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regarding the P-T history of these rocks because of various modifications by peak and retrograde rehydration meta-
morphism. As a significant rock-forming mineral in high-grade metamorphic rocks, garnet not only grows with in-
creasing pressure or temperature and develops variably zoned patterns along given P-T loops, but its properties are
stable subsquent to its formation when compared to other minerals in the matrix. Consequently, garnet is excellent
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Garnet zoning for monitoring Fhe .thermo-metamorphlc hlsFory of its host rock during orogeny. Selected garne;t grains from Fhe
Prograde metamorphism Paleoproterozoic high-pressure mafic granulites in the northern Hengshan area of the North China Craton, which
Paleoproterozoic high-pressure mafic exhibit variable microstructural and chemical zoning, present an excellent example for extracting metamorphic
granulites evolution of the host rocks. Microstructural zoning displays a zonal distribution of frozen inclusion-type minerals
NOfthemAHe“gShaﬂ in garnet. Chemically, the garnet shows pronounced compositional zoning, with bell-shaped Xs, initially flat and
North China Craton (NCC) then increasing/decreasing Xpy, and Fe#, initially increasing and then decreasing X from core to mantle, and re-

sorbed rims. Both zoning patterns document multiple generations of radial growth history. The progressive evolu-
tion of the host rocks can be further divided into early prograde (M;_;), late prograde (M;_,), near peak (M,_), and
peak (M,_,) stages. The resorption textures indicate the succeeding decompression (Ms) and cooling (M) stages.
The pseudosection modeling indicates P-T conditions from M;_; to M,_; of 6-9 kbar/600-700 °C, 9-11.2 kbar/680-
740 °C and 12-15 kbar/735-785 °C, respectively. Although the peak metamorphic information of M,_, is lost be-
cause of the breakdown of the garnet rim, plausible P-T results are estimated at ~15-17 kbar/~790-810 °C. These
conditions prevailed to the transitional eclogite-granulite facies through qualitative reconstruction of the original
composition of clinopyroxene, modal proportion, and rim composition of the garnet. The subsequent conditions
of decompression (M3) and cooling (M,) stages were roughly estimated at ~7-10 kbar/~800-850 °C and 3-5
kbar/ 650-680 °C. Together, they define a clockwise P-T path in response to the Paleoproterozoic orogeny involved
in the assembly of the North China Craton. The zoned garnet suggests that the host mafic granulite documents a rel-
atively complete progressive metamorphic history, which probably correlates with subduction processes. The re-
sorbed rim sequentially records exhumation and cooling processes. Furthermore, the preservation of growth
zoning in granulitic garnet and near-isothermal decompression P-T path suggests that the host rocks must have ex-
perienced a very short peak metamorphism and a rapid exhumation process to the middle crust. These findings sug-
gest that the tectonic processes involved in the formation of the Paleoproterozoic northern Hengshan granulite
terrane might be similar to those of the Phanerozoic continental collisional orogens under modern plate tectonic re-
gimes; however, they record relatively higher apparent thermal gradients (~14-16 °C /km).
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1. Introduction

High-pressure granulites and moderate-temperature eclogites of the
Paleoproterozoic age have been identified on many continents, recently.
Examples includes: the Snowbird tectonic zone (Baldwin et al., 2007)
and the Trans-Hudson orogen (Weller and StOnge, 2017) of Canada,
the Belomorian mobile belt of Russia (Liu et al., 2017), the Eburnian-
Transamanzonian orogen (Loose and Schenk, 2018) and the Ubendian-
Usagaran belt (Brown et al., 2020) of Africa, the Nagssugtoqgidian orogen
of Greenland (Miiller et al., 2018), and the Trans-North China Craton
Orogen of China (Guo et al,, 2002; Wan et al., 2015; Wu et al., 2016; Xu
et al., 2018; Zhai et al., 1992, 1995; Zhang et al., 2018, 2020a; Zhao et
al., 2001). These rocks display contrasting thermo-metamorphic records
with those of the Archean, when low- to moderate-pressure metamor-
phosed terranes were dominant (e.g., Windley, 1995; Brown, 2007,
Brown and Johnson, 2018; Holder et al., 2019; Palin et al., 2020). Conse-
quently, studies regarding the P-T evolution of the widespread
Paleoproterozoic high-pressure granulites and eclogites are believed to
provide critical information to understand the thermomechanics of
early plate tectonics (e.g., Zhai, 2009, 2012; Sizova et al., 2010; Perchuk
and Morgunova, 2014; Zhou et al., 2017; Holder et al., 2019; Brown and
Johnson, 2018; Palin et al., 2020).

However, debates continues regarding the pressure-tempera-
ture (P-T) history of the early Proterozoic high-pressure granulites
and eclogites found globally. P-T histories derived from most of
these rocks involve near-isothermal decompression, uncertain
prograde records, and peak conditions (e.g., Baldwin et al., 2007,
Liu et al., 2017; Loose and Schenk, 2018; Zhai, 2009; Zhao et al.,
2001). The metamorphic evolution of Paleoproterozoic high-pres-
sure mafic granulite terranes from northern Hengshan in the
North China Craton (NCC) presents such an example (e.g., Zhai,
2009; Zhai et al., 1995; Zhang et al., 2018; Zhao et al., 2001). Con-
siderable attention has been paid to the metamorphic evolution of
the high-pressure granulites in the northern Hengshan area since
their discovery in the 1990s (Wang et al., 1991; Zhai et al,,
1995); however, many issues remain unresolved. The inferred
protoliths of these mafic granulites mainly occur as mafic dykes
or sills intruding into country rocks consisting predominantly of
granitic orthogneisses (Kroner et al., 2006; Li et al., 1998;
O'Brien et al.,, 2005). Several major concerns regard if these
mafic lithologies were metamorphosed in situ at the base of the
continental crust or experienced common burial histories with
their surrounding rocks from upper to deep crustal levels and
the exact P-T conditions of peak metamorphism (e.g., Kroner et
al., 2006; O'Brien et al., 2005; Qian et al., 2019; Qian and Wei,
2016; Trap et al., 2011; Wei, 2018; Wei et al., 2014; Zhai, 2009;
Zhang et al., 2018; Zhao et al., 2001; Zhou et al., 2017). These de-
bates arise due to the lack of robust multi-generation mineral as-
semblages in the present-day exposed samples, which might be
related to strong modifications during peak and retrograde rehy-
dration metamorphism and/or secondary tectonic overprints
(e.g., Maruyama et al., 2010; Zhai, 2009). Moreover, the timing
and the interval of granulite-facies metamorphism is still uncon-
strained due to the lack of correlation between the metamorphic
ages and the mineral assemblages (e.g., Zhai, 2009). These uncer-
tainties do not permit robust interpretations of the tectonic evolu-
tion of the rocks.

As a significant rock-forming mineral in high-grade metamorphic
rocks, garnet not only stablizes over a large P-T range and has variable
chemical compositions, but it also has robust physical and chemical
properties; Consquently, it is resistant to retrograde and rehydration
modifications (e.g., Caddick and Kohn, 2013; Spear, 1993). As a result,
garnet is a better monitor of the tectono-metamorphic evolution of its
host rocks than other minerals in the matrix (e.g., Maruyama et al.,
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2010; Parkinson, 2000). A recent study regarding garnet compositional
zoning of high-pressure mafic granulites from the northern Hengshan
area documented evidence of late prograde metamorphism prior the
peak stage (Zhang et al., 2018). It is important for understanding the
metamorphic history of the high-pressure granulites, although no pro-
grade mineral assemblages were presented and unsuitable activity-
composition (A-X) relationships for metapelitic component systems
(White et al., 2007) were used in their pseudosection calculations. In
this study, new perspectives from microstructural and chemical zoned
garnet are taken to attempt a reconstruction of multi-stage relict min-
eral assemblages and P-T history of the northern Hengshan high-pres-
sure mafic granulites with the newly developed A-X relationships for
high-temperature metabastic component systems by Green et al.
(2016). The results differ from those of previous studies: (1) zoned
granulitic garnet in the studied sample records robust inclusion-type
pre-peak mineral assemblages and chemical zoning evidence for pro-
gressive metamorphism from early to late stages; (2) well-preserved
major element zoning of granulitic garnet and near-isothermal decom-
pression P-T path suggest short-period peak metamorphism and rapid
exhumation and cooling history from lower to middle crustal levels.
These findings provide new clues into the metamorphism and tectonic
significance of the Paleoproterozoic high-pressure mafic granulites
from the study area.

2. Geological background

During the Paleoproterozoic, the NCC was involved in a series of
rifting-accretion-collision processes and developed three mobile belts,
which assembled the NCC as a uniform block. The three mobile belts in-
clude the Fengzhen mobile belt (Khondalite belt), the Jinyu mobile belt
(Trans-North China orogen, TNCO), and the Liaoji mobile belt (Jiao-Liao-
Jibelt) (Fig. 1; Zhai and Liu, 2003; Zhao et al., 2005).

The Hengshan Complex is in the north-central part of the Jinyu mo-
bile belt and is exposed as a NE-SW-trending mountain, separated from
the Huai'an Complex to the north by the Sanggan River and from the
Wautai Complex to the south by the Hutuo River (Figs. 1 and 2). This
complex is further divided into two parts: the northern Hengshan and
southern Hengshan lithotectonic units by the Zhujiafang shear zone in
the center of the Hengshan Complex. The rocks mainly consist of Ar-
chean tonalitic, trondhjemitic, and granodioritic (TTG) gneisses and gra-
nitic gneisses, and some enclaves of mafic fragments and supracrustal
rocks, with a decreasing metamorphic grade traveling from north to
south (O'Brien et al., 2005; Qian and Wei, 2016; Wei, 2018; Wei et al.,
2014). The northern Hengshan mainly consists of granulite-facies
TTG and granitic gneisses, migmatites and garnet mafic granulite bou-
dins or lenses, although some original mineral assemblages were
retrogressed to amphibolite facies. The southern Hengshan mainly
consists of amphibolite-facies TTG and granitic gneisses and meta-
supracrustal rocks, with some metamafic lenses. The Zhujiafang shear
zone trends E-W and comprises mylonitic feldspathic gneisses, amphib-
olites, mica schists, banded iron formations, and quartzite (Li and Qian,
1994; Zhang et al., 2007; Trap et al., 2011).

Zircon U-Pb ages revealed that the TTG and granitic gneisses domi-
nantly intruded at 2.52-2.48 Ga (Krdner et al., 2005), and minor granitic
gneisses formed at 2.35-2.05 Ga (Kroner et al., 2005; Zhao et al., 2011).
Sequentially, these rocks were commonly metamorphosed at ~1.95-
1.85 Ga. These were further divided into two metamorphic clusters at
~1.95 Ga and ~ 1.85 Ga, and were interpreted as metamorphic ages of
peak and retrograde metamorphism, respectively (e.g., Qian and Wei,
2016; Zhang et al. 2016a, 2018). They suggest that the northern
Hengshan terrane has suffered prolonged (~100 Ma) metamorphism.
Recently, Qian et al. (2019) proposed a new interpretation that the lat-
ter ~1.85 Ga might represent another episode of intraplate collisional
events (Wei, 2018). Coeval with these high-grade metamorphic events,
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Fig. 1. Paleoproterozoic mobile belts and distribution of early Precambrian rocks in the North China Craton (Zhai and Liu, 2003). Dashed blue lines represent the boundary of three different
continental collisonal orogenic belts proposed by Zhao et al. (2005). Ar-Archean, Pt1-Paleoproterozoic. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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a minor anatectic granite appeared (Kroner et al., 2006). The amphibole
and mica “°Ar/3°Ar ages and metamorphic zircon ages suggest that the
shear deformation event occurred at 1.86-1.80 Ga (Qian et al., 2019;
Trap et al., 2012). Rutiles in the high-pressure granulites from northern
Hengshan and adjacent Huai'an area document U-Pb ages of ~1.75 Ga,
which were interpreted as resetting ages by extensive and intensive
1.78-1.76 Ga dolerite dyke swarms events in the northern part of the
central NCC (e.g., Halls et al., 2000; Peng et al., 2005; Zhang et al.,
2020b).

The high-pressure mafic granulites mainly occur as boudins and
lenses included in the TTG gneisses of the northern Hengshan area
(Fig. 3a; Wang et al., 1991; Zhai et al., 1995; Li et al., 1998; Kroner
et al., 2006; Wei, 2018). Granitic melt patches occur in these mafic
boudins, which might result from in-situ partial melting during
near-isotheraml decompression process (Kroner et al., 2006; Trap et
al,, 2011). More detailed field occurrences of these high-pressure
mafic granulites are presented in Kroner et al. (2006). The mafic gran-
ulites were metamorphosed at transitional eclogite-granulite facies
conditions and are considered counterparts of high-pressure meta-
morphic terranes in the phanerozoic collisonal orogens (e.g.,Zhai et
al., 1995 ; Zhao et al., 2001). Hence, they are believed to be significant
petrological evidence for inferring the assembly processes of the NCC
(Zhai et al., 1995; Zhao et al., 2001). Their protoliths were considered
mafic dykes intruding into their surrounding TTG and granitic
gneisses, which suggested an early extensional event prior high-
grade metamorphism (Kroner et al., 2005, 2006; Li et al., 1998; Wei
et al., 2014). The mineralogy consists of garnet-clinopyroxene-bearing
assemblages, with some quartz, rutile, plagioclase, ilmenite, and am-
phibole. Previous studies suggest that the high-pressure mafic granu-
lites record three metamorphic stages (M;-Ms): M; represents the
peak-pressure stage with metamorphic conditions of high-pressure
granulite to eclogite facies; M, represents medium-pressure granu-
lite-facies decompression; and M5 features amphibolite-facies meta-
morphism (O'Brien et al., 2005; Zhai et al., 1995; Zhao et al., 2001).
No robust prograde metamorphic information has been observed in
the granulites, comparable to those from the metamorphic features
of garnet mafic granulites from the Huai'an-Chengde area of the
north-central NCC (Zhai, 2009 and references therein). Recently, a
few new lines of evidence from composition zoning in garnet suggest
that high-pressure mafic granulites from the northern Hengshan area
(Zhang et al., 2018), as well as those from the Huai'an-Chicheng area
(Guo et al., 2002; Wu et al., 2018a; Zhang et al. 2016b, 2020a), prob-
ably have documented a period of prograde metamorphism before the
peak metamorphic stage. However, there is no robust petrographic
evidence of progressive metamorphism has been present. This may
be because the microstructural zoning of garnet in granulite did not
receive due attention. Here, textural zonation and compositional zon-
ing of garnet in mafic granulite from the northern Hengshan area
were investigated in detail.

3. Analytical methods

Mineral compositions were analyzed with a JEOL JXA-8230
electron microprobe under conditions of a 15-kV accelerating
voltage and 10-nA probe current with a 1-um diameter beam.
Data were regressed using the ZAF correction method. The exper-
iments were conducted at the State Key Laboratory of Continental
Dynamics, Northwest University, China, and the MNR Key Labora-
tory for the Study of Focused Magmatism and Giant Ore Deposits,
Xi'an Center of Geological Survey, China. Sample 17BM5 was se-
lected for detailed mineral composition analysis, and the repre-
sentative mineral compositions are listed in Table 1. The ferric
iron content of minerals was estimated by the charge balance
method of Droop (1987). The bulk rock composition of sample
17BM5 was measured on fused glass beads using X-ray
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fluorescence spectrophotometry at Nanjing Hongchuang Geologi-
cal Exploration Technology Service Co., Ltd., Nanjing, China.

4. Petrology and mineral chemistry

Five representative samples (17BM1to —5) were collected from the
Dashigou Valley (Fig. 2). They are coarse-grained garnet mafic granu-
lites with mineral assemblages of garnet (15%-45%), clinopyroxene
(20%-35%), plagioclase (5%-10%), amphibole (5%-10%), quartz (5%—
10%), rare orthopyroxene (1%-3%), biotite (<2%), rutile, titanite, ilmen-
ite, apatite, and sulfides (Fig. 3b-f).

After scanning through the whole thin section under a microscope,
representative garnet grains of the largest ones with obvious micro-
structural zoning were selected for compositional profile analysis and
X-ray mapping, because this type of garnet is expected to potentially
cut through the center of the crystal and therefore preserve complete
metamorphic records (see Section 6.1).

4.1. Garnet

The garnet grains are 2-3 mm in diameter and exhibit a corroded
morphology with well-developed coronas of plagioclase, minor
orthopyroxene, hornblende, biotite and ilmenite (Fig. 3b-f). They dis-
play obvious microstructural zoning patterns with zonal distributions
of frozen mineral inclusions: (1) a diablastic core crowded with quartz,
minor titanite, ilmenite, plagioclase and apatite; (2) an inclusion-poor
mantle with discrete quartz, clinopyroxene, plagioclase, and rutile;
and (3) a corroded rim surrounded by corona/symplectite layers
consisting of plagioclase + hornblende/biotite+ ilmenite in the inner
layer and plagioclase + orthopyroxene in the outer layer (Fig. 3c-f). In
the collected samples, a few garnets were completely consumed, with
only pseudomorphs remaining. It must be mentioned that those inclu-
sions surrounded by crack coalescence with the matrix are excluded
to avoid secondary origin or breakdown products of the host garnets.

Three representative garnet grains share similar compositional pro-
files; here, we only take one as an example to illustrate their chemical
zoning patterns (the other two profiles are not shown here). The garnet
in the examined sample was dominated by almandine, grossular and
pyrope, with minor amounts of spessartine (Table 1) (Xam = Fe?*/
(Ca + Fe**+Mg + Mn), X¢rs = Ca/(Ca + Fe? " +Mg + Mn), Xpy, =
Mg/(Ca + Fe’*+Mg + Mn) and Xsps = Mn/(Ca + Fe**+Mg +
Mn)). Compositional mapping illustrates that the garnet exhibits obvi-
ous compositional zoning (Fig. 4). A representative compositional pro-
file is shown in Fig. 5. Accordingly, the garnet is artificially divided
into core, mantle and resorbed rims (cf. Fig. 5a & b). The Xpy, displays
a slightly increasing trend in the core (0.07 — 0.10), a dramatic increase
trend in the mantle (0.10 — 0.16), and a decreasing trend in the rim
(0.16 — 0.14). The X, exhibits a pronounced trend of rimward increase
from the core to the core-mantle boundary (0.29 — 0.37) and then de-
creases from the mantle (0.37 — 0.30) to the resorbed rim (0.30 —
0.22). The Fe# index [= Fe?*/(Fe** +Mg)] exhibits a small decreasing
trend in the core (0.89 — 0.85), an obvious decrease in the mantle
(0.85 — 0.77), and an increasing trend toward the rim (0.77 — 0.81).
The Xaim decreases slightly in the core (0.57 — 0.52) and then increases
toward the rim (0.52 — 0.61). The X, exhibits a ‘bell-shaped’ pattern
from the core to mantle (0.09 — 0.01), with rimward resorption (0.01
- 0.02).

4.2. Other minerals

Clinopyroxene mainly occurs as porphyroblasts with lengths of up to
4 mm in the studied samples (Fig. 3c-d, g-h). It typically displays
retrogressed textures as intergrowth of plagioclase + diopsidic
clinopyroxene + amphibole + orthopyroxene + quartz (Fig. 3 c-d, g-
h). Area analyses of selected grains with the intergrowth of plagioclase
+ diopsidic clinopyroxene + orthopyroxene + quartz were undertaken
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Fig. 3. Representative field photographs and photomicrographs of garnet mafic granulites from northern Hengshan area, the NCC. (a) The mafic high-pressure granulites occur as lenses in
the TTG gneisses, (b) close up of sample 17BM5, (c-d) microstructures of studied garnet mafic granulites. A composition profile (PI-L2) of corona-type plagioclase is shown in Fig. 3c. Note
the garnet and clinopyroxene decomposition textures, see the text in detail, (e-f) close up of mineral inclusions in the local domains of the garnets in Fig. 3c-d, note that rutile and titanite
are included in mantle and core of the garnet in Fig. 3f, respectively, (g) subhedral plagiocalse in matrix with some exsolved quartz lamina, and a composition profile (PI-L1) is shown, (h)
close up of intergrowth of secondary diopsidic clinopyroxene + hornblende + orthopyroxene + quartz after precursor clinopyroxene porphyroblasts. A composition profile (PI-L3) of
symplectic plagioclase included in porphyroblastic clinopyroxene is shown. Mineral abbreviations after Whitney and Evans (2010): Amp-amphiboble, Bt-biotite, Cpx-Clinopyroxene,

Grt-garnet, Opx-orthopyroxene, Pl-plagioclase, Qz-quartz, Rt-rutile, Ttn-titanite, Im-ilmenite.

to reintegrate the original composition of clinopyroxene before break-
down. The results showed that the precursor clinopyroxene had jadeite
contents of 0.22-0.27 (Table 1). The secondary diopsidic clinopyroxene
and clinopyroxene inclusions in garnet display very low jadeite con-
tents of ~0.01 (Table 1). Most of the secondary diopsidic clinopyroxene
grains were replaced by amphibole + plagioclase £ quartz (Fig. 3h).
Orthopyroxenes occur as retrograde grains adjacent to or included in
the porphyroblastic clinopyroxene (Fig. 3c-d, f, h).

Plagioclase has three major occurrences: (1) inclusions in garnet,
sometimes accompanied by titanite and quartz (Fig. 3e); (2)
porphyroblasts/subidioblastic laths (up to 2.5 mm) in the matrix, with
many exsolved quartz rods in the cores and a clean rim (Fig. 3g); and
(3) coronas around garnets (Fig. 3c-f) or intergrowth with diopsidic
clinopyroxene, amphibole and quartz after the original clinopyroxene
porphyroblasts (Fig. 3g, h). A plagioclase porphyroblast shows a
rimward increasing Xa, (0.21 — 0.36, Fig. 6a), which is similar to the
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Table 1
Representative mineral compositions for sample 17BM5.
Mineral garnet L1: rim—mantle—core—mantle—rim Plagioclase Clinopyroxene opx Amp
analyses L1-01 L1-03  L1-08 L1-25 L1-42 L1-48 L1-50 pl-inc pl-c pl-r pl-s  pl-cor cpx-inc cpx in cpx-reint
(P2) (P1) (PO) (Q1) (Q2) matrix
SiO, 38.18 38.20 37.65 37.27 38.03 38.29 37.33 56.73 62.89 59.13 60.09 57.53 5194 51.79 55.94 50.19 4254
TiO, 0.05 0.05 0.02 0.13 0.02 0.11 0.00 0.10 0.00 0.00 0.00 0.00 0.07 0.02 0.28 0.08 1.93
Al,03 20.86 2097 20.90 20.53 20.83 20.83 21.12 27.09 22.86 2525 24.72 26.38 1.65 1.00 6.41 0.49 11.58
FeO(T) 2829 26.50 24.99 25.49 24.74 26.87 27.06 0.39 010 021 031 0.28 12.00 13.52 8.94 3356 19.21
MnO 1.03 055 1.52 3.93 0.88 0.25 0.74 0.03 0.05 0.02 0.00 0.00 0.10 0.18 0.00 0.61 0.08
MgO 372 394 2.47 1.73 2.11 4.15 343 0.01 0.00 0.01 0.0 0.00 1160 11.11 10.42 1457 798
Ca0 7.77  10.50 12.36 10.37 13.19 10.24 9.69 9.15 447 728 656 882 2251 2237 15.05 0.53 10.98
Na,O 0.01  0.00 0.01 0.02 0.02 0.04 0.01 6.25 880 7.09 745 531 0.17 0.18 2.73 0.01 1.52
K,0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.37 048 024 032 027 0.00 0.00 0.00 0.03 1.16
Total 99.92 100.71 99.92 99.47 99.80 100.79  99.38 100.12 99.64 99.22 99.44 98.60 100.03 100.16 99.77 100.08 96.99
Si 3.02 298 2.97 2.98 3.00 2.98 2.96 2.55 279 266 269 260 1.96 1.97 2.07 1.97 6.50
Ti 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.22
Al 194 193 1.94 1.94 1.94 1.91 1.97 1.44 120 134 130 141 0.07 0.04 0.28 0.02 2.09
Fe?* 185 1.62 1.54 1.63 1.58 1.63 1.69 0.00 0.00 0.01 0.37 0.40 0.28 1.08 2.40
Fe*™ 002 012 0.12 0.08 0.06 0.13 0.12 0.01 0.00 0.01 0.01 0.00 0.01 0.03 0.00 0.03 0.06
Mn 0.07 0.04 0.10 0.27 0.06 0.02 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01
Mg 044 046 0.29 0.21 0.25 0.48 0.40 0.00 000 0.00 0.00 043 0.65 0.63 0.58 0.85 1.82
Ca 066  0.88 1.04 0.89 1.12 0.85 0.82 0.44 021 035 031 047 0.91 0.91 0.60 0.02 1.80
Na 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.54 076 0.62 065 0.02 0.01 0.01 0.20 0.00 0.45
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.01 0.02 0.00 0.00 0.00 0.00 0.23
4.00
Xsps 0.02 0.01 0.03 0.09 0.02 0.01 0.02 Ab 054 076 0.63 066 051 Wo 047 0.47
Xaim 061 054 0.52 0.54 0.53 0.55 0.57 An 044 021 036 032 047 En 034 0.33
Xoyr 015 0.15 0.10 0.07 0.08 0.16 014 Or 0.02 003 0.01 002 002 Fs 0.19 0.20
Xers 022 029 0.35 0.30 0.37 0.29 0.28 Jd 0.01 0.01 0.25
Fe# 081 0.78 0.84 0.89 0.86 0.77 0.81 0.64 0.61 0.67 0.44 0.43

pl-inc - inclusion of garnet, pl-c & pl-r - core and rim of plagioclase in matrix, pl-cor - plagiocalse corona around garnet. Cpx-inc - clinopyroxene inclusion in garnet, cpx-reint- re-integrated
clinopyroxene. Fe* " is calculated by stoichiometric charge balance. Xsps = [Mn/(Mn + Ca + Mg + Fe?*)], Xalm = [Fe?*/(Mn + Ca + Mg + Fe?™)], Xpyr = [Mg/(Mn + Ca + Mg +
Fe?™)], Xgrs = [Ca/(Mn + Ca + Mg + Fe")], Fe# = Fe?"/(Fe** +Mg). Xan = Ca/(Ca + Na + K), Xab = Na/(Ca + Na + K), Xor = K/(Ca + Na + K). Xwo = Ca/(Ca + Mg + Fe**),

Xen = Mg/(Ca + Mg + Fe*>"), Xfs = Fe>*/(Ca + Mg + Fe’"), Xjd = Na/(Na + Ca).

plagioclase profile of Sample A12 (see Fig. 6a in Zhao et al., 2001). A
plagicolcase corona displays a decreasing trend from the garnet rim to
core (Xa, = 0.63 — 0.43, Fig. 6b). The symplectic plagioclase included
in the porphyroblastic clinopyroxene shows an inrease in Xa, from
core to rim (0.28 — 0.40, Fig. 6¢).

Amphibole mainly has three habits: porphyroblasts with pseudo-
morphs of precursor clinopyroxene; flakes together with secondary di-
opsidic clinopyroxene, plagioclase, quartz, and orthopyroxene after
precursor clinopyroxene porphyroblasts (Fig. 3h); or as symplectic min-
erals together with plagioclase near garnet rims (Fig. 3¢, d). No signifi-
cant compositional variations were observed in the amphibole grains.
Biotites are locally and heterogeneously distributed in matrix domains
with intensive retrogression or as scarce flakes near resorbed garnet
rims (Fig. 3¢, d).

Quartz grains occur either as inclusions within garnet cores or as ma-
trix minerals (Fig. 3c-f). Titanites occur in the core to the core-mantle
boundary of garnet (Fig. 3e, f). [Imenites occur as trace inclusions in
the garnet core or as retrograde products after the decomposition of
the garnet rims (Fig. 3¢). Rutiles occur as mineral inclusions in the man-
tle and rim of the garnet (Fig. 3f) and in the matrix.

4.3. Metamorphic mineral assemblage evolution

Based on the above microstructure and mineral composition varia-
tions, the metamorphic evolution of the investigated sample was prob-
ably divided into early prograde (M;_1), late prograde (M;_), near peak
(My_1), peak (M,_;), decompression (Ms3) and cooling (M,4) metamor-
phic stages. The early prograde stage (M;_;) features poikilitic garnet
cores (Pg in Fig. 5) and their inclusions, with maximum Xs,s and Fe#
and minimum Xpy,. The possible mineral assemblages are garnet

core-clinopyroxene—quartz-titanite-plagioclase-ilmenite 4+ amphi-
bole. The late prograde stage (M;_,) is characterized by inclusion-type
mineral assemblages in the core-mantle boundary of garnet (P;/Q; in
Fig. 5). This occurs with increasing X up to its maximum and the in-
flection points of Fe# and Xpy,. The near-peak stage (M,_;) features
the occurrence of rutile in the garnet mantle, rim and matrix, corre-
sponding to the presently preserved maximum of Xpy, and minimum
of Fe# in the garnet (P,/Q, in Fig. 5). The possible mineral assemblages
are garnet- clinopyroxene-plagioclase-rutile-quartz + amphibole. The
peak metamorphic assemblages (M,_») should have been recorded in
the original garnet rim, but the domains have broken down into other
minerals and their original information is destroyed. The decompres-
sion stage (Ms) is characterized by the breakdown of garnet into plagio-
clase and pyroxene and the breakdown of clinopyroxene porphyroblast
into diopsidic clinopyroxene and plagioclase bleb, with rare
orthopyroxene. The M, cooling stage represents retrogression of am-
phibolite facies with assemblages of clinopyroxene-plagioclase-amphi-
bole-biotite-ilmenite. These four generations of assemblages define a
clockwise P-T path.

5. Results
5.1. Geothermobarometries

Owing to the rare relict inclusion-type mineral assemblages in
garnet and intensive breakdown of garnet rims and precursor
clinopyroxene porphyroblasts, no suitable geothermobarometries
could be applied to calculate the conditions for M;_;, M3_; and M_».
The P-T conditions of M;_, are estimated at 8-9.5 kbar/635-690 °C
using the garnet-clinopyroxene geothermometers of Powell (1985)
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Fig. 4. Compositional maps of Mn, Mg, Ca, Si of a garnet in the Sample 17BM5.

and Ravna (2000) and the garnet-clinopyroxene- plagioclase- quartz
geobarometers of Newton and Perkins (1982) and Eckert Jr. et al.
(1991), based on inclusion-type mineral compositions in the core-man-
tle boundary of garnet (see Fig. 5b). The metamorphic conditions of M3
are estimated at 8.5-10.5 kbar/ 820-838 °C using garnet-
orthopyroxene-plagiocalse-quartz thermobarometries of Lal (1993)
and Bhattacharya et al. (1991). The P-T conditions of M, are estimated
to be approximately 3-5 kbar/650-680 °C using hornblende-plagioclase
thermometer of Holland and Blundy (1994) and hornblende-plagio-
clase-quartz barometer of Bhadra and Bhattacharya (2007).

5.2. Phase equilibrium modeling

P-T pseudosections were calculated using THERMOCALC version
3.45 (Powell and Holland, 1988 and updates) and an internally consis-
tent dataset (ds62, Holland and Powell, 2011). The system with compo-
nents Na,0-Ca0O-FeO-Mg0-Al,05-Si0,-H,0-Ti0,-0 (NCFMASHTO) was
chosen to approximate the studied mafic granulite. MnO was not in-
cluded because it cannot currently be modelled for metabasic rocks
(Green et al., 2016). K0 was ignored here because of (1) low propor-
tions of K-rich minerals (e.g., <2% biotite) in the investigated sample,
(2) most of the K-rich minerals in the matrix might be produced by ret-
rograde K-bearing crustal fluids, as they are mainly distributed in do-
mains with intensive retrogression, and (3) its insignificant influence
on the major phase relationships under high P-T conditions. The phases
involved in the thermodynamic modeling and corresponding A-X rela-
tionships are silicate melt, augitic clinopyroxene and hornblende
(Green et al., 2016), plagioclase (Holland and Powell, 2003), garnet,

ilmenite and orthopyroxene (White et al., 2014). Rutile, titanite, albite,
H>0, and quartz are the pure phases.

The bulk rock compositions of the sample in weight percent are SiO,
(48.93), TiO, (1.51), Al,05 (14.13), Fe,05(T) (16.13), MnO (0.24), MgO
(5.73), Ca0 (9.42), Na,0 (2.27), K,0 (1.02), and P,05 (0.19). Before
modeling, several prior adjustments to the bulk composition were per-
formed: (1) the content of CaO was after the extraction of CaO in apa-
tite; (2) the proportion of ferric iron was arbitrarily assumed to be 8
mol% of total Fe; and (3) the content of water is estimated using the
P-M(H,0) pseudosection at an average late prograde (M;_,) tempera-
ture of 660 °C. In this context, the expected M(H,0) was estimated to
be 4.08-5.326 (X = 0.4-0.54), which is constrained by the late prograde
mineral assemblage and the estimated pressures of 8-9.5 kbar (white
area in Fig. 7a). Therefore, the water content was chosen as the average
M(H20) = 4.703 mol% (X = 0.47 mol%) in Fig. 7a, and the new bulk
composition of the component system in mole percent was H,0: SiO-:
Al,05: Ca0: MgO: FeO: Na,O: TiO,: O = 4.703: 50.930: 8.665: 10.222:
8.883:12.621: 2.290: 1.180: 0.506. Furthermore, in this modeling, a
fixed bulk rock composition was used. The effect of garnet core fraction-
ation is not considered, because the garnet core only accounts for a
minor volume of the entire garnet, which has less effect on the modelled
P-T pseudosection (e.g., Zhang et al., 2020a).

The P-T pseudosection was calculated in the range of 4-20 kbar and
600-900 °C (Fig. 7b). In the diagram, garnet forms at 6-7 kbar, and melt
appears at 670-770 °C. The stability of plagioclase varies from 10 to 17
kbar with increasing temperature. The hornblende boundary line has
anegative slope from 750 to 900 °C at a relatively high pressure. The ap-
pearance of orthopyroxene and disappearance of quartz occur under
low-pressure/high-temperature conditions. H,O is in excess in the P-T
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Fig. 5. A representative compositional profile of garnet in the sample 17BM5.

range of >11.6 kbar/<700 °C and < 6.6 kbar/625-760 °C. The propor-
tions of titanium-bearing minerals (ilmenite, titanite and rutile) were
variable and correlated. Rutile is stable at higher pressures and exhibits
a decreasing trend from 17 to 10 kbar with increasing temperature. [I-
menite is stable at pressures below 11 kbar, while titanite is stable at rel-
atively low temperatures below 800 °C with pressures of 7-17 kbar.
This correlation suggests that rutile becomes stable at the expense of

titanite in the P-T range of ~10-17 kbar/<785 °C and at the expense of
ilmenite at ~10.4-11.2 kbar/> 785 °C.

The modelled Fe# isopleths of garnet have slightly positive to nega-
tive slopes and decrease with increasing temperature, which suggests
that they are useful indicators of temperatures. Specifically, the lower
the Fe#, the higher the temperature (Fig. 8a). The X¢,s isopleths are
complex with several saddle points in the P-T space and vary with

0.7
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Fig. 6. X,,, profiles of different type plagioclase grains in Sample 17BM5. (a) PI-L1, porphyroblastic plagioclase zoning, (b) PI-L2, corona-type plagioclase zoning, (c) PI-L3, symplectic

plagioclase after porphyroblastic clinopyroxene.
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Fig. 7. (a) P-M(H,0) pseudosection at 660 °C. The x axis ranges from M(H,0) = 0.52 mol% at X = 0, and M(H,0) = 9.42 mol% at X = 1. The confined white area represents P-X space of late
prograde assemblage (Grt-Qz-Hbl-Cpx-PI-Ttn) at T = 660 °C, pH = 9.5 kbar, P, = 8 kbar, (b) P-T pseudosection at M(H,0) = 4.703 mol%.

mineral assemblages (Fig. 8a). The garnet modal proportions increase
with pressure or temperature, indicating that they are sensitive to
changes in physical conditions: the higher the pressure or temperature,
the greater the proportion of garnet (Fig. 8b). The contours of the quartz
modal proportion form a semicircle with a center at 8-13 kbar/600-750
°C and decreases outward in P-T space, which suggests that the quartz
proportion could serve here as an approximate P-T indicator above
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600-750 °C: the higher the metamorphic conditions are, the lower the
proportion of quartz (Fig. 8b).

The P-T conditions of the early prograde stage (M;_;) were esti-
mated to be ~6-9 kbar/600-700 °C with an average of 7.5 kbar/650 °C,
based on the intersection of Fe# and X¢,s in the garnet core (Py). The es-
timated P-T conditions are located in the garnet initially growth zone,
with a mineral assemblage of Grt-Cpx-Qz-Ilm-PI-Hbl (Fig. 8). The

P(kbar)

700 750 800 900
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600

Fig. 8. (a) Isopleths of X¢s and Fe# in garnet, and plots of composition analyses in the P-T space. Squares and circles represent analyses in the left and right of the profile, and star represent
average P, T values. Purple, red and yellow represent analyses of the garnet inner core, core-mantle boundary, and inner rim respectively. Four analyses in the plagiocalse-absent field are
neglected, which might be related to analytical error or roughness of chosen analysis spot/area. An inferred prograde P-T segment is shown using garnet compositions from core to mantle.
The late prograde P-T conditions derived from thermobarometries are also shown in a white quadrangle. (b) Modal proportions of garnet and quartz, as well as the inferred prograde P-T
segment are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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late prograde stage M;_, was metamorphosed at ~9-11.2 kbar/680-740
°C, with an average of 10.1 kbar/720 °C, extracted from the intersection
of maximum Xg,s and corresponding Fe# (P1/Q;), where the X¢,s iso-
pleths display a saddle point at the maximum (Fig. 8a). They were in
the stability field of Grt-Cpx-Qz-Pl-Hbl-Ttn. Crossing this point, the
Xcrs began to decrease. The P-T conditions of the near-peak pressure
stage (M,_;) were estimated to be ~12-15 kbar/735-785 °C with an av-
erage of 13.5 kbar/760 °C, based on the minimum of Fe# and corre-
sponding Xc,s of the garnet mantle (P,/Q,). They lie in the rutile
stability field without titanite and ilmenite, and its corresponding min-
eral assemblage is Grt-Cpx-Qz-Pl-Hbl-Rt (Fig. 8). The metamorphic
conditions of the peak stage (M,_,) were estimated to be >13.5 kbar/
>760 °C based on increasing garnet volumes. The P-T conditions of
the decompression (Ms) and cooling (M,4) stages were approximately
7-10 kbar/>800 °C and < 720 °C, respectively, based on the occurrence
of orthopyroxene and melt.

6. Discussion
6.1. Zoned garnet as a recorder of granulite-facies metamorphic processes

As a versatile mineral in metamorphic rocks, garnet appears to be a
brilliant pearl of metamorphic petrology. It records many tectono-meta-
morphic information on the determination and characterization of a
P-T-t path. Garnets often develop variable zoning patterns, such as tex-
tural zoning with regular zonal distribution of inclusion-type minerals
(e.g., Parkinson, 2000), as well as compositional zoning (e.g., Caddick
and Kohn, 2013). The latter is shown not only in major elements but
also in trace elements, such as Y, Sc, Cr, V, Ti and heavy rare earth ele-
ments (HREEs) (e.g., Gaidies et al., 2020; Rubatto et al., 2020), P and ox-
ygen isotopes (e.g., Higashino et al., 2019). These zoning patterns are
often preserved very well in low- to moderate-temperature metamor-
phic rocks (e.g., Gaidies et al., 2020; Spear, 1993).

For granulite-facies rocks, garnets often display relatively homoge-
neous compositional profiles for major elements due to fast diffusion
rates at high temperatures (e.g., Spear, 1993); however, a few excep-
tions still exist, such as the garnet from ultrahigh-temperature rocks
in NW Scotland (Hollis et al., 2006). Recent studies suggest that granu-
litic garnet can preserve obvious textural zoning and trace element zon-
ing, even though there is a lack of major element zoning (e.g., Wu et al.,
2018b; Rubatto et al., 2020; Higashino et al., 2019). For example, garnets
in pelitic granulites from the Huai'an area, NCC, display relatively homo-
geneous Xsps, Xaim, Xpyr and X, profiles, except for weak zonation at
the rims (Wu et al., 2016). However, the inclusions in garnet display ob-
vious microstructural zoning with regular distribution patterns: (1)
crowded quartz inclusions in the core, (2) minor kyanite-K-feldspar-
bearing assemblages in the mantle, and (3) sillimanite-bearing assem-
blages in the rim (Wu et al,, 2016, 2017, 2018b, 2019). REE profiles re-
veal that the HREEs decrease traveling from the core to the rim and
exhibit bell-shaped zoning (Fig. 6 of Wu et al., 2017). Such textural
and trace element zoning patterns suggest that the granulitic garnet
could serve as a pressure and temperature resistant container that doc-
umented multiple generations of growth history from early prograde to
peak metamorphic stages (e.g., Rubatto et al., 2020), while the minerals
in the matrix only documented the intensive re-equilibriation at peak
metamorphism, having the same assemblages as the inclusions in-
cluded in the garnet rim (Wu et al,, 2016, 2017, 2018b).

Fortunately, garnet grains from the studied mafic granulites pre-
serve not only well-developed microstructural zoning but also composi-
tional zoning. Among these, the largest garnet grain groups with
pronounced zoning patterns were used to decipher the metamorphic
history of the host rocks. These grains are expected to (1) illustrate
the zonal distribution of multi-generation inclusion-type mineral as-
semblages through the center of garnet grains, (2) may preserve origi-
nal composition profiles, and (3) are less modified by diffusion than
the smaller grains; consequently, have more complete records from
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early to late metamorphic stages (e.g., Caddick et al., 2010; Gaidies et
al., 2008; Wu et al., 2016, 2017, 2018b).

6.1.1. Prograde garnet behavior

The garnets in the investigated mafic granulites display well-devel-
oped microstructural zoning during progressive metamorphism. This
is demonstrated by inclusion-zoned patterns with poikilitic cores
crowded with quartz and sparse inclusions in mantles/rims. However,
it is unfortunate that the textural zonation of granulitic garnet was not
given more consideration in previous studies. At the moment of initial
growth, the garnet usually encloses some superfluous or inert minerals,
such as quartz and plagioclase at reaction frontiers, and protects them
isolated from the matrix; they then become frozen-in mineral inclusion
assemblages. The crowded quartz grains in the investigated garnet
cores suggest that there were many quartz grains in the matrix during
the first garnet growth. The pseudosection modeling results suggest
that the largest amounts of quartz appear at 8-13 kbar/ <750 °C (Fig.
8b), which is expected to be the suitable P-T range for garnet to entrap
many quartz grains, and agrees well with the estimated conditions of
progressive M;_; to M;_,. As metamorphic reactions proceed with in-
creasing temperature, the reaction and nutrient transport rates increase
greatly, and the quartz proportions in the matrix decrease. Therefore, it
yields less abundant mineral inclusions within newly formed garnet
shells and finally produces fossilized microstructural zoning. In addi-
tion, the Ti-bearing mineral inclusions alternate from ilmenite and
titanite to rutile from garnet cores to mantles/rims. This suggests in-
creases in pressure and temperature (Fig. 8b).

Meanwhile, significant compositional variations were produced
with varying metamorphic mineral assemblages during prograde meta-
morphism. These variations are illustrated here as typical bell-shaped
Xsps zoning, initially slightly flat and then increasing or decreasing Xpy:
and Fe#, and initially increasing and finally decreasing X¢,s outward
from garnet core to mantle, which suggests that the garnet grows
with increasing metamorphic conditions from ~7.5 kbar/~650 °C
(early prograde stage), ~10.1 kbar/~720 °C (late prograde stage) ~13.5
kbar/~760 °C (near-peak stage) to higher P-T conditions. The results
agree with the records from the microstructural zoning, and are some-
what similar to those reported by Zhang et al. (2018). As shown in Fig.
6 of Zhang et al. (2018), it is suggested that garnet grows outside of pla-
gioclase stability, which contradicts the petrological observation that
plagioclase is included in garnet and can not reasonably explain the ini-
tially increasing Xg,s pattern from the core to the core-mantle boundary
(0.3 - 0.35/0.37). This is probably related to the unsuitable A-X rela-
tionships for the mafic granulites in questions in Zhang et al. (2018).
In addition, the results suggest that the maximum of X, in garnet
does not necessarily form at the peak-pressure metamorphic stage as
early thought (e.g., Zhao et al., 2001). In this regard, it is helpful to
judge equilibrium mineral pairs for using geothermobarometers (e.g.,
Cooke et al., 2000). This indicates that the assumed equilibrium compo-
sitions using the core of garnet, sodic plagioclase, and clinopyroxene in
Zhao et al. (2001) are not in equilibrium at the high-pressure granulite-
facies stage. Therefore, their yielding conditions (13.4-15.5 kbar/770-
840 °C) of the high-pressure granulite-facies stage require re-
calculation.

The prograde metamorphism of the high-pressure mafic granulites
from the study area is similar to that in rocks from the Huai'an area, ap-
proximately 300 km north of the study area (Guo et al., 2002; Wu et al.,
2018a). Wu et al. (2018a) identified some robust petrologic indicators,
including (1) the presence of quartz, titanite and high-aluminum diop-
side in garnet cores and mantles but their absence in the matrix, and (2)
bell-shaped Xs,s and increasing Xpy, from garnet cores to mantles. The
development of garnet zoning patterns thus suggests that high-pres-
sure mafic granulites from the north-central part of the NCC underwent
Paleoproterozoic burial processes with increasing pressure and temper-
ature before peak metamorphism.
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6.1.2. Retrograde metamorphism and its influence on peak metamorphic
records

Garnet grains from regional amphibolite, granulite or eclogite ter-
ranes often develop variable reaction microstructures, such as coronas
and symplectites, in response to decompression during exhumation
processes. In the studied mafic granulites, garnet grains displayed vari-
able resorption textures. Some garnet grains exhibit two layers of
symplectites/coronas, with plagioclase + amphibole/biotite near garnet
and plagioclase + clinopyroxene/orthopyroxene near quartz, which
suggests the following two reactions:

Garnet + quartz — plagioclase + orthopyroxene + clinopyroxene
+ ilmenite,

Garnet + quartz + H,0 + K" — plagioclase 4 amphibole /biotite
+ ilmenite

Through such decomposition and rehydration reactions, the rim
composition in the garnet is redistributed. Mn is resorbed owing to
its strong preference for garnet (e.g., Fig. 5b), while Fe?*, Ca and Mg
are redistributed between the garnet rims and the retrograde
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products. The same situation holds for HREEs in garnet. For example,
HREEs in garnet of mafic granulites from the Huai'an area exhibit
bell-shaped patterns from core to mantle, but an obvious resportion
with sharp increases near the broken rim. Therefore, the retrograde
reactions not only destroyed the original rim along with the original
composition.

Thermodynamic modeling results suggest that garnet often grows
with increasing pressure and/or temperature (Fig. 8b). This implies
that the peak metamorphic records should be preserved in a very thin
rim toward the garnet surface. Figs. 9a shows the accreted garnet shells
according to zoning patterns in Figs. 4 and 5, in which the rim includes
two parts: the preserved present-day resorption rim and the lost rim. It
also suggests that the thin rim of large garnet accounts for a large vol-
ume proportion (Table 2); In verse, the accreted thickness of the new
shell is thinner if an equal volume of garnet grows, which is also helpful
for interpreting Lu-Hf ages of zoned garnet (e.g., Cheng and Cao, 2013,
and references therein). The results indicate that peak metamorphic in-
formation must be lost (e.g., Carlson, 2002; Spear, 2014; Zhang et al.,
2018). This suggests that the retrograde garnets are unable to preserve
peak metamorphic information, and previously estimated peak meta-
morphic P-T results from garnet inner rim compositions (unaffected

| P4 P3 P2 P1

PO Q1 Q2 Q3 Q4

t-day preserved resogpteonti S a0

dsan

1500

-
0 500 1000 2000 2500um

Analysis profile

Fig. 9. (a) Reconstruction of accreted garnet shells according to Figs. 4 and 5, and the estimated original/lost rim boundary at the reaction front near clinopyroxene. The present-day
preserved resorbed rim is also shown, (b) radiuses of accreted garnet shells, (c) qualitatively extrapolations of unaffected composition profiles from P, (Qy) to P4 (Qq).
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Table 2
The mode, volume proportions of the studied garnet in Fig. 4 of sample 17BM5.

Lithos 394-395 (2021) 106139

Grt Inclusions Accumulated radius Accumulated volume Accumulated Individual Individual thinkness of Accumulated
(mm) (4/3*m*r?) (mm?) Vol% Vol% each shell (mm) mol. %

Core Qz, Ttn, IIm, P1, Ap ~0.7-0.8 1.44-2.14 16-23 16-23 0.70-0.80 7-11

Mantle Qz, Cpx, PI, Rt ~1.0-1.1 4.19-5.57 46-61 23-45 0.20-0.40 21-28

rim Rt ~13 9.2 100 39-54 0.20-0.30 46

Note: The original diameter is estimated at ~2.60 mm, and accumulated radiuses of core, mantle to rim are estimated at ~0.70-0.80, ~1.00-1.10 and 1.30 mm, respectively. The accumulated
volumes and accumulated volume proportions, individual voulme proportion and individual thinkness of core, mantle and rim are shown in the columns 4-7, respectively. If the total
model of garnet in the studied sample is assumed at ~46% based on peak conditions based on Jd in Cpx and absence of hornblende (see in Fig. 10), the accumulated modes of garnet

are estimated at 7-11, 21-28 and 46 mol% for core, mantle and rim, respectively.

by resorption) are possibly lower than real conditions experienced by
the host rocks, as discussed in the next section.

Accompanying the breakdown of garnet, the minerals in the matrix
also suffered intensive retrogression and rehydration. For instance,
the porphyroblastic clinopyroxene decomposes into diopsidic
clinopyroxene, plagioclase and minor orthopyroxene. It is then replaced
by amphibole, biotite and minor quartz. Therefore, the present-day
minerals in the matrix are mainly breakdown products corresponding
to the retrogressive granulite- (M3) and amphibolite-facies (M) assem-
blages, respectively.

6.1.3. Reconstruction of P-T evolution

Although the peak metamorphic garnet domain is destroyed by
retrograde breakdown reactions, the original information of such
garnets may fortunately be restored to some degree. First, the am-
biguous boundary of the lost rim could be inferred from the reaction
frontier between garnet and clinopyroxene in the matrix (Fig. 9a).
Therefore, original radius and total volume of the resorbed garnet
can be approximately restored (Carlson, 2002; Spear, 2014). Fig. 9
shows the studied garnet in Fig. 4 as an example of accreted garnet
shells during growth. It displays the radii of the accreted garnet core
(r1 = ~0.70-0.80 mm), mantle (r2 = ~1.00-1.10 mm), and original
rim (r3 = ~1.30 mm) using a hypothetical sphere model (Fig. 9b).
The volume of each shell was calculated, as listed in Table 2. The cal-
culation method refers to the Appendix C. Supplementary data from
Wu et al. (2016). The results show that unresorbed garnet accounts
for 46-61 vol% of original garnet, which suggests that the original
mode is possibly in the range of 46-61 mol%, and is 1.64-2.17
times of the unresorbed garnet (~28 mol%, Fig. 8b). Here, the origi-
nal garnet mode is assumed to be ~46 mol% for consistent with Jd
content in Cpx and absence of hornblende in the peak assemblages
(Fig. 10 and Fig. 8b). Thus, the core and mantle modes of garnet are
estimated at 7-11 and 21-28 mol%, respectively, which agree well
with P-T results of M;_, and M,_; yielding from composition analy-
ses (Fig. 8b and Fig. 10).

Second, the rim composition of the precursor garnet can be es-
timated to some extent based on exchange and net transfer reac-
tions and mass balance models between garnet and its
surrounding minerals (Carlson, 2002; Spear, 2014). Fig. 5b shows
that the composition from Py to P, (Qz) underwent relatively in-
significant modification, but the composition outward was
strongly resorbed, such as the composition from P, (Qy) to P3
(Q3). Extrapolations of unaffected composition profiles from P,
(Q2) to P4 (Qq) were qualitatively estimated, as shown in Fig. 9¢
(P4/Q4: Xgrs = ~0.26 & Fe# = ~0.69). In this context, the peak con-
ditions are plausibly estimated at ~790-810 °C (Fig. 10), which is
consistent with the estimated maximum temperature (797 °C, if
P = 16 kbar, unpublished data) using the zirconium-in-rutile ther-
mometer of Tomkins et al. (2007). They agree well with the ab-
sence or lower abundance of amphibole in the peak assemblages.
The pressure of the peak metamorphic stage is not well
constrained, but it might be estimated up to the transition zone
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of the granulite- to eclogite-facies according to a few factors: (1)
the reintegrated composition of the original clinopyroxene con-
tains jadeite contents of 0.22-0.27, which suggests that the mafic
granulites documented relatively higher pressure conditions of
~15-17 kbar; (2) if the original volume of garnet (> 46 mol%) is
considered, the peak pressure is possibly >15 kbar (Fig. 10); and
(3) the P-T results should be consistent with the estimated unaf-
fected garnet rim composition. Therefore, the estimated peak P-T
conditions are around ~15-17 kbar/~ 790-810 °C, which are higher
than the results (M,_;) derived from the preserved present-day
mantle-rim boundary (or inner rim) composition of garnet (P,/
Q,, which was the closest value to the peak composition). They
are also somewhat higher than previous studies by Zhao et al.
(2001) and Zhang et al. (2018) (Fig. 10). The P-T conditions of
the peak-pressure stage were overestimated in Zhao et al.
(2001), in which the entrance of eclogite-facies conditions were
qualitatively estimated according to a P-T pseudosection for a sil-
ica-saturated aluminous basalt bulk composition of Holland and
Powell (1998). This model composition is higher in SiO, and
Al,03 than the studied samples in Zhao et al. (2001) and leads to
the disappearance of plagioclase at higher pressures than Al,03
poor basalts (Ringwood, 1975). In addition, the estimated P-T con-
ditions of high-pressure granulite-facies stages are not in equilib-
rium using the garnet core composition, as shown by the dotted
line segment in Fig. 10 (path @).

Subsequently, the mafic granulites suffered intense decompression
and garnet breakdown into plagioclase, orthopyroxene, hornblende,
and ilmenite. Rutile is replaced by ilmenite at ~10.5 kbar. The P-T condi-
tions of the decompression stage are roughly estimated at ~800-850 °C
(Fig. 10, if Pis assumed to be 7-10 kbar). The results are consistent with
the P-T conditions of 8.5-10.5 kbar/820-838 °C, yielding from
geothermobarometries, and from the phase equilibrium modeling of
two-pyroxene granulites in the same area (see Fig. 8 of Zhang et al.,
2018), which suggests that the rocks experienced near-isothermal de-
compression. It was then followed by cooling processes, characterized
by first crossing the crystallization temperature of the melt at ~720 °C
and finally undergoing subsolidus cooling to 3-5 kbar/ 650-680 °C
(Fig. 10).

6.2. Tectonic significance of P-T evolution of the mafic granulites

The well-documented texturally and compositionally zoned garnet
patterns provide robust petrological evidence for progressive meta-
morphism of the northern Hengshan mafic granulite terrane, which
is a longstanding controversial issue, as stated above. Combined with
coherent characteristics of deformation and metamorphism between
the mafic granulites and their surrounding rocks (e.g., Kroner et al.,
2006; Li et al.,, 1998; Zhai, 2009), it is suggested that the protoliths
of these mafic granulites and their surrounding rocks must have suf-
fered common subduction processes from the upper-middle crust to
~50 km, although no details of the subduction process are currently
known.
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Fig. 10. Estimated peak-metamorphic conditions (blue star) and reconstruction of complete P-T path. The P-T paths of D)-Zhao et al. (2001), and @-Zhang et al. (2018) are also shown for
comparison. Dotted lines represent qualitatively estimated P-T segments. More discussions of the P-T paths see detail in text. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

The preservation of growth zoning patterns with relatively little
modifications, such as the Mn zoning in the studied garnet (except for
the resorbed rim), suggests that the host rocks probably experienced a
very short-lived peak metamorphic stage (e.g., Caddick et al., 2010;
Chuet al.,, 2018; Gaidies et al., 2008; Moller, 1998; Zou et al., 2020). Fur-
thermore, the near-isothermal decompression path suggests that the
host rock must experience rapid exhumation aided by tectonic pro-
cesses to the middle crust without significant thermal relaxation (e.g.,
Baldwin et al., 2007; Harley, 1989; Liu et al., 2017; Maller, 1998;
Miiller et al., 2018). Such P-T paths were also retrieved from other
early Proterozoic high-pressure granulite and eclogite terranes, such
as the Nagssugtoqidian orogen (e.g., Miiller et al., 2018), the Snowbird
tectonic zone (e.g., Baldwin et al., 2007), the Trans-Hudson orogen
(e.g., Weller and StOnge, 2017), the Belomorian mobile belt (e.g., Liu
et al,, 2017), the Eburnian-Transamanzonian orogen (e.g., Loose and
Schenk, 2018) and the Ubendian-Usagaran belt (e.g., Brown et al.,
2020). The E-W trending Zhujiafang ductile shear zone might account
for the exhumation of the northern Hengshan high-pressure granulite
terrane (e.g., Qian et al., 2019; Wei, 2018). These results thus suggest
that a relatively fast tectono-metamorphic process is involved in the for-
mation of the Paleoproterozoic northern Hengshan high-pressure gran-
ulite terrane is preferred. They contrast with previous interpretations on
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metamorphic zircon U-Pb ages that the Paleoproterozoic granulite-fa-
cies metamorphism last for a long period from ~1.95 Ga to 1.85 Ga.
This suggests that new interpretations on the links between metamor-
phism and zircon formation are urgently needed (e.g., Qian et al.,
2019; Wei, 2018).

The peak metamorphic information for the mafic granulites is mod-
ified variably by retrograde reactions, which leads to lower P-T results
estimated from the unresorbed rim composition of garnets than the
true conditions. Through qualitative reconstruction of the compositions
of clinopyroxene, original modal proportions and rim composition of
garnet, this study yielded peak metamorphic conditions of ~15-17
kbar/~790-810 °C. These results are similar to those for other
Paleoproterozoic high-pressure granulites and moderate-temperature
eclogites worldwide (Brown and Johnson, 2018, and references
therein). The metamorphic conditions contrast with those of Archean
metamorphic terranes, which are predominantly characterized by
high-temperature and low- to moderate-pressure metamorphic condi-
tions (e.g., Windley, 1995; Brown, 2007; Brown and Johnson, 2018;
Holder et al., 2019; Palin et al., 2020). The high P-T regimes, clockwise
P-T histories, and rapid tectonic exhumation histories of the
Paleoproterozoic high-pressure granulite and eclogite terranes suggest
that the tectonic processes could probably be compared with those
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under modern plate tectonics, although these rocks document relatively
higher apparent thermal gradients (~14-16 °C/km). A statistical evalu-
ation of T/P over time demonstrates that bimodal metamorphism has
become a global scale since the early Paleoproterozoic (~2.2 Ga) to
tthe present day (Holder et al,, 2019), and the higher thermal gradients
might be explained by the gradual development of modern plate tec-
tonic regimes with secular cooling of the mantle (Holder et al., 2019;
Brown and Johnson, 2018; Palin et al., 2020). Together with recently
recognized ~1.80 Ga eclogite xenoliths from magmatic carbonate in
the adjacent area (Xu et al., 2018), it seems to infer that mordern-
style tectonics might have operated as far back as the Paleoproterozoic
(~1.95-1.80 Ga) from the NCC (Xu et al., 2018; Zhai et al., 1995; Zhao
etal, 2001; Zhou et al., 2017).

7. Conclusions

1. The garnet grains of the investigated mafic granulites preserve
conspicuous microstructural and chemical zoning patterns.
Microstructurally, they show a zonal distribution of frozen mineral
inclusions. The first is a poikilitic core including considerable amount
of quartz, with minor plagioclase, titanite, ilmenite, clinopyroxene
and apatite. The second is a rutile-bearing, inclusion-poor mantle.
The third is a resorbed rim characterized by breakdown textures.
Chemically, garnets exhibit pronounced zoning, with bell-shaped
Xsps, initially flat and then increasing/decreasing Xpy, and Fe#, and
initially increasing and then decreasing X¢,s from cores to mantles,
and resorbed rims. Both zoning patterns suggest that granulitic gar-
nets in the studied sample record a complete history of early pro-
gressive to late retrogressive metamorphism.

2. Metamorphic history can be divided into early prograde (M;_,), late
prograde (M;_;), near peak (M,_;), peak (M,_;), isothermal decom-
pression (Ms), and isobaric cooling (M) stages. M;_; features the
garnet poikilitic core and its inclusions, with maximum Xgps and
Fe# and minimum Xpy.. M _; is characterized by inclusion-type min-
erals in the garnet core-mantle boundary, accompanied by maxi-
mum X, and inflection points for Xpy, and Fe#. M,_; features the
occurrence of rutile in garnet mantles and other minerals in the ma-
trix, with a presently preserved maximum Xpy, and minimum Fe#.
M,_, should have been recorded in the garnet rim, although the do-
main broke down into other minerals and the original information
was lost. M3 is characterized by the breakdown of garnet into plagio-
clase and pyroxene, and clinopyroxene porphyroblasts into plagio-
clase blebs and diopsidic clinopyroxene, with rare orthopyroxene
and hornblende. My is characterized by retrogression of amphibo-
lite-facies. These generation assemblages together define a clockwise
P-T path.

3. The conditions are estimated at 6-9 kbar/600-700 °C (M;_1),
9-11.2 kbar/680-740 °C (M;_), 12-15 kbar/735-785 °C (M,_1),
>13.5 kbar/>760 °C (M,_,), 7-10 kbar/~800-850 °C (M3) and
3-5 kbar/ 650-680 °C (My), respectively. Although the peak meta-
morphic stage (M,_,) information is modified by retrograde reac-
tions, the conditions are further constrained to ~15-17 kbar/
~790-810 °C through qualitative reconstruction of the composition
of clinopyroxene, original modal proportions and rim composition
of garnet.

4, The preservation of growth zoning in garnet and the near-isothermal
decompression path suggests that the host rocks probably experi-
enced a short-lived peak metamorphic stage and a rapid tectonic ex-
humation process.

5. Metamorphic records of the mafic granulites from the northern
Hengshan area were probably a response to subduction-collision-ex-
humation processes involved in the assembly of the NCC during the
Paleoproterozoic. This suggests that the Paleoproterozoic (~1.95-
1.80 Ga) tectonic processes are similar to those under the modern
plate tectonic regimes, although their relatively higher apparent
thermal gradients (14-16 °C/km).
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