduction and accretion of the Paleo-
Asian oceanic system resulted in various HP metamorphic belts
in the Central Asian Orogenic Belt (CAOB) domain. In central
Inner Mongolia, the Ondor Sum Group comprises subduction-
related mélanges with strongly foliated quartz schists and minor
blocks of intermediate—felsic volcanic rocks, pyroclastic tuffs,
meta-gabbro, ultramafic rocks, blueschist, chert, and marble
(Tang et al., 1983; Tang and Yan, 1993; Xu et al., 2001, 2013;
Xiao et al., 2003), which are distributed at Wulangou, Airgin Sum
and Naomuhunni (Figure 1). At Wulangou, the quartz schists
contain high-P/T minerals in an assemblage that includes deerite,
glaucophane, lawsonite, phengite, minnesotaite, piemontite, and
stilpnomelane (Tang et al., 1983; Tang, 1990). The meta-gabbro
also contains sodic amphibole, stilpnomelane, and phengite with
a Si content of 3.64 (De Jong et al, 2006). Estimates of the
blueschist P-T conditions are 6.0-7.5 kbar/250-300°C, based on
the experimental data of Liou et al. (1987) and Maresch (1977)
for the stability of lawsonite and glaucophane (Tang and Yan,
1993). At Naomuhunni, an epidote-blueschist block is
constrained to be metamorphosed in P-T condition of
6.6-8.1 kbar/420-470°C based on phase equilibria modelling
(Xu et al, 2001; Jinrui Zhang et al,, 2015). At Airgin Sum, a
sodic amphibole-bearing quartzite records P-T conditions of
7-10 kbar/400-450°C (Li et al., 2014) using the garnet-phengite
thermometer of Krogh and Raheim (1978). Moreover, a garnet-
bearing barroisite schist from the same area records a nearly
isothermal decompression from 8.2 to 9.3 kbar/450-500°C to
6-8 kbar/470-500°C, followed by cooling decompression to
2.8 kbar/435°C (Jinrui Zhang et al, 2015). The reported P-T
conditions of the above metamorphic rocks indicate medium-P/
T facies series rather than the high-P/T facies series. This is
attributed to two possibilities: 1) the reported medium-P/T rocks
might be the shallower products of subduction other than the
exhumed high-P/T products; 2) the absence of peak P-T
conditions may be attributed to retrograde metamorphism
during uplift or overprinting by tectonic thermal events.
Consequently, these reported P-T conditions cannot reveal the
thermal structure and evolution of the subduction zone.
Moreover, the significance of the  corresponding
geochronological data needs to be further determined.

In this paper, we report new discoveries of HP schists in the
Ondor Sum Group at Airgin Sum in the central Inner
Mongolia, including garnet-mica and garnet-amphibole
schists. ~ We  successfully  identify = the  high-P/T
metamorphism and geotherm from the new HP schists
using phase equilibria modeling and distinguish it from late
decompressional thermal imprint to help construct thermal
structure of subduction zones from petrological view.
Moreover, based on the zircon U-Pb ages and the previous
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reported ages, the tectonic significance of the HP schists is also
well illustrated.

2 GEOLOGICAL SETTING

The central Inner Mongolia orogenic domain of the Xing an-
Inner Mongolia Orogenic Belt (XIMOB) belongs to the eastern
part of the CAOB (Figure 1). Multiple tectonic belts/units,
including suture zones, accretionary complexes, orogenic belts,
and microcontinental blocks have been proposed (e.g., Xiao et al.,
2003; Jian et al., 2008, 2010, 2012; Miao et al., 2008; Xu et al., 2013,
2014). However, the schemes of subdivision in terms of the
tectonic architecture of this domain remain poorly understood
(Xiao et al.,, 2003; Jian et al., 2008; Xu et al., 2013). In this paper, a
preferred alternative scheme is presented based on recent studies
of the metamorphism (Zhang et al., 2018b). The major belts
include the Southern and Northern Orogenic Belts (SOB and
NOB) indicated by Xu et al. (2013), the Solonker suture zone
flanked by the SOB and NOB, and the Erenhot-Hegenshan
ophiolite belt to the north of the NOB (Xiao et al., 2003), as
shown on Figure 1B. Their geological characteristics are
summarized below.

The SOB consists of subduction-related mélanges, magmatic
complexes of arc-affinity, sedimentary sequences of retro-arc and
foreland basins, and various metamorphic rocks. The mélanges
are known as the Ondor Sum Group, and it has been suggested to
be metamorphosed during subduction at 454-426 Ma (**Ar/*°Ar
ages) (Tang and Yan, 1993; De Jong et al., 2006). The magmatic
complex of arc-affinity includes a volcanic sequence of basic to
acidic rocks (499-440 Ma) known as the Bainaimiao Group
(Zhang et al., 2010), as well as plutons of diorite, gabbro, and
granitoid with ages of 490-425 Ma (Liu et al., 2003; Jian et al,
2008; Xu et al.,, 2013). The sedimentary sequences comprise the
Silurian flysch of the Xuniwusu Formation and the Lower
Devonian molasse of the Xibiehe Formation, which are
respectively interpreted to represent deposition in retro-arc
and foreland basins (Xu et al, 2013). The medium-P/T
metamorphic rocks located in the west Tugurige area are
grouped together as the Baoyintu Group, and it has been
proposed recently that they are the products of a collisional
process at ca. 399 Ma (Chen et al., 2015). These units in the
SOB have been interpreted in terms of a tectonic evolution during
the early Paleozoic from southward subduction of the Paleo-
Asian oceanic plate to subsequent collision (Jian et al., 2008; Xu
et al., 2013; Chen et al., 2015).

The NOB has similar configuration to the SOB. The mélanges
are also known as the Ondor Sum Group, and a blueschist block
at Naomuhunni yielded a glaucophane “°Ar/*’Ar age of 383 +
13Ma (Xu et al, 2001). The magmatic complexes with arc
affinities are distributed from Baolidao through Xilinhot to
Daqing Pasture, and they consist of cumulate gabbros, gabbro-
diorites, quartz diorites, tonalites, and granites with ages of
482-428 Ma (Chen et al., 2000; Shi et al., 2004, 2005; Jian
et al., 2008; Xue et al., 2009). The foreland molasse sequences
are grouped together as the Devonian Seribayanobao Formation,
and they unconformably overlie the mélanges (Xu et al., 2013).
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The Xilingol Complex of metamorphic rocks underwent HT-LP
metamorphism at 345-309 Ma in relation to the extensional
processes of a previous orogeny (Zhang et al., 2018Db). It has
been suggested that these tectonic units represent a northward
subduction—collision system in central Inner Mongolia (Xu et al.,
2013). Precambrian terranes in the area include the Airgin Sum
Group, which is composed mainly of low-grade mica-schists and
metasandstones with an upper intercept age of 952 + 8 Ma
(IMBGMR, 1991) and an age peak at 1,180 Ma (Xu et al,
2014), as well as 1,516 + 31 Ma gneissic granites at Sunidzuoqi
(Sun et al, 2013), and together these Precambrian rocks are
classified as part of the Southern Mongolian Block (Badarch et al.,
2002; Yarmolyuk et al., 2005, 2008; Xu et al., 2014).

The Solonker suture zone and the Erenhot-Hegenshan
ophiolite belt are both marked by sporadic distributions of
various ophiolitic  fragments such as metabasalts,
serpentinized harzburgites, dunites, and gabbroic cumulates.
The suture zone has an age of 297-250 Ma (Xiao et al., 2003;
Miao et al., 2008; Jian et al., 2010, 2012) and the
Erenhot-Hegenshan ophiolite belt an age of 354-300 Ma
(Liu et al, 2012; Zhang et al., 2014; Song et al., 2015;
Zhicheng Zhang et al., 2015). They were once considered
evidence of the continuous evolution of the Paleo-Asian
oceanic system during the late Paleozoic (Xiao et al., 2003).
However, more recent studies have indicated that the basic
rocks exhibit characteristics of N-MORB and E-MORB, or
supra-subduction zone-type oceanic crust that might have

formed in back-arc basins (Song et al., 2015) or limited
ocean basins (Chu et al., 2013; Jinrui Zhang et al., 2015;
Wang et al., 2015).

The tectonic belts mentioned above were extensively intruded
by the late Paleozoic granitic plutons including the Carboniferous
and Permian granitoids (Figure 1B). However, these plutons are
still variously and controversially interpreted as the products of
subduction (Zhang et al., 2007, 2009; Liu et al., 2009) or post-
orogenic extension (Shi et al., 2003; Zhang et al., 2014; Tong et al.,
2015; Qiao et al.,, 2017). Recent research has revealed that the
widely distributed ~Carboniferous-Permian  volcanic and
sedimentary sequences along the Solonker suture zone were
metamorphosed to greenschist and local amphibolite facies
low-medium-P series rocks in the Early Triassic (~240 Ma),
and it was suggested that this metamorphism resulted from
the closure of limited ocean basins (Chen et al., 2012; Zhang
etal.,, 2016). Moreover, it has been suggested that the 222-204 Ma
monzogranites and syenogranites at Xilinhot and Sunidzuoqi
(Liu et al., 2005) and the 238-204 Ma peraluminous granites at
Shuangjing formed in a setting of crustal thickening (Li et al,
2007).

The Ondor Sum Group is characterized by typical
configurations containing various blocks and
heterogeneously deformed matrix (Xu et al, 2013). The
matrix consists mainly of interbedded sericite-quartz schist,
chlorite-quartz schist, and mica-schist, and the blocks include
quartzite (sodic-amphibole-bearing locally), ultramafic rocks,
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FIGURE 3 | Field photographs showing rocks of different types in the Ondor Sum Group at Airgin Sum, including quartzite (A,B), sericite-quartz schist (A), mica-
schist (A,C) and metabasite (C,D), and granodiorite veins (E,F). Two phases of foliations (S1 and S2) are observed in the outcrops.

limestone, and metabasite as well as barroisite schist. Along
with the Ondor Sum Group also distributes the Airgin Sum
Group, Permian volcanic and sedimentary sequences such as
the Dashizhai and Zhesi formations, and late Paleozoic and
Mesozoic plutons (Figure 2). In the field of Airgin Sum, the
matrix is composed dominantly of sericite-quartz schist,
intercalated with minor amounts of garnet mica-schist (HP
rocks in this study) that runs in strips parallel to the foliation of
the sericite-quartz schist. Several blocks within the matrix are
quartzites and metabasites, found mostly through exploratory
drilling. The quartzites had already been reported by Li et al.
(2014) to locally contain sodic-amphibole. The metabasites are
garnet amphibole schists (HP rocks in this study) along with
minor greenschist. Multiphase deformations have been
recorded in the Ondor Sum Group, including the early S1
foliation that dips mainly to the north in the quartzite, mica-
schist, sericite-quartz schist, and metabasite outcrops (Xu
et al., 2013; Figures 3A-C), and the nearly-vertical late S2
foliation that displaces the early S1 foliation (Xu et al., 2013;

Figures 3D,E). Moreover, the HP schists are intruded by
granodiorite veins locally. These veins are observed to be
striking parallel to S1 foliation initially but modified later
by S2 foliation, indicating that the granodiorite veins were
formed later than S1 but earlier than S2 (Figure 3F).

Samples for this study were collected from the Ondor Sum
group in Manghete, ~20 km south of the Airgin Sum area
(Figure 2). They include different HP schist samples such as
two garnet-mica schist samples (ELO1 and EL07), a
garnet-amphibole  schist sample (EL08) and a
sericite—quartz schist sample (EL11) intercalated with the
garnet-mica schist. Moreover, a granodiorite sample (EL12)
intruding in the HP schist was also selected. It should be noted
that the HP samples ELO1 and ELO8 are for petrological
analyses and phase equilibria modeling as these two
samples are observed to preserve multistage mineral
assemblages and deformations which are available to better
reveal the metamorphic evolution. Other samples are only for
zircon U-Pb dating.

Frontiers in Earth Science | www.frontiersin.org

50

March 2022 | Volume 10 | Article 817682


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Zhang et al.

TABLE 1 | Bulk-rock compositions of the HP schists at Airgin Sum.

ICP-OES whole rock compositions (wt%)

Sample Si0, TiO, ALO; Fe,Os' FeO  MnO
ELO1 69.86 0.79 12.57 5.66 0.00 0.28
ELO8 48.52 1.76 13.48 12.72 0.00 0.20
Normalized molar proportion used for phase equilibria modeling (mole%)

Sample Figs SiO, Al,O3 Cao MgO FeO
ELO1 Figures 6,7 77.33 8.20 0.98 4.50 4.71
ELO8 Figures 89  53.46 8.75 10.63 10.68 10.55

Metamorphism During the Tectonic Transition

Mg0O Ca0 Na,0O K,0 P,0; LOT Total Mg? A/CNK

2.73 1.10 1.43 2.57 0.21 2.99 100.19  0.49 1.76
6.50 10.43 2.63 0.21 0.22 3.63 100.30  0.51

K20 Na,O TiO, MnO o

1.81 1.58 0.66 0.26 0.10
0.14 2.81 1.46 0.19 2.33

LOI, loss on ignition; Fe,03': total Fe;Os in ICP-OES, analyses; Mg* = MgO/(MgO + FeO) in mole.

A/CNK, Al,O5/(C%° + Na,0+ K0) in mole.

FIGURE 4 | Microphotographs of newly discovered schists from the Ondor Sum Group at Airgin Sum, central Inner Mongolia. (A) The foliated matrix composed of
phengite, biotite, epidote, chlorite and titanite (S2 foliation) in sample ELO1; (B) The BSE images showing albite porphyroblasts enclosing the early fine-grained garnet
and the matrix minerals such as phengite, paragonite, biotite, quartz and rutile as inclusions; (C) The oriented garnet inclutions in albite porphyroblasts showing the early
foliation (S1) in sample ELO4; (D) The foliated matrix composed of amphibole, albite, chlorite, epidote and titanite (S2 foliation) in sample ELO8; (E) The syntectonic
albite porphyroblast showing dextral movement along foliation S2 with oriented inclusions (S1) in sample ELO8; (F) The BSE images showing inclusions of albite
porphyroblast such as garnet, epidote, amphibole and titanite in sample ELO8. The measured garnet grains are shown with double sided arrow. Mineral abbreviations: bi,
biotite; mu, muscovite; ep, epidote; chl, chlorite; amph, amphibole; g, garnet; phe, phengite; ab, albite; q, quartz; ttn, titanite; ru, rutile; pa, paragonite; g, quartz.
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3 PETROLOGICAL ANALYSES

3.1 Analytical Methods

The bulk-rock compositions of samples EL0O1 and EL08 were
determined by a Leeman Prodigy inductively coupled plasma
optical emission spectrometer (ICP-OES) system with high
dispersion Echelle optics at China University of Geoscience
(Beijing). Standard basalt GSR3 was used for calibration. The
loss on ignition was determined routinely and the relative
analytical uncertainties for all elements are <3%. The results
are presented in Table 1. Mineral microprobe analyses were
carried out at the Key Laboratory of Orogenic Belts and Crustal
Evolution of Peking University. The minerals were analyzed
using a JXA-8100 electron microprobe in wavelength-
dispersive mode with 15kV acceleration potential, 15nA
beam current, and a counting time of 20-30s. The beam
diameter was set to lum for all phases except for
muscovite, which was analyzed using a 5pm beam
diameter. Natural and synthetic minerals were used for
standardization. Relative analytical uncertainties are <2%
for major elements. The analyses of samples ELO1 and EL08
are presented in Supplementary Appendixs S1, S2.
Photomicrographs of the two samples are shown in Figure 4.

3.2 Bulk-Rock Compositions

The garnet-mica schist EL01 has content of SiO, = 69.86 wt%,
Na,O = 1.43 wt%, K,O = 2.57 wt%, CaO = 1.10 wt%, A/CNK =
1.76, and Mg" = 0.49, which is likely to represent an
aluminum-rich graywacke or volcanic sedimentary rock
from an ocean trench (Li et al, 2014). The
garnet-amphibole schist ELO8 is a typical basic rock with
contents of SiO, = 48.52 wt%, ALLO; = 13.48 wt%, Fe,0;" =

Metamorphism During the Tectonic Transition

12.72 wt%, MgO = 6.50 wt%, CaO = 10.43 wt%, and Na,O =
2.63 wt%, with an Mg” value of 0.51 (Zhang et al., 2014).

3.3 Petrography and Mineral Compositions
Sample ELO1 contains garnet (5 vol%), white mica (30 vol%,
muscovite and phengite), biotite (10 vol%), albite (16 vol%),
quartz (28 vol%), and chlorite (6 vol%) along with minor
paragonite (2 vol%), epidote (2 vol%), and accessory titanite,
and rutile (Figure 4A). Albite occurs as porphyroblasts that are
2-3 mm across (Figure 4B) that grew over a fine-grained and well
foliated matrix defined by oriented muscovite, biotite, quartz, and
chlorite (S2, Figure 4A). A few albite porphyroblasts contain
numerous inclusions of garnet, phengite, biotite, paragonite, and
rutile that are oriented to form an early-phase foliation (S1 in
Figures 4B,C). The albites commonly have low values of X,
(0.01-0.03) in cores and mantles, but high values of X, (0.06) in
the rims. Garnet occurs as inclusions in albite and as subhedral to
euhedral grains of 0.05-0.20 mm in the matrix, and they exhibit
different compositions in these two places. A measured garnet in
the matrix (g01) exhibits asymmetric zoning. The right half of
Figure 5A shows increasing almandine from core to rim
(0.41—-0.58, = Fe**/(Fe** + Mg + Ca + Mn), others are
defined accordingly), increasing pyrope (0.06—0.07), but
decreasing spessartine (0.33—0.19) and grossular (0.20—0.16).
The left half of Figure 5A shows a similar core-to-mantle trend as
the right half but is rimmed by a precipitous increase of grossular
(0.23-0.28) and decrease of spessartine (0.10-0.06), coupled with
pyrope (0.08-0.10) and almandine (0.56-0.57). Two measured
garnet grains (g02 and g03) from within an albite porphyroblast
show increasing grossular from cores to rims (0.14—0.27 in g02
and 0.17—0.29 in g03) coupled with decreasing spessartine
(0.17—0.09 in g02 and 0.16—0.06 in g03). Their almandine
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(0.55-0.61 in g02 and 0.56-0.59 in g03) and pyrope (0.07-0.09 in
€02 and 0.07-0.09 in g03) contents are nearly constant, although
some analyses show slight fluctuations (Figure 5A). Biotite in the
matrix and as inclusions are both found altered to chlorite with
Xig values of 0.54-0.61 and small amounts of K= 0.37-0.52 p.f.u.
(per formulae unit). Phengite generally occurs as inclusions in the
albite and has Si = 3.31-3.42 p.fu. and Mg = 0.26-0.34 p.f.u,,
while muscovite in the matrix has lower values of Si = 3.19-3.26 p.
fu. and Mg 0.23-0.24 p.fu. Paragonite flakes mostly
intergrown with phengite have Na = 0.82-0.93 p.f.u. Chlorite
forms either large porphyroblasts 1-2 mm across or micro-flakes
in the matrix. Most have X, values [ = Mg/(Fe2+ + Mg)] of
0.58-0.66. A measured chlorite flake shows an increase in Xy
from core to rim of 0.59-0.64. Epidote has pistacite contents (Ps =
Fe’/(Fe’* + Al)) of 0.15-0.19. According to the above
observations, two phases of mineral assemblage can be
inferred: an early phase that is characterized by the
coexistence of garnet and phengite together with paragonite,
biotite, and rutile as inclusions, and a late phase that is
marked by the formation of albite porphyroblasts together
with muscovite, biotite, chlorite, epidote, and titanite.
Moreover, we suggest that these two phases of mineral
assemblage correspond to the two phases of foliations.

Sample EL08 contains amphibole (37 vol%), albite (20 vol%),
garnet (4 vol%), epidote (16 vol%), chlorite (8 vol%), and quartz
(12 vol%) together with minor titanite (Figure 4D). Albite occurs
as porphyroblasts 1-3 mm across that grew over a well-foliated
matrix defined by oriented amphibole, titanite, epidote, and
chlorite (S2, Figure 4E). The albite porphyroblasts locally
developed pressure shadows that indicate dextral shearing

(Figure 4E). The albites have X,, < 0.05 and contain
numerous inclusions of garnet, epidote, titanite, and quartz
that are oriented, forming an early-phase foliation (S1 in
Figure 4F). The S1 foliation commonly displays S-shapes: the
part that is in the core domain of an albite shows a uniform
orientation, but this is gradually deflected outside the core to be
consistent with S2 near the rim, indicating a syntectonic origin for
the albite. The amphiboles are deep to light blue-green and form
prismatic crystals in the matrix and inclusions in the outer rims of
the albite porphyroblasts (Figure 4E). Two occurrences of
amphibole show magnesio-hornblende compositions (Leake
et al,, 1997) with Si = 7.30-6.44 p.fu.,, AI™ = 0.87-0.38 p.fu,,
Na™* = 0.49-0.08 p.fu.,, and Ca™* = 1.75-1.36 p.fu. (Figures
5C,D). Moreover, one measured amphibole grain exhibits zoning
with AIM? decreasing from 0.85 p.f.u. to 0.43 p.f.u. from core to
rim and Na™* decreasing from 0.37 p.fu. to 0.25 p.f.u. Garnets
only occur as 0.05-0.2mm inclusions within the albite
porphyroblasts. Three analyzed grains display increasing
pyrope from core to rim (0.04—0.06 in g01 and g02,
0.05—0.08 in g03), coupled with fluctuations in grossular
(0.31—0.36 in g01, 0.30—0.29 in g02, and 0.35—0.33 in g03),
spessartine (0.04—0.02 in g01, 0.13—0.06 in g02, and ~0.02 in
g03), and almandine (0.61—0.56 in g01, 0.53-0.59 in g02, and
0.57—0.58 in g03, Figure 5B). Epidote is present in the matrix
and as inclusions within the albite porphyroblasts, and they all
have similar compositions with Ps (Fe>*/(Fe*™ + Al)) = 0.16-0.24.
Chlorite also occurs both in the matrix and as inclusions in the
albite, and its values of Xyg (Mg/(Fe2+ + Mg)) = 0.59-0.60. The
above observations suggest two phases of mineral assemblage: an
early phase represented by the garnet-bearing inclusions within
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albite, and a late phase marked by the formation of albite
porphyroblasts together with the matrix minerals, and these
two phases of mineral assemblage also correspond to the two
phases of foliation development.

4 PHASE EQUILIBRIA MODELLING AND
P-T CONDITIONS

Phase equilibria were modeled for samples EL01 and EL08 in
the system NCKMnFMASHTO (Na,O-CaO-K,0-MnO-FeO
total-MgO-Al,05-Si0,-H,0-TiO,-Fe,0;).  This  system
provides a realistic compositional approximation of the
studied rocks, within which the early-phase assemblages
with garnet can be calculated. The pseudosection modelling
was done for the garnet-phengite schist ELO1 and the
garnet-amphibole schist EL08 using THERMOCALC 3.45
with the internally consistent thermodynamic dataset (ds62)
of Holland and Powell (2011). The mixing models were those
presented for clinopyroxene and amphibole (Green et al,
2016), garnet, orthopyroxene, and biotite (White et al,
2014), plagioclase (Holland and Powell, 2003), muscovite
(Coggon and Holland, 2002), chlorite (Holland and Powell,
1998), ilmenite (White et al., 2000), and epidote (Holland and
Powell, 1998). Rutile, titanite, and paragonite are pure end-
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FIGURE 7 | P-T pseudosection for sample ELO1 calculated in the
NCKFMASHTO (+q, H2O, mu) using an effective bulk composition generated
according to mass balance constraints by excluding the composition of garnet
and integrating mineral compositions and modal abundance data of the
other phases, normalized on the basis of mole-proportions as: SiO, = 79.44,
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member phases. Quartz and the fluid phase (assumed to be
pure H,O) were in excess.

For the modelling of the early-phase assemblages of sample
ELO08, the bulk-rock compositions given by the ICP-OES analyses
were used, normalized to mole proportions according to the
model system. The O (Fe,O3) values were estimated on the basis
of mass balance constraints by adding up the Fe** contents of
each mineral (Table 1). However, in sample ELO1, the
chloritization of biotite resulted in a loss of a certain amount
of K,O from the bulk-rock compositions given by ICP-OES
analyses, which therefore may not be appropriate for modelling
the early phase metamorphism. Thus, an effective bulk
composition was generated for sample EL01 following the
method of Carson et al. (1999) by integrating mineral
compositions (using a standard biotite composition with Xy,
= 0.60 after Li et al., 2014) and modal abundance data for the
phases present. The bulk-rock compositions for the calculated
pseudosections are listed in Table 1.

4.1 Pseudosections for Sample ELO1

The P-T pseudosection calculated for sample ELO1 in the
NCKMnFMASHTO system is presented in Figure 6A. The
albite-absent assemblages occur at higher pressures above
10-13 kbar, and the titanite-present assemblages occur in the
lower P-T range of <8-12 kbar/500°C. The inferred early-phase
assemblage of garnet, phengite, paragonite, biotite, and rutile
without albite cannot match any predicted assemblage in the
pseudosection. However, the pyrope and grossular compositions
of the garnet constrain P-T conditions in jadeite-bearing
assemblages. The matrix-garnet defined prograde P-T vector
from ~15kbar/~503°C to ~17kbar/~515°C (Cl1—R1-1) is
based on the core-to-rim zoning shown in the right part of
Figure 5A, and the retrograde P-T condition of ~14 kbar/
~540°C (R1-2) is based on the rim in the left part of the
diagram. Moreover, the core-rim zoning of two garnet grains
included within albite defines a dominantly decompressional P-T
path from ~16 to ~14 kbar at a temperature of ~530°C (C2—R2
and C3—R3). The plotting of the measured Si = 3.34-3.31 p.fuin
phengite is roughly consistent with the P-T conditions defined by
the garnet cores. However, the measured Si = 3.42-3.38 p.f.u in
phengite indicates a higher pressure that is more likely to
represent the peak condition. This peak P-T condition can be
constrained to ~18 kbar/~535°C, based on the maximum Si
content in phengite and pyrope in garnet, while the grossular
content of the garnet was likely modified during the
decompressional stages.

To illustrate the post-peak decompressional metamorphic
evolution, a P-M (H,0) pseudosection was calculated at T =
535°C (Figure 6B), which shows that the predicted peak
assemblage contains 2.82 wt% H,O. The decompressional path
from the inferred peak condition (P) deviates from the
H,O-saturated curve, and proceeds in H,O-absent conditions.
At ~16 kbar (A), the path returns to H,O-saturated conditions
and evolves along the H,O-saturation line to lower M (H,0), and
with successive dehydration the modes of paragonite and biotite
growth increase together with decreasing modes of jadeite,
chlorite, and phengite. The final disappearance of jadeite
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occurs in a narrow pressure range with the presence of both
jadeite and epidote at ~11.8kbar (B), accompanied by a
pronounced release of water with H,O down to ~2.23 wt%. As
further decompression may occur under fluid-absent conditions
if there is no infiltration of water to saturate the rock, the mineral
assemblage (g + chl + pa + bi + ru + ep) at this point tends to be
preserved (Guiraud et al., 2001; Wei and Clarke, 2011). In this
case, the metamorphic evolution may continue with the
formation of a late-phase mineral assemblage represented by
the S2 foliation and especially the growth of albite porphyroblasts,
which possibly represent the overprinting of a separate
metamorphic-deformational event.

The inferred late-phase assemblage that is marked by the
presence of albite porphyroblasts together with chlorite,
epidote, and titanite is predicted to stabilize under P-T
conditions of <10 kbar and <520°C (Figure 6A). However, this
prediction may not be valid, because the post-peak metamorphic
evolution would have been controlled by local equilibrium
domains as a result of the widespread preservation of early-
phase minerals. To investigate the metamorphic evolution of the
late-phase assemblage, an alternative P-T pseudosection was
calculated in the system NCKFMASHTO, using an effective
bulk composition that was generated following Carson et al.
(1999) by excluding the components frozen in the early-phase
assemblage. As shown in Figure 7, the inferred late-phase
assemblage that includes muscovite, biotite, epidote, chlorite,
and rutile is predicted to stabilize in the P-T range of
5-9 kbar/500-550°C. The isopleths of the measured Si = 3.19

in muscovite and x (chl) = 0.64 in chlorite can yield a P-T
condition of ~8 kbar/532°C, which is in good agreement with that
defined from the inferred assemblage. Under this condition, the
rock may contain 2.69-3.05 wt% H,O, which is a much higher
value than when jadeite disappears (~2.23 wt%), and this
indicates that infiltration of water occurred during the late-
phase metamorphic evolution. Moreover, the core-rim
increase in chlorite Xy, from 0.59 to 0.64 predicts a prograde
metamorphic evolution characterized by increasing temperature,
and the measured rims of albite with higher X,, probably
indicate decompression to the plagioclase-stable assemblage.

4.2 Pseudosections for Sample EL08

The P-T pseudosection for sample ELO8 is presented in
Figure 8A. The inferred early-phase garnet-bearing and albite-
absent assemblages can occur at high pressures above 8-10 kbar.
The contours of the measured core-rim zoning in garnet grains
yield a prograde P-T vector from 15 kbar/~450°C to 18 kbar/
~500°C (C1—R1 for g01, C2—R2 for g02, and C3—R3 for g03 in
Figure 5B) in the assemblage with lawsonite and glaucophane,
neither of which have been observed in the rock. If it is assumed
the post-peak decompression was isothermal, the metamorphic
evolution can be documented in the P-M (H,0) pseudosection at
500°C (Figure 8B). The decompressional path from the peak
condition (P) may evolve along the H,O-saturation line to lower
M (H,O), characterized by lawsonite decomposition through
successive dehydration reactions, and releasing a large amount
of H,0 (3.52—3.10 wt%). On the disappearance of lawsonite at
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~17.5 kbar (A), the decompressional path may deviate from the
H,O-saturated curve and proceed under H,0-absent conditions.
At ~12 kbar (B), the path will return to H,O-saturated conditions.
Further decompression would see equilibria evolving along the
H,O-saturation line to lower M (H,0), resulting in glaucophane
giving way to hornblendic amphibole (C). Thus, a prediction of
the decompressional path P—C is that both lawsonite- and
glaucophane-bearing assemblages are unlikely to be preserved
due to a series of dehydration reactions, and the inclusions in
albite are more likely to be g + hb + chl + ttn + ep than other
higher pressure phases. A further notable dehydration reaction is
predicted to be hb + ep = chl + q + ab + H,O, responsible for the
formation of albite at 6-9 kbar. Albite growing as coarse-grained
porphyroblasts may contribute to the abundant fluids that
resulted from dehydration reactions and deformation during
the formation of the S2 foliation. Thus, it is reasonably clear
that the early-phase assemblage cannot be preserved in the
matrix.

To investigate the metamorphic evolution of the inferred late-
phase assemblage, a P-T pseudosection was calculated in the
NCKFMASHTO system using the effective bulk composition
generated by excluding garnet (Figure 9). The inferred late-
phase mineral assemblage is predicted to match the stability
field of the assemblage hb + chl + ttn + ep + ab at <9 kbar and
400-500°C. The isopleths of AI™* and Na™* for the measured
zoning values of 0.87-0.38 and 0.40-0.22 in magnesio-hornblende
yield a P-T vector from ~7.0 kbar/495°C to ~3 kbar/430°C, which is
characteristic  of cooling decompression. The cooling
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decompression is predicted to have the rock evolving towards
higher water contents (from 1.89 to 2.46 wt%), indicating the
infiltration of water during the late-phase metamorphic
evolution (Guiraud et al., 2001).

5 ZIRCON U-PB AGE DATA

To obtain the protolith and metamorphism-related ages, the
sericite—quartz schist sample EL11, the garnet-mica schist
sample EL07 and the granodiorite sample EL12 are for zircon
U-Pb dating respectively. Zircon grains in these samples were
separated using standard heavy-liquid and magnetic techniques
followed by handpicking under a binocular microscope at the
Langfang Regional Geological Survey, China. The grains were
embedded in epoxy resin discs and polished down to about half-
sections to expose the grain interiors. To reveal the internal
structures of the zircon grains, cathodoluminescence (CL)
images were obtained using a Quanta 200F environmental
scanning electron microscope housed at the State Key
Laboratory of Orogenic Belts and Crustal Evolution of Peking
University. The zircon U-Pb dating was carried out with a
quadrupole ICP-MS (Agilient 7500a) connected to an UP-193
Solid-State laser (193 nm, New Wave Research Inc.) at the
Ministry of Education Key Laboratory of Orogenic Belts and
Crustal Evolution, School of Earth and Space Sciences, Peking
University. The laser spot diameters were 25 pm and the laser
frequency 10 Hz. The calibrations for the zircon analyses were
done using NIST 610 glass as an external standard and Si as an
internal standard. The standard zircon 91,500 (1,063 + 14 Ma, n =
13) was used as an external standard for correcting the effects of
U-Pb isotope fractionation. The standard zircon Plesovice
(337.3 + 0.7Ma) was also used as an external standard to
monitor the deviations of age measurements and calculations.
The isotopic ratios and elemental contents of the zircons were
calculated using GLITTER ver. 4.4 (Van Achterbergh et al., 2001).
The concordia ages and diagrams were obtained using Isoplot/Ex
(3.0) (Ludwig, 2003). Common lead was corrected using
ComPbCorr# (ver. 3.15, Andersen, 2002). The errors given on
individual analyses are at the 1o level, but the weighted mean ages
and their errors are reported at the 20 level. **’Pb/*°°Pb ages were
accepted for grains older than 1,000 Ma and **°Pb/***U ages for
grains younger than 1,000 Ma (Sircombe, 1999). The analytical
data are shown in Supplementary Appendixs S3-S5.

Zircon grains from sample EL11 are mostly euhedral and
subhedral with lengths range from 120 to 80 um. They mostly
show high luminescence and simple oscillatory zoning in the CL
images, suggesting their detrital origin mainly from igneous
sources (Figure 10A). The detrital zircons have concordant
ages ranging from 453 + 9 Ma to 2,583 + 40 Ma (Figure 11A).
Four age populations can be discriminated including
2,583-1,532 Ma, 1,401-807 Ma, 701-667 Ma, and 569-453 Ma.
Conspicuous age peaks are located at 1,176, 689, and 456 Ma
(Figure 11B). The youngest coeval zircon grains between 453 + 9
and 462 + 5 Ma yield a weighted mean age of 456 + 5 Ma (MSWD
= 0.3, 20) which constrains the youngest depositional age of
protolith to be 456 + 5 Ma (Figure 11A). It needs to be noted that
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some zircons are characterized by metamorphic rims with high
luminescence brightness in CL images, however, they were
beyond analysis due to the widths of <10 pm.

Zircon grains from sample ELO7 are mostly
euhedral-subhedral with lengths ranging from 120 to 80 pm.
They generally exhibit typical oscillatory or planar zoning with
relatively low luminescence brightness in CL images
(Figure 10B), suggesting their detrital origin was mainly from
igneous sources. Most zircons have metamorphic rims with
relatively high luminescence brightness, however, they were
too narrow for analysis due to the widths of <10 um. The
detrital zircons have a concentrated concordant **°Pb/***U age
range between 438 + 6 Ma and 454 + 6 Ma with Th/U ratios of
0.23-0.97. Thus, we suppose that the protolith of the garnet-mica
schist sample is proximal sedimentary rock or volcanic
sedimentary rock. The concentrated zircon ages yield a
weighted mean **°Pb/***U age of 445 + 2 Ma and MSWD =
0.76 (Figure 11C).

Zircon grains from sample EL12 are mostly euhedral-subhedral
with lengths ranging from 120 to 80 um. They generally exhibit
typical oscillatory or planar zoning with relatively low luminescence
brightness in CL images (Figure 10C), suggesting a magmatic origin.
Thirty-five analyses show Th/U ratios between 0.39 and 1.18 and
define concordant ages which yield a weighted mean ***Pb/***U age
of 427 + 2 Ma and MSWD = 0.84 (Figure 11D).
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6 DISCUSSION

6.1 Metamorphic Evolution

Petrographic observations and phase equilibria modelling
indicate that both the garnet-phengite schist (EL01) and the
garnet-amphibole schist (EL0O8) record two P/T series of
metamorphic evolution including an early high-P/T series and
a late medium-P/T series.

6.1.1 The Early-phase HP Evolution

Phase equilibria modelling suggests that both samples underwent
a clockwise P-T evolution involving the prograde, peak, and post-
peak isothermal decompression stages. The peak conditions were
~18 kbar/~535°C for ELO1 and 18 kbar/~500°C for EL08. For
both samples, the observed early-phase assemblages cannot
match those predicted at their peak conditions because the
post-peak decompressional evolution was dominated by
dehydration reactions. As indicated in the P-M (H,0)
pseudosections (Figures 6B, 8B), the peak HP minerals of
jadeite in ELO1 and lawsonite and glaucophane in EL08 could
not survive during decompression. Moreover, as the contents of
the jadeite and lawsonite reactants would have been rather low,
no idiomorphic pseudomorphs of these minerals are likely to be
found. Mostly, the metamorphic evolution that was dominated by
dehydration in the HP rocks could be triggered by
decompression, even with cooling, and in general it will not
reach a state of full equilibrium. Thus, in most cases, garnet and
phengite can preserve their compositions of the peak condition
(or close to it), and their composition isopleths in P-T
pseudosections can provide informative peak P-T estimates
(Wei and Tian, 2014).

6.1.2 The Late-phase MP Metamorphism

The late-phase metamorphic evolution of samples ELO1 and
ELO08 is characterized by the formation of albite and the S2
foliation. Sample ELO1 is characterized by a clockwise P-T
vector including a nearly heating path until the P-T condition
of ~8kbar/532°C, constrained by chlorite and muscovite
compositions, and a retrograde path of decompression
constrained by higher values of X,, in the rims of albite
porphyroblasts. For sample EL08, only a retrograde path
from ~7.0 kbar/495°C to ~3kbar/430°C with cooling and
decompression can be recovered from the Na™* and AIM?
isopleths in the hornblende (Figure 9), and this needs to be
addressed for the genetic connection between the late-phase
medium-P/T and the early-phase high-P/T series mineral
assemblages. Three vital pieces of evidence are presented.
First, the late-phase assemblage in ELO1 has a clockwise
P-T path, which indicates a complete cycle of
compression—exhumation that corresponds to a separate
tectonic process. Second, the two-phases of foliation,
especially in sample EL08, where the matrix minerals
developed an independent foliation and the albite
porphyroblasts are observed to be syntectonic, suggest that
the early-phase foliation has been displaced. Third, in sample
EL01, the formation of the late-phase mineral assemblage with
albite requires the ingress of fluids, which is more likely to have
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been triggered during the development of the late-phase
foliation. As a consequence, we suggest that the late-phase
assemblages in the two samples record a metamorphism that
overprinted the early-phase HP assemblages, but preceded the
later decompressional exhumation. Moreover, the two-phases
of metamorphic evolution were accompanied by different
foliations, indicating the superimposition of different
tectonic activities.

The two phases of metamorphism are suggested to be regional
in the studied area as they are consistent to the two phases of
deformations (S1 and S2) which are generally observed in the
Ondor Sum Group. Due to the modification of the early-phase
decompression and late-phase metamorphism, the peak mineral
assemblages in the exhumed HP rocks in the Ondor Sum Group
mostly failed to be preserved. However, the exception for the
garnet-phengite schist and garnet-amphibole schist in the Ondor
Sum Group are probably due to the lack of fluid during the
metamorphism as indicated above.

6.2 Ages of Protolith and Metamorphism of
the Ondor Sum Group in Argin Sum

Different ages were abtained in the Ondor Sum Group in the
previous research. In Wulangou, meta-andesites of arc type

yielded a protolith age of 470 + 2 Ma using the zircon U-Pb
method (Li et al., 2012), and sodic amphibole from the blueschists
and phengite from the quartz schists yielded “°Ar/>’Ar ages of
426 + 15 and 454-453 Ma, respectively (Tang and Yan, 1993; De
Jong et al., 2006). At Naomuhunni, an epidote-blueschist block
reported by Xu et al. (2001) yielded a glaucophane *’Ar/*’Ar age
of 383 + 13 Ma.

Comparison of zircon age spectrum (Figure 12) shows that
the detrital zircon ages of the HP schist samples at Airgin Sum are
consistent with those at Naomuhunni, both of which belong to
the northern Ondor Sum Group in NOB. Moreover, they are
consistent with the age patterns of the Mongolia and the
northeastern China plot. Their zircon ages suggest multiple
sources contributed to the sediment formation. For instance,
the major age peak at 456-442 Ma are supposed to reflect the
early Paleozoic arc magmatism in the XIMOB (Chen et al., 2000;
Shi et al., 2003; Jian et al., 2008; Chen et al., 2009; Xue et al., 2009;
Lietal., 2012). The age groups with peaks of ~689 and ~1,176 Ma
are consistent with those reported in the Ergun and Xing’ an
blocks (Zhou and Wilde (2013); Zhou et al,, 2014) and the
Southern Mongolian block (Badarch et al, 2002; Yarmolyuk
et al,, 2005). And the other older ages should be derived from
the North China Craton (NCC, Zhao et al., 2001; Zhao et al.,
2002; Wilde et al., 2002). The age groups of the Ondor Sum
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Plot (C) and the NCC (E). Data are cited from Zhou and Wilde (2013), Zhou et al. (2014), Xu et al. (2013, 2014), and Rojas-Agramonte et al. (2011).

Group in the SOB are mostly the same as the NOB except a
conspicuous absence of ~689 Ma peak and ~1,176 Ma, which is
probably attributed to the absence or decrease of detrital
contribution from the blocks in the north.

No available metamorphic age data have been obtained in the
samples, which, however, can be alternatively constrained
between ca. 442 and ca. 425 Ma, on the basis of the youngest
detrital age group of ca. 442 Ma and the ages of ca. 425 Ma for the
granodiorite intrusions. This estimate is consistent with the
reported “°Ar/*’Ar ages of 454-453 Ma in the phengite schist
(De Jong et al, 2006) and *°Ar/*°’Ar age of ~426 Ma in the
blueschist in Ondor Sum Group (Tang and Yan, 1993). It needs to
be noted that the glaucophane *’Ar/*’Ar age of 383 + 13 Ma was
obtained in the blueschists in Ondor Sum Group (Xu et al., 2001).
Based on the two phases of metamorphic evolution indicated
above, we suggest, therefore, that the metamorphic age of 383 +
13 Ma records the overprinting of the late-phase medium-P/T

series metamorphism and not the early-phase high-P/T series
metamorphism. In the context of the geological setting, this age
seems to be consistent with the 399 + 8 Ma age of the Barrovian
metamorphic belt within the limit of error.

6.3 Geological Implication for the
Metamorphism

As indicated above, the HP rocks exhumed from ancient
subduction zones have been controversially argued to record
much warmer geotherms than numerical modelling results.
Although the Syracuse models were argued to have
underestimated the temperatures of subduction zones, they
have been well matched by the peak P-T conditions reported
for the exhumed HP rocks (Brown and Johnson, 2018), including
those of the Franciscan at Jenner, United States (Krogh Ravna
and Terry, 2004), southwest Tianshan belt (Wei C. J. et al., 2009;
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Tian and Wei, 2013), the north Qilian belt (Wei C. J. et al., 2009),
and the Yuli belt in China (Huang et al., 2021). The numerical
modelling results of Syracuse et al. (2010) seem to be well
consistent with the records from natural HP rocks if their
peak pressure conditions are well recovered.

The investigated garnet-phengite schist (EL01) and
garnet-amphibole schist (EL08) in the Ondor Sum Group
are interpreted to have experienced HP metamorphism
along clockwise P-T paths in the early phase, with a
thermal gradient of 8°C/km at peak conditions, and they
can be classified as typical high-P/T types (Figure 13).
According to the numerical modelling of Syracuse et al.
(2010), the prograde P-T paths are apparently warmer than
those in most subduction zones. Thermal structure of
subduction zones is controlled by various factors including
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1'I:'u rly Stage,
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,

300 400 500
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FIGURE 13 | The summarized P-T conditions and paths of the high-
pressure rocks in the Ondor Sum Group. WdO01 refer to the P-T results of the
blueschist at Wulangou cited from Tang and Yan (1993). Wd02 and WdO03
refer to the P-T results of sodic-amphibolite bearing quartzite (Li et al.,
2014b) and barroisite schist (Zhang et al., 2015) at Airgin Sum respectively.
WdO04 refer to the P-T result of epidote-blueschist at Naomuhunni (Zhang
et al., 2015). By refers to the P-T path of the Barrovian metamorphism the
Baoyintu Group in Chen et al. (2015). ELO1 and ELO8 refer to the P-T paths of
HP schists in this study. The bold dotted curves indicate the approximate
range of the geothermal gradient at slab surface between cold and hot
subduction zones simulated in Syracuse et al. (2010). The thick curves
indicate P-T paths predicted for differing convergence velocities of the
incoming plate (van Keken et al., 2002, 20 Ma, 30 dip). In general, slower
convergence velocities (2 cm/yr) are predicted to result in higher temperatures
at a given depth compared to faster convergence velocities (van Keken et al.,
2002, 10 cm/yr). The thick chain-dotted line refers to a younger slab have
higher geothermal gradients at both the surface as indicated in Wei and Zheng
et al. (2020). The reaction ab = jd + g and the transition lines of Al,SiOs were
calculated using THERMOCALC. The division of the metamorphic facies
series is after Miyashiro (1961, 1994). The metamorphic facies boundaries are
after Maruyama et al. (1996) and Oh and Liou (1998).
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the age of subducted oceanic crust, the convergent rate, the
subduction dip angle and the thicknesses of both subducting
and overriding lithospheres (Kirby et al., 1991; van Hunen
et al., 2002; Gerya and Meilick, 2011; van Keken et al., 2011;
Leng and Mao, 2015). Nevertheless, on the context of field
tectonic evolution, the HP schists of the Ondor Sum Group at
Airgin Sum seem to be related to a warm subduction at the
terminal evolution of the Paleo-Asian Ocean, which we suggest
may correspond to the subduction of a young slab (Syracuse
etal., 2010), or a low-rate of subduction (<2 cm/yr, van Keken
et al., 2002). This interpretation is suggested by several lines of
evidence, including: 1) the protoliths of the metabasite in this
study showing affinities between N-MORB and E-MORB
which has been previously suggested to represent
environment of limited intercontinental ocean basins
(Zhang et al., 2014), 2) the high P/T metamorphism in the
garnet-phengite schist which has occurred soon after
formation of the protolith; 3) the absence of arc magmatic
activity since ~420 Ma which probably indicates termination
of subduction process (Song et al., 2015). The P-T conditions
of the late-phase metamorphism that was overprinted on our
HP schist sample EL08 indicate a thermal gradient of 22-25°C/
km, which is typical of the medium-P/T facies series
(Miyashiro, 1994). We suppose that the late-phase
metamorphism is consistent with the metamorphism of the
Baoyintu Group, in which the near-peak of a typical medium-
P/T Barrovian metamorphism took place at 399 + 8 Ma,
corresponding to an orogenic thickening process (Chen
et al., 2015). This sequence of events can be supported by
other lines of evidence, including: 1) the development of the
Upper Devonian molasses formation that unconformably
overlies early Paleozoic mélanges and flysch in both the
NOB and SOB (Xu et al, 2013), 2) the gap in magmatic
activity between 420 and 360 Ma (Xu et al., 2013; Song
et al., 2015), corresponding to the collisional orogeny and
3) the development of collision-related biotite monzogranites
of high-K calc-alkaline series of 423-392 Ma in Sunidzuoqi
and Xilinhot (Shi et al., 2004; Xu et al., 2015).

Consequently, a preliminary tectonic reconstruction may be
achieved for the evolution of the Paleo-Asian Ocean in central
Inner Mongolia although our results are temporarily representative
of a local area and more researches are still needed. The Paleo-
Asian Ocean was initiated at ca. 500 Ma in central Inner Mongolia
with bidirectional subduction, both northward beneath the
Southern Mongolia Block (SMB) and southward beneath the
NCC (e.g., Xiao et al, 2003; Xu et al,, 2013; Song et al.,, 2015).
This resulted in the formation of the 499-425 Ma Bainaimiao Arc
complexes in the south and the 482-428 Ma Baolidao Arc
complexes in the north, as well as contemporaneous high-P/T
meélanges represented by the Ondor Sum Group. From ~420 Ma,
the Paleo-Asian oceanic system came to an end and collision
resulted in orogenic processes. The Ondor Sum Group at Airgin
Sum was supposed to be involved in the collision with overprinting
by the medium-P/T metamorphism. We thus suggest that the HP
schists of the Ondor Sum Group at Airgin Sum record the tectonic
transition from terminal subduction of the Paleo-Asian Ocean to
continental collision.
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7 CONCLUSION

Our field observations, petrographic observations, phase
equilibria modelling, and zircon U-Pb dating for the
samples of Ondor Sum Group in the Airgin Sum area, have
led to the following conclusions:

1) Both HP schists record two phases of metamorphism and
two phases of foliation development, based on their mineral
assemblages and petrography.

2) Both phases of metamorphism were characterized by
clockwise P-T evolutions involving pre-peak prograde,
peak, and post-peak decompression stages. The peak
P-T conditions of the early phase were ~18 kbar/~535°C
for sample ELO1 and 18 kbar/~500°C for EL08, and the
modeled peak mineral assemblage that contained jadeite,
lawsonite, and glaucophane could not survive the
isothermal decompression, which was dominated by
dehydration reactions. The peak P-T conditions of the
late-phase metamorphism were ~8kbar/532°C and
~7.0 kbar/495°C, respectively, and this metamorphism
overprinted the early-phase metamorphism.
3) Available zircon ages data suggest that the early-phase HP
metamorphism occurs in the early Paleozoic.
4) The data for the two phases of metamorphism indicate two
entirely different P/T series, an early high-P/T series with a
thermal gradient of ~8°C/km, pointing to the subduction of
a warm subduction enviroment, and a late medium-P/T
series with a geothermal gradient of 22-25°C/km that was
related to collisional thickening of the crust. We suggest
that the early high-P/T metamorphism represents the
terminal subduction of the Paleo-Asian oceanic plate,
and that the later medium-P/T metamorphism
represents the involvement of these schists in the
continental collision that took place after the closure of
the Paleo-Asian Ocean in the Devonian.
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Evolution of the Continental Crust in
the Northern Tibetan Plateau:
Constraints From Geochronology and
Hf Isotopes of Detrital Zircons

Zeyu Liu, Guibin Zhang*, Lu Xiong, Feng Chang and Shuaiqi Liu

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

To investigate the evolution of the continental crust in the northern Tibetan Plateau, detrital
zircon U-Pb geochronology and Hf isotopes analysis were performed on two fluvial sand
samples from North Qaidam (the Yuka and Shaliu rivers). A total of 443 detrital zircon U-Pb
ages and 244 Hf isotopic results were obtained and reveal that the South Qilian, North
Qaidam, and East Kunlun terranes show affinity to the western Yangtze Block. Age
distributions of detrital zircons from the Yuka River cluster mainly in two age intervals of
1,000-700 and 480-400 Ma. The corresponding e(t) values are mostly negative, with
depleted two-stage Hf model ages (Tpme) Of 2.1-1.6 Ga. In contrast, age data for the
Shaliu River fall in the ranges of 1,000-700, 460-380, and 260-200 Ma, with Tppo ages of
2.0-1.6 and 1.6-1.2 Ga. In addition, zircons with Neoproterozoic ages from both river
samples possess common Paleoproterozoic Tpyme ages (2.0-1.6 Ga, with a peak of
1.8-1.7 Ga), indicating that the South Qilian, North Qaidam and East Kunlun terranes
were probably part of the same Neoproterozoic continent. The East Kunlun and North
Qaidam terranes are inferred to include Mesoproterozoic continental crust (1.6-1.0 Ga),
suggesting differences in crustal evolution between the East Kunlun—North Qaidam and
Qilian terranes. Phanerozoic magmatism in these three terranes was sourced mainly from
the recycling of ancient continental crust with minor contributions from the juvenile crust.

Keywords: south gilian, north gaidam, east kunlun, detrital zircon, zircon U-Pb geochronology, hf isotopes

1 INTRODUCTION

The northern Tibetan Plateau is an ideal place to understand plate collision, interactions of tectonic
uplift and crustal evolution. Although Tibetan Plateau has been studied for decades, most studies
focus on the Cenozoic tectonic uplift (Tapponnier et al., 2001; Yin et al., 2008; Clark et al., 20105
Rohrmann et al,, 2012; Wang et al., 2014; Botsyun et al., 2019), while rarely studying the crustal
evolution from Proterozoic to Paleozoic by using the detrital zircon in the northern Tibetan Plateau.

Zircon is one of the most robust accessory minerals with refractory nature during weathering and
transportation, meaning that the U-Pb isotope system of detrital zircons can be used to obtain
reliable chronological information, which in turn can be used to track the source region of the host
clastic sedimentary rocks. Combined with the stable Lu-Hf isotope compositions, analysis of detrital
zircons from modern river sediments can lead to a better understanding of the history of continental
growth (Belousova et al., 2010; Kroner et al., 2014; Chen et al., 2015; Xu et al., 2016; Gong et al., 2017).
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Thus, detrital zircons can be used to help establish the geological
history of regions through which rivers flow, and may record
information about the of magmatism and
metamorphism in these regions (Lease et al., 2007; Nie et al,
2012; Blayney et al., 2016; Song et al., 2019).

Numerous studies have used detrital zircon U-Pb ages and Hf
isotopes to track the continental growth (e.g., Condie et al., 2005;
Liu et al,, 2008; Yang et al., 2009; Geng et al., 2011; Sun et al,,
2012), although data are scarce for the area of the northern
Tibetan Plateau investigated in this study. The North China block
and the Yangtze block are two stable cratons adjacent to the
northern Tibetan Plateau. It is generally considered that
2.9-2.4 Ga were the main periods of crustal growth in the
North China Craton, but thermal events from the
Mesoproterozoic to early Paleozoic are missing (Yang et al,
2009). The Yangtze Craton records two Precambrian periods
of growth at 3.8-3.2 and 0.91-0.72 Ga, which are consistent with
detrital zircon ages obtained from the South Qilian and North
Qaidam terranes located on the northern Tibetan Plateau (Liu
et al,, 2008). Thus, the high degree of similarity of detrital zircon
ages between the western Yangtze Craton and South
Qilian-North Qaidam terranes reveals their close affinity.
However, there have been insufficient studies of the overall
crustal evolution of the South Qilian, North Qaidam, and East
Kunlun terranes, which are key areas for understanding the
tectonic evolution of the northern Tibetan Plateau.

The North Qaidam wultra-high pressure metamorphic
(UHPM) belt has attracted considerable research attention
regarding the evolution of the adjacent Qilian and East
Kunlun orogenic belts (Zhang et al, 2008; Song et al., 2011,
Song et al., 2019.; Liu et al.,, 2012; Gao and Zhang, 2017; Gong
etal., 2017; Jian et al., 2020; Wu et al., 2020). Gao and Zhang, 2017
conducted zircon U-Pb dating of metapelite from Liiliangshan
and Dulan in the North Qaidam UHPM belt and concluded that
the North Qilian was an active continental margin, and the North
Qaidam was a passive continental margin during the early
Paleozoic; then the North Qaidam changed to be an active
continental margin after the closure of ancient Qilian Ocean.
Liuetal. (2012) conducted U-Pb isotope dating of detrital zircons
from Cenozoic sediments in the Lulehe section and modern river
sands in the North Qaidam, revealing a record of Rodinia
supercontinent break-up, Pan-African regional metamorphism
related to the subduction and collision in the Nouth
Qaidam-South Qilian area. It is generally considered that
multi-stage arc magmatism and continental-collision felsic
intrusive magmatism occurred in the South Qilian, North
Qaidam, and East Kunlun terranes from the Paleozoic to
Triassic during subduction in the Proto-Tethys and Paleo-
Tethys oceans. However, relationships among these three
terranes during the Paleozoic—-Mesozoic multiple Wilson cycles
remain debated. Two popular tectonic models for the
Paleozoic-Mesozoic tectonic configuration of the South Qilian,
North Qaidam, and East Kunlun terranes follow: 1) the
archipelago model, which proposes that the three terranes
were separated from each other by ocean basins during the
early Paleozoic and amalgamated during the mid-to-late
Paleozoic (Kang et al., 2019; Zhang et al., 2020); and 2) the
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continuous continent model, in which during the early Paleozoic,
the continuous “North Qaidam-South Qilian” terrane were
sandwiched between the North Qilian arc to the north and the
Kunlun arc to the south (Cheng et al., 2017; Gehrels et al., 2003;
Song et al.,, 2013, 2014), or the continuous “North Qaidam-East
Kunlun” terrane and Qilian Terrane were separated by the Qilian
QOcean (Jian et al., 2020).

Here we present results of detrital zircon U-Pb ages, trace-
elements, and Hf isotopes collected from sediments of the Yuka
and Shaliu rivers on the northern Tibetan Plateau with the aim of
tracking the crustal growth and tectonic evolution of the South
Qilian, North Qaidam, and East Kunlun terranes, which the three
terranes dominated by the Paleoproterozoic-Mesoproterozoic
continental crust, and support the archipelago model during
the early Paleozoic.

2 GEOLOGICAL SETTING AND SAMPLES

The Paleozoic North Qaidam UHPM belt lies between the
Qaidam and South Qilian terranes in the northern margin of
the Tibetan Plateau (Figures 1A-C). It extends northwestward
from Dulan, through Xitieshan and Liiliangshan, to Yuka over an
overall length of ~400 km (Figure 1D). From the Neoproterozoic
to the middle Permian, tectonic-thermal activities in North
Qaidam were very intense (Li et al., 1999; Wu, 2008). The
intense Neoproterozoic magmatic activity was most likely
associated with the assemble and subsequent break-up of the
Rodinia supercontinent, whereas the Paleozoic magmatic activity
was probably related to the transition of the North Qaidam UHP
belt from oceanic subduction to a continental collision regime
(Wu et al., 2004; Song et al., 2009b; Zhang et al., 2013). Along the
North Qaidam UHPM belt, eclogites are found as NW-SE-
oriented boudins and interlayers within para- and
orthogneisses in several localities (e.g., Dulan, Xitieshan, and
Yuka) and garnet peridotite crops out in the Liiliangshan area
(Song et al., 2009b; Zhang et al., 2013). The early stage of eclogite-
facies metamorphism was at 473-443 Ma, representing the early
oceanic subduction; then followed the continental deep
subduction at 426-420 Ma. The reconstruction of Shaliuhe
relict oceanic lithology provides evidence for oceanic
subduction in the North Qaidam UHPM belt (Song et al,
2003, 2006, 2009a; Zhang et al., 2005, Zhang et al., 2008, 2009;
Zhang and Zhang, 2011). Both coesite and diamond inclusions
were found from eclogite, garnet peridotite, and country gneisses
(Zhang et al., 2016 and references therein).

Dulan is located in the southeastern North Qaidam UHPM
belt-northern Kunlun, which is located at the intersection of the
South Qilian belt to the north, the East Kunlun Orogenic belt to
the south-southeastward, and the Qinling to the east. The Dulan
area was affected by multiple orogenic events during the
Paleozoic-early Mesozoic, accompanied by tectonic—-magmatic
activities and granite intrusions. Three stages of Paleozoic granitic
magmatism in Dulan had been identified, with S-type affinity:
434-432,407-397, and 383-373 Ma (Yu et al., 2011), in which the
early stage at 434-432 Ma formed more or less simultaneously
with the North Qaidam HP/UHP metamorphism responded to
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FIGURE 1 | (A) Location of the Tibetan Plateau within China; (B) Location of the Qilian Range, Qaidam Basin, and East Kunlun Orogenic Belt in the northern Tibetan
Plateau (modified from Yin et al., 2008); (C) Simplified geologic maps of the northern Tibetan Plateau (modified from Song et al., 2018); (D) Satellite image of the study
area showing the two sampling locations; (E) Close up view of the catchment area of the Yuka river and sample location of 20YK-05 (red star); (F) Close up view of the

the continental deep subduction and collision (Song et al., 2009b).
While the others at 407-397 and 383-373 Ma may have been
formed in association with break-off and exhumation of the
subducted South Qilian slab and delamination of the
lithospheric mantle, respectively (Yu et al, 2011). In addition,

the Yematan granitoid represents an event spanning ~30 Myr,
ranging from granodiorite with I-type affinities and biotite
monzogranite (386-379 Ma), porphyritic biotite granite (367 +
3 Ma), to diorite (374-360 Ma) (Wu et al., 2007; Wang et al,
2014). Post-collisional magmatic rocks in Dulan occurred
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~20-30 Myr later than peak UHP metamorphism (ca. 420 Ma) of
continental collision are highly diverse in age and composition,
indicating multiple stages of magmatism, melting of various
magma sources, and variable degrees of interaction between
crust and mantle associated with a complex tectonic evolution
from exhumation to orogenic collapse (Wang et al, 2014).
Moreover, late Permian-Triassic granites are widely
distributed in the eastern part of East Kunlun Terrane (Yuan
et al,, 2000). Late Triassic granites are widely developed in east of
Dulan-Xiangride (Kui et al., 2010).

The Yuka area is part of the North Qaidam UHPM belt and is
located between the South Qilian Terrane and the Qaidam Basin.
Intermediate—felsic intrusive rocks are widely exposed in the
Yuka area, and granites accompanied by UHP metamorphic
rocks are well developed. Magmatic rocks are voluminous and
represent multiple events, with more intense magmatism during
the Caledonian event (early Paleozoic, at about 600-405 Ma)
compared with Hercynian (late Paleozoic, at about 386-257 Ma)
and Indosinian events (early Mesozoic, at about 257-205 Ma).
The largest Paleozoic granite intrusion in the Yuka area is the
Qaidamshan pluton, which is composed mainly of porphyritic
monzonitic granite, granite porphyry, and granodiorite (He et al.,
2020). The crystallization age of the Qaidamshan pluton was early
Silurian-early Devonian (ca. 440-400 Ma), formed during
continental collision (Wu et al., 2001; Lu et al., 2007; Wu, 2008).

Samples of modern river sediments collected during this study
were obtained from the Yuka and Shaliu rivers. Sample 19YK-05
was taken from the Yuka River (Figure 1E), at a point located
northwest of Dachaidan, west of the Qaidam mountains
(38°0.2998'N, 94°56.8398'E). Sample 19SL-01 was taken from
the Shaliu River (Figure 1F), at a point located in northeastern
Dulan County, next to the G109 National Highway
(36°31.2211'N, 98°36.6588'E).

3 ANALYTICAL METHODS

Zircon grains were separated using magnetic and heavy-liquid
separation techniques and then handpicked under a binocular
microscope. Zircon grains were set in an epoxy mount and
polished to half thickness. Cathodoluminescence (CL) images
were conducted with a Quanta 200F scanning electron
microprobe (SEM) at the Key Laboratory of Orogenic Belts
and Crustal Evolution, Ministry of Education, School of Earth
and Space Sciences (SESS), Peking University (PKU), Beijing,
China with conditions of 15kV and 120 nA.

Zircon U-Pb geochronological and trace-element analyses
were performed using a ThermoFisher iCapRQ ICP-MS
coupled with a 193 nm GeolLas laser system at the SESS, PKU.
The operating conditions are a laser spot diameter of 32 um, a
laser fluence of 5 J cm™2, and a repetition rate of 5 Hz. The aerosol
produced by ablation was carried by helium (0.70 L/min) mixed
with argon and a small amount of nitrogen (each gas purity is
>99.999%). Data reduction was conducted using Iolite software
(Paton et al., 2011). Zircon 91,500 was used as an external
standard, while GJ-1 and PleSovice were utilized as unknowns
to monitor the precision and accuracy of U-Pb dating. Analysis
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of GJ-1 and Plesovice zircon standards yielded Concordia ages of
599.2 + 1.2 Ma (20, n = 35, MSWD = 2.1) and 337.5 £ 0.7 Ma (20,
n =31, MSWD = 0.12), consistent with the recommended values
reported in Jackson et al. (2004) and Slama et al. (2008). The
adopted U-Pb ages were **°Pb/>**U ages for zircon grains with
ages of <1.0Ga and **’Pb/**°Pb ages for grains with ages of
>1.0 Ga. Ages with degrees of discordance of >10% were excluded
from age calculations. Concordia diagrams were plotted using
Isoplot 4.15 (Ludwig, 2003). Trace-element contents were
analyzed from the same ablation crater as U-Pb dating and
calibrated by *’Si and NIST SRM 610, while NIST SRM 612
was used as a secondary standard (Pearce et al., 1997). Accuracy
and precision were better than 5% for most elements. Analytical
results for zircon dating and trace-element contents are presented
in Supplementary Tables S1. S2. Analytical results for standard
zircon dating are presented in Supplementary Table S4.

In-situ zircon Lu-Hf analyses were conducted using a Nu
Plasma II MC-ICPMS coupled with a 193 nm GeoLas laser
system at SESS, PKU. Analyses were performed with a laser
energy of 8 ] cm ™, a repetition rate of 5 Hz, a spot diameter of
44 pm, and helium carry gas (0.63 L/min). Laser spots were
positioned to half overlap or lie as close as possible to domains
used for zircon U-Pb dating. Zircon 91,500 was analyzed as a
calibration standard, and Plesovice and Penglai were adopted
as secondary standards to monitor analytical quality. Data
reduction was performed using Iolite software (Paton et al,,
2011). Mass-dependent fractionation of Hf was corrected by
internal normalization relative to a ""’Hf/'”’Hf = 0.73250
(Patchett and Tatsumoto, 1980) and Yb fractionation was
corrected using the constant '”?Yb/'7*Yb = 0.73925 (Vervoort
etal., 2004) and an exponential law. The isobaric interferences
of '°Lu and '7°Yb on '7°Hf were corrected by measuring the
intensity of the interference-free '”°Lu and '?Yb isotopes
with the recommended '7°Yb/'7?Yb ratio of 0.5887 and '"°Lu/
"Lu ratio of 0.02655 and assuming the fractionation factor
BLu = Pyp (Vervoort et al, 2004). The analytical values of
°Hf/'”7Hf for the standard zircons were 0.282307 =+
0.000065 (20, n = 24) for 91,500, 0.282482 + 0.000037 (20,
n = 22) for PleSovice, and 0.282925 + 0.000062 (20, n = 21) for
Penglai, consistent with recommended values reported by Wu
et al. (2006), Sldma et al. (2008), and Li et al. (2010),
respectively. Present-day chondrite '"°Lu/'’’Lu ratio of
0.0332 and '7°Hf/'’Hf ratio of 0.282772 (Blichert-Toft
et al., 1997), and present-day depleted mantle values of
(**Lu/'"Hf)py = 0.0384 and (Y"°Hf/'"’Hf)pm = 0.28325
(Griffin et al., 2000) were used for the calculation of ey (t)
values and two-stage Hf model ages (Tpu), respectively. Data
for Lu-Hf isotopes of the samples and standard zircons are
listed in Supplementary Tables S3, S5, respectively.

4 RESULTS

4.1 Detrital Zircon U-Pb Dating and

Trace-Element Contents
CL images show that most zircons (>99%) have well-developed
oscillatory zoning (Figure 2), suggesting a magmatic origin
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FIGURE 2 | Representative cathodoluminescence (CL) images for detrital zircon crystals of Sample 20YK-05 (A) and Sample 20SL-01 (B) from North Qaidam.
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FIGURE 3 | Plot of Th/U ratios versus U-Pb ages of detrital zircons from
the river sands of Sample 20YK-05 (A) and Sample 20SL-01 (B) from North
Qaidam.

(Hoskin and Black, 2000; Corfu et al., 2003). Plots of Th/U versus
U-Pb ages of detrital zircons and U-Pb age cumulative
probability distributions for each sample are presented in
Figures 3, 5A,B, respectively.

On the basis of the substitution of (REE** + Y**) for Zr in
zircon from S-type granites being charge-balanced by P**, leading
to a near 1:1 correlation between (REE + Y) and P, thus plots of
(REE + Y) versus molar P can be used to distinguish the S-type
and I-type zircons (Burnham and Berry., 2017; Zhu et al., 2020).
Applying this classification method (S-type granites, i.e., 0.77*P<
[REE + Y] <1.23*P for zircons with molar P > 15 pmol/g) to those
zircons from the two samples with degrees of discordance of
<10% shows that S-type granite zircons account for the majority
(56.3%) of the Yuka River detrital zircons (Figure 4A), whereas
I-type granite zircons account for the majority (73.8%) of the

Shaliu River detrital zircons (Figure 4B). U-Pb age cumulative
probability distributions and U-Pb Concordia diagrams for each
age peak of S- and I-type zircons of the two samples are shown in
Figures 5C,D, 6. Selected detrital zircons with representative age
peaks and mean values of age are given in Supplementary Table
$2, and chondrite-normalized REE patterns are presented in
Figure 7.

Zircons from the Yuka river (20YK-05) are characterized by
oscillatory zoning textures and high Th/U ratio (mostly >0.1)
(Figures 2A, 3A), indicating a magmatic origin (Belousova et al.,
2002; Corfu et al., 2003; Hoskin and Black, 2000; Rubatto, 2002).
Some grains display core-rim zonation, with an oscillatory-zoned
core and an un-zoned or oscillatory-zoned rim in CL images
(Figure 2A). Of the 258 analyzed detrital zircon U-Pb ages from
the Yuka River sample, 86.0% are concordant. Of these analyses,
only one has Th/U ratio of <0.10 (0.05, 1,261 Ma), but it has likely
a magmatic origin, as inferred from the oscillatory zoning texture.
Detrital zircon U-Pb ages obtained for this sample cluster into
two main ranges at 1,000-700 Ma and 480-400 Ma with peaks
centering at 820 and 433 Ma, and two secondary ranges at
2800-2400 Ma and 2,100-1,500 Ma, respectively (Figure 5A).
Compositionally, S-type zircon dominates ages of 460-402 Ma
(Figure 6A), whereas I-type zircon dominates ages of
961-720 Ma and 472-412 Ma (Figures 6B,C). REE contents of
sample 20YK-05 shows that S-type zircon has stronger negative
Eu and Ce anomalies relative to I-type (Figure 7A), consistent
with the known REE patterns of typical S- and I-type zircons
(Burnham and Berry, 2017; Zhu et al., 2020).

Most analyzed zircons from the Shaliu river (20SL-01) are
characterized by oscillatory zoning textures (Hoskin and Black,
2000; Corfu et al., 2003). About one-third of the analyzed grains
have core-rim structures, with a core of oscillatory zoning and an
un-zoned rim in CL images (Figure 2B), with Th/U ratios range
of 0.01-1.87 (Figure 3B). Of the 336 detrital zircon U-Pb ages
from the Shaliu River, 93.8% are concordant, with 223 data points
are of magmatic origin and 92 data points are of metamorphic
origin which distinguished by Th/U < 0.10 and un-zoned CL
images; and three main ranges at 1,000-700 Ma, 460-380 Ma,
and 260-200 Ma with peaks centering at 870 Ma, 420 Ma, and
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232Ma, and three secondary ranges at 2700-2300Ma, 4.2 Lu-Hf Isotopes

2000-1700 Ma, and 1,600-1,100 Ma, respectively (Figure 5B).  Results of 224 Hf isotopic determinations are presented in
With respect to composition, S-type zircon dominates ages of ~ Supplementary Table S3 and Figure 8. Figure 9 shows the
915-776 Ma (Figure 6D), whereas I-type zircon dominates ages distribution of Tpyy, ages (Wu et al,, 2007; Yang et al., 2009).
of 927-775 Ma, 458-381 Ma, and 256-207 Ma (Figures 6E-G). Zircons from sample 20YK-05 (117 analyses) yield ey (t)
After excluding 16 mixed ages, the vast majority of the remaining ~ values of —29.1-16.2 (Figure 8A), and Tpy, ages in the range of
76 metamorphic zircons fall within the range of 456-383 Ma  3.8-1.3 Ga (Figures 9A-1), with a peak at 2.1-1.7 Ga. Zircon
(Figure 6H). Analysis of REE contents for sample 20SL-01 shows crystals with U-Pb ages of >1,000 Ma yield values of ey (t) in the
the same characteristics as 20YK-05. Metamorphic zircons  range of —12.8-16.2 (Figure 8A) and Tpy,, ages varying from 3.8
display flat HREE patterns with weak negative Eu anomalies  to 1.8 Ga (Figures 9A-2). Zircons in the age range of
(Figure 7B). 1,000-700 Ma vyield eys (t) in the range of -17.1-2.3
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(Figure 8A), with only two grains with ey¢ (t) > 0, and Tpyy, in the
range of 2.8-1.6 Ga (Figures 9A-3). Zircons in the range of
480-400 Ma yield values of ey (t) in the range of -29.1-1.4
(Figure 8A), with only one grain with ey (t) >0, and Tpyy, in the
range of 3.3-1.3 Ga (Figures 9A-4).

Zircons from sample 20SL-01 (117 valid analyses) yield egf (t)
values in the range of —15.4-19.4 (Figure 8B), and Tpyy, ages in the
range of 3.6-04 Ga (Figures 9B-1), with a peak in the range of
2.5-1.2 Ga. Zircon crystals with U-Pb ages of >1,000 Ma yield ey (t)
in the range of —13.8-15.9 (Figure 8B) and Tpy, in the range of
3.6-1.4 Ga (Figures 9B-2). Zircons in the age range of 1,000-700 Ma
yield ey (t) in the range of —14.5-11.4 (Figure 8B) and Tpyy, varying
from 2.6 to 1.1Ga (Figures 9B-3). Zircons in the range of
460-380 Ma vyield eyy (t) in the range of —14.5-6.1 (Figure 8B),
with Tpyy, in the range of 2.4-1.0 Ga (Figures 9B-4). Zircons in the
range of 260-200 Ma vyield &y (t) in the range of —-12.2-0.9
(Figure 8B), with Tpyy, in the range of 2.1-1.2 Ga (Figures 9B-5).

5 DISCUSSION

5.1 Potential Source of the Detrital Zircons
Both samples were collected from the North Qaidam UHPM belt,
but the upper reaches of the rivers extend beyond this belt.

Therefore, analysis of the source(s) of the zircons should
consider the contributions made by the upstream portions of
the rivers. The Yuka River flows northeast to southwest, from the
Qilian Terrane to the Qaidam Basin (Figure 1E). Its main
tributaries are located in the Yuka area of Qaidam and the
South Qilian Terrane. Therefore, investigation of provenance
must consider the contribution of the South Qilian Terrane.
While the Shaliu River flows southeast to northwest
(Figure 1F), and its main tributaries are located in the eastern
part of the East Kunlun orogenic belt and the North Qaidam
UHPM belt. Provenance analysis therefore needs to combine the
East Kunlun and North Qaidam.

Combining knowledge of the location of the ancient
continents (Gehrels et al., 2003; Song et al., 2014; Wan et al,
2001; Wan et al., 2006), Nd isotopic data (Wan et al., 2006), and
especially detrital zircon data (Tung et al., 2007; Xu et al., 2007;
Liu et al., 2008; Sun et al., 2008; Sun et al., 2009; Wang et al., 2010;
Wang et al.,, 2012; Wang et al., 2013; Chen et al., 2011; Gehrels
etal., 2011; He et al., 2016; Yan et al., 2017; Meng et al., 2017; Jian
et al., 2020), shows that the Precambrian basement detrital zircon
U-Pb age peaks of the South Qilian, North Qaidam, and East
Kunlun terranes are identical to those of the western Yangtze
Block, indicating that these terranes have affinity to the western
Yangtze Block (Gao and Zhang, 2017; Jian et al., 2020). In this
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study, 1,000-700 Ma detrital zircons from the North Qaidam and
Qilian terrane (sample 20YK-05) related to the Rodinia
supercontinent account for 12% of the sampled grains, and
the corresponding 1,000-700 Ma detrital zircons from the
North Qaidam and East Kunlun terrane (sample 20SL-01)
account for 25%. The detrital zircons of two samples are both
partly sourced from the North Qaidam terrane, so the difference
in the proportion of Neoproterozoic zircon (13%) may be derived
from two different terranes (the South Qilian and the East Kunlun
terranes). The detrital zircon of the East Kunlun terrane in this
range is significantly more than that in the South Qilian, which is
the feature age of the western Yangtze Block (0.91-0.72 Ga, Liu
et al., 2008). Therefore, we infer that in the Rodinia
supercontinent, the East Kunlun, compared with the South
Qilian, show more affinity to the western Yangtze Block.

To track the sources of each identified age range, detrital
zircons from the Yuka River were classified into three groups of
961-720 Ma (I-type, n = 22), 472-412 Ma (I-type, n = 39) and
460-402 Ma (S-type, n = 118) based on their ages and

compositions, whilst detrital zircons from the Shaliu River
were grouped into five groups of 915-776 Ma (S-type, n = 31),
927-755Ma (I-type, n = 16), 458-381 Ma (I-type, n = 30),
256-207 Ma (I-type, n = 45), and 456-383 Ma (metamorphic
age, n = 73; Figure 6). Pre-Mesoproterozoic detrital zircons
(>1000 Ma) from the Yuka and Shaliu rivers accounted for a
small part of the total grains and derived from the ancient
crystalline basement.

The South Qilian and North Qaidam terranes record break-
up of the Rodinia supercontinent (900-800 Ma), Pan-African
regional metamorphism (600-500 Ma), and subduction-collision
metamorphism (ca. 450 Ma) (Liu et al,, 2012). The zircon U-Pb
geochronology of Yuka (Lin et al., 2006) and Xitieshan (Zhang et al,,
2003) granitic gneisses in the North Qaidam suggests that a
Neoproterozoic granite belt formed during the break-up of
Rodinia, implying that Yuka detrital zircons with ages of
961-720 Ma (Figure 6C) may be related to the syn- or post-
break-up period of the Rodinia supercontinent. Coincides with
the ca. 430 Ma continental subduction involving the South Qilian
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terrane (Song et al, 2009b), the age of subduction-collision
metamorphism is consistent with the main age ranges of the
Yuka detrital zircons (S-type, 460-402 and I-type, 472-412 Ma),
with a peak of 433 Ma (Figure 5A). In addition, early Paleozoic
magmatic activity in South Qilian-North Qaidam was characterized
by myr and multiple episodes. He et al. (2020) divided the
magmatism into five periods, namely, 470-450, 450-430,
430-410, 410-400, and 400-370 Ma; with 450-430 Ma as the
peak period of granitoid intrusions, which is consistent with the
Paleozoic age peak of the studied Yuka River detrital zircons
(Figure 5A). Meanwhile, this Paleozoic age peak is also
consistent with the peak metamorphic age of the Yuka eclogite
(435-430 Ma, Song et al., 2009b), indicating that some of the detrital
zircons in the Yuka River may have originated from syn-collision
magmatic activity.

For the Shaliu River, the age distribution of zircons is more
complex, suggesting that they have multiple sources. In the East
Kunlun orogenic belt, Mesoproterozoic to Neoproterozoic
magmatic intrusions are mainly S-type granites, which are
considered to be related to the assembly and break-up of the
Rodinia supercontinent (He et al., 2018; Yan et al., 2017). These
compositional and temporal features are consistent with the
dominance of S-type detrital zircons with Mesoproterozoic to
Neoproterozoic ages identified in this study (Figure 5B). The
geochronology of detrital zircons from gneissic granitoid in
Hongshuihe, East Kunlun, indicates crystallization ages of
930-772 Ma (He et al., 2018), which are consistent with the
age range of Neoproterozoic S-type zircons of the present study
(915-776 Ma; Figure 6D). The Shaliu granitic gneiss gave the age
of ~920 Ma (Lu, 2002; Chen et al., 2007), being consistent with
the Shaliu S-type detrital zircons analyzed for our sample
(Figure 6D). In summary, the Neoproterozoic detrital zircons
analyzed in this study are possibly related to the assembly and
break-up of the Rodinia supercontinent at 1,000-700 Ma (Lu,
1998).

Paleozoic intrusions in the East Kunlun orogenic belt are
mainly granitic and dioritic, which show a peak crystallization
age range of 440-390 Ma (He et al., 2018). UHP metamorphic
rocks including eclogite and country paragneiss gave continental
deep subduction time of 434-421 Ma for the North Qadaim
(Song et al., 2006; 2009b), consistent with the early Devonian
ages (433-418 Ma, Figures 5C-2) from the Shaliu River sample
analyzed in this study. Furthermore, zircons with metamorphic
rims constitute a greater proportion of Shaliu River sediments
than that of Yuka River sediments, and the main age range of
these metamorphic zircons is 456-383 Ma (Zhang et al., 2013,
2014, 2016), which coincides with the timing of oceanic
subduction and continental collision and associated syn-
metamorphic process in North Qaidam. Therefore, most of
the studied detrital zircons in the age range of 458-381 Ma
(Figure 6F) and with a peak of ca. 422Ma may have
originated from continental syn-collision magmatism, with a
few originating from syn-metamorphic processes (Figure 6H)
related to the above oceanic subduction and continental collision
in North Qaidam. While no metamorphic zircons found in the
Yuka river due to only a small fraction of its catchment located in
the North Qaidam UHPM belt.

Detrital Zircons from Tibet Plateau

The geochronology of Indosinian granites from the East
Kunlun orogenic belt can be divided into three stages:
formation and expansion of ocean ridges (309-260 Ma); large-
scale subduction of the oceanic plate (260-230 Ma); and
intracontinental orogenesis (230-190 Ma) (Guo et al, 1998).
Mesozoic intrusive rocks are widely distributed throughout the
East Kunlun orogenic belt, including granite, granodiorite, and
diorite (He et al., 2018), consistent with the 256-207 Ma detrital
zircons from the Shaliu River (Figure 6G). Moreover, most of the
256-207 Ma zircons are I-type zircons (Figure 5B), and such
compositions are generally associated with oceanic subduction,
which suggests that the 256-207 Ma I-type zircons may have been
derived from oceanic subduction and post-orogenic magmatism
in East Kunlun during the Indosinian orogenic event.

5.2 Crustal Evolution of the South Qilian,

North Qaidam, and East Kunlun Terranes
Zircon Hf isotopes can be used to trace the evolution of the crust.
In most cases, a positive ey (t) value indicates that the magma
was sourced from depleted mantle; if the corresponding Tpy, age
was close to the crystallization age, the crust can be considered
juvenile. In contrast, a negative ey (t) indicates that the magma
may have included recycled ancient continental crust, and the
corresponding Tpy, is much older than the crystallization age.
For unmixed zircons not derived from a hybrid source with a
negative eyf (t), the Tpy, age can be used to estimate the
formation time of ancient continental crust (Couzinié, et al.,
2016; Geng et al., 2011; Hawkesworth and Kemp, 2006; Iizuka
and Hirata, 2005; Kemp et al., 2006; Liu et al., 2008). Accordingly,
Hf isotopes of the detrital zircons can help to understand the
crustal growth and evolution of the South Qilian, North Qaidam,
and East Kunlun terranes. The ey (t) values exhibit a wide range
from negative to positive for each of the major age ranges of the
two samples (Figures 8A,B). This value distribution indicates the
addition of recycled crustal materials in the magma from which
the zircons crystallized; except for several Mesoproterozoic
zircons, which show values identical to that of the depleted
mantle, indicating the addition of juvenile crust (Figures 8A,B).
To facilitate the interpretation of crustal evolution processes in
this study, detrital zircons from the Yuka River were classified
into three groups with age ranges of >1,000, 1,000-700, and
480-400 Ma, and detrital zircons from the Shaliu River were
classified into four groups with age ranges of >1,000, 1,000-700,
460-380, and 260-200 Ma. As shown in relative probability plot
histograms of U-Pb ages of Yuka detrital zircons (Figure 5A), the
>1,000 Ma detrital zircons account for only a small percentage.
There is the low proportion of detrital zircon of 1.5-1.0 Ga (both
U-Pb ages and two-stage Hf crustal model ages, Figures 5A,
9A-1), suggesting that the South Qilian and North Qaidam
terranes were tectonically relatively stable during the
Mesoproterozoic. The ey¢ (t) values of most of the 1,000-700
and 480-400 Ma detrital zircons from the Yuka River are negative
(Figure 8A), and the Tpy, ages are mainly in almost the same
ranges of 2.1-1.6 and 2.0-1.7Ga (Figures 9A-3, A-4),
respectively, indicating that crustal evolution in the South
Qilian—North Qaidam was dominated by recycling of
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Paleoproterozoic crust from the Neoproterozoic onward. The two
most significant periods of crustal growth in North Qaidam and
East Kunlun were 2.2-1.7 and 1.6-1.2 Ga, followed by 3.3-2.7 and
2.5-2.3 Ga (Figure 9B-1). Except for the eys (t) values of
Mesoproterozoic detrital zircons, which are mainly positive,
the ey (t) values of zircons with other ages are both positive
and negative (Figures 8A,B), suggesting that the North Qaidam
and East Kunlun terranes have been dominated by the remelting
and rebuilding of ancient crust, except during the
Mesoproterozoic, when the addition of juvenile crust
dominated in the East Kunlun Terrane.

In contrast with sample 20YK-05 collected from Yuka river,
Mesoproterozoic zircons from sample 20SL-01 are characterized
by more depleted Hf isotopes (the ey (t) values of zircons of the
Shaliu sample at 1.6-1.0 Ga are mostly positive, Figure 8B). A
comparison of the crustal evolution processes of the South
Qilian-North Qaidam and East Kunlun terranes shows that
there were differences in crustal growth during 1.6-1.0 Ga
(Figures 9A-1,B-1). Tpy;, ages of early Paleozoic detrital
zircons (480-400 Ma) from North Qaidam-East Kunlun
(2.0-1.7 and 1.6-1.0 Ga, Figures 9B-4) are more diverse than
those from South Qilian-North Qaidam (2.1-1.6 Ga, Figures 9A-
4), with a record of Mesoproterozoic continental crust
(1.6-1.0 Ga). Moreover, the Tpy, ages of 260-200 Ma detrital
zircons from the North Qaidam and East Kunlun terranes are
Mesoproterozoic (1.6-1.0 Ga, Figures 9B-5), also indicating a
difference in crustal growth between South Qilian-North Qaidam
and North Qaidam-East Kunlun, both of which were located
adjacent to the western margin of the Yangtze Block, since at least
1.6 Ga. This difference may be related to the break-up of the
Columbian supercontinent during 1.6-1.2 Ga (Hou et al., 2009;
Wu et al,, 2012; Yin et al., 2012; Wang et al., 2014, 2015; Deng
et al., 2020).

5.3 Tectonic Evolution of the Northern

Tibetan Plateau

5.3.1 Neoproterozoic Evolution

Jian et al. (2020) has studied detrital zircon U-Pb ages and Hf
isotopes of Proterozoic and Paleozoic metamorphic sedimentary
rocks from East Kunlun and showed that 1.0-0.9 Ga intrusions in
the three terranes of South Qilian, North Qaidam, and East
Kunlun are consistent with the age distribution of detrital
zircons from East Kunlun and may record the Greenville
orogeny. Therefore, these terranes may have been located on
the same landmass during the Neoproterozoic. In addition to the
above-mentioned evidence for the sources of detrital zircons,
U-PDb ages of detrital zircons from Precambrian basement in the
South Qilian, North Qaidam, and East Kunlun terranes have
similar age clusters in the range of 1,000-700 Ma, which is
consistent with the main age interval of 910-720 Ma of
magmatic rocks in the western margin of the Yangtze Block
(Liu et al., 2008). Moreover, Tpp, ages of 1,000-700 Ma detrital
zircons of the South Qilian and the East Kunlun terranes are
clustered mainly between 2.0 and 1.5Ga, with a peak of
1.8-1.7 Ga (Figures 9A-3,B-3), which also implies that the
South Qilian, North Qaidam, and East Kunlun terranes may

Detrital Zircons from Tibet Plateau

have been located within the same ancient continent at
1,000-700 Ma, most likely as part of the Rodinia supercontinent.

5.3.2 Early Paleozoic Evolution

Given that the main magmatic period (480-400 Ma) of the South
Qilian Terrane preceded than that of the East Kunlun Terrane
(460-380 Ma) and that the Ty, ages of early Paleozoic detrital
zircons from the East Kunlun Terrane suggest the involvement of
Mesoproterozoic continental crust (1.6-1.0 Ga), the East Kunlun
and South Qilian terranes may not have been part of the same
continent during the early Paleozoic. As such, we propose an
archipelago model (Zhang et al., 2020), whereby the terranes were
separated from each other by ocean basins during 525-480 Ma.
The subduction of the South Qilian Ocean has started by ca.
480 Ma, and the ocean has closed by ca. 420 Ma. Subduction in
the Proto-Tethys Ocean in South Qaidam had started by ca.
460 Ma, and the ocean had closed completely by ca. 400 Ma.

Zircon U-Pb ages of I-type granite related to oceanic
subduction in the South Qilian-North Qaidam orogenic belt
are in the range of 470-460 Ma (Wu et al,, 2007), which is
consistent with the age peak of I-type detrital zircons in the
present study (472 Ma; Figures 5C-1) and with 473-443 Ma
Shaliuhe oceanic eclogite representing the subduction of
oceanic crust (Song et al, 2009b; Zhang et al, 2013).
Therefore, subduction-related magmatism occurred at ca.
470 Ma in the North Qaidam UHPM belt. As the temperature
increased, the subducted slabs were dehydrated and melted to
form magmas, which assimilated continental crust during ascent
to form I-type granitic magmas (negative ey (t) values;
Figure 8A) at ca. 470 Ma (Figures 5C-1). As the Proto-Tethys
ocean closed, the subducting oceanic plate dragged the
continental crust downward to also be subducted, and the
Qilian Terrane was thrust southward over the Qaidam
Terrane. The increase in the thickness of the continental crust
caused by continental collision, coupled with the fluid formed by
slab dehydration, caused partial melting of the continental crust,
forming syn-orogenic S-type granitic magma at ca. 442 Ma
(Figures 5C-1).

In most cases, the collision margin of the South Qilian-North
Qaidam orogenic belt was irregular, and the pole of convergence
of the collision was oblique rather than normal (Xu et al., 2013).
Therefore, these oblique and irregular edges would have caused
asynchronous timings of collision in different parts of the
collision zone, which may have led to multiple episodes of
magmatism in the orogenic belt. This is reflected in the
multiple age peaks of detrital zircons (Figures 5C,D). From
437 to 424 Ma, I-type granitic magmatism related to oceanic
subduction occurred in the Yuka area (Figures 5C-1). In addition
to the 442 Ma S-type granitic magmatism, 433 Ma S-type granitic
magmatism is also recorded in the South Qilian and North
Qaidam terranes (Figures 5C-1). Asynchronous collision
caused the I-type granitic magmatism related to oceanic
subduction in the North Qaidam and East Kunlun terranes
(started at 453 Ma) to occur 17 Myr later than that in the
South Qilian Terrane, and the major I-type peak of Shaliu
sample (ca. 418 Ma, Figure 5C) are decoupled with the major
I-type peak of Yuka sample (ca. 437 Ma). The oceanic subduction
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was still occurring in some localities at 418 Ma (Figures 5C-2).
However, a few S-type granites in the North Qaidam and East
Kunlun terranes were formed at 433 Ma (Figures 5C-2), which is
consistent with the 433 Ma S-type granites in the Yuka area,
indicating that large-scale granites were produced in North
Qaidam during continental collision.

Zhou et al. (2021) showed that mafic dikes with ages of
393-375 Ma were derived from the melting of the lithosphere
mantle in Dulan, North Qaidam. These dikes were derived from
the melting of the mantle peridotite, which mark the initiation of
post-collisional magmatism in an orogen. The timing of the
formation of these mafic dikes coincides with I-type
magmatism (ca. 397 and ca. 385 Ma; Figures 5C-2) during the
middle Devonian in the North Qaidam and East Kunlun terranes.
Therefore, we speculate that the I-type granite of the middle
Devonian (ca. 397-385 Ma) was the product of the partial melting
of the lithospheric mantle which assimilated the continental crust
during the late magmatic evolution.

5.3.3 Late Paleozoic—-Early Mesozoic Evolution

Late Paleozoic to early Mesozoic granitic intrusions are widely
distributed in the eastern part of the East Kunlun Terrane, and
their formation might be related with the Paleo-Tethyan
oceanic subduction (Li et al., 2012a, b; Ma et al., 2015).
This subduction occurred during the late Permian to
Middle Triassic and eventually led to closure of the Paleo-
Tethys Ocean (Bugingshan Ocean) in southern East Kunlun.
In this study, 260-200 Ma I-type magmatic zircons, with peak
ages of ca. 252 Ma, ca. 241 Ma, ca. 231 Ma, ca. 222 Ma, and ca.
217 Ma, could be formed by multi-stage magmatism
associated with this oceanic subduction process. According
to the zircon probability density plots (Figure 5D), northward
Paleo-Tethys oceanic plate subduction (Cheng et al., 2017;
Gehrels et al., 2011; Jian et al., 2020; Xiong et al., 2014; Zhang
et al,, 2020) started during the late Permian (ca. 260-252 Ma)
and continued intensely through to the middle Triassic (ca.
231 Ma), and in a more subdued manner until the Late
Triassic (ca. 217-200 Ma).

In summary, the South Qilian, North Qaidam, and East
Kunlun terranes have undergone multiple Wilson cycles since
the Paleoproterozoic. These terranes/microcontinents were
located on the same major ancient continent during
2.1-1.6 Ga and subsequently separated during 1.6-1.2 Ga.
The East Kunlun Terrane was augmented by the juvenile
crust at this stage, whereas the Qilian Terrane was
relatively stable in tectonic and magmatic terms. By ca.
1,000 Ma, as a result of the assembly of the Rodinia
supercontinent, the three microcontinents (South Qilian,
North Qaidam, and East Kunlun) reassembled on the
western Yangtze block, while the East Kunlun terrane was
closer than other two terranes, and then became separated by
the Proto-Tethys Ocean during the break-up of Rodinia.
Later, the Proto-Tethys Ocean began to close, and the three
continents collided with each other after closure of the Paleo-
Tethys Ocean, forming the current configuration and
structure of the South Qilian, North Qaidam, and East
Kunlun terranes.

Detrital Zircons from Tibet Plateau

6 CONCLUSION

To investigate the evolution of continental crust of the northern
Tibetan Plateau, detrital zircon U-Pb geochronology and Hf
isotope analysis by LA-(MC)-ICPMS was performed on two
fluvial sand samples from North Qaidam (the Yuka and Shaliu
rivers). The main conclusions of the study are as follows.

1) Age distributions of detrital zircons from the Yuka River
cluster mainly in ranges of 1,000-700 and
480-400 Ma, with age peaks at 820 and 433 Ma,
respectively. Corresponding data for Shaliu River falls in
the ranges of 1,000-700, 460-380, and 260-200 Ma, with
peaks of 875, 422, and 232 Ma, respectively.

Detrital zircon U-Pb geochronology and Hf isotope analysis
show that the Qilian, North Qaidam, and East Kunlun
terranes show affinity to the western Yangtze Block.

The presence of Mesoproterozoic continental crust
(1.6-1.0 Ga) in the East Kunlun and North Qaidam
terranes indicate differences in crustal evolution between
the East Kunlun—-Qaidam terranes and the Qilian Terrane.
Phanerozoic magmatic records for the South Qilian, North
Qaidam, and East Kunlun terranes suggest that the magmas
were mainly sourced from recycled ancient continental crust
with minor contributions from the juvenile crust.

The Qilian, North Qaidam, and East Kunlun terranes have
undergone multiple Wilson cycles since the Paleoproterozoic.
We suggest an archipelago model for part of their evolution,
which proposes that the terranes were separated from each
other by ocean basins during 525-480 Ma.
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Radiogenic isotopes of granitoids are widely applied to fingerprint the source of granitoids
and study the magma mingling and assimilation processes, aiming to decipher the
planetary differentiation. This weapon is based on the assumption that crustal melts
inherit the radiogenic isotopes of protoliths. However, complicated melting processes in
the crust would drive the radiogenic isotopes of melt away from the source, thus calling for
a clear understanding of the behaviors of radiogenic isotopes during crustal melting. This
study investigated the joint behavior of Rb-Sr, Sm-Nd, and Lu-Hf isotope systems during
the melting of metasediments. Leucosome, schist, and leucogranite samples were
collected from the Nyalam, South Tibet, where the leucosome was produced by
muscovite dehydration melting of metapelites. Results show that the leucosome has a
broad range of Sr-Nd-Hfisotopes (" Sr/%°Sr;: 0.763,48-0.875321, eNdy: 14.6-11.6, eHfy:
15.0-4.4) that deviate from the metasediments. We attributed it to the non-modal or
disequilibrium melting of metapelites. The variation of Sr isotopes of leucosome is formed
due to preferential entry into the melt of muscovite relative to plagioclase during melting.
The changing 8’Sr/28Sri and 8"Rb/®°Sr of leucosome define an errorchron at ~ 500 Ma
indicating an early Paleozoic tectono-thermal event supported by the U-Pb age of zircon
cores (~460 Ma) in the leucosome. The Nd isotopes of leucosome are mainly controlled by
the preferential dissolution of apatite relative to monazite. The inadequate dissolution of
zircon caused more depleted initial Hf isotopes compositions in the leucosome than the
source. However, the leucosome with a higher crystallization temperature has radiogenic
isotopic composition closer to the source. It indicates that the melting temperature greatly
affects the isotope equilibrium between source and melt.

Keywords: radiogenic isotopes, partial melting, isotope disequilibrium, leucosome, leucogranite

1 INTRODUCTION

In the Solar System, the planetary Earth is unique in the existence of granite formed and
differentiated from the partial melting of continental crust. As a powerful weapon to explore
these differentiation processes, radiogenic isotopes are widely applied to fingerprint the magma
source and study magma mingling and assimilation processes (DePaolo, 1981; Chappell, 1996; Wu
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FIGURE 1| (A) 8"Sr/%°Sr, (B) eNd, and (C) eHf isotopic differences of rock-forming and accessory minerals in the metasedimentary rocks relative to the source due
to decoupled ingrowth of radiogenic &”Sr, **Nd, and '"®Hf. Rb, Sr, Sm, Nd, Lu and Hf concentration data are adapted from Bea et al. (1994), Faure and Mensing (2005),
Zeng et al. (2005), and Rudnick and Gao (2003). Initial Sr, Nd and Hf isotopic compositions are set arbitrarily. We assumed that 90% of the Hf in the metasedimentary is in
zircon.

et al, 2014). Theoretically, crustal melt should inherit the
radiogenic isotopic compositions of their protoliths. However,
an increasing number of studies show that non-modal melting
commonly occurs during crustal melting and would deviate the
radiogenic isotopes of crustal melt from the source nature (Zeng
et al.,, 2005; Tang et al., 2014). In the source rock, constituent
minerals have different parent-to-daughter ratios, and thus the
elements with radiogenic ingrowth (e.g., Sr, Nd, and Hf) develop
contrasting isotopic compositions with time (Figure 1; Wolf
et al, 2019). If the isotopic differences among constituent
minerals during melting onset were preserved, the melt
isotopes could be determined by mineral phases entered into

the melt (Knesel and Davidson, 2002; Zeng et al., 2005; Wolf et al.,
2019; Xia et al., 2022). Upon the formation of melt, diffusional
exchange between the melt and residue will promote isotopic
equilibrium, reducing the isotopic difference between the melt
and residue until they reach a balance to the source. Residue-melt
isotopic equilibrium is controlled by the diffusion rates of the
elements, residence time of the melt in the source, equilibrium
temperature, and mineral recrystallization (Acosta-Vigil et al.,
2017).

Sr, Nd, and Hf isotopes are commonly used to fingerprint the
magma source. The analogous behavior of Sm-Nd and Lu-Hf
isotopic systems during partial melting leads to a strong
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correlation of the Nd-Hf isotopes that should lie in the Terrestrial ~ and '**Nd/'**Nd isotopic ratios (Clemens et al., 2017). Therefore,
Array (Vervoort et al., 2011). Nearly all terrestrial rocks from  the Sr-Nd-Hf isotopes are usually coupled in the crustal rocks.
various sources commonly negative correlates between ¥’Sr/*Sr  The occurrence of isotopic signatures that deviate from this
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coupling relationship is thought to be associated with the non-
modal or disequilibrium melting processes (Zeng et al., 2005;
Zhang et al, 2020). Many studies have identified the isotopic
disequilibrium of Sr and Nd during anatexis of metasediments
(Knesel and Davidson, 2002; Zeng et al., 2005; Wolf et al., 2019).
However, Hf isotopic disequilibrium is mainly found in granitic
pluton and is evidenced by modeling (Farina et al., 2014; Tang
et al, 2014; Zhang et al., 2020). A reasonable explanation of the
anomaly between Sr, Nd, and Hf depends on a clear
understanding of the joint behavior of the Sr-Nd-Hf isotopic
systems during anatexis of metasediments.

Migmatites, a product of crustal anatexis (Weinberg, 2016),
commonly trap in situ melt from the source of partial melting
and offer an opportunity to study the Sr-Nd-Hf variations
during crustal anatexis. In the Himalayas, migmatites are
widely exposed, and leucosome within the migmatite is
produced by anatectic melting of metasediments (Wang
et al,, 2015; Wang et al., 2017), making it an ideal material
to study the joint behavior of Sr-Nd-Hf isotopic systems
during crustal partial melting. This work collected schist,
leucosome, and leucogranite from the Great Himalayan
Crystalline (GHC) in Nyalam and analyzed their whole-
rock Sr-Nd-Hf isotopes. Our work proved that the
muscovite dehydration melting reactions and incomplete
dissolutions of accessory phases during low-degree partial
melting resulted in the deviation of Sr-Nd-Hf isotopes
between the melt and the source and their deviation from
the array of terrestrial rocks.

2 GEOLOGICAL CONTEXT AND
PETROLOGY

The Himalayan orogenic belt in southern Tibet resulted from the
India-Asia collision along the Indus-Tsangpo suture zone
(Najman et al., 2010). The Indian plate can be divided into
the Tethyan Himalayan Sequence (THS), the GHC, and the
Lesser Himalayan Series (LHS) from north to south. They
were bounded by the Southern Tibetan detachment system
(STDS) and the Main Central Thrust (MCT). The GHC
consists of late Proterozoic to early Cambrian
metasedimentary rocks, which were experienced amphibolite
to granulite facies metamorphism. It was intruded by
numerous Cambrian-Ordovician plutons (Figure 2A).

Nyalam is located in the central Himalaya, southern Tibet,
with Shishapangma to the north, Manaslu to the west, and
Langtang to the east (Figure 2B). The Nyalam Valley is
famous for the birth of the concept of Southern Tibet
Detachment (Burchfiel et al., 1992) and excellent exposures of
the migmatites, leucosome, and leucogranite within the GHC
(Wang et al.,, 2013; Wang et al., 2015; Leloup et al,, 2015; Yang
et al,, 2019). The leucogranite in the Nyalam occurs as sill, small
laccolith, and dyke, which was emplaced during Miocene time
(27-14 Ma; Yang et al., 2019). Within the GHC, the metamorphic
grade increases gradually, indicated by key index metamorphic
minerals change from chlorite, garnet, to staurolite in the LHS,
and kyanite, sillimanite-muscovite, sillimanite-K-feldspar, and

Disequilibrium Melting of Himalayan Metasediments

cordierite in the GHC (Wang et al, 2013; Yang et al., 2019).
Geothermobarometry data showed that the minimum peak
temperature gradually increases from ~580°C in the upper
LHS to ~750°C in the upper GHC, whereas metamorphic
pressure decreases from 1.0-1.3 to 0.4-0.7 GPa (Wang et al,
2013). Within the sillimanite-K-feldspar zone of the GHC, the
internal  tectono-metamorphic  discontinuity ~ (Nyalam
Discontinuity) divides the GHC into lower and upper
subunits, with younger ages toward the foreland of the
orogenic wedge, forming a duplex structure within the GHC
(Wangetal., 2015, 2016). Migmatites are widely distributed in the
sillimanite-K-feldspar zone in the middle and upper GHC, where
abundant leucosome has been reported with major and trace
elements (Yang et al., 2019). In general, leucosome occurs as
light-colored layers within stromatic metatexite in the migmatitic
paragneiss and orthogneiss. They were produced by muscovite
dehydration melting of metasediments according to the
petrography, P-T conditions, and geochemistry (Wang et al.,
2013; Wang et al,, 2015; Yang et al., 2019). Above the cordierite
zone, in situ leucosome is rare.

In this study, six leucosome samples were separated
manually and processed for whole-rock Sr-Nd-Hf isotopic
analysis and zircon U-(Th)-Pb dating. The samples were
collected mainly from the migmatites of
sillimanite-K-feldspar ~ zone  around the  Nyalam
Discontinuity (Figure 2B). The migmatite is stromatic
metatexite  containing  centimeter-to  decimeter-scale
leucosome. Field investigations confirmed that the
leucosome is in situ (Figure 3A,B). The centimeter-scale,
layer-parallel leucosome can be traced to their anatectic
protoliths. The leucosome has a granoblastic texture and
consists of quartz (~30%), K-feldspar (~40%), plagioclase
(~20%), biotite (~4%), sillimanite (~3%), garnet (~2%), and
accessory (~1%) zircon, monazite, and apatite. In general, the
quartz, K-feldspar, and plagioclase are much coarser than in
mesosomes or melanosomes. Trace amounts of resorbed
muscovite are found in or adjacent to the leucosome,
consistent with the formation of K-feldspar and sillimanite
during anatexis (Figures 3D-G). The melanosomes are
composed of alternating layers of sillimanite, biotite,
K-feldspar, plagioclase, and ilmenite (Figure 3G). The
biotite contains numerous inclusions of accessory minerals,
e.g., monazite (Figure 3H). Monazite U-(Th)-Pb dating
indicates that the leucosome was crystallized during
16-14 Ma (Yang et al, 2019). The detailed location and
whole-rock geochemistry of the leucosome have been
reported in Yang et al. (2019). The schist sample (16YL14)
was collected in the sillimanite-K-feldspar zone, a few meters
away from sample 16YL12 (GPS: N28°07'02", E85°59'43"). It
consists of quartz (50%), plagioclase (30%), k-feldspar (10%),
and biotite (10%). Field and petrographic observations have
shown that the schist has not experienced migmatization. We
assumed that it represents the protolith corresponding to the
leucosome.

The 32 leucogranite samples were collected along a North-
South transect across the GHC in Nyalam, from varying
occurrences as dikes, sills, and plutons (Figure 3C). Like other
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Himalayan leucogranite (Wu et al., 2020), the principal minerals
of the Nyalam leucogranite are quartz, plagioclase, and
K-feldspar, with minor varietal muscovite, tourmaline, biotite,
and garnet (Figure 3I). Principle accessory minerals are zircon,
monazite, apatite, and xenotime. Chloritization and sericitization
have affected biotite and plagioclase in some leucogranites.

3 ANALYSIS METHOD

3.1 U-(Th)-Pb Zircon Analysis

Zircon laser ablation (LA)-ICP-MS U-(Th)-Pb dating was
conducted with an Agilent 7500a quadrupole ICP-MS coupled
to a 193-nm excimer laser ablation system. Detailed analytical
procedures are provided by Xie et al. (2008). The **’Pb/*° Pb,
206pp, 2387y 207(5235 (335Y = 2330/137.88), and 2°*Pb/**Th
ratios were corrected using zircon 91,500 as an external standard.
The fractionation correction and results were calculated using
GLITTER 4.0 (GEMOC, Macquarie University; Griffin et al,

2008). The U-(Th)-Pb dating of standard samples is given in
Supplementary Table S1.

3.2 Whole-Rock Sr-Nd-Hf Isotope Analysis
High precision isotopic (Sr, Nd, and Hf) measurements were carried
out at Nanjing FocuMS Technology Co., Ltd. Geological rock
powders were mixed with 60 wt% HNO; (0.5 ml) and 40 wt% HF
(1.0ml) in high-pressure PTFE bombs. These bombs were steel-
jacketed and placed in the oven at 195°C for 3 days. Digested samples
were dried down on a hotplate and reconstituted in a 1.5-ml of 1.5 N
HCIl before ion exchange purification. The detail of the purification
processes of Sr, Nd, and Hf was reported by Ji et al. (2020). Diluted
solutions (50 ppb Sr, 50 ppb Nd, and 40 ppb Hf) were introduced into
Nu Instruments Nu Plasma II MC-ICP-MS. Raw data of isotopic
ratios were internally corrected for mass fractionation by normalizing
to %Sr/**Sr = 0.1194 for Sr, '**Nd/***Nd = 0.7219 for Nd, and '"°Hf/
7Hf = 0.7325 for Hf with exponential law. International isotopic
standards (NIST SRM 987 for Sr, INdi-1 for Nd, Alfa Hf) were
periodically analyzed to correct instrumental drift. Geochemical
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reference materials of USGS BCR-2, BHVO-2, AVG-2, RGM-2, and
W-2 were treated as quality control. The isotopic compositions of
standard samples are given in Supplementary Table S2. The values
agreed with previous publications within analytical uncertainty (Weis
et al., 2006, 2007).

4 RESULT

4.1 U-(Th)-Pb Geochronology of Inherited

Zircons

Zircons extracted from the leucosome samples are 100-200 pm in
size. Cathodoluminescence (CL) imaging of the zircon internal
structures shows euhedral, oscillatory zoned core domains, which
are truncated and overgrown by broad, faintly oscillatory zoned rim
domains (Figure 4B). LA-ICP-MS analyses of the zircon rim
domains show lower Th/U ratios relative to the core (rim
domains: Th/U = 0.01-0.02; core domains: Th/U = 0.01-1.8).
These data are between 95 and 110% concordant. Fourteen spot
analyses of the rim yield an age of 14.4 + 0.1 Ma (1o; MSWD = 1.1),
represent the time of crystallization time (Figure 4A). Fifty-five spot
analyses of the cores were performed. Except two spots have the age
older than Neoproterozoic time, others display scattered ages
ranging from 895 + 10 Ma to 147 + 1 Ma (**’Pb/*°U ages with
one sigma, Figure 4B), which precludes a single-weighted mean age
from being calculated. The kernel density estimates (KDE) present a
primary age peak at ~460 Ma (Figure 4B). The analyses data are
shown in Supplementary Table S3.

4.2 Whole-Rock Radiogenic Isotopes

The Sr-Nd-Hf isotopes of the leucosome, schist, and leucogranite
in this study were listed in Supplementary Table S4 and plotted
in Figures 5, 6. Measured *’Sr/*Sr ratios of leucosome range
between 0.764503 + 5 and 0.879092 + 3 and the recalculated
initial *”Sr/*°Sr; (for ages of each sample were reported by Yang
et al. (2019), t = 16-14 Ma) range between 0.763248 + 4 and
0.875321 + 3 (Figures 5A,B). The initial Sr isotopic composition

is correlated with Sr content variation and Rb/Sr ratio (Figures
5A,B). In addition, it defines a crude ~500 Ma errorchron with
the ¥ Rb/®Sr ratio, which is consistent with the trend that appears
in the Langtang migmatite (Figure 5B; Harris and Ayres, 1998).
One schist sample from Nyalam has the *’Sr/*°Sr ratio 0.729312
and recalculated ¥ Sr/%Sr; (t = 15 Ma) ratio 0.729029. Measured
87Sr/%Sr ratios of leucogranite range between 0.744519 + 5 and
0.771546 + 4, and recalculated initial *’Sr/**Sr; range between
0.737481 + 4 and 0.765985 + 3 (t = 15 Ma).

Measured '**Nd/'**Nd isotopes of leucosome range between
0.511884 * 4 and 0.512044 * 5, and recalculated initial eNd
range between —11.6 and —-14.6 (Figure 5C). A remarkable
feature is that their initial Sr and Nd isotopic compositions
show a positive relationship (Figure 5D). The schist from the
Nyalam has the '**Nd/***Nd ratio 0.511690 and recalculated
eNd, (t = 15 Ma) of —18.3. Measured 13Nd/Nd isotopes of
leucogranite range between 0.511817 + 6 and 0.511912 * 2, and
recalculated initial eNd, range between —16.1 and —14.0 (t =
15 Ma).

The measured '7°Hf/'”’Hf isotopes of leucosome range from
0.282350 + 3 to 0.282654 + 3. The recalculated initial eHf},) range
between —4.4 and -15.0 (Figure 6A). The Hf-Nd isotopes are
positively correlated (Figure 6B). The schist sample from the
Nyalam has the °Hf/"”’Hf ratio 0.281965 and recalculated
eNd) (t = 15Ma) of —28.7. Measured "°Hf/'”’Hf isotopes of
leucogranite range from 0.282386 + 2 to 0.282190 + 2. The
recalculated initial eHf(;) range between —13.3 and —20.3 (t = 15 Ma).

5 DISCUSSION

5.1 The Record of the Early Paleozoic

Tectono-Thermal Events

Pre-Himalayan evolution is essential to rebuilding the
supercontinents (e.g., Gondwana assemblage; Cawood et al,
2007). However, it is much harder to decipher due to this
pervasive Cenozoic metamorphic overprint (Palin et al.,, 2018). In
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for the Nyalam leucosome, leucogranite, and schist in this study, migmatites in the Langtang (Inger and Harris, 1993), and schists in the GHC (Deniel et al., 1987; Inger
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this study, analyses of the zircon rim of leucosome yield an age of
144 + 0.1 Ma, consistent with the monazite age reported by Yang
et al. (2019). We suggest that this age represents the timing when
anatectic melt crystallization. In the projection of *Rb/**Sr versus
878r/%8r;, the errorchron is distributed around ~500 Ma. In addition,
inherited zircon cores in the leucosome yield a prominent age peak at
~460 Ma (Figure 4B). Similar errorchron age in the migmatite was
reported by Inger and Harris (1993) from the Langtang to the east of
Nyalam. Although such crude “age” has a large uncertainty, it
indicates the timing that the GHC were partially homogenized
with concerning Sr isotopes (Inger and Harris, 1993). From the
Neoproterozoic to early Paleozoic, the GHC is in the northern

margin of Gondwana and has experienced a series of orogenic events
along with the Andean-type subduction (Cawood et al., 2007). The
Cadomian orogeny lasted from ~650 to ~540 Ma (Linnemann et al.,
2014; Gao et al., 2019), followed by the ~510-460 Ma Ordovician
Bhimpedian (or Kurgiakh) orogeny (Myrow et al.,, 2006; Cawood
et al,, 2007), which is most closely related to the age recorded in the
leucosome. This early Paleozoic orogeny was accompanied by
widespread granitoid magmatism, now exposed in GHC and
North Himalayan Gneiss domes aged 520-460 Ma (DeCelles
et al,, 2000; Cawood et al., 2007; Wang et al,, 2012; Gao et al,
2019) and high-grade metamorphism (Cawood et al., 2007; Palin
et al.,, 2018).
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Unlike the Rb-Sr isotopic system, the Sm-Nd and Lu-Hf
isotopic systems in the leucosome present errorchron ages of
~138 Ma and ~200 Ma, respectively (Figures 5C, 6A). Such
Mesozoic ages are unlikely to be related to any tectonic event
because there is no record of Mesozoic metamorphism in the
Himalayan orogenic belt (Kapp and DeCelles, 2019). We suggest
that these errorchron ages record partially resetting intermediate
ages. The absence of early Paleozoic ages in the Sm-Nd and Lu-Hf
isotopic systems is perhaps due to the small ranges in '*’Sm/
'“*Nd and ""°Lu/""”Hf values and variability in the initial Nd and
Hf isotopic ratios. The samples in this study were collected from
tens of meters to a few kilometers in spatial distance, placing a
maximum constraint on the length scale of isotopic re-
equilibration during the Himalayan metamorphism.

5.2 The Sr-Nd-Hf Isotopic Disequilibrium of

the Leucosome
Enriched %Sr/*Sr, eNd, and eHfy, compositions in the
leucosome indicate its typical crustal origin (Figures 5, 6). It is

consistent with that the leucosome in this study was produced by
muscovite dehydration melting of the GHC metasediments (Yang
et al., 2019) However, the leucosome has a broad range of Sr-Nd-
Hf isotopes. The origin of the isotopic variability is usually
explained in two perspectives: 1) magma mingling and
assimilation (DePaolo, 1981; Chappell, 1996); 2) varied crustal
sources (Ji et al.,, 2022); and 3) the isotopic heterogeneity in the
source (Deniel et al., 1987). We preclude the first and second
assumptions because the leucosome is in situ or in-source melt in
this study. To discuss the third possibility, we compiled the Sr-Nd-
Hf isotopic data of the GHC (Supplementary Table S5; Deniel
et al,, 1987; Inger and Harris, 1993; Parrish and Hodges, 1996;
Robinson et al., 2001; Spencer et al., 2019). The compiled data are
age-corrected to 15 Ma, the timing of leucosome crystallization.
The whole-rock Sr-Nd isotopic data from Manaslu and Langtang
show that the GHC has *’Sr/**Sr; from 0.73 to 0.76, and eNd
from —15 to —20 (Figures 5A,B). The zircon Hf isotopic data from
Spence et al. (2019) show that the GHC in the Langtang has eHf;,,
values from —8 to —18 (Figure 6C). In this study, the schist in the
Nyalam has semblable isotopic compositions as those reported in
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the literature. A remarkable feature of the leucosome is that the Sr-
Nd-Hf isotopic compositions deviate in varying degrees from the
GHC migmatites (Figures 5, 6). The leucosome yields more
radiogenic Sr isotopes composition and less radiogenic Nd and
Hf isotopes than the GHC metasediments. It implies that the
Nyalam leucosome does not inherit the source isotopic signature of
the source, and another process may have driven the isotopes of
melt away from the source.

Partial melting in natural rocks always occurs in open systems.
The composition of anatectic melts might be affected by melt lost or
fractional crystallization, addition of restite, and reverse reaction
between melt and restite (Taylor et al,, 2014; Brown et al., 2016).
Yang et al. (2019) performed detail petrographic and geochemical
work to the leucosome in this study, and suggested that the
composition of leucosome might be affected by fractionation
crystallization and disequilibrium melting. However, it is difficult
for the fractional crystallization to affect the isotopic composition of
leucosome. For the radiogenic elements, isotopic fractionations are
negligible and do not change the isotopes of the melt from the source
and crystallized minerals. Another possible process might be non-
modal melting or disequilibrium melting (Zeng et al.,, 2005; Tang
etal, 2014; Wolf et al., 2019). Knesel and Davidson (2002) suggested
that the various *’Sr/**Sr ratios in the melt showed a range of values
depending on the mineral phase involved in the melting process.
Higher Rb/Sr ratio in the muscovite results in a radiogenic ¥Sr/**Sr,
rather than a lower Rb/Sr ratio and unradiogenic *’Sr/**Sr in the
plagioclase (Knesel and Davidson, 2002). In our study, leucosomes
were produced by muscovite dehydration melting (Wang et al., 2013,
2015; Yang et al., 2019), with possible reaction as followings (Patifio
Douce and Harris, 1998):

22Mus + 7P1 + 8Qz — 5Kfs + 5Sill + 2Bt + 25L (1)

During muscovite dehydration melting, muscovite is
preferentially melted compared with plagioclase. It is
accompanied by the growth of peritectic K-feldspar, resulting
in a melt with a higher Rb/Sr ratio, lower Sr content, and
radiogenic ¥’Sr/*°Sr ratio (Harris and Inger, 1992; Patifio
Douce and Harris, 1998). It is evidenced by the perfect
correlations between 37Sr/*°Sr; and Sr (r* = 0.82), Rb/Sr ratio
(r* = 0.99, Figures 5A,B). The 87Sr/30Sr, values of the leucosome
increase as the Rb/Sr increases and Sr decreases.

In metasediments, the Sm-Nd system is mainly controlled by
apatite and monazite (Rapp et al., 1987). The dissolution of apatite
and monazite may play an essential role in shaping the Nd isotopic
systematics of anatectic melt (Ayres and Harris, 1997; Zeng et al,,
2005). Although Hammerli et al. (2014) argued that
metasedimentary rock has reached Nd isotopic equilibrium
before 550°C based on in situ Sm-Nd isotope study of
accessory minerals, we suggest that this scenario does not
match with the migmatite in this study. The Nd isotope
homogenization between accessory phases in the study of
Hammerli et al. (2014) was mainly through recrystallization of
detrital accessory minerals. However, if the protolith is dominated
by minerals that formed at high-grade metamorphic conditions,
prograde metamorphism may not result in significant inter-
accessory mineral reactions (Wolf et al, 2019). The migmatite

Disequilibrium Melting of Himalayan Metasediments

in this study has experienced early Paleozoic metamorphism;
therefore, the accessory minerals in the migmatite are difficult
to recrystallization during prograde metamorphism.

Zeng et al. (2005) suggested that muscovite dehydration
melting occurs at low H,O activity, which promotes apatite
dissolution but inhibits monazite dissolution, resulting in a
melt with higher Sm/Nd ratios and more radiogenic Nd
isotopic compositions than the source. In Figure 5C, it is
evident that the leucosome has a higher '*’Sm/"**Nd than the
GHC metasedimentary rocks. In addition, the fact that more
radiogenic leucosomes in Nd isotope have higher P,Os and lower
Th content as well supported the preferable dissolution of apatite
during anatexis (Figures 5E,F). In the process of crust-mantle
differentiation, the crust has higher Rb/Sr and lower Sm/Nd ratios
than the mantle. Therefore, the ¥Sr/%Sr and **Nd/***Nd (or
eNd) of terrestrial rocks from various sources are commonly
coupled with negative correlation (Clemens et al., 2017). The
exceptional example is that the minerals with higher muscovite/
plagioclase and apatite/monazite ratios entering the melt during
muscovite dehydration melting of metapelite would result in a
positive correlation in the Sr-Nd isotope couple, which also
occurred in the leucosome (Figure 5D).

Since zircon is the primary Hf-bearing mineral in
metasedimentary rocks, the Hf isotope of anatectic melt is mainly
controlled by the zircon dissolution in the source area (Bea et al,
1994). The variations of Hf isotopes composition in the in situ
anatectic melt have been attributed to 1) preferential dissolution of
uranium-rich zircon (Gao et al., 2021) and 2) disequilibrium melting
and peritectic reaction (Farina et al., 2014; Tang et al., 2014; Xia et al.,
2022). Gao et al. (2021) reported that the uranium-rich zircons in the
Himalayan leucogranite are characterized by higher eHfy, values.
The uranium-rich zircons are preferential entering melt during crust
melting because the severe radiation damage reduces their stability
(Gao et al.,, 2021). However, the lack of correlation between U and
eHf ;) indicates that the Hf isotope variation in the leucosome is not
caused by the preferential dissolution of uranium-rich zircons in the
source (Figure 6D). The negative correlation between Zr and eHf)
indicates that the radiogenic Hf isotope in the leucosome was
contributed by Zr-poor mineral (Figure 6E). With extremely low
Lu/Hf ratios, zircon contributes to the unradiogenic Hf, whereas
other rock-forming minerals hosting the most Lu contribute to the
radiogenic Hf (Tang et al., 2014; Xia et al,, 2022). Disequilibrium
melting affects retention of unradiogenic Hf in refractory zircon, or
release of radiogenic Hf from easily melted minerals, e.g., feldspar
and mica, resulting in the melt having a high eHf (the so-called
“zircon effect”; Tang et al,, 2014). In addition, recent study by in situ
analyses of zircon in migmatite shows that newly grown zircons have
elevation Hf isotope ratios than their protolith zircons (Xia et al,
2022). Xia et al. (2022) attributed to the peritectic reaction of garnet
with high Lu/Hf. However, there is no evidence indicates that garnet
is involved in the process of muscovite dehydration melting. Hence,
we suggest that incomplete dissolution of zircon may contribute to
leucosomes with higher eHf. It is supported by the higher '"*Lu/
77Hf ratios in the leucosome than in the source (Figure 6A). The
trend of Nd-Hf isotopes in the leucosome deviates from the
terrestrial array and shows elevated eHf; and eNd, ratios
(Figure 6B). In conclusion, we suggest that the incongruent
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trend of Nd-Hf isotopes is resulted from the preferred dissolution of
Zr-poor accessory minerals such as mica and feldspar.

5.3 Implications

Based on the zircon saturation thermometer from Watson and
Harrison (1983), we estimated the crystallization temperature of the
leucosome is 663-614°C, which is consistent with the
metamorphism temperature constrained by Wang et al. (2013).
The negative correlations between isotopes and crystallization
temperatures indicate that temperature has an important effect

Disequilibrium Melting of Himalayan Metasediments

on the isotopic equilibrium during anatexis (Figure 7). It is also
supported by the negative correlation between Sr and ¥ Sr/*Sr;
(Figure 5A). Because Sr content in the melt increases when melt
fraction increases during muscovite dehydration melting of
metapelite (Harris and Inger, 1992; Knesel and Davidson, 2002).
The leucosome crystallized from higher melt fractions might be
produced at higher melting temperatures, has a higher Sr content.

With the temperature increase, the isotopic signature of the
leucosome is closer to the source. The rise of temperature during
crustal anatexis has three main effects. Firstly, a higher temperature
would accelerate the isotopes exchanges, e.g., the diffusion rate of Sr
in plagioclase increases exponentially with an increasing temperature
(Cherniak and Watson, 1994). Secondly, a higher temperature
would prompt the dissolution of accessory minerals because their
solubility is a function of temperature (Watson and Harrison, 1983;
Montel, 1993). Thirdly, a higher temperature would cause the
decomposition of refractory minerals in the metasediments (e.g.,
biotite and garnet) containing accessory minerals (Bea et al., 2006).
These phases are commonly stable under low-degree melting
conditions, such as water-saturation melting and muscovite
dehydration melting. Therefore, the trapped accessory minerals
are difficult to touch the melt to reach an equilibrium.

In conclusion, caution must be taken when using the Sr-Nd-Hf
isotopes of low-temperature melt was produced by water-saturated
and muscovite dehydration melting to fingerprint the source. The
isotopic signatures of high-temperature melt (e.g., the temperature
beyond water-saturated and muscovite-dehydration melting) might
inherit the isotopic composition of the source more faithfully. It was
evidenced by the Nd-Hf isotopic difference between A-type and
S-type granite. The Nd-Hf isotopes of S-type granite are deviated
from the terrestrial Nd-Hf isotope array compared with A-type
granite (Zhang et al., 2020).

The Sr-Nd-Hf disequilibrium revealed by this study has
broad implications for the petrogenesis of Himalayan
leucogranite. The Himalayan leucogranite might have evolved
from a high-temperature magma, which decomposed the
biotite, and liberated the accessory minerals to ultimate
equilibrium with the melt. The analyzed Sr-Nd-Hf isotopes
of leucogranite in the Nyalam present a relatively uniform
composition (Figures 5, 6). The 878r/568r;, eNd(y), and eHfy,
of leucogranite do not change with the decreasing crystallization
temperature (Figure 7). In addition, the 878r/%8Sr;, eNdy), and
eHf ;) of Nyalam leucogranite do not change with the decrease of
Sr, P,Os, and Zr, indicating that fractional crystallization
influences leucogranite composition. The result is consistent
with the conclusion of Yang et al. (2019) that the Himalayan
leucogranite is the magma produced in the deeper Himalayan
orogenic root during peak metamorphism. Subsequently,
extensive fractional crystallization occurred through the
upward migration of magma along the STDS during the
GHC exhumation.

6 CONCLUSION

1) The U-Pb ages of inherited zircon core and Rb-Sr errorchron
of the leucosome record an early Paleozoic tectono-thermal
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event. Sr-Nd-Hf isotopic homogenization of the leucosome
has not been attained during the Himalayan metamorphism.
The Sr-Nd-Hf isotopes of the leucosome have a wide range of
variations and deviate from the GHC metasediments. During
muscovite dehydration melting, preferred consumption of
muscovite relative to plagioclase contributed to more
radiogenic Sr isotopic compositions in the leucosome,
whereas preferable dissolution of apatite and inhibit
dissolution of monazite and zircon controlled the less
radiogenic Nd-Hf isotopic compositions in the leucosome.
The Sr-Nd-Hf isotopic disequilibrium commonly appears in
low-temperature partial melting of metasediments. The
increase in melting temperature can prompt an isotopic
equilibrium between the melt and source.

2)

3)
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The identification of intraplate orogens seemingly poses challenges to the plate tectonic
theory. Delineating the formation processes of intraplate orogens can provide clues for the
better understandings of the above issue. Although still controversial, the Indosinian
(Permo-Triassic) orogeny in the South China Block (SCB) is potentially a good example
of intracontinental orogen. In this paper, we carry out studies on the Indosinian high-grade
rocks in the northeastern Cathaysia Block of the SCB, hoping to cast light on the features
and formation processes of intraplate orogenic belts. These rocks exhibit HP/HT granulite
facies mineral assemblages and reaction textures imply that they withessed eclogite-facies
metamorphism. Their clockwise P-T trajectories with isothermal decompression stages
suggest significant crustal thickening followed by quick orogenic collapse. Immobile
whole-rock trace elements indicate basaltic protoliths features, resembling E-MORB
and OIB, respectively. SIMS zircon U-Pb age dating confirms Indosinian metamorphic
ages of ~248 Ma and a protolith age of ~953 Ma. The mantle-like O isotopic compositions
of the Neoproterozoic magmatic zircon cores further attest that they were primarily mantle
derived rocks. The whole-rock Sm-Nd isotopic compositions show more enriched
features because of metamorphic alteration, while zircon Lu-Hf isotopic results show
primitive characteristics with Neoproterozoic model ages. These features suggest that the
high-grade mafic rocks, as well as the metamorphosed early Precambrian
metasedimentary rocks hosting them, are all continental crust components and
juvenile oceanic crust components featuring plate margins are absent during the SCB
Indosinian orogeny. Characteristics of these high-grade rocks and their spatial
occurrences are both consistent with the proposal of an intracontinental orogen. After
summarizations and comparisons of the Indosinian plate margin activities around the SCB,
we suggest that this northeast-southwest trending orogenic belt is geometrically
consistent with two mantle convection cells, with one conveying the SCB northward to
collide with the North China Craton, and the other conveying the Paleo-Pacific plate
northwestwards to form an active continental margin along the southeast SCB. The driving
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Indosinian Intracontinental Orogeny of Cathaysia

mechanism of the formation of the SCB Indosinian intracontinental orogenic belt could
have broad implications for other intraplate orogens around the world.

Keywords: retrograded eclogite, granulite, intraplate orogeny, far-field stress, south China block

INTRODUCTION

The identification of intraplate orogenic belts in different parts of
the world posed a challenge to the theory of plate tectonics
because according to the theory, compressive stresses
concentrate at plate margins where different plates interact
while the interior regions of plates are rigid and hard to
deform. The intraplate orogens refer to those formed at large
distances from active plate boundaries, with driving forces from
both plate-boundary and intraplate stress sources (Raimondo
et al., 2014). Several examples of intraplate orogens have been
proposed and studied in different parts of the world, like central
Asia and central Australia (Sandiford and Hand, 1998; Yin et al.,
1998; Hand and Sandiford, 1999; Sandiford et al., 2001).
Intraplate orogens might also occur in oceanic plates, but
examples are difficult to find due to their inaccessibility. Albeit
these good examples, the occurrences of large-scale
compressional intraplate orogens are relatively rare, especially
in the Phanerozoic during which modern plate tectonics
dominate  geological ~ processes. = The  Permo-Triassic
deformation in the South China Block has long been termed
as the Indosinian Movement in the Chinese literature (Cui and Li,
1983; Huang, 1984; Ren, 1984; Wang et al., 2013a; Zhang et al.,
2013), and is potentially another good example of intraplate
orogenic belt, although different opinions exist (Hsii et al,
1988; Gupta et al., 1989; Rowley et al., 1989; Hsii et al., 1990;
Faure et al., 2018; Lin et al., 2018; Shu et al., 2018).
Researchers who proposed the intracontinental setting for the
SCB Indosinian orogen believe that the SCB gained and retained
its integrity ever since Neoproterozoic, and besides, they found
that this orogeny caused mainly thin-skinned tectonics involving
reactivation of only ancient continental components (Chen et al.,
1991; Li, 1998; Li and Li, 2007; Shu et al., 2008b; Li S. et al., 2012;
Shu, 2012; Faure et al, 2016a; Faure et al, 2016b). On the
contrary, other researchers suggested a plate margin setting for
this orogenic belt (Guo et al., 1984; Hsii et al., 1988; Zhao et al,,
1996; Yin et al., 1999; Lin et al., 2018). Hsii et al. (1988) proposed
that the SCB Indosinian orogeny was the result of continental
collisions between the Yangtze and Cathaysia Blocks, based
mainly on the inference that the Banxi Group (mainly in the
Jiangnan belt) is a tectonic mélange that accommodated
significant crustal shortening through long-distance thrusting.
However, other tectonic observations, as well as isotopic ages
which show that the Banxi Group represents the Precambrian
basement of the SCB, contradict this continental collisional
model (Gupta et al., 1989; Rowley et al., 1989; Chen et al,
1991). Due to the lack of high-grade metamorphism, tectonic
models like multiple-terrane accretion and soft-collision have
also been proposed for the SCB Indosinian orogeny (Guo et al.,
1984; Yin et al,, 1999). Lin et al. (2018) suggested an Appalachian-
style multi-terrane Wilson cycle model for the SCB, in which they

argued that the Indosinian orogen was the result of continental
collisions between the East and West Cathaysia Blocks. Even
though criticisms exist (Faure et al., 2018; Shu et al., 2018), the
Triassic high-grade metamorphic rocks, including retrograded
eclogites and granulites in the northern Wuyi terrane of the
Cathaysia Block, as well as their clockwise P-T trajectories, seem
reminiscent those of continental margin orogenic belts (Zhao L.
et al., 2017; Xia et al., 2021).

Continental crust, no matter intraplate or proximal to plate
margins, will experience crust shortening, thickening, uplifting
and exhumation of high-grade metamorphic rocks after
accommodating strain (Raimondo et al, 2014). High-grade
metamorphism, therefore, can be unhelpful in discriminating
intraplate and plate margin orogenic belts. The occurrences of
ophiolitic mélange, however, can directly demarcate plate
boundaries. Besides, protolith features of high-grade
metamorphic rocks and the spatial distributions of orogenic
high-grade metamorphic rocks can also provide clues for the
discriminating of an orogenic belt. In this paper, we present new
studies on the Indosinian high-grade rocks in the northern Wuyi
terrane of the Cathaysia Block which represent the uplifted
orogenic core components. Based on this new data and a
summarization of Indosinian orogenic events around the SCB,
we proposed a new interpretation of the SCB Indosinian orogeny
and the related deep geodynamic processes for its formation.

GEOLOGICAL BACKGROUND

The SCB situated in the southeastern Eurasia continent is now
demarcated by the Central China Orogenic belt in the north from
the North China Craton and facing the Tibetan Plateau in the
west, the Pacific plate in the east and south (Figure 1). Such a
triangular region is believed to receive stress from all directions
since at least Mesozoic (Li S. et al., 2012), generating the current
geometry of the SCB. This continental block is normally believed
to have gained its integrity since Neoproterozoic through the
amalgamation of the Yangtze and Cathaysia Blocks Li et al,
2009a; Wang X.-L. et al,, 2014; Wang Y. et al., 2014; (Li L. et al,,
2016; Zhao G. et al., 2018; Zhao J.-H. et al., 2018; Shu et al., 2019).
This continental collisional event resulted in the formation of the
Jiangnan belt hosting a great amount of the Neoproterozoic
sequences of the SCB (Li et al., 2009a; Wang X.-L. et al., 2014;
Wang Y. et al,, 2014; Li L. et al., 2016; Zhao J.-H. et al., 2018; Shu
etal,, 2019). Two other episodes of tectonothermal events during
Phanerozoic besides the Indosinian orogeny occurred in the SCB,
termed as the South China Caledonian orogeny (Paleozoic) and
the Yanshanian (Jura-Cretaceous) orogeny in the Chinese
literature.

The SCB Caledonian orogeny affected many of the pre-
Devonian sequences of the SCB and caused the unconformity
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Gyeonggi Massif; OB- Okcheon Belt; YM- Yeongnam Massif. The map is modified after Oh and Kim (2021), Zhai et al. (2016) and Zhao et al. (2019., 2020).

between the Devonian sequences and the pre-Devonian

metamorphic crystalline basement (Chen X. et al, 2012,
Chen et al,, 2014; Li J. et al., 2016; Wang Y. et al, 2012,
Wang et al., 2013a; Zhang et al., 2013; Shu, 2012). Lines of

evidence from lithofacies and biofacies suggested that the
Paleozoic orogeny was initiated in the southeastern SCB
and stepwisely developed toward the northwest direction
(Chen X. et al, 2012; Chen et al, 2014). Paleozoic high-
grade metamorphism and crustal anatexis widely occur in
regions along the Jiangshan-Shaoxing (Jiang-Shao) fault
(Figure 1, Yu et al.,, 2003, Yu et al,, 2005; Zeng et al., 2008;
Zhao et al., 2016, Zhao et al., 2019, Zhao et al., 2020), usually
interpreted to be the uplifted orogenic root sequences of the
South China Caledonian orogenic belt (Hsi, 1989).
Geochronological studies of the Paleozoic metamorphism
and anatexis constrain the duration of this event to be
between ~460 Ma and 410 Ma, with most metamorphic ages
from granulite-facies rocks peaking at ~450 Ma and ~430 Ma

(Yu et al., 2003, 2005; Zeng et al., 2008; Zhao et al., 2016; Zhao
et al.,, 2019; Zhao et al., 2020). The metamorphic signatures of
the SCB Yanshanian orogeny are mainly preserved along the
southeastern coastal regions, represented by extensive
migmatitic rocks (Figure 1, Liu Q. et al.,, 2012; Xing et al,,
2010, Xing et al., 2014).

The Indosinian orogeny affected large areas of the SCB, but
the related high-grade metamorphic signatures occur mainly
in the Wuyi terrane of the northeastern Cathaysia Block and
are sandwiched by the Caledonian and Yanshanian high-grade
metamorphic regions (Figure 1). Earlier studies of the Wuyi
terrane emphasized mainly the antiquity of the Precambrian
sequences (Li, 1997; Yang and Jiang, 2019; Yu et al., 2007, Yu
etal., 2009, Yu et al., 2010; Zhao et al., 2014), because they are
the critical lithologies that can potentially solve the long-
lasting controversy about whether the Cathaysia Block
contains “Oldland” (ancient crystalline basement, Grabau,
1924; Hu and Ye, 2006; Lu, 2006; Yu et al., 2006). Besides
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the early Precambrian ages (mainly ~1900-1800 Ma), the
Indosinian metamorphic ages are widely identified from
these lithologies in these early studies, ranging from 260 Ma
to 230 Ma (Xiang et al., 2008; Yu et al., 2009, 2012; Zhao et al.,
2014, 2015; Chen et al., 1998). These early Precambrian
lithologies have been defined as the Badu and Mayuan
complexes and were not found in other parts of the
Cathaysia Block (Figure 1). Supracrustal sequences, as well
as Paleoproterozoic granitoids of these two lithological units,
also show Paleoproterozoic metamorphic alterations at
~1.85 Ga, interpreted to be related to the supercontinent
Columbia (Yu et al., 2009; Xia et al., 2012; Yu et al., 2012;
Zhao et al., 2014). Lin et al. (2018), as mentioned earlier,

suggested that the Indosinian metamorphic ages represent the
time of a continental collisional event between the East and
West Cathaysia.

The Indosinian retrograded eclogites and mafic granulites
of the SCB were found to occur mainly in the Wuyi terrane and
they are entrained lenticular blocks within the metamorphosed
supracrustal rocks of the Badu Complex, which occur to the
south of the Jiang-Shao fault (Figure 2, Zhao L. et al., 2017;
Zhao L. et al., 2018). Rocks of this lithological unit occurring
close to the fault exhibit both Paleozoic (~450 Ma) and
Indosinian metamorphism (Chen et al., 2015; Zhao et al,
2015; Wang JG. et al., 2014). Rocks occurring further south,
like those Paleoproterozoic supracrustal rocks and granitoids
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in the Suichang-Shilian area, show Indosinian high-grade
metamorphism and the Caledonian overprinting is absent
(Yu et al,, 2012; Zhao et al., 2014). Permo-Triassic (254 Ma,
232-215Ma) syenites and A-type granites interpreted to
represent post-orogenic extensional setting have also been
reported from this area within the Indosinian metamorphic
belt defined in Figure 1 (Wang Q. et al., 2005; Sun et al., 2011;
Li W. et al., 2012; Sun et al., 2017).

SAMPLES

In order to get a better understanding of the protolith features as
well as the driving mechanism of the Indosinian orogenic
processes in the SCB, the retrograded eclogite and mafic
granulite samples occurring in the Wuyi terrane of the
Cathaysia Block were collected and studied in this paper,
including five retrograded eclogite samples, and five mafic
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granulite samples  (Supplementary Table S1). The
metamorphism of these rocks has been presented in a
previous paper (Zhao L. et al.,, 2017). The retrograded eclogite
occurs as entrained lenticular blocks within the pelitic granulites
of the Badu Complex, whose sizes ranging from tens of
centimeters to several meters (Figure 3). The long axes of the
retrograded eclogite blocks are always parallel with the foliations
of the hosting pelitic granulite gneiss. The mafic granulites occur
either as deformed dykes or lenticular bodies with varying
dimensions hosted by the pelitic granulite gneisses of the Badu
Complex (Figure 3D).

Mineral assemblages of the retrograded eclogite samples are
garnet + plagioclase * clinopyroxene + amphibole + biotite +
quartz and some accessary minerals like ilmenite, rutile, titanite
and zircon (Supplementary Table S1; Figures 3E-G). Two of the
retrograded eclogite samples (WY10-1, and -2) experienced
stronger metamorphic retrogression whose clinopyroxene
grains have been replaced by amphibole. Except for these two
samples, clinopyroxene grains are present in all other samples
and garnet grains in all the samples develop symplectites
composed of fine-grained minerals of clinopyroxene +
plagioclase, indicating isothermal decompressions during
metamorphism (Zhao L. et al.,, 2017). Diagnostic eclogite facies
mineral of omphacite is absent in all the retrograded eclogite
samples, but symplectites of omphacite grains can be seen. The
intergrowth of clinopyroxene and albite (Figure 3F) imply that
they were replacement products of omphacite grains formed
through retrograde decompressional metamorphism (Zhao L.
et al, 2017). Another petrographic sign implying eclogite
facies metamorphism is the absence of plagioclase grains in
the matrix. All the observed plagioclase grains occur within
the symplectites, either as intergrowths together with
clinopyroxene replacing omphacite, or around garnet grains
together with clinopyroxene or orthopyroxene or amphibole
replacing garnet (Figures 3E-G). High-pressure facies
minerals like rutile, intergrowth of clinopyroxene and ilmenite
can also be seen (Figures 3E,G).

The mineral assemblages of the mafic granulite samples are
garnet + plagioclase + orthopyroxene + amphibole + biotite +
quartz and some accessary minerals like rutile, ilmenite, titanite
and zircon (Supplementary Table S1). The mafic granulite
samples can be further divided into two groups according to
their consisting minerals. Compared with group A granulite
samples, the two granulite samples in group B contain very
few quartz grains and more garnet and amphibole grains. But
the mineral assemblages and typical reaction textures of them are
the same. The absence of plagioclase in the matrix implies that the
mafic granulites might have also experienced eclogite facies
metamorphism. Decompressional symplectitic textures can be
observed around most garnet grains and they are mainly
composed of fine-grained orthopyroxene + plagioclase, and
occasionally fine-grained amphibole + plagioclase intergrowths
(Figures 3H-J).

Previous metamorphic studies on these two kinds of rocks
revealed clockwise P-T trajectories and Indosinian metamorphic
ages of 251-245 Ma (Figure 3K, Zhao L. et al., 2017). Retrograded
eclogite samples record metamorphic pressure peak conditions of

Indosinian Intracontinental Orogeny of Cathaysia

500-560°C, 23-24 kbar and these for the granulite samples are
600-720°C, >13 kbar (Figure 3K, Zhao L. et al., 2017). High-
grade metamorphic rocks with similar metamorphic conditions
and P-T trajectories have also been reported from the
neighboring regions (Jiang et al.,, 2016; Xia et al., 2021). The
metamorphic conditions of these rocks imply significant crustal
thickening (doubled) based on a simple evaluation using
lithostatic stresses. Therefore, there might be an orogenic
plateau in this region during the Indosinian orogeny. In
combination, the spatial occurrences of these Indosinian high-
grade rocks define the northeast-southwest striking direction of
the Indosinian orogenic belt of the Cathaysia Block, likely
representing the uplifted orogenic core (Figure 1).

ANALYTICAL TECHNIQUES

Most of the experiments of this study were carried out at the State
Key Laboratory of Lithospheric Evolution of the Institute of
Geology and Geophysics, Chinese Academy of Sciences
(IGGCAS), except for the zircon CL images. The X-ray
fluorescence (Shimadzu XRF-1700/1500) was used for major
element analyses, after fusion of the samples with lithium
tetraborate. After baking the samples for 1h under a constant
temperature at 1000°C, the loss-on-ignition (LOI) was measured
as the weight loss of the samples. The Chinese national standard
sample GBW07101-07114 is used for corrections. The precision
of the results is better than 0.2 wt%. Trace element analyses were
performed using an ELEMENT ICP-MS after HNO; + HF
digestion of about 40 mg sample powder for each specimen in
a Teflon vessel. The Chinese national standard samples GSR1
(granite) and GSR3 (basalt) were used during analyses for
accuracy and reproducibility. The relative standard deviation
was better than 5% above the detection limits.

After crushing the samples, standard heavy-liquid and
magnetic techniques were used in zircon grain separation and
then the grains were handpicked under a binocular microscope.
The zircon grains, together with zircon standards (see detailed
descriptions below), were then cast in epoxy discs, and then were
ground and polished to expose mid-sections of the grains for CL
imaging, U-Pb dating, O (oxygen) and Lu-Hf isotope analyses.
The internal zoning of zircons was examined using a CL detector
(Garton Mono CL3+) equipped on a Quanta 200F ESEM with 2-
min scanning time at conditions of 15kV and 120 nA at the
Peking University.

The zircon oxygen isotope was analyzed using the CAMECA
IMS 1280 SIMS. Detailed analytical procedures were described by
Li et al. (2010c). The Intensity of "°0 was typically no less than
1x10° counts per second (cps). The instrumental mass
fractionation factor (IMF) is corrected using zircon standard
Penglai with a 880 (VSMOW) value of 5.3 + 0.1%0 (20) (Li
et al, 2010c). The standard data were collected regularly
throughout the analytical session as the IMF drifted with time.
The Qinghu zircon standard was measured as an unknown and
yielded a standard deviation of 0.3 per mil (20), which is used for
least uncertainty for individual analysis. Uncertainty on
individual analysis is usually better than 0.2-0.3%o (20).
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SIMS zircon U-Pb dating was conducted using another
CAMECA IMS 1280 SIMS. Detailed analytical procedures can
be found in Li et al. (2010b) and Li et al. (2009b). During analysis,
the O,  primary ion beam was accelerated at 13 kv. The
ellipsoidal spot size is about 20 x 30um. Zircon standard
Plesovice, with the age of 337 Ma (Sldma et al, 2008), was
used to calibrate the measured Pb/U ratios. A long-term
uncertainty of 1.5% (1RSD) for 206ph/2381 measurements of
the PleSovice standard was propagated to the unknowns,
despite that the measured **°Pb/>*®U error in a specific session
is generally around 1% (1RSD) or less (Li et al., 2010c). The Pb
isotopic compositions of each spot were corrected for common
Pb using non-radiogenic ***Pb. An average present-day crustal
Pb composition (Stacey and Kramers, 1975) was used for
common Pb assuming that the common Pb was largely due to
surface contamination introduced during sample preparation.
The data were processed using the ISOPLOT program (Ludwig,
2012). The analyzed standard Qinghu zircon as unknown gave a
weighted mean **°Pb/***U age of 159.9 + 1.9 Ma (MSWD = 0.87),
consistent with the recommended *°°Pb/**®*U age of 159.9 +
0.2 Ma (2 SE) (Li et al., 2009b).

Zircon Hf isotope analyses were carried out using a Neptune
MC-ICPMS. The spot size of 40 or 60 um was applied during
ablation with a 193 nm laser, using a repetition rate of 10 Hz in
most cases. Detailed descriptions of the instrument and analytical
procedures are similar to those in Wu et al. (2006). Two zircon
standards, GJ and Mud Tank, whose Hf isotope compositions
have been proven to be quite uniform (Woodhead and Hergt,
2005; Zeh et al., 2007; Xie et al., 2008), were used to monitor the
stability of the instrument during analyses. In the analytical
sessions reported here, the weighted Y6HE/7HE (c) value of
GJ is 0.2820035 + 0.0000041, and the weighted '"°Hf/""Hf (c) of
the Mud tank is 0.282495 + 0.000005, which, after considering the
analytical errors, are consistent with the values recommended
previously (Woodhead and Hergt, 2005; Zeh et al., 2007; Xie et al.,
2008). Model ages (Tpp(Hf)) and egdt) of zircon grains were
calculated based on depleted mantle and chondrite sources. The
value of "7°Hf/"””Hf and 7°Lu/"”"Hf of modeled depleted mantle
are 0.28325 and 0.0384 (Griffin et al., 2002) and for chondrite
0.282772 and 0.0332, respectively (Blichert Toft and Albarede,
1997). The decay constant of '°Lu adopted in this paper is 1.867
X 10’”per year (Soderlund et al., 2004).

Detailed descriptions of instruments involved and analytical
procedures for whole-rock Sm-Nd isotopic analyses are presented
in Li C-f. et al. (2011)), Li et al. (2011 C.-F.) and Yang et al.
(2010). Very fine-grained whole-rock powders for Nd isotopic
analyses were dissolved in Savillex Teflon screw-top capsules after
being spiked with mixed '"**Sm-'"’Nd tracers before HF +
HNO;+HCIO, dissolution. For Sm and Nd separation, we
used the classical two-step ion-exchange chromatographic
method. The samples were then measured using a Finnigan
MAT262 multi-collector thermal ionization mass spectrometer.
The blank during the whole procedure was lower than 100 pg.
The isotopic ratios were corrected for mass fractionation by
normalizing to '**Nd/'**Nd 0.7219. The international
standard, JNdi-1, was employed to evaluate instrument
stability during the period of data collection. The measured
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values for JNdi-1 were '’Nd/"**Nd = 0.512104 + 0.000007
(n = 3, MSWD = 0.38). USGS reference material BCR-2 was
measured to monitor the accuracy of the analytical procedure,
and yielded the following result: "*’*Nd/"**Nd = 0.512624 +
0.000012, which is consistent with the suggested value of
BCR-2 yielded by TIMS and MC-ICP-MS techniques (Yang
et al, 2010; Li C.-f. et al,, 2011; Li C.-F. et al., 2011).

ANALYTICAL RESULTS

All the ten samples in Supplementary Table S1 were analyzed for
whole-rock chemical compositions, while six of them were
analyzed for whole-rock Sm-Nd isotopic compositions, and
only two representative retrograded eclogite samples (WY1215
and WY1216) and one granulite sample (WY11) were chosen for
zircon U-Pb, O and Lu-Hf isotopic analyses.

Whole-Rock Geochemistry

Major and trace element concentrations of the analyzed samples
are presented in Supplementary Table S2 and Figure 4. The
retrograded eclogite samples have SiO,, AlLO; contents of
47.52-49.35 wt%, 12.25-15.13 wt%, respectively. They plot
within the basalt field and sub-alkaline basalt field in TAS and
Nb/Y vs. Zr/TiO,*0.0001 diagrams (Figures 4A,B). In other
diagrams, the retrograded eclogite samples show tholeiitic and
E-MORB compositions (Figures 4C,D), and they belong to ocean
floor basalts (Figure 4E). The spider diagram and chondrite
normalized REE distribution patterns of the retrograded
eclogite  samples exhibit similarities ~with E-MORB
(Figures 4F,H).

The mafic granulite samples exhibit large variations in major
elements, and they plot in picro-basalt—basalt—andesite fields
(Figure 4A). Group A granulite samples have higher SiO,, AL,Os,
and lower MgO, Fe,O;T contents compared with samples of
Group B, consistent with the above observations that the
ferromagnesian mineral contents of Group A granulite
samples are lower than those of Group B. In the Nb/Y vs. Zr/
Ti0,%0.0001 diagram, these samples plot within the sub-
alkaline—andesite—dacite fields (Figure 4B). The mafic
granulite samples are also tholeiitic and belong to ocean floor
basalts as shown in discrimination diagrams (Figures 4C-E). The
spider diagram and chondrite normalized REE distribution
patterns of the mafic granulite samples exhibit similarities with
OIB (Figures 4F,H).

Zircon U-Pb Age Dating

The three high-grade rocks have all been dated in a previous
study, using the LA-ICPMS zircon U-Pb method, which gave
metamorphic ages of 245-251 Ma, and also a protolith age of
997 + 27 Ma for the mafic granulite sample (Zhao L. et al., 2017).
In this study, zircons of the two retrograded eclogite samples
exhibit similar appearance and internal structures (Figure 5). The
zircon grains are rounded, small ellipsoidal and are multi-faceted.
They are unzoned or show fir-tree zoning patterns, implying
metamorphic origins (Vavra, 1990). These two retrograded
eclogite samples give uniform apparent **°Pb/***U ages with
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low Th/U ratios and they constrain metamorphic ages of
248-249 Ma (Figure 5; Supplementary Table S3). Some of
the zircon grains of the mafic granulite sample show core-rim
structures with cores exhibiting oscillatory zoning while rims

without zoning or showing fir-tree zoning (Figure 5). The zircon
cores that do not show core-rim structures are mostly unzoned or
show fir-tree zoning or sector zoning. The analytical results define
a Discordia with an upper intercept age at 953 + 17 Ma and a
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FIGURE 5 | SIMS zircon U-Pb dating results, Th/U ratio vs. U-Pb ages plots and zircon O isotopic results of the studies samples.

lower intercept age of 246 + 6 Ma. The zircon grains with ages of  the sample WY1216-3. The distinct O isotopic compositions of these
~246 Ma show uniformly low Th/U ratios while those with older = metamorphic zircons suggest zircon precipitation from different
ages have high Th/U ratios (Figure 5 and Supplementary Table ~ metamorphic fluids. The §'*0 (V-SMOW) values of zircon cores
§3), which imply their metamorphic and magmatic origins. These ~ and rims from the mafic granulite sample show large variations, with
results are consistent with previous studies that the high-grade  cores having low §'®0 values of ~5.5 while rims having high §'°0
metamorphism occurred during the Early Triassic (Zhao L. etal.,  values around ~8 (Supplementary Table S4 and Figure 5).

2017; Xia et al., 2021). The zircon Hf isotopic compositions of the two retrograded
. . . eclogite samples are relatively homogenous, with '"°Hf/'””Hf ratios
Zircon O-Hf Isotopic Compositions of 0.282646-0.282521 for WY1215-1 and of 0.281223-0.282806 for

The zircon grains of the two retrograded eclogite samples show ~ WY1216-2 (mostly within the range of 0.282605-0.282798,
significant differences in O isotopic compositions (Supplementary ~ Supplementary Table S5). €yft) values are all negative for
Table $4 and Figure 5). The §'°0 (V-SMOW) values are 3.85-6.08  zircons from the sample WY1215-1 (ranging from —5.9 to —3.4)
for zircons from the sample WY1215-2, and 8.46-11.34 for those of ~ and mostly positive for zircons from the sample WY1216-2 (ranging
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FIGURE 6 | e4t) value vs. zircon U-Pb age plots of the studied samples.

from —16.1 to +6.6, mostly ranging from 0.9 to 6.6). The single-stage
depleted mantle model ages of the sample WYI1215-1 are
1011-1088 Ma and 619-2787 Ma (mostly within the range of
619-892 Ma). For the reason that the zircons from the granulite
sample exhibit complex internal structures, their Hf isotopic
compositions also show large variations, with '7°Hf/"””Hf ratios
ranging from 0.281980 to 0.282654 and related Ey(t) values ranging
from -22 to +5.6 (Supplementary Table S5). The single-stage
depleted mantle model ages are 829-1772Ma. In the zircon
U-Pb age vs. Eyt) value diagram, the analyzed results plot
above and below the CHUR evolutionary line, based on
calculations using apparent zircon U-Pb ages (Figure 6).
However, if using the protolith age of the mafic granulite
(~960 Ma) as the starting age, Eyt) values of most analyses plot
above the CHUR evolutionary line (Figure 6).

Whole-Rock Sm-Nd Isotopic Compositions
The six analyzed samples show quite different whole-rock Sm-
Nd isotopic compositions (Supplementary Table S6). The
retrograded eclogite have higher '**Nd/'**Nd ratios

(0.512487-0.512694)  than  the  granulite  samples
(0.511343-0.512144). The single-stage depleted mantle
model ages are mostly Mesoproterozoic for the retrograded
eclogite samples (1360-1790 Ma), except one sample with an
Archean model age of ~2620 Ma, while those of the mafic
granulite samples are older, at 1860-3020 Ma. The Eyq(t)
values (assuming that the protolith ages are Neoproterozoic
based on the protolith age of the mafic granulite, Zhao L. et al.,
2017) of the retrograded eclogite samples are positive, ranging
from 1.94 to 5.46 while those of the two mafic granulite
samples are negative, one at —1.35 and the other at -7.74.

DISCUSSIONS

Indosinian Metamorphism in and Around
the SCB

As mentioned earlier, the Indosinian orogeny affected large areas
of the SCB. Although previous studies claimed that many of the
Neoproterozoic sequences belonging to the Banxi Group
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represent the Precambrian basement of the SCB, Indosinian
reworking of these sequences are significant, represented by
folding, shearing and long-distance thrusting within the
Jiangnan belt (Chu et al.,, 2012a; Chu et al,, 2012b; Chu et al,,
2012¢; Liu L. et al., 2012; Wang Y. et al., 2005). These deformation
features are typical of thin-skinned tectonics, involving only
upper crustal components. The occurrences of the high-grade
rocks in the northern Wuyi terrane suggest that the orogeny of
this region affected deep lower crustal components. The peak
pressure conditions of the retrograded eclogite samples indicate
the crustal thickness of the northern Wuyi terrane was almost
doubled during the orogeny. The decompressional reaction
textures and the isothermal (or slow heating) decompressional
P-T stage in the P-T trajectories imply that the orogenic belt
experienced quick collapse and the high-grade rocks experienced
fast uplifting during the late thermal relaxation stage (Figure 3,
Zhao L. et al., 2017). The metamorphic features of these high-
grade rocks are strongly reminiscent of those found in plate
margin contractional settings (Brown, 2009; O’Brien, 1993). New
SIMS zircon U-Pb dating results confirm the time of
metamorphism at 246-249 Ma (Figure 5). Indosinian
metamorphism has also been reported from the Yunkai

terrane in the southwestern Cathaysia Block (Figures 1, 7,
Chen C.-H. et al, 2012; Lin et al, 2008; Wan et al., 2010).
However, the occurrences of Indosinian metamorphism are
not continuous from the Wuyi terrane to the Yunkai terrane,
implying that they might not belong to the same Indosinian
orogenic belt. Tectonic geometry as well as metamorphic features
of the Yunkai terrane exhibit close affinities to the Indosinian
tectonothermal events in southwestern SCB and Indochina,
which are inconsistent with those of the Wuyi terrane (Lin
et al., 2008; Faure et al., 2014; Faure et al., 2016a; Faure et al,,
2016b).

The Indosinian high-grade metamorphism in east Eurasia that
attracted the most international interests occurs along the Central
China Orogenic belt, which is further divided into small segments
of the Qinling, Tongbai, Hong’an, Dabie and Sulu (Figure 1).
This composite orogenic belt records the complete amalgamation
history of the two major continental parts of east Eurasia, namely
the SCB and the North China Craton, and besides, the
identification of ultrahigh-pressure metamorphic minerals like
coesite and diamond from eclogites with continental crustal
chemical compositions imply deep subduction of the SCB
continental crust (Dong et al, 2016; Okay and Celal $engor,
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1992; Wang et al., 1989; Wu and Zheng, 2013; Xu et al., 1992; Zhai
et al., 1995; Zhao Z.-F. et al., 2017). Multiple geochronological
studies constrain the time of eclogite facies metamorphism of the
Sulu and Dabie segments to be at 255-200 Ma, mostly Triassic
(Figure 7, An et al., 2018; Cheng et al., 2011; Li S. et al., 2017; Liu
et al,, 2004, Liu et al., 2006; Wu and Zheng, 2013), synchronous
with these of the Wuyi terrane. As to the Qinling segment of the
Central China Orogenic belt, its high-grade metamorphism
occurred mainly during Paleozoic and Triassic overprintings
are not very strong (Figure 7, Dong et al, 2011). The
influence of such an extreme contractional orogen is
significant and many of the Indosinian metamorphic events in
East Asia have been correlated with this orogenic belt, like those
in the Korean Peninsula and Japan (Kwon et al., 2009; Liu, 1993;
Oh and Kim, 2021; Ree et al., 1996; Tsujimori, 2002; Ernst et al.,
2007). As shown in Figure 1, the striking direction of the Sulu
segment of the Central China Orogenic belt is parallel with the
Indosinian orogenic belt in the Wuyi terrane of the Cathaysia
Block, both following northeast-southwest direction. Almost
synchronously, the collision between the SCB and the
Indochina Peninsula resulted in high-grade metamorphism in
southwest SCB and also Indochina (Faure et al., 2014, 2016a, b),
whose major tectonic geometry is, however, mainly northwest-
southeast (Faure et al., 2016b).

Another important plate that greatly affected the Phanerozoic
SCB and which has been overlooked in many previous studies is
the one facing its southeastern continental margin, the Paleo-
Pacific plate (Figure 1). Although still controversial, many
geologists suggested the onset of the SCB active continental
margin facing the Pacific plate during Mesozoic (Zhou and Li,
2000; Zhou et al., 2006), or during Paleozoic (Li et al., 2006; Li and

Li, 2007; Sun et al, 2011). However, pre-Triassic geological
records of interactions with the Pacific oceanic plate are now
absent in the southeastern SCB continental margin, which is
mainly composed of late Mesozoic magmatic rocks (volcanics
and intrusive rocks, Shu, 2012; Xu et al., 2007). The Japanese
islands, which preserve various geological records of oceanic
subduction, accretion, subduction erosion and the formation
of the continental crust due to interactions with the Pacific
plate, ranging from Paleozoic to Cenozoic, have been
suggested to show consanguineous with the SCB (Figure 8,
Taira, 2001; Wakita, 2013; Pastor-Galdn et al., 2021; Isozaki
et al, 2010; Wallis et al, 2020). Indeed some of the early
Precambrian lithologies in the Hida belt of Southwest Japan
show consanguineous with those of the North China Craton
as previously suggested (Figure 8, Horie et al., 2010; Kawabata
et al.,, 2021; Harada et al., 2021a, 2021b; Kimura et al., 2019), but
these sporadically occurred Paleoproterozoic intrusive rocks
(~1.85Ga) as well as the Archean-Paleoproterozoic detrital
and/or inherited zircon grains are also comparable to those of
the Badu Complex in the Wuyi terrane of the Cathaysia Block (Li
et al., 2014; Yu et al., 2009, 2012; Zhao et al., 2015; Isozaki, 2019).
Besides, the Paleozoic (~450-410 Ma) and/or Indosinian
metamorphic overprintings, as well as the Neoproterozoic
lithologies of the Wuyi terrane in northeast Cathaysia Block
also provide arguments for a close consanguinity of Japan
with the SCB (Zhao et al., 2016, Zhao et al., 2020; Xu et al,,
2007; Shu et al., 2008a, Shu et al., 2008b; Horie et al., 2010;
Kimura et al., 2019; Harada et al., 2021b). These correlations
support the inference that the ancient continental fragments
preserved in Japan probably originated from the SCB (Aoki
et al.,, 2015; Isozaki et al,, 2010, Isozaki et al.,, 2014; Tsutsumi
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et al., 2017; Isozaki, 2019; Pastor-Galan et al., 2021). Besides, the
Paleozoic and Mesozoic geological components, like the
Paleozoic accretionary complexes, the Mesozoic accretionary
complexes, as well as the arc batholiths and ophiolitic mélange
in Japan, are quite likely to be the missing continental marginal
components of the SCB during the Indosinian orogeny(Isozaki
et al., 2010, Isozaki et al., 2014; Isozaki, 2019; Pastor-Galan et al.,
2021). Metamorphism of the Japanese islands are mainly low-
temperature, high-pressure subduction type and continuous from
Paleozoic onwards (Figure 7, Ishiwatari and Tsujimori, 2003; Erst
et al, 2007; Matsunaga et al., 2021; Takahashi et al, 2018;
Tsujimori, 2002; Tsujimori et al., 2006; Tsujimori and Liou,
2004). Alongside with these subduction zone metamorphism,
the low (and medium) dP/dT metamorphism can also often be
seen (Takahashi et al., 2018), which collectively termed as the
‘paired metamorphic belts’ (Miyashiro, 1961, 1973). One thing
worthy of noticing is the preservation of geological records for an
accreted oceanic plateau in Southwest Japan (Tatsumi et al,
2000). These geological records are critical for a better
understanding the geological history of the Phanerozoic SCB.

Characteristics of the Protoliths of the
High-Grade Rocks

The eclogite and granulite facies mineral assemblages indicate
that the studied mafic rocks experienced high-grade
metamorphism which might render their whole-rock chemical
compositions unreliable, especially the major elements and the
fluid-mobile elements like Th, K, etc. The large spread of these
samples in Figure 4A partly attests to this inference. However,
some overall variation trends can still be extracted from the
relatively immobile element plots (Figure 4), like their sub-
alkaline basaltic and tholeiitic compositions. They show close
affinities to oceanic crust, with the retrograded eclogite samples
resembling E-MORB while the mafic granulite samples
resembling OIB. The protoliths of these rocks, therefore, are
interpreted to represent the remnants of a disappeared ocean.
Zircon O-Hf isotopic compositions of these metamorphosed
mafic rocks exhibit large variations as well, but the magmatic
zircon cores preserved in the mafic granulite sample have mantle-
like O isotopic signatures (Figure 5, Valley et al., 1994). The
Neoproterozoic age of 946 Ma constrained by these magmatic
zircon cores is interpreted to represent the protolith age of the
mafic granulite. Both the zircon Lu-Hf and whole-rock Sm-Nd
isotopic compositions of these mafic rocks show large variations.
Considering that the hosting rocks of these mafic rocks are the
Paleoproterozoic sedimentary rocks of the Badu Complex, any
influence from which during high-grade metamorphism will
elevate model ages while lowering E(t) values for both Lu-Hf
and Sm-Nd isotopic systems, the high-grade samples of this study
with the youngest single-stage model ages and the highest € (t)
values should be regarded to give the best constraints on the
features of these meta-mafic rocks. As described above, the
youngest single-stage Hf model ages for both the retrograded
eclogite and mafic granulite samples are Neoproterozoic,
619-892 Ma for the retrograded eclogite, and 829—~1000 Ma
for the mafic granulite. Whole-rock Sm-Nd isotopic

Indosinian Intracontinental Orogeny of Cathaysia

compositions for these high-grade rocks seem to have been
disturbed during metamorphism because they exhibit large
variations on one hand and on the other hand, the single-
stage model ages are Mesoproterozoic to Archean, significantly
older than the Hf model ages. The Neoproterozoic protolith ages
(990-950 Ma) for these metamorphosed mafic blocks are,
therefore, supported by both the magmatic zircon core U-Pb
age of the mafic granulite, and the Hf - Nd isotopic compositions.

Previous studies have revealed the occurrences of two episodes
of Neoproterozoic magmatism in the Cathaysia Block, one at
~970 Ma and the other at 860-800 Ma (Shu et al., 2008a; Shu
etal, 2011; Wang Y. et al., 2014). They have been interpreted to
occur in the active continental margin and within plate rifting
environments, respectively (Shu et al., 2008a; Shu et al., 2011). If
taking the zircon core age of ~950 Ma as the protolith age, the
metamorphosed blocks of this study can correlate well with the
~970 Ma magmatism in the Cathaysia Block, representing
continental margin components. The protoliths of these
metamorphosed mafic blocks, generated during
Neoproterozoic, can also be compared with the widespread
Neoproterozoic lithologies in the Jiangnan belt (Wang et al,
2013b; Wang Y. et al, 2014; Yao et al, 2014). All these
Neoproterozoic magmatic rocks are related to the
tectonothermal events that amalgamated the Yangtze and
Cathaysia Blocks, and the subsequent rifting (Nanhua Rift) (Li
et al,, 2009a; Li W. X. et al, 2010; Wang X.-L. et al,, 2012).
Anyway, the Neoproterozoic magmatic rocks are important
components of the continental crust of the SCB during the
Indosinian orogeny, rather than newly generated oceanic
crustal component (Yu et al., 2008; Shu, 2006, 2012).

Formation of the Indosinian SCB Intraplate
Orogenic Belt and Broad International

Implications

If based solely on the Indosinian high-grade metamorphism of
the Wuyi terrane in northeastern Cathaysia Block, the conclusion
of a continental margin orogenic belt can be assigned to the SCB
Indosinian orogen, because these metamorphic rocks show
identical features with those developed in continental margin
orogenic belts (Brown, 2009; O’Brien, 1993). But the geological
implications of high-grade metamorphism are not always
exclusive and as pointed out by Raimondo et al. (2014), the
crustal shortening and thickening, and exhumation high-grade
metamorphic rocks from deep crustal levels of intraplate orogens
are comparable with their plate-margin counterparts. Therefore,
the eclogite and the granulite facies metamorphism such as these
of the Wuyi terrane could suggest both intraplate and plate
marginal settings.

The spatial occurrence of orogenic metamorphism has been
suggested to be a powerful tool in discriminating styles of orogens
(Raimondo et al.,, 2014; Zhai, 2009; Li et al., 2016¢, Li et al,,
2016d). As summarized by Zhao et al. (2015) and shown in
Figure 1, the occurrences of the Indosinian high-grade
metamorphism are found to occur only in the northeastern
Cathaysia Block (Wuyi terrane) and are absent in the Nanling
area. In other words, their distribution is not continuous and does
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FIGURE 9 | Proposed tectonic evolutionary model for the formation of the Indosinian intraplate orogen in the SCB.

not form a complete belt that can demarcate the continental
boundaries. Such a distribution pattern of high-grade
metamorphism is inconsistent with those developed in
continental marginal settings, but rather indicates an
intracontinental setting. Besides the mafic blocks studied in
this paper which show continental crust characteristics, other
lithologies in the Cathaysia Block exhibiting Indosinian high-
grade metamorphic alterations mainly belong to the
Paleoproterozoic Badu and Mayuan Complexes of the Wuyi
terrane (Yu et al, 2012; Zhao et al, 2015; Zhao L. et al,
2018). The occurrences of all these rocks indicate that the
Indosinian orogeny affected only the ancient continental crust
components, without the addition of any juvenile components
newly generated from mantle which is, however, usually normal
for continental marginal orogenic belts due to the consumption of
oceanic crust before the final collision (e.g. Jamieson and
Beaumont, 2013; Li et al., 2016e; Hou et al, 2021). In
summary, although the high-grade rocks in the Wuyi terrane
record metamorphism similar to those seen in continental
margin settings, they are more likely to have occurred in the
intracontinental environment.

The development of intracontinental orogens normally
requires the existence of weak lithospheric zones within the

continental block (Collins et al., 2011; Raimondo et al., 2014;
Sokoutis and Willingshofer, 2011). As mentioned earlier, a
Neoproterozoic rifted system termed the Nanhua rift
developed in the SCB, as indicated by the wide occurrences of
Neoproterozoic magmatism (860-800 Ma) (Shu et al., 2008a, Shu
etal,, 2011; Li et al,, 2005; Wang and Li, 2003; Wang et al., 2007).
This rift system is also known to be a failed rift because it aborted
soon afterwards and no new ocean was developed. The South
China Caledonian orogeny should have solidified most of the
failed rift and formed another basin (foreland?) in the Wuyi
terrane which behaved as a branch of the Paleo-Tethys Ocean and
provided the weak lithospheric zone in the Cathaysia Block
(Figure 9A). Another critical cause of the intraplate orogen is
the driving force. Stress source of orogenic belts, either occurring
in the intraplate or plate margin settings, are originally derived
from the viscous mantle convections, which operate as conveyors
and transport the lithosphere to different places of the Earth,
resulting in the formation of convergent and divergent plate
margins (Collins, 2003; Collins et al., 2011). The driving forces of
intraplate orogens have been more specifically suggested to
include far-field stress from plate margins, and intraplate
stress largely related to vertical tectonic processes (Raimondo
et al, 2014). The geometry of the Indosinian orogen is
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inconsistent with intraplate stress and implies stress sources from
continental margins. The mantle convection cell in the Paleo-
Tethys tectonic realm transported the SCB northward (today’s
orientation), closing the Paleo-Tethys Ocean and forming the
Central China Orogenic belt during Permo-Triassic (Collins
et al., 2011; Ratschbacher et al., 2003; Wu and Zheng, 2013).
The subduction of the paleo-Pacific plate underneath the SCB
(including Japan) during the Paleozoic represents another mantle
convection cell with a northwestward (today’s orientation)
conveying direction (Figure 9A, Li et al., 2006; Li and Li,
2007). Previous studies on the Indosinian deformation and
magmatic activities of the SCB revealed that during
~260-250 Ma, an oceanic plateau arrived at the subduction
zone which choked the magmatic arc and besides, the stress,
that used to localize on the southeastern continental margin of
the SCB, propagated from the continental margin northwestward
to inland regions (Figure 9B, Li and Li, 2007; Tatsumi et al., 2000).
Based on these discussions, we suggest that the far-field stress from
the southeast margin of the SCB due to interactions with the paleo-
Pacific plate must have facilitated the formation of the SCB
Indosinian intraplate orogen. The spatial distribution of the
Indosinian high-grade metamorphism in the Cathaysia Block is
parallel with the Sulu orogenic belt (Figure 1) and the
metamorphic ages of the high-grade rocks within these two
orogenic belts greatly overlap (Figure 7), implying that this
segment of the Central China Orogenic belt along the northern
margin of the SCB is another stress source for the Indosinian
intraplate orogeny of the SCB (Figure 9B). This inference is
consistent with previous studies which have already proposed
that the Indosinian orogeny of the SCB is closely related to the
far-field stress from the Central China Orogenic belt (Zhang et al.,
2013; Li J. et al., 2017; Wang et al,, 2021).

A complete model for the formation of the Indosinian
intraplate orogen in the SCB is, therefore, proposed based on
the above discussions (Figure 9). After the amalgamation of the
Yangtze and Cathaysia Blocks during Neoproterozoic, the SCB
soon witnessed rifting and formed the Nanhua Rift (Li W. X.
et al., 2010; Li et al., 2005; Wang X.-C. et al., 2012, Wang X.-L.
et al., 2012). This rift system aborted soon afterwards without the
formation of open oceans. During Paleozoic, the South China
Caledonian orogeny closed solidified this rift system and likely
formed a foreland basin in the Cathaysia Block which remained
there until Permo-Triassic (Figure 9A, Shu et al,, 2008a; Shu
et al, 2011), providing the lithospheric weak zone for the
intraplate orogenic events. The onset of the active continental
margin of the SCB facing the paleo-Pacific (Panthalassa) plate
dates back to the Paleozoic and during Permo-Triassic, the arrival
of an oceanic plateau at the subduction zone choked the
magmatic arc and the stress propagated to the inland regions
of the SCB. Almost simultaneously, the collisional events between
the SCB and the North China Craton slowed the northward
moving of the SCB, providing another retroactive stress source to
the SCB (Figure 9B). Therefore, stress from both the northwest
(Sulu orogenic belt) and southwest (paleo-Pacific) margins
during Permo-Triassic acted within the SCB, forming a super-
contraction zone in the Wuyi terrane of the northeast Cathaysia
Block. The weak lithospheric zone of the Cathaysia Block
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accommodated the strain and witnessed strong deformation
and significant crustal thickening, termed as the Indosinian
Wouyi orogenic belt (Figure 9B). After the collision of the SCB
with the North China Craton, the major driving force for the
convergence of these two continental blocks is believed to be the
dragging of the eclogitized mafic crust of northern South China
(Dong et al., 2013), providing an extensional environment in the
Cathaysia Block which resulted in orogenic collapse and the
formation of post-orogenic magmatism (Figure 9C, Li W.
et al., 2012; Sun et al., 2011, Sun et al., 2017). This new model
is not only consistent with the geological records in and around
the SCB but also has geological implications for interpreting
intraplate orogens worldwide.

CONCLUSION

Based on the above descriptions and discussions, the following
conclusions can be reached.

1) The occurrences of the Indosinian high-grade metamorphism
define the northeast-southwest trending orogenic belt in the
Cathaysia Block, southeast SCB, representing the uplifted
Indosinian orogenic core components.

2) Whole-rock major and trace element compositions of the
high-grade rocks vary significantly, due to metamorphic
alterations. The overall trend of their variations constrains
the protoliths to be emplaced in plate margin settings,
showing E-MORB and OIB compositions by relatively
immobile elements.

3) SIMS zircon U-Pb age dating confirm the metamorphic age of
246-249 Ma and an early Neoproterozoic protolith age of
946 Ma. The magmatic zircon cores still preserve mantle-like
O isotopic compositions of ~5.5 (880  (V-SMOW)).
Metamorphic zircons exhibit large variations in O isotopic
compositions. Compared with whole-rock Sm-Nd isotopic
compositions, zircon Lu-Hf isotopic compositions can better
trace the features of the protoliths, confirming their
generation during the early Neoproterozoic.

4) The protoliths of these metamorphic rocks were generated
during the early Neoproterozoic and were continental crustal
components during the Indosinian orogeny. Combined with
the spatial distributions of the Indosinian metamorphism in
the Cathaysia Block, we suggest that this orogen formed in the
intraplate environment.

5) A summarization of Indosinian plate margin activities of the
SCB led us to conclude that the driving stress for the
formation of the SCB Indosinian orogen in the Wuyi
terrane is from both the interactions with the paleo-Pacific
plate in the southeast and the North China Craton in the
north. In other words, the mantle convection cell that closed
the Paleo-Tethys, and the one conveying the paleo-Pacific
plate to the SCB continental margin both facilitated the
formation of the Indosinian orogen in the Wuyi terrane of
the Cathaysia Block. This Indosinian intraplate orogenic belt
was primarily a lithospheric weak zone formed during the
South China Caledonian orogeny.
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The East Hebei terrane from the North China Craton preserves the dome-and—keel
structures, which was transected by a later linear belt in the north margin. Mafic
granulites from the linear belt and domes record two groups of metamorphic ages at
Neoarchean and Paleoproterozoic, but their accurate metamorphic peak conditions and
paths have not been well addressed. Three samples of mafic granulites, including two-
pyroxene granulite (JD15120), garnet-bearing two-pyroxene granulite (YC8-43), and
garnet clinopyroxene granulite (JD1546), were documented for detailed metamorphic
studies. Two-episode metamorphism can be recognized. The first-episode recovered
from JD15120 and YCB8-43 is represented by peak assemblage of medium-grained
clinopyroxene, orthopyroxene, amphibole, plagioclase, and ilmenite, which vyields
ultrahigh temperature (UHT) conditions of 940-960°C at 7.5-8.5 kbar and 950-990°C
at 8kbar, respectively, constrained by contours of the maximum anorthite (Xan) in
plagioclase cores. The post-peak evolution is dominated by cooling with
decompression, constrained mostly from the measured core-to-rim decreasing Xa, in
plagioclase. By contrast, the second-episode overprinting is recognized in all samples, but
exhibits varying textures. In garnet-bearing samples (YC8-43 and JD1546), the
overprinting assemblages are characterized by poikilitic garnet that occurs either as
coronae around the first-episode pyroxenes, forming “red-eye socket” textures, or as
grains in equilibrium with tiny-grained clinopyroxene, plagioclase, amphibole, rutile, and
quartz, forming high-pressure (HP) granulite assemblages. These HP granulite
assemblages show peak conditions of ~12 kbar/860°C and ~12.6 kbar/835°C,
constrained by contours of the maximum grossular (Xg.) in garnet cores and the
minimum Xa,, in plagioclase cores. The post-peak evolution is dominated by isothermal
decompression, constrained from the outward decreasing Xgs In garnet and increasing
Xan in plagioclase. LA-ICP-MS U-Pb zircon dating on JD15120 and JD1546 suggests two
metamorphic ages of ~2.49 Ga and ~1.78 Ga, being considered to be correlated with the
UHT and HP granulite metamorphism, respectively. Tectonically, the late Neoarchean UHT
granulite metamorphism may correlate a vertical sagduction regime, whereas the late
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Multiple Metamorphism in East Hebei

Paleoproterozoic HP granulite metamorphism is favored to register the continental collision
in the northern margin of the North China Craton. This study may have indications for the
Neoarchean—Paleoproterozoic tectonic transition of the craton.

Keywords: Archean supracrustal rocks, Ultra-high temperature granulite, High-pressure granulite, Pseudosection,
East Hebei terrane, North China Craton

1 INTRODUCTION

As a window into the lower continental crust, granulites normally
record pressure-temperature (P-T) conditions and P-T paths
being indicative to tectonic models (Harley 1989, Harley 1998).
Their secular change in apparent thermal gradients is also
suggestive for revealing different heat flow and rheology in
distinct tectonics (Brown and Johnson 2018). In the Archean
terranes, almost half of the granulites are ultrahigh temperature
(UHT) type with high dT/dP of >22°C/km (Brown 2007; Brown
and Johnson 2018), representing extreme thermal conditions
related to the coupling between crust, sub-crustal lithosphere,
and asthenospheric mantle on a regional scale (Harley 2004;
Harley 2008; Kelsey and Hand 2015), whereas the high-pressure
(HP) granulites with intermediate dT/dP of 22-11°C/km became
dominant after the Archean Eon (Brown and Johnson 2018),
being normally considered as the sign for subduction or collision
processes in plate tectonics (O’Brien and Rétzler 2003).

Archean cratons, although featured with thick and depleted
lithospheric mantle and relatively stable from subsequent
tectonism (Jordan 1978), can have transformation of the
cratonic  structures and  development of  multiple
metamorphism in response to later reworking events (e.g.,
Weber 1984; Mahan et al., 2008; Perchuk et al., 2008). For
example, the Pikwitonei granulite domain in the Superior
Craton, one of the largest Neoarchean high-grade terranes
worldwide, was recovered to have undergone multiple
metamorphism, involving normal UHT granulite-facies
metamorphism with an anticlockwise P-T path at Neoarchean,
and  overprinting  greenschist to  amphibolite-facies
metamorphism with local migmatization at Hudsonian. These
distinct metamorphic processes suggest different tectonic settings
involving magmatic underplating (Mezger et al., 1990) or
overthrusting during crustal thickening (Arima and Barnett
1984) for the first-episode metamorphism, and collision
between the Superior Craton and the Churchill Province to
form the Thompson belt for the second-episode
metamorphism (Weber 1984). Therefore, detailed
metamorphic studies on Archean cratons can give insights
into the tectonic evolution of the early Earth.

The North China Craton (NCC) consists of four Archean
blocks including Ordos, Yinshan, Longgang, and Langrim blocks,
and three Paleoproterozoic orogenic belts among them (Zhao
et al., 2005). These Archean blocks were revealed to record
Neoarchean granulite-facies metamorphism with anticlockwise
P-T paths, featured with “red-eye socket” texture in mafic
granulites (Zhao et al, 1999; Zhao et al, 2005; Kwan et al,
2016). However, recent studies on mafic granulites from the East
Hebei terrane, part of the Longgang block, suggest that some

Archean terranes may be subjected to two episodes of granulite-
facies metamorphism at late Neoarchean (2.53-2.47 Ga) and late
Paleoproterozoic (1.85-1.80 Ga), respectively (Duan et al., 2015;
Yang and Wei 2017b; Lu and Wei 2020). The first-episode
Neoarchean granulite-facies metamorphism is featured with
two-pyroxene granulites, and is argued to have peak
conditions of normal UHT granulite facies of 8.0-11.0 kbar/
756-940°C using conventional geothermobarometers (He and
Ye 1992; Chen and Li 1996; Zhao et al., 1999; Kwan et al., 2016;
Yang and Wei 2017a), or 9.0-10.0 kbar/950-1,070°C using rare
earth elements (REE)-based geothermometers (Yang and Wei
2017a). On account of that conventional Fe-Mg exchange
geothermometers are more likely to record lower temperatures
than the peak of granulites as a result of the fast diffusion during
cooling (e.g., Frost and Chacko 1989; Pattison et al., 2003), and
the REE-based geothermobarometers generally have large
uncertainties (Yang and Wei 2017a), the peak conditions for
the two-pyroxene granulites remain uncertain. The second-
episode Paleoproterozoic metamorphism was first recognized
in mafic dykes, characterized by HP granulite-facies
assemblages, which record P-T conditions of 11-12 kbar/
790-810°C with clockwise P-T paths at ~1.82 Ga (Duan et al,
2015). Similar overprinting assemblages were also observed in
Neoarchean mafic granulites, which exhibit peak P-T conditions
of 12.5-12.8 kbar/880-900°C, metamorphic zircon ages of
1.83-1.81 Ga, and garnet-whole rock Lu-Hf isochron ages of
1.77-1.79 Ga (Yang and Wei 2017a; Yang and Wei 2017b; Lu and
Wei 2020). However, Wang et al. (2018) argued that the HP
granulite metamorphism may have occurred at early
Paleoproterozoic (~2.46 Ga), which was followed by heating
and decompression to form two-pyroxene granulites. Thus,
detailed petrological and geochronological studies on both
two-pyroxene and HP granulites need to be further conducted
to document their metamorphic evolution.

In this article, representative mafic granulites that have been
studied  using  major  element- and  REE-based
geothermobarometers in Yang and Wei (2017a), were selected
for constraining their metamorphic P-T conditions and paths on
the basis of the pseudosections calculated using THERMOCALC.
Zircon U-Pb dating was also carried out for defining the
metamorphic ages.

2 GEOLOGICAL SETTING

The NCC can be normally divided into Eastern and Western
Blocks (e.g., Zhao et al., 1998; Zhao et al., 2005; Zhao et al., 2012;
Figure 1A). It is suggested that the Western Block formed at
~1.95 Ga by the collision between the Yinshan and Ordos Blocks
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FIGURE 1 | (A) Tectonic subdivision of the North China craton (modified after Zhao et al., 2005; Zhao et al., 2012). (B) Geological map of the East Hebei terrane
(modified after Wu et al., 1998; Wei 2018) with sample locations. GR-granulite; AM-amphibolite; GS-greenschist.

along the Khondalite Belt, whereas the Eastern Block formed at
~1.90 Ga when the Longgang and Langrim blocks collided along
the Jiao-Liao-Ji Belt (e.g., Zhao et al., 1998; Zhao et al., 2005;
Zhao et al,, 2012). The time of the final amalgamation between
Western and Eastern Blocks along the Trans-North China
Orogen (TNCO) is controversial: one view suggests that it
occurred at ~1.85Ga (Zhao et al,, 1998; Zhao et al., 2005;
Zhao et al., 2012), whereas another view favors an older
collision age of ~1.95Ga (Qian et al,, 2013; Qian et al., 2015;
Qian and Wei 2016), and interprets the age of ~1.85Ga to
represent a separated orogenic event occurred along the
northern margin of the NCC (Wei 2018; Qian et al,, 2019). In
addition, accretionary and collisional tectonics were also
proposed for the NCC, including 2.6-2.5Ga Atlantic-type
passive margin on the western side of the Eastern Block, the
~2.5Ga collision between the arc/accretionary prism and the
Eastern Block, ~2.43 Ga amalgamation of Western Block and
Eastern Block along the Central Orogenic Belt (COB,
approximate TNCO), and the 2.3-1.9 Ga collision along the
Inner Mongolia-North Hebei Orogenic Belt (IMNHO) at the
north margin of the NCC (Kusky et al., 2016).

The early Precambrian East Hebei terrane, located in the
northwestern of the Longgang Block, can be divided into six
litho-tectonic units (Figure 1B) including the Taipingzhai ovoid-
structural domain (I), Qian’an gneiss dome (II), Badaohe gneiss
dome (III), Lulong-Shuangshanzi supracrustal belt (IV), Anziling

gneiss dome (V) and Saheqiao linear-structural belt (VI),
following Wu et al. (1998) and Wei (2018). There is near-
vertical normal shear in the Shuangshanzi shear zone between
the Anziling dome and the Lulong-Shuangshanzi supracrustal
belt formed due to the upwelling of the dome with respect to the
down-slipping of the belt (Liu et al., 2017; Zhao et al., 2021).
Therefore, the terrane well preserves Archean unique
dome-and-keel structure although later deformation marked
by numerous NE-to NEE-striking shear zones in the Saheqiao
linear-structural belt occurred (Liu and Yang 1994; Kusky et al.,
2016; Zhao et al., 2021). As show at Figure 1B, the East Hebei
terrane mainly consists of Neoarchean TTG gneisses,
charnockites, potassic granites, and supracrustal rocks. The
TTG gneisses and charnockites show magmatic ages of mostly
2.56-2.48 Ga with a peak at ~2.52 Ga (Liu et al., 1990; Wu and
Geng 1991; Geng et al,, 2006; Yang et al., 2008; Nutman et al,,
2011; Guo et al., 2013; Bai et al., 2014; Bai et al., 2015; Yang et al.,
2016a; Yang et al.,, 2016b), except for a few intrusions in the
western margin of Qian’an gneiss dome that have older ages of
3.28-2.94 Ma (Nutman et al., 2011; Sun et al., 2016). They were
subjected to amphibolite-to granulite-facies metamorphism at
2.53-2.47 Ga (Geng et al., 2006; Yang et al., 2008; Nutman et al.,
2011; Bai et al,, 2014; Bai et al., 2015). The supracrustal rocks,
mainly comprising metasedimentary and metabasic rocks with a
few banded iron formation and ultramafic interlayers (Geng et al.,
20065 Polat et al., 2006), commonly occur as rafts within or as
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FIGURE 2 | Field occurrence of mafic granulites. (A,B) Mafic granulites occurring as rafts or enclaves with clear or blurry boundaries within TTG rocks. (C) Mafic
granulites with penetrative foliation. (D) Heterogeneous mafic granulites with diverse distributions of leucosomes.

belts between TTG gneiss domes (Wei 2018). Most of the
metasedimentary rocks share similar protolith deposition ages
of 2.53-2.50 Ga (Wan et al., 2015; Sun et al., 2016; Duan et al.,
2017; Lu et al,, 2017; Liu and Wei 2020), except for fuchsite-
bearing quartzite that outcropped at Caozhuang and Luanxian
areas having deposition age of >3.5 Ga (Liu et al., 1990; Nutman
et al, 2011; Chu et al., 2016). The metabasic rocks were mostly
dated to have protolith magmatic ages of 2.61-2.52 Ga with a few
at ~2.90 Ga (Zhang et al., 2012; Guo et al., 2013; Fu et al., 2016;
Liou et al, 2017). Ultramafic rocks, mostly including
serpentinized peridotite, picritic amphibolites, and pyroxenite,
are argued to be komatiites (Zhang et al., 1980), intra-oceanic
suprasubduction zone ophiolitic rocks (Polat et al., 2006), or
remnants of an enriched mantle plume (Wang et al., 2019). These
supracrustal rocks were normally dated to have two groups of
metamorphic ages at 2.53-2.47 Ga and 1.85-1.80 Ga as have
mentioned in introduction (e.g., Yang and Wei 2017b; Lu and
Wei 2020). The former episode of metamorphism is widely
recorded in the whole East Hebei terrane, corresponding to
amphibolite-to greenschist-facies metamorphic conditions in
Lulong-Shuangshanzi supracrustal belt (Qi et al.,, 1999; Guo
et al, 2013), amphibolite-facies condition of 10-11 kbar/
780-800°C with clockwise P-T path in the Caozhuang area
(Liu et al, 2020), and the granulite-facies (9.6-10.3 kbar/
860-900°C) to UHT (9-10kbar/>1,000°C) peak conditions
with anticlockwise P-T paths in the western margin of
Qian’an gneiss dome, Taipingzhai ovoid-structural domain
and Saheqiao linear-structural belt (Kwan et al., 2016; Yang

and Wei 2017a; Duan et al., 2017; Lu et al., 2017; Liu and Wei
2018; Lu and Wei 2020; Liu et al, 2021). By contrast, the
second-episode metamorphism is locally recognized in the
northern part of the terrane, mostly in the Saheqiao linear-
structural belt and the Taipingzhai ovoid-structural domain,
and dominated by HP granulite-facies metamorphism as have
been mentioned in introduction (Duan et al., 2017; Yang and
Wei 2017a; Lu and Wei 2020). In addition, there are mafic
dykes crosscutting the foliation of Archean TTG gneisses and
supracrustal rocks in the Saheqiao linear-structural belt and the
Taipingzhai ovoid-structural domain (Chen 1990; Song 1990),
and proposed to have experienced HP granulite-facies
metamorphism in the later overprinting metamorphism
(Duan et al., 2015).

In this study, mafic granulites were collected from the
Malanyu, Saheqiao, and Taipingzhai areas. The sample
locations are shown on Figure 1B. These granulites occur as
rafts with clear or blurry boundaries within TTG rocks (Figures
2A,B). Most of them have weak or penetrative foliations
(Figure 2C) and are heterogeneous with the diverse
distributions of leucosomes (Figure 2D).

3 PETROLOGICAL ANALYSES

3.1 Bulk-Rock Compositions
Among the selected samples, two-pyroxene granulite (JD15120)
was collected from the Taipingzhai ovoid-structural domain,
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TABLE 1 | Bulk-rock compositions of samples in this study.

Sample Type ICP-OES whole rock composition (wt%)

SiO, TiO, Al,O5 TFe203 MnO MgO CaO NaO K>0 P>0s LOI
JD15120 Two-pyroxene granulite 48.76 0.76 14.06 12.56 0.20 7.90 10.68 2.88 0.90 0.11 0.47
YC8-43 Garnet two-pyroxene granulite 47.74 0.92 13.41 14.14 0.23 7.51 12.64 2.05 0.25 0.08 0.22
JD1546 Garnet clinopyroxene granulite 47.41 0.87 12.02 16.01 0.21 6.86 11.60 2.19 0.81 0.14 1.21

Normalized molar proportions used for phase equilibria modeling (mole %)

Sample Figure H,0 SiO, Al;O3 Cao MgO FeO K,0 Na O TiO, (o] Mg*
JD15120 Figure 6A 2.51 48.65 8.45 10.84 12.16 12.16 0.69 2.79 0.85 0.91 50
YC8-43 Figure 7A 0.70 50.36 8.51 13.20 12.05 11.22 0.18 2.10 0.68 1.00 52
YC8-43 (overprinting) Figure 7B 0.95 50.50 7.93 12.11 10.33 14.09 0.20 1.56 0.84 1.48 42
JD1546 Figure 8 1.20 50.23 8.14 13.22 11.15 12.84 0.18 1.64 0.70 0.70 46

Wt%, major element oxides in weight percent; LOI, loss on ignition; mole %, major element oxides in mole percent; Mg* = MgO/(MgO + FeO).

TABLE 2 | Selected microprobe analyses for sample JD15120.

Mineral Cpx-1 Opx-1 Amp-1 Pl-1-c Pl-1-r Cpx-2 Opx-2 Amp-2 PI-2
SiO, 52.25 51.63 4213 59.06 60.03 52.19 50.97 41.67 59.05
TiO, 0.08 - 1.59 0.03 0.02 0.14 0.06 1.22 0.04
Al,Og 2.21 1.28 11.81 25.03 24.95 2.02 1.40 12.33 24.55
Cro03 - 0.02 0.03 - - - 0.03 0.04 -
Fe203 0.47 1.15 1.53 0.18 0.40 1.88 0.79 3.57 1.86
FeO 9.75 25.06 12.98 - - 7.28 25.34 11.74 -
MnO 0.82 2.45 0.23 - - 0.35 1.22 0.21 -
MgO 12.28 18.77 11.16 - 0.03 13.08 18.99 11.09 0.10
Ca0 21.43 0.46 11.52 8.03 7.30 22.65 0.31 10.83 7.10
NaxO 0.56 0.03 1.56 6.71 717 0.54 0.04 1.38 6.96
Ko0 - - 1.45 0.31 0.33 0.02 - 1.58 0.29
Total 99.81 100.75 95.84 99.35 100.24 99.97 99.07 95.25 99.95
O 6 6 23 8 8 6 6 23 8
Si 1.963 1.956 6.385 2.655 2.672 1.945 1.956 6.326 2.649
Ti - - 0.181 - - 0.004 0.002 0.139 -
Al 0.098 0.057 2.110 1.327 1.310 0.089 0.063 2.207 1.298
Cr - - 0.004 - - - - 0.005 -
Fe®* 0.013 0.033 0.175 0.006 0.013 0.053 0.023 0.408 0.063
Fe?* 0.306 0.794 1.645 - - 0.227 0.813 1.490 -
Mn 0.026 0.079 0.030 - - 0.011 0.040 0.027 -
Mg 0.688 1.060 2.521 - 0.002 0.727 1.086 2.509 0.007
Ca 0.863 0.019 1.871 0.387 0.348 0.905 0.013 1.762 0.341
Na 0.041 0.002 0.458 0.585 0.619 0.039 0.003 0.406 0.605
K 0.000 0.000 0.280 0.018 0.019 0.001 0.000 0.296 0.017
X(phase) 0.69 0.57 0.61 0.39 0.35 0.76 0.57 0.63 0.35

X(Cpx) = X(Opx) = X(Amp) = Mg/(Fe?*+Mg); X(P)) = Xa, = Ca/(Ca + Na + K); -c, grain core; -r, grain rim. “~" means that the content is below the detection limit. The mineral formulas were
calculated with the program AX (Holland; http://www.esc.cam.ac.uk/astaff/holland/ax.htmi).

while the garnet-bearing two-pyroxene granulite (YC8-43) and
clinopyroxene granulite (JD1546) were from the Saheqiao and
Malanyu areas, respectively, in the Saheqiao linear-structural belt
(Figure 1B; Yang and Wei 2017a). Their bulk-rock compositions,
being analyzed using a Leeman Prodigy inductively coupled the
plasma-optical emission spectroscopy (ICP-OES) system with
high-dispersion Echelle optics at China University of Geoscience
(Beijing), are presented in Table 1. The three samples share
similar compositions with SiO, of 47.41-48.76 wt%, MgO of

6.86-7.90 wt%, total Fe,Os; of 12.56-16.01 wt%, CaO of

10.68-12.64 wt%, and Mg” of 46-52.

3.2 Petrography and Mineral Compositions
Mineral compositions were analyzed at the Laboratory of
Orogenic Belt and Crustal Evolution of Peking University,
China, using a JXA-8100 electron microprobe analyzer (EPM;
JEOL). The analyses were conducted under operating conditions
of 15KV accelerating voltage and 10 nA probe current with a
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TABLE 3 | Selected microprobe analyses for samples YC8-43 and JD1546.

Mineral YC8-43 JD1546

Cpx-1 Opx Amp Pl-1-c Pl-1-r Cpx-2 Grt-c Grt-r Pl-2-¢c  Pl-2-r Cpx Grt-c  Grt-r Amp

SiO, 51.01 5129 4159  54.31 57.23 52.06 36.83 3872 6124 59.09 5199 3836 37.69 42.23
TiO2 0.22 0.03 2.29 0.06 - 0.20 - 0.09 0.07 0.05 0.25 0.06 0.10 2.07
Al,O3 3.21 2.33 12.61 29.59 27.46 2.72 20.43 20.09 2435  25.03 3.63 20.30 20.32 12.42
Cr,03 - 0.02 0.03 - - 0.17 - 0.06 0.04 0.04 0.04 - - 0.02

Fe203 2.89 1.75 1.89 0.17 0.14 1.52 4.72 0.84 0.09 0.39 1.7 217 3.00 2.10
FeO 9.07 23.34  13.32 - - 8.06 21.02 2547 - - 9.67 2329 2391 13.50

MnO 0.26 1.08 0.04 - - 0.17 1.12 1.23 - 0.05 0.09 1.21 1.26 0.09
MgO 12.24 2026 11.22 - - 12.34 5.45 5.81 0.02 0.05 11.83 5.11 573  11.11
Ca0 20.41 0.56 11.68  12.08 9.58 21.90 9.50 7.22 5.97 6.96 20.82 9.47 735 1147
Na,O 0.84 0.02 1.69 4.64 6.04 0.89 - - 8.44 7.61 1.05 0.03 0.06 1.61

Ko0 0.00 0.00 1.71 0.24 0.27 - - 0.02 0.25 0.27 - - 0.02 1.72
Total 99.86 100.50 97.78 101.04 100.74 99.87 98.61 99.46 100.47 99.54 100.91 99.79 99.14 98.13
O 6 6 23 8 8 6 12 12 8 8 6 12 12 23

Si 1.913 1.924 6.206  2.430 2.551 1.943 2909 3.040 2713 2.654 1.927  3.000 2968 6.274
Ti 0.006 - 0.257 - - 0.006 - 0.005  0.002 0.002  0.007 0.004 0.006 0.231
Al 0.142 0.103 2218  1.561 1.443 0120 1902 1.859 1.272 1326 0.169 1871 1.886 2175
Cr - - 0.004 - - 0.005 - 0.004 - - - - - 0.002
Fe* 0.081 0.049 0212  0.006 0.005 0.042 0279 0.049 0.003 0.013 0048 0.128 0.178 0.235
Fe?* 0.284 0.732  1.662 - - 0252 1.389 1.672 - - 0.300 15283 15756 1.677
Mn 0.008 0.034  0.005 - - 0.005 0.075 0.082 - 0.002  0.0083 0.080 0.084 0.011
Mg 0.684 1132 2495 - - 0.687 0.641 0.680  0.001 0.003 0.653 0.596 0.672 2.460
Ca 0.820 0.023 1852 0.577 0.457 0.876 0.804 0.607 0283 033 0827 0.793 0620 1.826
Na 0.061 0.002  0.489  0.403 0.522 0.064 - - 0.725 0.663 0.075 0.005 0.009 0.464
K 0.000 0.000 0326 0.014 0.015 - - 0.002 0.014 0.015 - - 0.002 0.326

X(phase) 0.71 0.61 0.60 0.58 0.46 0.78 0.22 0.22 0.28 0.33 0.69 0.20 0.23 0.59

Y(phase) 0.28 0.20 0.27 0.21

X(Grt) = Xp, = Mg/(Fe** +Mg + Ca + Mn); Y(Grt) = Xgrs = Ca/(Fé®*+Mg + Ca + Mn); others are as in Table 2.

Pl-c

61.60

24.42
0.04
0.09

0.04
5.79
8.47
0.30
100.77
2.720
1.271

0.003

0.274
0.725
0.017

0.27

Pl-r

60.03

25.73
0.03
0.16

0.03
7.05
7.43
0.21
100.67
2.658
1.343

0.005

0.334
0.638
0.012

0.34

Cpx-2, Opx-2, Amp-2, PI-2, and quartz along the margin of Amp-1 and PI-1.

FIGURE 3 | Photomicrographs of sample JD15120. (A,B) Coexistence of medium-grained Cpx-1, Opx-1, PI-1, Amp-1, and ilmenite. (C,D) Vermicular minerals of
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amounts of quartz and biotite.

FIGURE 4 | Photomicrographs of samples YC8-43 and JD1546: (A) Large-scale photograph showing mineral relations that medium-grained orthopyroxene, Cpx-
1, PI-1, and amphibole are overprinted by fine-grained garnet, Cpx-2, PI-2, and quartz in YC8-43; (B,C) poikilitic garnet with worm-like quartz inclusions occurring with
fine-grained Cpx-2 and PI-2 around medium-grained Cpx-1 and orthopyroxene in YC8-43; (D) garnet occurring as “red-eye pocket” separating Cpx-1 from PI-1in YC8-
43; and (E,F) photomicrographs of the sample JD1546 showing the coexistence of fine-grained garnet, clinopyroxene, amphibole, and plagioclase with minor

beam diameter of 2 um. Natural and synthetic minerals of the SPI
Company were used for standardization. Representative mineral
analyses are listed in Tables 2, 3. Photomicrographs are shown in
Figures 3, 4.

Sample JD15120 is a two-pyroxene granulite with a weak
foliation, comprising mostly clinopyroxene (25 vol%),
orthopyroxene (15vol%), amphibole (27 vol%), plagioclase
(30 vol%), and minor amounts of biotite, quartz, and ilmenite.
It shows overall equigranular texture, where the fine-to medium-
grained (0.2-1.0mm across) clinopyroxene, orthopyroxene,
amphibole, and plagioclase directly contact with each other
(hereafter Cpx-1, Opx-1, Amp-1, and PIl-1, respectively)
(Figures 3A,B). Amp-1 can also occur surrounding or
replacing clinopyroxene at rims, suggesting later growth
(Figure 3B). Occasionally, there are vermiform minerals of
<0.1 mm, including clinopyroxene, orthopyroxene, amphibole,
and plagioclase (hereafter Cpx-2, Opx-2, Amp-2, and Pl-2
respectively), occurring as coronae around Amp-1 or along the

boundary between Amp-1 and Pl-1 (Figures 3C,D).
Clinopyroxene (Cpx-1 and Cpx-2) shows similar diopsidic
compositions with En [ = Mg/(Ca + Mg + Fe?*)] of 0.36-0.39,
Fs [ = Fe’*/(Ca + Mg + Fe*")] 0f 0.12-0.16, Wo [ = Ca/(Ca + Mg +
Fe?*)] of 0.46-0.49, and Xy [ = Mg/(Mg + Fe?*)] of 0.68-0.76
(Morimoto 1988), but Cpx-1 occasionally has exsolution lamellae
of ilmenite in the core. Orthopyroxene (both Opx-1 and Opx-2)
has composition of hypersthene with En of 0.52-0.57, Fs of
0.42-0.47, Wo of ~0.01, and Xpy of 0.52-0.67 (Morimoto
1988). Amphibole (Amp-1 and Amp-2) has similar
composition of pargasite involving K,O of 1.45-1.82 wt%, Cag
= 1.76-1.89, (Na + K)5 = 0.56-0.73, Si = 6.29-6.39, and Xy, =
0.52-0.63 (Leake et al., 2003), but higher Ti of 0.18-0.28 p. f.u. in
Amp-1 and lower Ti of 0.10-0.14 p. fu. in Amp-2. Plagioclase
commonly has cuspate boundaries. Pl-1 has chemical zonation
with a constant X, ,, = Ca/(Ca + Na + K)] 0of 0.39-0.41 in the core
but outward decreasing to 0.34-0.36 in the rim (Figure 5A), while
P1-2 shows slightly lower X,, of 0.35-0.39. A few biotite flakes
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FIGURE 5 | Composition zoning profiles for plagioclase in JD15120 (A), YC8-43 (B), and JD1546 (C), and for garnet in YC8-43 (D) and JD1546 (E).

occur around Amp-1 or Cpx-1, suggesting their later growth.
Additionally, ilmenite occurs as anhedral grains, and minor
amounts of quartz exhibit as irregular shapes coexisting with
the rim of P1-1, or as vermiform grains in coronae. On the basis of
the mineral relations and compositions, two generations of
assemblage can be inferred for the sample. The first generation
comprises the fine-to-medium-grained minerals that include the
peak and final stages. The peak assemblage is featured with the
coexistence of Cpx-1, Opx-1, Amp-1, PI-1, and ilmenite, while the
final assemblage is characterized by the re-growth of Amp-1 and
Pl-1 and the emergence of biotite and quartz. The second
generation of assemblage consists of the vermiform minerals
of Cpx-2, Opx-2, Amp-2, P1-2, and Qz in the coronae mostly
around Amp-1.

Sample YC8-43 is a garnet-bearing two-pyroxene granulite,
comprising clinopyroxene (20 vol%), orthopyroxene (17 vol%),
garnet (15vol%), amphibole (15vol%), plagioclase (30 vol%),
ilmenite (3 vol%), and minor amounts of quartz, biotite, and
rutile (Figures 4A-D). Clinopyroxene occur either as subhedral
to anhedral grains of 0.3-1.2 mm in contact with orthopyroxene
(hereafter Cpx-1), or as irregular grains of <0.2 mm coexisting
with garnet (hereafter Cpx-2). Both of the two types have similar
diopsidic compositions with En of 0.36-0.38, Fs of 0.14-0.17, Wo
of 046-048, and Xy, of 0.67-0.73 (Morimoto 1988).
Orthopyroxene shows as anhedral grains of 0.3-1.8 mm and
has hypersthene compositions, containing En of 0.60-0.63, Fs
of 0.37-0.39, Wo of ~0.01, and Xy of 0.61-0.63 (Morimoto

1988). Plagioclase is subdivided into tabular grains of 0.3-1.5 mm
in diameter (Pl-1) or irregular grains of <0.3 mm (PI-2). PI-1
mostly contacts to Cpx-1, orthopyroxene and amphibole, but
occasionally be separated from pyroxenes by garnet (Figures
4C,D). It exhibits core-to-rim zoning with X,,, decreasing from
0.56 to 0.59 in the core to 0.38-0.47 in the rim (Figure 5B). P1-2
occurs with garnet and Cpx-2, exhibiting core to rim zoning with
increasing X,, from 028 to 0.34 (Figure 5B). Garnet is
0.2-0.5 mm poikilitic grains with numerous quartz inclusions
(Figures 4B-D). It occurs alone or with Cpx-2 surrounding Cpx-
1 and/or orthopyroxene, forming “red-eye socket” textures to
separate Cpx-1 and orthopyroxene from PI-1 (Figures 4C,D; Wei
et al,, 2014). It has almost constant Xp, [= Mg/(Ca + Mg +
Fe**+Mn), defined accordingly for other components] mostly of
0.21-0.23 (with a maximum of 0.25) and X of ~0.03, but shows
core-to-rim increasing Xaj, (0.48—0.56) and decreasing Xg,s
(0.28—0.20) (Figure 5D). Amphibole is mostly anhedral grains
with sizes of 0.2-0.8 mm directly contacting to pyroxenes, or
irregular shapes surrounding Cpx-1, showing later growth. It has
pargasite compositions (Leake et al., 2003) involving K,O of
1.53-1.71 wt%, Cap = 1.83-1.85, (Na + K), = 0.60-0.73, Si =
6.21-6.37, Ti = 0.24-0.26 p. f.u. and Xy;g = 0.55-0.60 (Yang and
Wei 2017a). Biotite occurs around amphibole, indicating their
later growth. Ilmenite is irregular grains among minerals or as
rounded grains within Cpx-1. It can also be included in garnet.
Minor amounts of rutile occur as inclusions in garnet. Quartz
occurs as interstitial grains among minerals, or as vermicular

Frontiers in Earth Science

www.frontiersin.org 122

May 2022 | Volume 10 | Article 894353


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Liu et al.

inclusions in garnet. Based on petrological observations and
mineral compositions, two generations of mineral assemblage
can be inferred. The first generation is recognized to involve final
and peak stages. The peak stage is marked by the coexistence of
Cpx-1, orthopyroxene, Pl-1, amphibole, and ilmenite, while the
final is featured with the growth of biotite and quartz. The second
generation is characterized by the coexistence of poikilitic garnet,
Cpx-2, P1-2, quartz, and rutile.

Sample JD1546 is a garnet-clinopyroxene granulite, consisting
of clinopyroxene (30 vol%), garnet (23 vol%), amphibole (17 vol
%), plagioclase (28 vol%), ilmenite (2 vol%), and minor amounts
of quartz and biotite (Figures 4E,F). The sample has an
equigranular texture with grain sizes mostly of 0.1-0.5 mm,
except for a few larger-sized clinopyroxene grains of
1.0-1.5mm. Clinopyroxene has diopsidic compositions with
En of 0.37-0.40, Fs of 0.12-0.17, Wo of 0.43-0.50, and Xy of
0.69-0.77 (Morimoto 1988). Plagioclase is anhedral, and exhibits
core-to-rim zoning with increasing X,, from 0.27 to 0.35
(Figure 5C). Garnet occurs normally with clinopyroxene or as
“red-eye socket” textures around clinopyroxene. It exhibits core-
to-rim decreasing X, of 0.27—0.21 and increasing Xy, of
0.50—0.55, but contains almost constant Xp, of 0.20-0.23 and
Xgps of ~0.03 (Figure 5E). Amphibole is mostly irregular grains
with cuspate boundaries, and has pargasite compositions with
K,0 0f 1.72-1.92 wt%, Cap = 1.78-1.83, (Na + K) 5 = 0.63-0.68, Si
= 6.16-6.27, Ti = 0.20-0.23 p. fu,, and Xy, = 0.59-0.63 (Leake
et al., 2003). Minor amounts of biotite display as irregular flakes
or sticks around amphibole or clinopyroxene, suggesting their
later formation. Quartz mostly occurs as interstitial grains among
other minerals. Ilmenite and rutile occur as irregular grains or as
inclusions in garnet. Based on the aforementioned textural
relations, the peak assemblage is inferred to involve
clinopyroxene, garnet, amphibole, plagioclase, and rutile, and
the later growth of amphibole and biotite may represent the post-
peak evolution. Presence of the larger-sized clinopyroxene might
represent the relicts from an earlier metamorphism.

4 METAMORPHIC P-T CONDITIONS

Pseudosection modeling for these samples was conducted using
THERMOCALC 350 and the internally consistent
thermodynamic dataset of Holland and Powell (2011) update
(ds62) in the system NCKFMASHTO
(Nazo—CaO—Kzo—FeO—MgO—Ale3—SiOz—HZO—TiOZ—FezO3).
Mixing models are those presented for garnet, orthopyroxene,
and biotite (White et al., 2014), melt, clinopyroxene, and
amphibole (Green et al, 2016), plagioclase (Holland and
Powell 2003), and ilmenite (White et al., 2000). Among these
models, amphibole model “hb” and clinopyroxene model “aug”
were used because they are suit for clinoamphibole including
pargasite, and for high-temperature clinopyroxene, respectively.
As JD15120 and JD1546 are overall homogeneous, the analyzed
bulk-rock compositions were used for the phase equilibria
modeling. Whereas for YC8-43, the first generation of
assemblages was modeled using the analyzed composition, and
the second generation of assemblages was calculated based on an
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effective composition, generated on the basis of mass balance by
integrating modal abundance and compositions of relevant
minerals together (Carson et al., 1999). The H,O contents and
O (Fe,053) values used in the modeling was defined using T-M
(H,O) and T-M(O) diagrams (e.g., Korhonen et al, 2011;
Korhonen et al., 2012). Compositions used for modeling are
presented in Table 1.

4.1 Sample JD15120

The P-T pseudosection for sample JD15120 was drawn within a
P-T range of 4-10 kbar and 700-1,100°C (Figure 6A), contoured
with isopleths of X4, in plagioclase and Ti in amphibole. The
fluid-absent solidus occurs at temperatures of 830-900°C. The
inferred peak assemblage involving medium-grained Cpx-1,
Opx-1, PlI-1, Amph-1, and ilmenite is constrained under a
large P-T condition of <8.5kbar/900-1,010°C, limited by the
garnet-in curve on the high-P limit, and biotite-in and
orthopyroxene-out curves on the low- and high-T limits. The
maximum X, of 0.39-0.41 in the core of Pl-1 is plotted in the
peak field and constrains a precise peak condition of 7.5-8.5 kbar/
940-960°C with a temperature uncertainty of ~6°C (two-sigma
level) calculated using THERMOCALC. It needs to be mentioned
that this uncertainty should be considered as a minimum because
it is propagated from the uncertainty on the enthalpy alone and
does not include other sources of uncertainty. The post-peak
decompressional cooling is driven by the reaction Cpx + Ilm + Liq
= Opx + Pl + Amp + Bt, responsible for later growth of biotite and
Amp-1, and also the outward decreasing X,, in Pl-1. The
measured maximum Ti of 0.28 in Amp-1 is plotted in the
biotite-present field, yielding temperatures of >910°C, whereas
the lower Ti values were plotted in the sub-solidus fields.
However, the observed final assemblage marked by the
presence of quartz does not occur in Figure 6A, probably
because the residual melts that produced the final assemblage
were locally segregated and not completely equilibrated with
other minerals. Therefore, we calculated a T-M (melt)
pseudosection at 7 kbar by adding more melts in the final
mineral assemblage on Figure 6A. As shown in Figure 6B,
the fluid-absent solidus occurs at lower temperatures as the
melt modes increase, and the quartz-present final assemblage
appears at ~810°C on the solidus with the melt modes of
10-20 mol%. This field is well consistent with the measured
Xan of 0.34-0.36 in the rim of Pl-1. Moreover, the measured
lower Ti values in amphibole can also plot in the suprasolidus
fields. Therefore, a post-peak decompressional cooling process
from the peak condition of 7.5-8.5 kbar/940-960°C to the final
condition of ~7kbar/~810°C can be well constrained for
JD15120.

4.2 Sample YC8-43

The P-T pseudosection for the first-generation of assemblages in
YC8-43 was drawn within a P-T range of 4-10kbar and
750-1,000°C (Figure 7A), contoured with isopleths of X4, in
plagioclase and Ti in amphibole. The fluid-absent solidus occurs
at temperatures of 860-890°C. The observed peak assemblage
involving medium-grained Cpx-1, orthopyroxene, PI-1,
amphibole, and ilmenite is constrained under a large P-T
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the cooling evolution. Similar to JD15120, the quartz-present
final assemblage and the measured X,,, of 0.38-0.47 in the rim of
Pl-1 do not occur in the pseudosection, as a result of local
segregation of residual melts. This can be solved using an
alternative pseudosection as in Figure 6B.

The second-generation of assemblages is modeled over a P-T
range of 7-13 kbar and 800-900°C (Figure 7B), countered with
the isopleths of X, in garnet and X, , in plagioclase. The inferred
peak assemblage including garnet, Cpx-2, Pl-2, amphibole,
quartz, and rutile occurs within a large P-T of >11 kbar/
810-880°C, constrained by the rutile-out curve in the low-P
limit, and the liquid-out and amphibole-out curves in the low-
and high-T limits. The measured maximum Xg, of 0.28 in the
garnet core and the minimum Xy, of 0.28 in the P1-2 core yield a
precise peak condition of ~12kbar/860°C within the peak
assemblage field with uncertainties of ~1.6 kbar and ~22°C
(two-sigma level). The post-peak decompression is dominated
by the reaction of Grt + Cpx + Qz + Liq = Amp + P, responsible
for the formation of outward increasing X4, in Pl-2 but
decreasing X¢,s in garnet.

4.3 Sample JD1546

The P-T pseudosection for the sample JD1546 was calculated
within a P-T range of 7-14 kbar and 750-950°C (Figure 8),
contoured with isopleths of Xp, and Xg, in garnet and X,, in
plagioclase. The observed peak assemblage involving garnet,
clinopyroxene, amphibole, plagioclase, and rutile is constrained
under a P-T condition of >10.5 kbar/820-870°C, constrained by
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the rutile-out curve on the low-P limit, and the K-feldspar-in and
amphibole-out curves on the low- and high-T limits. The
measured maximum Xg,s of 0.27 in the core of garnet and the
minimum Xy, of 0.27 in the core of plagioclase are plotted to
yield a precise peak condition at ~12.6 kbar and ~835°C in the
peak assemblage field with uncertainties of ~0.6 kbar and ~20°C
(two-sigma level). This is almost consistent with the temperature
defined by the measured maximum Xp, of 0.23 in garnet. The
post-peak decompression is dominated by the reaction of Grt +
Cpx + Qz + Liq = Amp + Pl + Bt, in accordance with the outward
increasing X, in plagioclase but decreasing Xg,, in garnet, and
also responsible for the later growth of amphibole and biotite.

5 ZIRCON DATING

Zircon grains from the samples JD15120 (two-pyroxene
granulite) and JD1546 (garnet clinopyroxene granulite) were
separated by conventional heavy liquid and magnetic
separation followed by hand-picking under a binocular
microscope. Selected grains were mounted in an epoxy resin,
polished down to expose the grain centers, photographed in
transmitted and reflected light, and imaged using cathode
luminescence (CL). CL imaging was conducted at Peking
University on a FEI PHILIPS XL30 SFEG SEM with 2-min
scanning time under the condition of 15kV and 120 pA. The
zircon LA-ICP-MS U-Pb isotopic analyses were performed at
Peking University using an Agilent 7500c ICP-MS system
connected with a 193nm ArF excimer laser system
(COMPexPro 102) with the automatic positioning system.
Zircon 91,500 was used as the standard and the standard
silicate glass NIST was used to optimize the machine
(Wiedenbeck et al, 1995; Wiedenbeck et al, 2004). The
concentration of U, Th, and Pb elements were calibrated using
*%Si as an internal calibrant and NIST 610 as an external reference
standard. **’Pb/**°Pb, *°°Pb/***U, and **’Pb/**°U ratios and
apparent ages were calculated using the GLITTER 4.4 (Van
Achterbergh et al., 2001; Griffin 2008). The age calculations
and plotting of concordia diagrams were carried out using
ISOPLOT 3.0 (Ludwig 2003). Analyses described as
“concordant” refer to <10% discordance. The results are
presented in Supplementary Tables S1, S2.

Zircon grains in the sample JD15120 are mostly oval or round
in shape and have sizes of 30-150 um with length/width ratios of
1:1-2:1 (Figure 9A). Two groups can be recognized based on
their appearances on CL images. Group-1 grains are mostly dim
in their luminescence and have a sector, patchy, or fir-tree zones.
Group-2 zircons have clear core-rim structures, where the grain
cores show similar features with the group-1 zircons, and the
rims, mostly 3-20 um across, are gray in color and have
structureless zones. We have conducted only 25 analyses on
25 group-1 grains or group-2 zircon cores, as the rims of
group-2 zircons are much smaller than the diameter of the
beam spot. The results yield apparent **’Pb/*°°Pb ages from
2529 + 31 to 2447 + 53 Ma. Most of the analyses were plotted on
or close to the concordia curve in Figure 9B and define an upper
intersect age of 2490 + 19 Ma (MSWD = 0.21), with a weighted
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FIGURE 9 | (A) Cathodoluminescence (CL) images of selected zircons from the sample JD15120. Solid circles show the inner positions of LA-ICP-MS analytical
sites with their identification numbers as in Supplementary Table S1. (B) U-Pb isotopic age distributions of analyzed zircons. (C) Chondrite-normalized REE patterns

Chondrite-normalized REE patterns

mean age of 2488 + 10 Ma (MSWD = 0.38). These zircons were
analyzed to have the Th/U ratios of mostly 0.11-1.49, with only
one outlier of 3.18. They show left inclined REE patterns with
high (Lu/Gd)y of 25.97-100.00, and exhibit positive Ce
anomalies (Ce/Ce* = 11.95-101.29), and mostly negative Eu
anomalies (Ew/Eu* = 0.20-1.00) (Figure 9C). They are
considered to grow from metamorphic melts (Rubatto 2002;
Wan et al., 2011).

Zircons in the sample JD1546 are mostly rounded with size
range within 20-150 pm and length/width ratios of 1:1-2:1
(Figure 10A). They can be subdivided into three groups based
on their appearances on CL images. The group-1 zircons are
mostly bright in their luminescence and have blurred oscillatory
or sector zones. The group-2 accounts for the majority of zircons,
and the grains are significantly coarse with sizes of mostly >80 pm
and have clear core-rim structures. The grain cores are mostly
dim in luminescence and have patchy or sector zones, while the
rims are 5-30 pm wide with gray luminescence and structureless
zones. The group-3 is rare and small with sizes of <40 pm,
featured with dark or gray luminescence and structureless
zones. Five analyses were obtained on five group-1 zircons
with apparent **’Pb/**°Pb ages from 2522 + 22 to 2607 +
20 Ma (Figure 10B). These zircons show the Th/U ratios of
0.35-0.49 and exhibit left inclined REE patterns with (Lu/Gd)y of
17.24-32.22, positive Ce anomalies (Ce/Ce* = 9.95-17.33), and
negative Eu anomalies (Eu/Eu* = 0.20-0.67) on the chondrite-

normalized REE patterns (Figure 10C). They are considered to be
captured zircons of mafic magma. Twenty-seven analyses were
conducted on 27 group-2 zircon cores and yielded apparent
*7Pb/**°Pb ages ranging from 2465 + 9 to 2526 + 11 Ma.
These results were plotted on or close to the concordia curve
in Figure 10B and defined an upper intersect age of 2494 + 18 Ma
(MSWD = 0.18), with a weighted mean age of 2494 + 5Ma
(MSWD = 1.5). These zircons have the Th/U ratios of mostly
0.24-0.38 with an outlier of 0.13. On the chondrite-normalized
REE patterns, they display left inclined REE patterns with (Lu/
Gd)y of 10.45-131.68, positive Ce anomalies (Ce/Ce* =
2.04-29.25), and positive or negative Eu anomalies (Eu/Eu* =
0.28-2.12) (Figure 10C). These zircons were considered to have a
metamorphic origin (Corfu et al., 2003). The group-2 zircon rims
are smaller than the beam diameter and cannot be analyzed. Only
two analyses were obtained on two group-3 zircons. One grain
(#12) has apparent *”Pb/*°Pb age of 1784 + 20Ma
(Figure 10B). It has a low Th/U ratio of 0.07 than other
zircons and displays significantly low total REE values, flat
HREE pattern with (Lu/Gd)y of 21.34, positive Ce anomalies
(Ce/Ce* = 5.77), and negative Eu anomalies (Eu/Eu* = 0.81)
(Figure 10C). It is considered to be metamorphic zircons that
coexist with garnet (Rubatto 2002). The other grain (#7) has an
apparent **’Pb/>*°Pb age of 1922 + 26 Ma (Figure 10B) and the
Th/U ratio of 0.30. As it has a flat HREE pattern situated between
the REE patterns of group-2 zircon cores and #12 zircon
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FIGURE 10 | (A) Cathodoluminescence (CL) images of selected zircons from the sample JD1546. Solid circles show the inner positions of LA-ICP-MS analytical
sites with their identification numbers as in Supplementary Table S2. (B) U-Pb isotopic age distributions of analyzed zircons. (C) Chondrite-normalized REE patterns

(Sun and McDonough 1989).

(Figure 10C); we considered that its result would be a mixture of
two ages.

6 DISCUSSION

6.1 Metamorphic Evolution of Mafic

Granulites

Based on the petrological observations and phase equilibria
modeling, two-episode metamorphism can be referred from
mafic  granulites including the fist-episode = UHT
metamorphism and the later overprinting metamorphism.

6.1.1 The First-Episode Ultrahigh Temperature
Metamorphism

The first-episode metamorphism is inferred in the samples
JD15120 and YC8-43, suggesting a P-T path involving UHT
peak conditions and post-peak decompressional cooling under
normal granulite-facies conditions. The peak assemblage in both
samples is inferred to consist of fine-to-medium-grained
clinopyroxene, orthopyroxene, amphibole, plagioclase, and
ilmenite. The peak conditions were constrained to be
940-960°C at 7.5-8.5kbar for the sample JD15120 and
950-990°C at 8 kbar for the sample YC8-43, on the basis of
the stability of the peak assemblages in P-T pseudosections and
contours of the measured maximum X,, in the core of

plagioclase (Figures 6A, 7A). The post-peak evolution is
inferred to be dominated by cooling with decompression,
which is supported by the later growth of amphibole and
biotite, the measured core-to-rim decreasing X,, in plagioclase
(Figures 5A,B), and the measured Ti in amphibole (Figures 6A,
7A). For both of the samples, the observed quartz- and biotite-
present final assemblages may represent local segregation of
residual melts, and thus, record lower-temperature solidi
(~810°C/7 kbar for JD15120 in Figure 6B) than those modeled
in the P-T pseudosections in Figures 6A, 7A. The peak UHT
conditions are consistent with the REE-based geothermometric
results of 948-1,031°C from Yang and Wei (2017a), which are
much higher than conventional Cpx-Opx Fe-Mg exchange
geothermometric results of 756-940°C (He and Ye 1992; Chen
and Li 1996; Zhao et al., 1999; Yang and Wei 2017a). These
suggest that both the X,, in plagioclase cores and REEs in
pyroxenes have high potential for recording the peak
temperatures for UHT granulites (Cherniak and Dimanov
2010; Liang et al, 2013; Li and Wei 2016). However,
conventional Fe-Mg exchange geothermometers are most
likely to record the closure of Fe-Mg diffusion between
minerals, with temperatures even lower than the solidus
recorded by the quartz-present final assemblages.

Similar UHT peak conditions with post-peak cooling and
decompression processes to normal granulite-facies were
recovered in mafic and pelitic or greywacke granulites from
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FIGURE 11 | Summarized P-T conditions and paths for granulites from

the East Hebei terrane. Thick arrows represent P-T paths under peak P-T
conditions in this study. The P-T paths from literatures are D15, from Duan
et al. (2015); D17, from Duan et al. (2017); YW17, from Yang and Wei
(2017a); W18, from Wang et al. (2018); LW18, from Liu and Wei (2018);
LW20-G, path of meta-greywacke rock from Liu and Wei (2020); L20, from Lu
and Wei (2020); and L21, from Liu et al. (2021). Mineral stabilities: Amp-out
(WW) and Amp-out (SD) lines from the experiments of Wyllie and Wolf (1993)
and Sen and Dunn (1994); Grt-in (WW) line is after Wyllie and Wolf (1993). The
wet solidus of mafic rocks is after Lambert and Wyllie (1972) and the dry
solidus of granodiorite is cited from Robertson and Wyllie (1971). The
transition lines of Al,SiOs are calculated by THERMOCALC. The
abbreviations: NG—‘normal’ granulite; UHTG — ultrahigh-temperature
granulite; EHPG —eclogite-high-pressure granulite.

the East Hebei terrane (Duan et al., 2017; Liu and Wei 2018; Liu
and Wei 2020; Liu et al., 2021; Figure 11). In these granulites, pre-
peak up-P processes can be inferred on the basis of 1) high-X,,
plagioclase, spinel, or cordierite inclusions in garnet from pelitic
granulites (Duan et al., 2017; Liu and Wei 2020; Liu et al., 2021),
2) orthopyroxene giving way to garnet in greywacke granulites
(Liu and Wei 2020), and 3) rounded magnetite-ilmenite
inclusions in clinopyroxene from mafic granulites (Liu and
Wei 2018), suggesting anticlockwise P-T paths (Figure 11).

6.1.2 The Overprinting Metamorphism

The overprinting metamorphism is recognized in all of the mafic
granulites, but exhibits varying textures. In the sample JD15120
from the Taipingzhai ovoid-structural domain, the overprinting
assemblages comprise tiny-grained clinopyroxene,
orthopyroxene, plagioclase, amphibole, and quartz that
occurred as vermicular coronae between medium-grained
amphibole and plagioclase. In the sample YC8-43 from the
central Sahegiao linear-structural belt, poikilitic garnet occurs
as coronae or “red-eye sockets,” or aggregates with tiny-grained
clinopyroxene, plagioclase, amphibole, rutile, and quartz around
the previous two-pyroxenes. Whereas in the sample JD1546 that
from the west Saheqiao linear-structural belt, poikilitic garnet-
bearing overprinting assemblages have completely replaced the
previous UHT assemblages except for a few relicts of medium-
grained clinopyroxene. The garnet-bearing assemblages are

Multiple Metamorphism in East Hebei

modeled to have peak P-T conditions of ~12 kbar/860°C for
YC8-43 and ~12.6 kbar/835°C for JD1546, based on the stability
of the peak assemblages in the P-T pseudosections, and the
isopleths of the maximum Xg, in garnet cores and the
minimum X,, in plagioclase cores (Figures 7B, 8). The peak
P-T conditions are consistent with the results of 10-14 kbar/
800-875°C calculated using REE- and major elements-based
geothermobarometers (Yang and Wei 2017a). Similar HP
granulite peak conditions of 9-11 kbar/~800°C and
12.5-12.8 kbar/880-900°C are also recovered in mafic
granulites from the Malanyu and Beidazhangzi areas in the
Saheqiao linear-structural belt (Wang et al., 2018; Lu and Wei
2020). Moreover, the overprinting assemblages in pelitic
granulites from the Taipingzhai domain were also constrained
to show peak conditions of 10-12 kbar/830-880°C, based on the
high Xg, of re-grown garnet (Duan et al., 2017). The post-peak
decompression processes are inferred on the basis of the outward
decreasing X, in garnet and increasing X, in plagioclase in this
study and also in other supracrustal rocks (Lu and Wei 2020) and
mafic dykes (Duan et al., 2015). In these research works, there are
a few coarse-grained plagioclase grains recording a core-to-
mantle decreasing X,, before the outward increasing X,, in
the rim, being considered to suggest prograde up-T and P
processes and clockwise P-T paths (Figure 11).

6.2 Significance of Zircon Ages

Most metamorphic zircons from the samples JD15120 and
JD1546 yielded ages of 2488 + 10 Ma (MSWD = 0.38) and
2494 + 5Ma (MSWD = 1.5), respectively, which are
considered to be related with the early-episode UHT
metamorphism. This is because that 1) the zircons with the
older ages are mostly large in size, round in shape, and have
high Th/U ratios, showing the features of zircons that grew from
metamorphic melts (Rubatto 2002; Wan et al., 2011); and 2) they
display left-inclined REE patterns with high (Lu/Gd)y values,
suggesting that no garnet was involved with the zircon growth
(Rubatto 2002). These features are consistent with the recovered
P-T evolution of the early-episode UHT metamorphism.
Moreover, the metamorphic ages are in accordance with the
Neoarchean metamorphic ages of 2.55-2.46 Ga with a peak at
~2.50 Ga from supracrustal rocks in the East Hebei terrane (e.g.,
Nutman et al., 2011) and even in other terranes of the NCC (e.g.,
Huang et al,, 2020).

Only one valid metamorphic age of 1784 + 20 Ma was
obtained from one zircon grain in the sample JD1546, which
may correspond to the HP granulite-facies overprinting because
that 1) the zircon is small in shape, dark in CL image, and has low
Th/U ratio of 0.07, being consistent with zircons that from
metamorphic fluid (Rubatto 2002; Wan et al., 2011); and 2) it
displays the HREE-flat REE pattern with a low (Lu/Gd)y value,
suggesting its equilibrium with garnet (Rubatto 2002). This age is
consistent with the Lu-Hf garnet-whole rock isochron age of
1.77-1.79 Ga in similar granulites from the Saheqiao linear-
structural belt (Yang and Wei 2017b). It is worthy to mention
that the age of the HP granulite-facies overprinting had well dated
to occur at 1.81-1.82 Ga from metabasic dykes (Duan et al., 2015)
and other HP granulites (Yang and Wei 2017b; Lu and Wei 2020).
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Note that although sample JD1546 is almost completely
modified by HP granulite assemblages, its metamorphic
zircons are mostly formed during the late Neoarchean UHT
metamorphism. This suggests that zircons are more resistant than
the major minerals during the lower-temperature overprinting on
the higher-temperature UHT granulites. Therefore, it should be
careful in linking the metamorphic assemblages with ages,
especially for the rocks that have underwent multi-episode
metamorphism.

6.3 Tectonic Implications

Two-episode metamorphism has been inferred in the East Hebei
terrane, including the late Neoarchean UHT metamorphism and
late Paleoproterozoic HP granulite-facies metamorphism, where
the first one is featured with anticlockwise P-T paths whereas the
latter one is marked by clockwise P-T paths (Figure 11). These
two different metamorphic processes may suggest distinct
tectonic settings.

6.3.1 Late Neoarchean Ultrahigh Temperature
Metamorphism

The late Neoarchean UHT metamorphism in the East Hebei
terrane may attribute from four tectonic models, including
amalgamation of microcontinental terranes (e.g., Zhai and
Santosh 2011), subduction-collision (e.g., Kusky et al., 2016; Liu
et al,, 2018), plume-related processes (e.g., Zhao et al., 1999; Geng
etal., 2006), and vertical tectonics (“drip tectonics” or “sagduction”;
e.g., Duan et al,, 2017; Liu and Wei 2018,; Liu and Wei 2020). The
Archean vertical tectonism is marked by mantle overturn and
crustal delamination in the mantle-crust scale and sagduction
within the crust (Johnson et al., 2014; Harris and Bédard 2014;
Bédard 2018). A sagduction process, including the diapirism of
granitoids and sinking of supracrustal rocks (e.g., Collins et al.,
1998; Van Kranendonk et al., 2004), is considered to be the most
possible mechanism that accounts for the formation of Archean
unique dome-and-keel structures (e.g., Collins et al., 1998; Lin
2005; Lin and Beakhouse 2013; Parmenter et al., 2006), and the
simultaneity between the metamorphism of supracrustal rocks and
their ambient TTG magmatic activity (Frangois et al., 2014). Thus,
a sagduction process is preferred to be responsible for the late
Neoarchean UHT metamorphism in the East Hebei terrane, based
on the following lines of evidence: 1) the Archean unique
dome-and-keel structures are well preserved (Figure 1), with
the Lulong-Shuangshanzi supracrustal belt distributed between
TTG domes and numerous supracrustal rafts within the domes; 2)
the determined metamorphic ages of 2.55-2.46 Ga with a peak at
~2.50 Ga are coeval with the final pulse of TTG magmatism that
ranging from 2.56 to 2.48 Ga with a peak at ~2.52 Ga (e.g.,, Wei
2018); and 3) near-vertical normal shear formed due to the
upwelling of Anziling dome with respect to the down-slipping
of the Lulong-Shuangshanzi supracrustal belt was inferred based
on sub-vertical textures including mineral lineations and “S”-type
folds in the Shuangshanzi shear zone (Liu et al., 2017; Zhao et al.,
2021). The counterclockwise P-T path in supracrustal rafts can be
interpreted in a sagduction process, where the supracrustal rocks
were heated first by the intrusion of high-temperature TTG
magmas, or more possibly, the mantle-derived magmas, and
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then dropped to magmas to reach the peak stage, and finally
cooled and uplifted during the doming processes.

6.3.2 Late Paleoproterozoic Metamorphism
The late Paleoproterozoic metamorphism is widely observed in
the NCC (e.g., Duan et al., 2015; Huang et al., 2016; Yang and Wei
2017b; Zou et al., 2022), and its tectonic setting has been
controversially debated. The prevalent view suggests a
successive collision model among the Archean blocks, forming
the Khondalite belt at ~1.95 Ga, the Jiao-Liao-]Ji belt at ~1.90 Ga,
and the TNCO at ~1.85 Ga (e.g., Zhao et al,, 2005; Zhao et al,,
2012). However, the final amalgamation of the NCC along TNCO
is argued to occur at ~1.95 Ga, and the dated age of ~1.85 Ga from
granulites is interpreted to be correlated with a separated within-
plate orogeny (Wei 2018; Qian et al, 2019). Another view
contests that there were cold oceanic subduction and collision
tectonics occurred in the north margin of the NCC (e.g., Kusky
et al, 2016). The oceanic subduction is limited within
1.92-1.85Ga and supported by the eclogite-facies
metamorphism in the Chicheng ophiolitic mélange (Zhang Y.
Y. et al,, 2020; Zhang et al,, 2021), and eclogite xenoliths with
superdeep majorite inclusions in the carbonatite from the
boundary between the Khondalite belt and TNCO (Xu et al.,
2017; Xu et al, 2018), while the collision may occur later at
1.85-1.80 Ga with the similar spatial distribution of the IMNHO,
between the NCC and a missing continent (Kusky et al., 2016) or
the southwestern margin of the Siberia Craton (Wu et al.,, 2018).
In this study, late Paleoproterozoic metamorphism was well
constrained in the East Hebei terrane, and it becomes weaker from
north to south. In the Saheqiao linear-structural belt, HP granulite
assemblages are well developed and stronger deformation had
mostly removed the Neoarchean fabrics (Yang and Wei 2017a;
Lu and Wei 2020; this article). In the Taipingzhai ovoid-structural
domain, the Archean domal structures are survived, and the
overprinting assemblages are limited in pelitic granulites with
the regrowth of garnet (Duan et al, 2017), and in mafic
granulites with the formation of vermicular coronae (Figures
3C,D), although good HP granulite assemblages are developed
in mafic dykes (Duan et al,, 2015). While in the Qian’an gneiss
dome, overprinting assemblages were reported from the
Caozhuang supracrustal rocks that are characterized by
staurolite-bearing assemblages of low-amphibolite facies (Liu
et al, 2020). Thus, the late Paleoproterozoic overprinting
metamorphism in the East Hebei terrane suggests a medium P/
T ratio at 1.78-1.82 Ga (Duan et al., 2015; Duan et al., 2017; Yang
and Wei 2017b; Lu and Wei 2020; this article). This is considered to
be correlated with intracontinental deformation that triggered by
the oceanic subduction-related continental collision in the
northern margin of the NCC. The collision event is also favored
by the ~1.89 Ga Barrovian-type metamorphism in the Kondalite
belt (Huang et al,, 2016), the ~1.84 Ga HP granulites from the
North Liaoning terrane (Duan et al, 2019), the 1.74-1.83 Ga
amphibolite-to-granulite-facies metamorphism in the Miyun
complex (He et al, 1993; Zhang H. C. G. et al, 2020; Zou
et al,, 2022), and the ~1.85 Ga within-plate metamorphism and
deformation in the Wutai-Hengshan region (Wei 2018; Qian et al,
2019).
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7 CONCLUSION

(1) Two-episode metamorphism can be recognized in mafic
granulites from the East Hebei terrane.

(2) The first-episode metamorphism is recovered under UHT
conditions of 940-990°C at 7.5-8.5kbar and post-peak
cooling with the decompression process to ~7 kbar/~810 °C.

(3) The second-episode overprinting metamorphism exhibits
varying textures in different samples. In garnet-bearing
samples, the overprinting assemblages show HP granulite-
facies peak conditions of 12-12.6 kbar/835-860°C, and post-
peak isothermal decompression to ~9 kbar.

(4) Zircon dating suggests two metamorphic ages of ~2.49 Ga
and ~1.78 Ga, being considered to be correlated with the
UHT and HP granulite metamorphism, respectively.

(5) The late Neoarchean UHT granulite metamorphism with a
thermal gradient of ~33°C/km may correlate a vertical
sagduction regime, whereas the late Paleoproterozoic HP
granulite metamorphism with a thermal gradient of
~20°C/km is favored to register the continental collision in
the northern margin of the North China Craton.
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Australia

The North Himalayan gneiss domes provide a window for looking into the deeper crust and
record abundant clues of continent collisional orogenesis. This study carried out detailed
petrology, in situ LA-ICP-MS biotite Rb—Sr dating, and phase equilibrium modeling on
garnet-staurolite-two-mica schist in the Ramba gneiss dome in order to constrain
metamorphic P-T evolution and the timing of metamorphism. A clock-wise P-T path,
involving an early prograde process that evolves from ~540°C at ~4.4 kbar to ~630°C at
~6.0 kbar, was constructed for garmnet—staurolite-two-mica schist in the Ramba gneiss
dome. In situ LA-ICP-MS biotite Rb—Sr analysis yielded two metamorphic ages of 37.17 +
5.66 and 5.27 = 3.10Ma, corresponding to the timing of retrograde cooling and the
cooling age of the dome following the thermal resetting by the emplacement of ca. 8 Ma
leucogranite pluton in the core of the dome, respectively. The peak metamorphism is
inferred to be older than ca. 37 Ma. Based on these results and the data previously
published, the garnet-staurolite-two-mica schist recorded the Eocene crustal thickening,
following the India—Asia collision and later the exhumation process.

Keywords: phase equilibrium modeling, P-T path, Ramba gneiss dome, E-W extension, northern Himalaya

INTRODUCTION

Gneiss domes are ubiquitous structures in exhumed orogens (Whitney et al, 2004). During
orogenesis, gneiss domes vertically transfer large volumes of deep-seated material into the upper
crustal level (Teyssier and Whitney, 2002; Rey et al., 2017) and, thus, provide a window to investigate
the orogenic process in the middle-to-lower crust. In addition, gneiss domes are often formed by the
superposition of several dome-forming mechanisms or in several different tectonic settings (Yin,
2004). Therefore, gneiss domes were used to investigate the fundamental orogenic process and
geodynamics of continental collision orogen, such as crustal thickening or shortening (Yin, 2006;
Smit et al.,, 2014; Ding et al., 2016a) and extension (Lister and Davis, 1989; Chen et al., 1990; Lee and
Whitehouse, 2007; Wang et al., 2018).

The Himalayan orogen, as the result of the ongoing collision between the Indian and Asian plates,
is one of the largest collisional orogens on the Earth (Figure 1), which played a central role in
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FIGURE 1 | Generalized geological map of the Himalayan orogen (modified from Wang et al., 2018). Abbreviations of metamorphic complexes: GT, Gangdese
thrust; GCT, Greater Counter thrust; GKT, Gyirong—-Kangmar thrust; STDS, south Tibetan detachment system; MCT, main central thrust; MBT, main boundary thrust.

understanding the continent-continent collisional orogenesis
(Yin and Harrison, 2000; Beaumont et al., 2001; Harris, 2007;
Searle et al., 2009; Palin et al., 2014; Wang et al., 2016). The
northern Himalayan belt is characterized by extension structures,
including the north Himalayan gneiss domes (NHGDs), the
south Tibet detachment system (STDS), and the north-south
trending rifts (NSTR) (Zhang et al., 2012). During the past few
decades, the formation mechanisms of the NHGD have been the
subject of intensive studies (Chen et al., 1990; Lee et al., 2000,
2004, 2006; Aoya et al., 2006; Quigley et al., 2008; Stearns et al.,
2013; Zhang et al., 2004, 2012; Ding et al., 2016a, b; Jessup et al.,
2019) as the NHGDs are the window to the middle-to-lower crust
in the northern Himalayan belt and are the key to understand not
only the tectonic evolution of the Himalayan orogen but also the
geodynamic processes within the middle-to-lower crust of
continent-continent collisional orogens. Different geodynamic
settings have been proposed to interpret the formation of the
NHGD, such as north-south extension with the top-to-north
movement along the STDS (Chen et al., 1990; Lee et al., 2000,
2004, 2006; Wang et al., 2018), diapirism of buoyant anatexis
(LeFort et al, 1987; Harrison et al, 1997), and east-west
extension related to the NSTR (Zhang and Guo, 2007; Zhang
et al., 2012; Fu et al,, 2016).

The Ramba gneiss dome, which is dominated by the top-to-E
shear structure, was considered to have been formed by the E-W
extension along the NSTR (Guo et al.,, 2008; Zhang et al., 2012).
However, due to the lack of metamorphic data for the Ramba
gneiss dome up to now, the similarities and differences of the
metamorphic P-T-t evolution between the Ramba gneiss dome
and other famous gneiss domes (the Mabja dome and the Yardoi
gneiss dome) are unclear.

In this article, the metamorphic P-T evolution and the timing
of metamorphism for garnet-staurolite-two-mica schist in the
Ramba gneiss dome were constrained, with the evidence from

detailed petrology, in situ LA-ICP-MS biotite Rb-Sr dating, and
phase equilibrium modeling. Based on these results, the tectonic
implications and the differences in metamorphic evolution
between the E-W and the N-S extensional North Himalayan
gneiss domes were discussed.

GEOLOGICAL SETTING AND SAMPLES

The Himalayan orogen includes the northern Himalayas and the
southern Himalayas, which are separated by the high crest line
(Yin, 2006). The STDS is a network of detachment faults,
juxtaposing the Tethys Himalayan sequences (THSs) in the
hanging wall over the Greater Himalayan Crystallines (GHC) in
the footwall (Searle and Godin, 2003; Zhang et al., 2012). The
southern Himalayas is composed of the GHC, the Lesser
Himalayan sequences (LHSs), and the Siwalik group (Zhang
et al, 2012; Figure 1). The GHC is characterized by the ca.
40-30 Ma high pressure (HP) granulite-facies rocks (Kohn and
Corrie, 2011; Regis et al., 2014; Iaccarino et al., 2015; Zhang et al.,
2015), the ca. 17-14 Ma granulitized eclogites (Wang Y. et al., 2017,
2021; Li et al.,, 2019; Zhang et al., 2021; Wu et al,, 2022), Barrovian
metamorphic belts (Wang et al., 2013, 2015; laccarino et al., 2017;
Shrestha et al., 2017), and abundant ca. 33-7 Ma leucogranites
(Searle et al., 1999; Searle and Godin, 2003; Wu et al., 2015 and
references therein; Gou et al., 2016; Hopkinson et al,, 2017; Liu
et al,, 2022a). It underwent a long-lived partial melting from ca. 40
to 8 Ma (e.g., Wang et al.,, 2013, 2015, Wang et al, 2017 J.-M,
Zhang et al., 2015; Tian et al., 2019; Liu et al., 2022b). Within the
GHC, tectono-metamorphic discontinuities have been recognized
in the recent decade (Wang et al., 2016, and references therein).

The northern Himalayan belt is dominated by the THS,
consisting of unmetamorphosed to low-grade metasedimentary
rocks (Zhang et al., 2012; Figure 1). This belt is characterized by
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the NHGD cored by granite plutons (Zhang et al., 2012) and the
crystallization ages of granites or leucogranites in the northern
Himalayan belt ranging from ca. 48 to 8 Ma (Aikman et al., 2008;
Zhang et al., 2012; Liu et al.,, 2014; Zeng et al., 2011; Gao et al,,
2012; Wu et al., 2015; Zeng and Gao, 2017 and references). The
dome geometry at the Mabja gneiss dome was formed by middle-
Miocene southward-directed thrust faulting upward and
southward, which are similar to those of the Kangmar dome
(Lee et al., 2000, 2004, 2006). The peak metamorphic condition of
the migmatite sample from the sillimanite-zone in the Mabja
gneiss dome is 8.2 kbar/705°C (Lee et al., 2004), and the timing of
peak metamorphism was constrained to be 35.0 + 0.8 Ma (Lee
and Whitehouse, 2007). The structural, metamorphic, and
intrusive histories in middle crustal rocks exposed in these
NHGD are similar to those in the GHC, suggesting that the
middle crust was continuous from beneath the northern
Himalayas southward to the high Himalayas (Lee et al., 2006;
Lee and Whitehouse, 2007). The garnet-kyanite-staurolite
schists of the Yardoi gneiss dome in the eastern Himalaya
record peak P-T conditions of 7-8kbar and 630-660°C.
Zircon U-Pb dating yielded metamorphic ages of 44.8 +

1.1 Ma, 46.7 + 1.8 Ma, and 48.2 + 2.0 Ma (Ding et al.,, 2016a),
which were considered as the timing of prograde metamorphism
(Ding et al, 2016b), and Wang et al. (2018) obtained
metamorphic ages of 18-17 Ma using SHRIMP monazite
U/Th-Pb analysis and suggested that north-south extension in
a convergent geodynamic setting during Early Miocene accounts
for the formation of the Yardoi dome.

The Ramba gneiss dome is located on the west of the
north-south trending Yadong-Gulu rift and near the
Yarlung-Zanbo suture (Zhang et al., 2012; Liu et al, 2014,
2019; Figures 1, 2). The dominant deformation was attributed
to the E-W extension of the NSTR (Guo et al., 2008; Zhang et al.,
2012). Liu et al. (2014) revealed that there were three epidotes (ca.
44 Ma, ca. 28 Ma, and ca. 8 Ma) of granitic magmatism. The
granitic rocks of ca. 44 Ma and ca. 28 Ma occur as strongly
deformed porphyritic two-mica granite gneiss dykes, which
intruded into the margin of the dome (Liu et al.,, 2014, 2019).
The ca. 8 Ma leucogranites include two-mica granite occupying
the core of the dome and garnet-bearing granite dykes in the
margin of the dome (Liu et al., 2014), and the former has biotite
and muscovite “°Ar/*’Ar ages of ca. 6 Ma (Guo et al,, 2008).
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FIGURE 3 | Field photographs of garnet—staurolite~two-mica schist in
the Ramba gneiss dome.

Here, two representative samples (RB12-19 and RB12-24)
selected for this study are garnet-staurolite-two-mica schist,
belonging to the base of the THS on the basis of rock
association in a previous study, which experienced detachment
shear of STDS (Guo et al, 2008; Zhang et al., 2012). These
samples display porphyroblastic texture and are in gray color
(Figure 3). Pegmatites that are parallel to foliation can be
observed (Figure 3A), and garnet porphyroblasts are obvious
on the outcrop (Figure 3B).

PETROGRAPHY AND MINERAL
CHEMISTRY

Mineral compositions were analyzed using the JEOL JXA-8230
electron microprobe at the State Key Laboratory of Continental
Dynamics (SKLCD), Northwest University, Xi'an. The operating
conditions were 2 um beam size, 15kV acceleration voltage, and
10 nA beam current. Mineral abbreviations in this study follow
Whitney and Evans (2010). Compositional maps illustrating the

The Ramba Gneiss Dome

distributions of Fe, Mg, Ca, and Mn were obtained for representative
garnet porphyroblasts using the Quanta450 FEG field-emission
environmental scanning electron microscope coupled with the
X-MaxN 50 X-ray energy dispersive spectrometer at the SKLCD.

Sample RB12-19

This sample consists of garnet (10%), staurolite (20%), biotite
(25%), muscovite (10%), plagioclase (5%), and quartz (30%) and
accessory minerals, including zircon, graphite, and ilmenite
(Figures 4A, B). Garnet occurs as euhedral to subhedral
porphyroblasts with grain sizes of 0.4-1.1mm in diameter
(Figures 4A, B), with minor quartz inclusions. Staurolite is
present as a subhedral porphyroblast with grain sizes of
0.4-1.0 mm and is generally in contact with garnet (Figures 4A,
B); it displays a yellow-to-black color due to abundant graphite
inclusion. Biotite and muscovite occur in the matrix and define the
foliation (Figure 4A). Plagioclase occurs as relatively small crystals
in the matrix, and quartz occurs as small grains in the matrix or as
mineral inclusions in garnet (Figures 4A-C). As a result, the peak
metamorphic mineral assemblage is inferred to be garnet-biotite-
muscovite—plagioclase-staurolite-ilmenite-quartz-H,O.

Mineral compositions and the mole fractions of end-members
for sample RB12-19 are given in Supplementary Table S1. The
garnet is almandine-rich (Xj, = 0.72-0.83), with low
concentrations of spessartine (Xg,s = 0.07-0.18), pyrope (Xpy, =
0.04-0.09), and grossular (Xg,s = 0.04-0.06). The zoning profile of
a representative garnet grain shows obvious compositional
variation from core to rim (Figure 5A), with increasing
almandine and decreasing spessartine but relatively flat pyrope
and grossular, which are consistent with distributions of Fe, Mg,
Ca, and Mn on garnet compositional maps (Figure 6A). Staurolite
has homogeneous compositions, with Xy, of 0.08-0.10. Biotite and
muscovite also exhibit homogeneous compositions, with Xy, of
0.40-0.41, Ti 0of 0.10-0.12 cations per formula unit (cpfu), and Si of
3.09-3.13 cpfu, respectively. Plagioclase displays no compositional
variation between different grains, with X,, of 0.27-0.31.

Sample RB12-24
Sample RB12-24 is composed of garnet (10%), staurolite (10%),
biotite (20%), muscovite (5%), plagioclase (20%), and quartz
(35%) and accessory minerals, including zircon, graphite, and
ilmenite (Figures 4C,D). Garnet occurs as subhedral
porphyroblasts with grain sizes ranging from 0.5 to 2.7 mm
(Figure 4D), larger than garnet in sample RB12-19 (Figures
4A,B); it contains mineral inclusions of quartz (Figure 4D).
Staurolite is present as subhedral porphyroblasts with grain
sizes of 0.3-1.4 mm and displays yellow-to-black color due to
abundant graphite inclusion (Figures 4C,E). Both garnet and
staurolite are wrapped by a continuous foliation delineated by
biotite and muscovite in the matrix (Figures 4D,E). Plagioclase
occurs as small grains in the matrix, and quartz occurs as small
grains in the matrix or as mineral inclusions in garnet (Figures
4D,E). Therefore, the peak metamorphic mineral assemblage is
inferred to be garnet-biotite—-muscovite—plagioclase-staurolite-
ilmenite-quartz-H,O.

Mineral compositions and the mole fractions of end-members
for sample RB12-24 are given in Supplementary Table S2. The
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The Ramba Gneiss Dome

FIGURE 4 | Mineral assemblages and microstructures of garnet-staurolite-two-mica schist in the Ramba gneiss dome. (A,B) Photomicrographs to show garnet

and staurolite porphyroblasts and matrix minerals, including biotite, muscovite, plagioclase, and quartz in sample RB12-19 (plane-polarized light). (C) Photomicrograph
to show biotite, muscovite, quartz, and plagioclase in sample RB12-19 (back-scattered electron image). (D) Photomicrograph to show garnet porphyroblasts and matrix
minerals, including biotite, muscovite, plagioclase, and quartz in the sample RB12-24 (plane-polarized light). (E) Photomicrographs to show garnet and staurolite
porphyroblasts and matrix minerals, including biotite, muscovite, plagioclase, and quartz in sample RB12-24 (plane-polarized light).

garnet is almandine-rich (X1, = 0.75-0.87), with low pyrope
(Xprp = 0.03-0.04), spessartine (Xgps = 0.01-0.08), and grossular
(XGrs = 0.09-0.14) (Figure 5B). Compared to those of the sample
RB12-19, the pyrope is lower, whereas the grossular is higher
(Figures 5A,B). The compositional profile of a representative
garnet porphyroblast shows moderate variation from the core to
the rim (Figure 5B), involving increasing almandine and
decreasing spessartine but flat pyrope and grossular. These are
consistent with distributions of Fe, Mg, Ca, and Mn on garnet
compositional maps (Figure 6B). Staurolite is uniform in
composition, with Xy, ranging from 0.07 to 0.08. Biotite and

muscovite also have homogeneous compositions, with Xy of
0.33-0.35, Ti of 0.10-0.12cpfu, and Si of 3.08-3.12 cpfu,
respectively. Plagioclase displays moderate compositional
variation between different grains and is more calcic than that
in sample RB12-19, with X,, of 0.38-0.53.

PHASE EQUILIBRIUM MODELING

The bulk chemical compositions (Table 1) were determined by
wavelength-dispersive X-ray fluorescence (XRF) spectrometry on
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A RB12-19

B RB1

FIGURE 5 | Compositional mapping images of garnets in schist samples RB12-19 (A) and RB12-24 (B).

a fused bead at the SKLCD, Northwest University, Xi’an. The
normalized molar proportions used for the phase equilibrium
modeling are given in Table 1. H,O was set to be in excess. On the
basis of low whole-rock Fe’* contents as revealed that garnet,
staurolite, biotite, and muscovite in two samples are low in Fe’*
(Supplementary Tables S1, S2), O = 0.010 was selected. The
calculated P-T pseudosection allows the mineral assemblages to
be evaluated within P-T conditions between 450 and 750°C and
3-9 kbar (Figures 7, 8). Phase equilibrium calculations were
performed using Thermocalc version tc340 (Powell et al,
1998; updated October 2013) in the MnO-Na,O-
CaO-K,0-FeO-MgO-AlL,0;-510,-H,0-Ti0,-0,
(MNCKFMASHTO) system, with the internally consistent
thermodynamic dataset ds62 (Holland and Powell, 2011). The
activity—composition (a-x) models for garnet, staurolite, biotite,
cordierite, and chlorite are from White et al. (2014a, b),
plagioclase from Holland and Powell (2003), ilmenite from
White et al. (2000), epidote from Holland and Powell (2011),
and muscovite and paragonite from Smye et al. (2010). Pure
phases included sillimanite, kyanite, andalusite, quartz, and rutile.
The mineral abbreviations in this study follow those by Whitney
and Evans (2010).

Sample RB12-19

The peak phase assemblage is represented by the quinivariant
field grt-bt-ms-pl-st-ilm-qz-H,O, which has a wide P-T range,
with upper pressure and temperature of 670°C and 7 kbar,
respectively (Figure 7A). The chlorite-in and plagioclase-out
assemblage field boundaries mark the low-temperature limit of
this field. The upper temperature and pressure limits are the
sillimanite-in and rutile-in assemblage field boundaries,
respectively.

Figure 7B shows calculated isopleths of Xg,s and Xg,, for
garnet, Xy, for staurolite, and Xr; for biotite. In the peak phase
assemblage field of grt-bt-ms-pl-st-ilm-qz-H,O, the X, in
garnet decreases significantly as pressure increases, and Xy in
biotite increases as temperature increases. Isopleths of Xz of

0.10-0.12 are consistent with Ti contents of biotite
(Supplementary Table S1). The plotted isopleths of Xg,, for
garnet are close to vertical and decrease as temperature increases.
The Xy in staurolite ranges from 0.08 to 0.10 (Supplementary
Table S1), with corresponding isopleths plotted in the phase
assemblage fields of grt-ms-chl-pl-st-ilm-qz-H,O and
grt-bt-ms-chl-pl-st-ilm-qz-H,O. As no prograde and
retrograde metamorphic mineral assemblages were observed,
isopleths of Xs,s and Xg, for garnet, Xy, for staurolite, and
Xt; for biotite were used to constrain the P-T evolution.
Plagioclase is stable in the studied sample, and thus, mineral
assemblages during the early prograde metamorphic stage should
contain plagioclase. Therefore, the Xy, isopleths of staurolite in
the mineral assemblage fields that contain plagioclase can be used
to constrain the P-T conditions in the early stage of prograde
metamorphism, although the defined P-T range is relatively large
(Figure 7B). Xg,s and Xg,, in garnet and Xr; in biotite constrain
the peak metamorphic P-T conditions to be ~630°C at ~5.8 kbar
in the peak  mineral assemblage field of
grt-bt-ms-pl-st-ilm-qz-H,0. As a result, a prograde P-T
path that evolves roughly from ~540°C at ~4 kbar to ~630°C at
~5.8 kbar was defined for the sample RB12-19 (Figure 7B).

Sample RB12-24

The peak phase assemblage of grt-bt-ms-pl-st-ilm-qz-H,O is
represented by a quinivariant field, which occurs between 552 and
668°C and 4.7-69kbar (Figure 8A). The sillimanite-in
assemblage field boundary marks the upper-temperature limit
of this field, and the rutile-in assemblage field boundary is the
upper-pressure limit. The low temperature and pressure limits are
the chlorite-in and muscovite-out assemblage field boundaries,
respectively.

Figure 8B shows calculated isopleths of Xs,s and Xg, for
garnet and Xr; for biotite. The isopleths of X, in garnet are
horizontal and decrease as pressure increases, and the isopleths of
Xt in biotite are vertical and increase as temperature increases, in
the peak phase assemblage field (grt-bt-ms-pl-st-ilm-qz-H,O).
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FIGURE 6 | Compositional profiles of garnet porphyroblasts from garnet-staurolite—two-mica schist samples RB12-19 (A) and RB12-24 (B). (A,B) show garnet
compositions matching those at the corresponding locations along the compositional profile of garnet in Figure 4.

Ti contents of biotite correspond to isopleths of Xrygmy of
0.10-0.12 (Supplementary Table S2). In the phase assemblage
field of grt-bt-ms-pl-chl-ilm-qz-H,O, the isopleths of X, in
garnet are close to horizontal and decrease as temperature
increases. The plotted isopleths of Xg,, for garnet are near
vertical and decrease as temperature increases. Similar to
sample RB12-19, isopleths of X, and Xg,s for garnet and Xr;
for biotite were used to constrain the P-T evolution. The X, and
Xars in the garnet core and mantle have crossover points in the
mineral assemblage field grt-bt-ms—chl-pl-ilm-qz-H,0, which
constrain the P-T conditions in the early stage of prograde
metamorphism to be ~540°C at ~4.4 kbar (Figure 8B). In
addition, the crossover points of Xg,s and X, in the garnet
rim fall into the peak phase assemblage field of
grt-bt-ms-pl-st-ilm-qz-H,0O, which is close to or within the
P-T range defined by isopleths of Xr; for biotite (Figure 8B). As a
result, a prograde P-T path that evolves from ~540°C at ~4.4 kbar
to ~620°C at ~6.3 kbar was acquired for the sample RB12-24
(Figure 8B).

LA-ICP-MS BIOTITE RB-SR

GEOCHRONOLOGY
In situ biotite Rb-Sr dating was conducted on
garnet-staurolite-two-mica schist samples RB12-19 and

RB12-24. Biotite Rb-Sr isotopic compositions were analyzed
on thin sections (Figure 9) using an NWR 193-nm ArF excimer
laser-ablation (LA) system coupled to an inductively coupled
plasma mass spectrometry (ICP-MS, iCAP TQ 00108) at the
Guangzhou Tuoyan Analytical Technology Co., Ltd,
Guangzhou, China. Ablation material was carried out with
high-purity He gas, which was then mixed with Ar gas
before introduction into the ICP-MS torch. The reaction gas
N,O was used to suppress isobaric interferences as N,O is a
highly potent reaction gas that reacts efficiently with Sr* to form
SrO™ ions but not with Rb* (Hogmalm et al., 2017). The reaction

rates are optimized by increasing N,O flow rates in the reaction
cell and monitoring the sensitivity of Sr* and SrO" whilst
ablating NIST SRM 610 and mica-Mg. It was found that the
signals of SrO™ achieve maximum without significant loss in the
Rb" signal when using N,O at 25-27% flow rates
(0.25-0.27 ml min~" of N,0).

Before sample measurements, N,O was connected to the
4th mass flow controller in the iCAP TQ, and the lines were
purged at a 25% flow rate (0.25 mlmin~"' of N,0) for 2 h to
maintain stability. This procedure washes out gas impurities
and saturates the system, minimizing drift due to variations in
the reaction rate. Then, the lens and cell parameters were
tuned to maximize sensitivity by ablating NIST SRM 610 in the
line scan mode (spot size, 30 um; pulse repetition rate, 10 Hz;
fluence, ~3.5J/cm?). Each analysis consists of 30s of
background acquisition followed by 120s of ablation and
30s of washout. A dwell time of 50 ms was used for the
analysis of on-mass and mass-shifted Sr isotopes (*°Sr, *’Sr
and **Sr, #°Sr'°0, ¥8r'°0, and **sr'°0) and *°Rb. Typical laser
settings during sample analysis are 110-um spot size, ~7 J/cm?,
and 5-Hz pulse repetition. The detailed instrumentation and
analytical conditions were set, following the method described
by Gorojovsky and Alard (2020). The raw data were exported
offline, and the whole data reduction procedure was performed
using an Excel macro program. The Mica-Mg was used as a
primary reference standard for calibration of isotopic ratios of
the samples. The standard NIST SRM 610 was used as
secondary reference material to monitor the data quality,
and the measured *Rb/*Sr and *’Sr/*’Sr ratios are 2.16 +
0.08 (n =2, 20) and 0.7110 + 0.0048 (n = 2, 20), respectively.
Compared with the recommended ratios for the standard NIST
SRM 610 (¥Rb/**Sr = 2.33, Gorojovsky and Alard, 2020; *”Sr/
89Sr = 0.709699 + 0.000018, Woodhead and Hergt, 2001), the
measured ¥Sr/*°Sr ratio is similar within error, whereas the
measured *’Rb/*°Sr ratio is slightly lower, which may be due to
that the external standard Mica-Mg has a high *’Rb/*°Sr ratio
(154-155, Gorojovsky and Alard, 2020).
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TABLE 1 | Bulk compositions used for phase equilibrium modeling.

Sample Sio2
RB12-19 59.37
RB12-24 55.45
Sample Figures
RB12-19 7
RB12-24 8

Notes: LOI, loss on ignition.

Sample RB12-

A total of 19 spot analyses were carried out on biotite in sample
RB12-19. During a single spot analysis, spots 1, 6, and 7 yielded

TiO,
0.82
0.95

H20
excess
excess

19

The Ramba Gneiss Dome

Whole-rock compositions (wt.%)

Al,Og Fe,O3 MnO MgO
20.56 10.10 0.28 1.87
21.09 9.47 0.11 1.57

Normalized molar proportion used for phase

SiO, Al,O3 Ca0 MgO
69.209 14.123 0.624 3.250
64.471 14.449 5.369 2.721

(Figure

multiple intervals with obviously different ratios of ¥’ Rb/*Sr and

878r/3Sr, which imply biotite may have inhomogeneous Rb-Sr
isotopic compositions. Thus, these spot analyses obtained more
than one effective data (Table 2). The Rb-Sr isotopic data of 3,
6.2,7.2,8,14, 16,17, and 18 were excluded during age calculation
as these data are scattered on the *’Rb/**Sr and *”Sr/**Sr isochron
diagram and cannot be well-included into an isochron

Ca0 Nay,O KO P05 LOI Total
0.50 0.54 3.12 0.11 2.60 99.87
4.31 2.03 1.98 0.13 2.59 99.68
equilibrium modeling

FeO K>0 Na,O TiOs MnO (0]
8.859 2.320 0.610 0.719 0.276 0.010
8.285 1.468 2.288 0.831 0.108 0.010

9A). The remaining *’Rb/**Sr and Sr/*Sr ratios are

3.7942-131.847 and 0.7062-0.7866, respectively, which yielded
an isochron age of 37.17 £ 5.66 Ma (n = 16, MSWD = 1.5).

Sample RB12-24

Similar to sample RB12-19, 19 spot analyses were carried out on
biotite in sample RB12-24. Spot 17 yielded multiple intervals with
obviously different ratios of ®’Rb/**Sr and *’Sr/*Sr, which
obtained two effective datasets (Table 2). The ¥Rb/**Sr and
87Sr/%Sr ratios of biotite in sample RB12-24 range from 0.763
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FIGURE 7 | P-T pseudosections for the garnet—staurolite—two-mica schist sample RB12-19. (A) P-T pseudosection that shows mineral assemblages. (B) P-T
pseudosection with isopleths of Xgps and Xgrs in garnet, Xyg in staurolite, and X+; in biotite. The field of peak mineral assemblage is marked by
grt—bt-ms—pl-st-ilm-gz—H.O in red type.
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FIGURE 8 | P-T pseudosections for the garnet—staurolite—two-mica schist sample RB12-24. (A) P-T pseudosection that shows mineral assemblages. (B) P-T
pseudosection with isopleths of Xgps and Xgrs in garnet and X in biotite. The field of peak mineral assemblage is marked by grt-bt-ms-pl-st-ilm-gz-H,0O in red type.
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FIGURE 9 | In situ LA-ICP-MS biotite Rb—Sr isochron diagrams and photos of biotite with the laser spot: (A) sample RB12-19 and (B) sample RB12-24.

t0 82.637 and 0.711 to 0.729, respectively (Table 2). On the 87Rb/ (Figure 9B). Obviously, this age is younger than that of
8Sr and ¥’Sr/*°Sr isochron diagram, these data yielded an  sample RBI12-19, although samples RB12-19 and RB12-24
isochron age of 527 + 3.10Ma (n = 20, MSWD = 19)  were collected at the same outcrop, which may be due to
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TABLE 2 | LA-ICP-MS biotite Rb-Sr data for the garnet-staurolite—two-mica
schist samples RB12-19 and RB12-24 of the Ramba gneiss dome.

Spot number 87Rb/%5sr 1o 87gr/88gy +1o

RB12-19-1.1 41439 0.1594 0.7094 0.0024
RB12-19-1.2 5.0593 0.3273 0.7148 0.0041
RB12-19-1.3 3.7942 0.0793 0.7062 0.0036
RB12-19-1.4 15.367 0.931 0.7080 0.0081
RB12-19-2 10.427 0.168 0.7160 0.0023
RB12-19-3 183.523 6.350 0.7565 0.0131
RB12-19-4 49.214 1.695 0.7315 0.0080
RB12-19-5 36.497 1.044 0.7317 0.0042
RB12-19-6.1 10.901 0.480 0.7090 0.0085
RB12-19-6.2 199.794 7.703 0.7130 0.0108
RB12-19-7.1 42.885 1.879 0.7277 0.0066
RB12-19-7.2 173.306 8.544 0.7473 0.0157
RB12-19-8 185.504 4.893 0.7291 0.0119
RB12-19-9 5.0690 0.1682 0.7078 0.0025
RB12-19-10 32.900 1.311 0.7241 0.0109
RB12-19-11 4.0210 0.0361 0.7113 0.0028
RB12-19-12 131.847 9.011 0.7866 0.0182
RB12-19-13 5.8127 0.2173 0.7153 0.0026
RB12-19-14 410.698 14.332 0.7451 0.0098
RB12-19-15 15.153 0.254 0.7078 0.0025
RB12-19-16 4.4781 0.2512 0.7283 0.0035
RB12-19-17 80.555 5.304 0.6933 0.0093
RB12-19-18 5.9343 0.1505 0.7236 0.0021
RB12-19-19 14.368 0.379 0.7115 0.0055
RB12-24-1 27.899 0.641 0.7284 0.0050
RB12-24-2 1.5530 0.0572 0.7108 0.0035
RB12-24-3 82.637 2.040 0.7229 0.0050
RB12-24-4 34.271 0.808 0.7292 0.0061
RB12-24-5 17.226 0.240 0.7162 0.0034
RB12-24-6 10.454 0.259 0.7143 0.0022
RB12-24-7 2.5290 0.0367 0.7194 0.0013
RB12-24-8 0.7626 0.0269 0.7154 0.0019
RB12-24-9 7.5576 0.1586 0.7277 0.0055
RB12-24-10 3.4705 0.1246 0.7159 0.0033
RB12-24-11 40.928 2.385 0.7205 0.0034
RB12-24-12 4.4946 0.1882 0.7162 0.0014
RB12-24-13 24.686 0.388 0.7118 0.0028
RB12-24-14 36.808 0.581 0.7259 0.0046
RB12-24-15 2.5997 0.0296 0.7141 0.0035
RB12-24-16 1.1962 0.0594 0.7174 0.0010
RB12-24-17.1 2.7469 0.0475 0.7192 0.0018
RB12-24-17.2 7.5095 0.1211 0.7202 0.0033
RB12-24-18 2.0603 0.0360 0.7209 0.0022

limited spot analyses for each sample. In fact, sample RB12-19 has
two Rb-Sr isotopic trends (Figure 9A). The first trend yielded an
age of 37.17 £ 5.66 Ma, whereas the second trend did not yield
believable age due to the lack of low 87Rb/*®Sr data (Figure 9A).
We found that if the Rb-Sr data within the second trend of
sample RB12-19 were pooled together with the data of sample
RB12-24, they could give a young age of 4.99 + 1.30 Ma (not
shown), with a small error.

DISCUSSION

Age of Metamorphism
Previous dating on Barrow-type metamorphic rocks in the
NHGD generally yielded Oligocene to Miocene ages (Stearns

The Ramba Gneiss Dome

et al., 2013; Wang et al, 2018). For example, LA-ICP-MS
monazite U/Th-Pb analysis constrained the timing of
metamorphism to be 29-14 Ma for grt + bt + st + ky =+ sil
schists from the Kangmar and Mabja gneiss domes (Stearns et al.,
2013), and SHRIMP monazite U/Th-Pb analysis yielded ages of
ca. 18 Ma for grt + bt + st + ky =+ sil schists in the Yardoi gneiss
dome (Wang et al, 2018). These ages were interpreted as the
timing of peak Barrow metamorphism recorded in the NHGD
(Stearns et al., 2013; Wang et al, 2018), whereas prograde
metamorphism occurred as early as 54-49 Ma based on garnet
Lu-Hf analysis (Smit et al., 2014). In addition, monazite U/Th-Pb
geochronology of the Gianbul dome in the GHC yielded both
Eocene (37-33 Ma) and Miocene (26-22 Ma) ages, which were
interpreted as the timing of prograde Barrovian metamorphism
and doming driven by upper-crustal extension and positive
buoyancy of decompression melts, respectively (Horton et al.,
2015).

In this study, in situ LA-ICP-MS biotite Rb-Sr dating
yielded two metamorphic ages of 37.17 + 5.66 and 5.27 +
3.10Ma for the garnet-staurolite-two-mica schist in the
Ramba gneiss dome (Figure 9). As the peak metamorphic
temperatures of the garnet-staurolite-two-mica schists in the
Ramba gneiss dome are higher than the closure temperature of
the Rb-Sr system in biotite (~300-400°C) (Verschure et al.,
1980; Willigers et al., 2004 and references therein; Scibiorski
et al, 2021), the age of 37.17 + 5.66 Ma is interpreted to
represent the timing of retrograde cooling, rather than the
peak metamorphism. This interpretation is obviously
inconsistent with results from the Kangmar, Mabja, and
Yardoi gneiss domes in the Northern Himalayas and the
Gianbul dome in the GHC. However, Laskowski et al. (2016)
have conducted geochronological research on HP meta-Tethyan
rocks in the Lopu Range, located ~600 km west of the city of
Lhasa, yielding a garnet Lu-Hf age of 40.4 + 1.4 Ma and five Ar-
Ar phengite ages between 39 and 34 Ma, which were interpreted
as the timing of prograde metamorphism and exhumation to
mid-crustal depths (~25 km) and concomitant retrogression in
the Himalayan orogen, respectively. Khanal et al. (2021)
presented new monazite petrochronology for the Kathmandu
Klippe in the central Nepalese Himalayas and revealed that
Eocene prograde metamorphism and partial melting occurred
at 44-38 Ma and 38-35 Ma, respectively (Figure 10). Although
the meta-Tethyan rocks in the Lopu Range underwent HP
metamorphism and the Kathmandu Klippe belong to the
upper or uppermost Greater Himalayan Crystallines, these
results support that part of the middle-to-lower crustal rocks
in the Himalayan orogen underwent exhumation and were not
overprinted by Oligocene to Miocene peak Barrow
metamorphism.

The age of 5.27 + 3.10 Ma is significantly younger than the
crystallization ages (ca. 44 Ma and ca. 28 Ma) of granitic rocks
that intruded into the margin of the Ramba gneiss dome (Liu
et al,, 2014, 2019). However, this age is slightly younger than the
crystallization age (ca. 8 Ma) of the leucogranite pluton
occupying the core of the dome (Liu et al, 2014) but is
similar to **Ar/*’Ar cooling ages (ca. 6 Ma) of the leucogranite
pluton (Guo et al., 2008). Therefore, the age of 5.27 + 3.10 Ma is
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considered to represent the cooling age of the dome, following the
emplacement of the ca. 8 Ma leucogranites.

Metamorphic P-T Paths

In this study, we have determined P-T paths for the
garnet-staurolite-two-mica schists in the Ramba gneiss dome
(Figures 7B, 8B). Sample RB12-19 recorded a prograde P-T path
that evolves roughly from ~540°C at ~4kbar to ~630°C at
~5.8kbar (Figure 7B). The prograde P-T path for sample
RB12-24 evolves from ~540°C at ~4.4kbar to ~620°C at
~6.3kbar (Figure 8B), which displays a slightly higher
temperature than those of sample RB12-19 at similar pressure
(Figures 7B, 8). When the results of the two samples are
combined, it is clear that they experienced an obviously early
heating burial path (Figure 10). It can be noted that sample
RB12-24 recorded a nearly isobaric heating path (Figure 8B), and
thus, a clock-wise P-T evolution is inferred to the
garnet-staurolite-two-mica schist in the Ramba gneiss dome
(Figure 10).

Here, we compared this P-T path with those retrieved from
the Mabja and Yardoi gneiss domes in the northern Himalaya, the
hinterland GHC, and the foreland Kathmandu Klippe
(Figure 10). The migmatite sample of the sillimanite zone in
the Mabja gneiss dome has a peak metamorphic condition of

8.2 kbar/705°C (Lee et al., 2004), which is higher in both pressure
and temperature than those of the garnet-staurolite-two-mica
schist the Ramba gneiss dome (Figure 10). The
garnet-staurolite-kyanite schist in the Yardoi gneiss dome has
a peak metamorphic mineral assemblage of
grt-bt-ms-pl-st-ky-ilm-qz, occurring in a narrow P-T
condition of 7.2-8.0kbar and 640-645°C, and the prograde
P-T condition was constrained to be ~540°C at ~4.6 kbar
using compositional isopleths Xy, (0.07) and Xy, (0.17) of
the garnet core (Ding et al, 2016b). Combined with the
retrograde metamorphic process constrained using the
occurrence of sillimanite and biotite in the shear bands and
the presence of chlorite, Ding et al. (2016b) obtained a
clockwise P-T path for the garnet-staurolite-kyanite schist in
the Yardoi gneiss dome, which is similar to that constrained by
Wang et al. (2018). This P-T path is characterized by a prograde
process with both P and T increasing and a retrograde process
with an early nearly isothermal decompression and late cooling
and decompression. It is obvious that the garnet-staurolite-two-
mica schist in the Ramba gneiss dome has a similar prograde P-T
condition to that of the schist in the Yardoi gneiss dome but a
lower pressure condition at P,,,, (Figure 10). In this study, the
retrograde P-T evolution was not supported by the petrological
evidence and was only inferred. The P-T path of the Kathmandu
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Klippe in the central Nepalese Himalayas is clockwise, with peak
P-T conditions of 730-760°C and up to 10.5 kbar, which is higher
in both pressure and temperature than those of the
garnet-staurolite-two-mica schist in the Ramba gneiss dome
but is similar to those from the GHC hinterland (Figure 10)
(Taccarino et al., 2015).

Implications for the Formation of the Ramba

Gneiss Dome

Ultrahigh pressure (UHP) metamorphic rocks at Kaghan Valley
and Tso Morari in the west of the northern Himalayan belt have
peak metamorphic ages of 46.2 = 0.7 Ma and ca. 47-43 Ma,
respectively (Kaneko et al., 2003; Donaldson et al, 2013).
These suggest deep subduction of the Indian continent at ca.
47-43 Ma. The crustal thickening in the Tibetan Himalaya is
broadly synchronous with the Eocene collision between the
Indian and Asian plates (Smit et al, 2014). Following the
crustal thickening, the deeply buried Indian continental crust
underwent a long-lived partial melting (Wang et al., 2013; Zhang
et al, 2015), which formed the ca. 48 to 8 Ma granites or
leucogranites in the northern Himalayan belt (Aikman et al,
2008; Zhang et al., 2012; Liu et al., 2014; Zeng et al., 2011; Gao
etal., 2012; Wu et al,, 2015; Zeng and Gao, 2017 and references).
In the Ramba gneiss dome, the partial melting is reflected by three
epidotes (ca. 44 Ma, ca. 28 Ma, and ca. 8 Ma) of granitic
magmatism (Liu et al, 2014, 2019). On the basis of the
similarities in Eocene metamorphic conditions and timing of
anatexis in the different Eocene units across the Himalayas,
Khanal et al. (2021) concluded that an early-stage anatectic
response to crustal thickening might be more common than
previously thought.

The onset of extensional tectonics of the STDS occurred as
early as ca. 36-30 Ma, which marks the initial thinning of
thickened crust in the northern Himalayan belt (Zhang et al,
2012; La Roche et al., 2016). In the Ramba gneiss dome, the STDS
is represented by the first episode of deformation with top to-
NNW sliding, indicated by S-C fabric and NNW-convergent
tight folds on the northwestern flank of the dome (Guo et al,
2008; Zhang et al., 2012). The clock-wise P-T evolution of the
garnet-staurolite-two-mica schist in the Ramba gneiss dome,
combined with the age of 37.17 + 5.66 Ma from the in situ
LA-ICP-MS biotite Rb-Sr dating, is consistent with the
Eocene crustal thickening (Figure 10).

The ca. 8 Ma leucogranites occupy the core of the Ramba
gneiss dome (Liu et al., 2014) and have **Ar/**Ar cooling ages of
ca. 6 Ma (Guo et al., 2008). The Yadong-Gulu rift, on the east of
the dome, was active during the interval ca. 11-5 Ma, with its
peak activity at ca. 8 Ma (Pan and Kidd, 1992; Harrison et al.,
1995; Zhang et al., 2012), which coincides with the diapir of the
ca. 8 Ma leucogranite pluton, formed the shape of the Ramba
gneiss dome (Guo et al., 2008; Zhang et al., 2012; Liu et al., 2014).

The Ramba Gneiss Dome

CONCLUSION

The garnet-staurolite—two-mica schist in the Ramba gneiss dome
followed a clock-wise P-T path, involving an early prograde
process that evolves from ~540°C at ~4.4 kbar to ~630°C at
~6.0 kbar. This prograde evolution is similar to the schist in
the Yardoi gneiss dome but with lower T condition at Py,,, and
reflects the crustal thickening, following the Indian-Asian
collision. In situ LA-ICP-MS biotite Rb-Sr analysis obtained
two metamorphic ages of 37.17 + 5.66 and 5.27 + 3.10 Ma for the
garnet-staurolite-two-mica schist in the Ramba gneiss dome.
The former corresponds to the timing of retrograde cooling. The
latter is similar to *°Ar/*°Ar cooling ages (ca. 6 Ma) of ca. 8 Ma
leucogranite and, thus, represents the cooling age of the dome,
following the thermal resetting by the emplacement of ca. 8 Ma
leucogranite pluton in the core of the dome. The peak
metamorphism should be older than ca. 37 Ma.
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