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Abstract: Granulite facies rocks provide important keys to evaluating collisional metamorphism
in orogenic belts. The mafic granulites of Baoding in the Fuping Complex of the North China
Craton occur within the Trans-North China Orogen (TNCO), a major Paleoproterozoic collisional
orogen. Here, we present results from detailed investigations on newly discovered garnet pyroxenite,
garnet two-pyroxene granulite, and garnet-bearing-plagioclase amphibolite using petrographic,
mineralogical, geochemical, and zircon U-Pb dating methods. Our results show that the Fuping
Complex metamorphic evolution in this study evolved in four stages: prograde (M1), high-pressure
granulite facies (M2), granulite facies (M3), and retrograde (M4) stages. The mineral assemblage
of the prograde stage (M1) consists of Amp + Pl + Q within garnet cores. The mineral assemblage
of high-pressure granulite facies at the peak stage (M2) consists of Gt + Cpx + Pl + Q ± Amp,
forming the garnet pyroxenite. The granulite facies stage M3 is characterized by the occurrence of
orthopyroxene, with a mineral assemblage of Gt + Cpx + Opx + Amp+ Pl + Q. The early retrograde
stage M4-1 includes clinopyroxenes scattered inside amphiboles, following the breakdown of garnet
and clinopyroxene. The mineral assemblage of this stage comprises Amp + Pl + Q + Ilm ± Cpx. Later,
in the late retrograde stage M4-2, the composition of amphiboles changed to actinolite, and epidote
and chlorite started to appear in the matrix. Traditional geothermobarometry yielded P-T conditions
of 700~706 ◦C and 6.0~6.2 kbar for prograde stage M1, 854~920 ◦C and 13.0~13.8 kbar for high-
pressure granulite facies stage M2, 912~939 ◦C and 8.1~9.9 kbar for M3, 661~784 ◦C and 3.1~4.4 kbar
for M4-1, and 637~638 ◦C, 1.1~1.3 kbar for M4-2, along a clockwise P-T path with a nearly isothermal
decompression (ITD) and slight heating. Zircon LA-ICP-MS U-Pb dating constrains the timing of
the high-pressure granulite facies metamorphic event to be between 1.83 and 1.86 Ga. Geochemical
features suggest that the protoliths of the high-pressure granulites may have formed in an island
arc environment within a convergent margin setting. Together with results from previous studies,
our data suggest that the ~1.85 Ga metamorphic age recorded in the Fuping Complex represents a
regional metamorphism in the TNCO, associated with the subduction–collision and assembly of the
Eastern and Western Blocks of the NCC.

Keywords: Fuping Complex; high-pressure granulite; clockwise P-T path; Trans-North China Orogen

1. Introduction

The North China Craton (NCC) is one of the oldest cratonic blocks in the world,
preserving records of Archean to late Palaeoproterozoic crustal evolution, cratonization,
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and related geodynamic history that are important in understanding continental growth in
the early Earth [1–7]. Based on differences in geochronology, rock assemblages, and P-T
paths [8,9], the Precambrian basement within the NCC has been subdivided into several
tectonic units, including the Western Block (WB), Eastern Block (EB), and the intervening
Trans-North China Orogen (TNCO; [6,7]). The north–south trending TNCO comprises
several basement terranes including Zanhuang, Fuping, Wutai, Hengshan, Huai’an, Xu-
anhua, Northern Hebei, and Chengde Complexes. The linear structural belts [10,11],
retrograde eclogites and high-pressure granulites [12], clockwise P-T paths involving near-
isothermal decompression, and metamorphic ages of 1.96~1.80 Ga [13,14] define the TNCO
as a collisional orogenic belt between the EB and WB. Subduction and collision during
continental assembly usually produce high-pressure metamorphism, therefore, understand-
ing the P-T evolution of high-pressure granulites can provide crucial constraints on the
evolution of lower crust involved in continental collision processes [15]. High-pressure
granulites are mostly found in the northern TNCO and southern Jiao-Liao-Ji Belt of the
Paleoproterozoic, also exposed in the south Yinshan Block, midwestern Khondalite Belt,
and East Hebei, and usually display a Grt + Cpx + Pl + Q assemblage in mafic rocks and
Grt + Ky + K-feldspar assemblage in metapelites and felsic rocks [16,17]. High-pressure
mafic granulite in the TNCO was reported from the Huai’an–Manjinggou–Xuanhua–
Xiwangshan region and afterwards from Harley and Cheng [18–20]. Along the Fuping-
North Hengshan-Huai’an-Xuanhua-Chengde sector, these rocks define a northeast-oriented
high-pressure granulite belt.

The Fuping Complex, located in the central TNCO, exposes granulite to lower-
amphibolite-facies metapelitic rocks in the supra-crustal sequence, such as pelitic gran-
ulite, sillimanite-bearing gneiss, garnet–biotite gneiss, and garnet-bearing schist [21–23].
This suggests that compared to grt-ky-kfeld matrix rocks in other parts of the TNCO,
it experienced lower P. Previous studies on the Fuping granulites focused on the peak
conditions of the granulite facies [24,25]. Liu [24] noted that the mafic granulite of the Fup-
ing Complex experienced a peak stage with P-T conditions of 751~833 ◦C/8.5~10.8 kbar
and displayed a clockwise P-T path, suggesting early thickening to late tectonic uplift.
Zhao et al. [25] reported P-T conditions from peak mineral assemblage of mafic granulite as
840~940 ◦C/8.7~9.7 kbar and defined a clockwise ITD-type P-T path. The metamorphism
is dated as ~1.8 Ga, suggesting that the Fuping Complex underwent crustal thickening,
tectonic denudation (uplift), and final cooling. However, Wei et al. [26] suggested that
the mineral assemblages and textures of granulites from the Fuping Complex are simi-
lar to the high-pressure granulite of North Hengshan, indicating a similar metamorphic
evolutionary process.

The Neoarchean metamorphic strata in the Fuping Complex mainly belong to the
Yuanfang Formation of the Fuping Group, where the grade of metamorphism ranges from
high-amphibolite facies to granulite facies. This study focuses on the high-pressure mafic
granulites in the Yuanfang Group. We report detailed results from our field investigations,
petrographic and mineralogical analyses, and geochronological studies. We reconstruct
the metamorphic evolutionary history, and combined with the information from other
segments of the TNCO, our study provides insights into the Precambrian HP metamorphic
evolution of the TNCO.

2. Geologic Setting

The study area is located in Liangang Town of Yixian, north of Baoding City in Hebei
Province. It is part of the northeastern Fuping Complex in the TNCO, close to the Eastern
Block of the NCC (Figure 1). The stratigraphy in the area is widely exposed, ranging
from the Neoarchean to the Cenozoic, with the stratigraphy of each generation being
visible. The stratigraphy in the study area generally spreads in the northeast direction,
from northwest to southeast, from old to new exposure. It can be divided into three main
parts: Neoarchean metamorphic crystalline basement, Meso-Neo Proterozoic and Paleozoic
sedimentary strata, and Cenozoic sediments. The Yuanfang Formation of the Fuping Group
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occurs mainly in the form of remnant blocks within the Neoarchean metamorphic plutons,
which are unconformably overlain by the Paleoproterozoic sedimentary cover.

Minerals 2023, 13, x FOR PEER REVIEW 3 of 28 
 

 

The stratigraphy in the study area generally spreads in the northeast direction, from 
northwest to southeast, from old to new exposure. It can be divided into three main parts: 
Neoarchean metamorphic crystalline basement, Meso-Neo Proterozoic and Paleozoic sed-
imentary strata, and Cenozoic sediments. The Yuanfang Formation of the Fuping Group 
occurs mainly in the form of remnant blocks within the Neoarchean metamorphic plutons, 
which are unconformably overlain by the Paleoproterozoic sedimentary cover. 

 
Figure 1. (a) Tectonic subdivision of the North China Craton (modified after [6]). (b) Geological 
map of the region. The portion in the center box is enlarged for Figure 2. 

The Yuanfang Formation is the oldest stratigraphic unit in the Taihangshan subre-
gion (West Hebei) and was mapped at 1:50,000 scale by the Xiaojue-Mengjiazhuang dis-
trict survey of the Hebei District Survey Institute’s Ninth Branch in 1995. The rock assem-
blage is dominated by biotite–plagioclase gneisses and amphibolite gneisses, interspersed 
with amphibolite and minor leptynite. Locally, hornblende-bearing magnetite quartzite, 
garnet two-pyroxene granulite, and garnet pyroxenite also occur. The contact between the 
Yuanfang Formation and the Neoarchean metamorphic rocks is largely conformable with 
the gneissosity (Figure 2). 

Figure 1. (a) Tectonic subdivision of the North China Craton (modified after [6]). (b) Geological map
of the region. The portion in the center box is enlarged for Figure 2.

Minerals 2023, 13, x FOR PEER REVIEW 4 of 28 
 

 

 
Figure 2. Geological map of the study area with sampling locations of representative samples. 

3. Petrography 
The studied samples were collected from the northern part of Xiaopingdi Village, 

Liangang Town of Yixian, Baoding City, Hebei Province. The sampling locations are 
shown in Figure 2. The high-pressure granulites in the study area are mainly garnet py-
roxenite, that underwent retrograde metamorphism to garnet two-pyroxene granulite and 
garnet-bearing-plagioclase amphibolite. 

3.1. Garnet Pyroxenite 
The main minerals in garnet pyroxenite (Figure 3a,b) include garnet (20~35%) + cli-

nopyroxene (25~35%) + plagioclase (10~15%) + amphibole (10~25%) + quartz (5~8%), the 
secondary minerals are rutile, ilmenite, titanite, apatite, and magnetite. The samples show 
a porphyroblastic texture with amphibole + plagioclase (± clinopyroxene）coronae sur-
rounding garnet porphyroblasts (Figure 3e,g,h). Garnet porphyroblasts, up to 2.5 mm in 
diameter, contain inclusions of quartz, amphibole, and plagioclase in the core (Figure 3c). 
Some garnets are fine-grained without inclusions, displaying a grain size of 0.25 to 0.75 
mm, and are of the same generation as the coarse type (Figure 3d). The matrix of the sam-
ples mainly comprises subhedral clinopyroxene, plagioclase, amphibole, and quartz with 
minor ilmenite (Figure 3d). Relict clinopyroxenes in the matrix coexist adjacent to amphi-
bole and plagioclase (Figure 3f), and some of the clinopyroxenes retrograde into amphi-
boles (Figure 3h). Amphibole and plagioclase mainly occur in several of these structural 
forms. 

Figure 2. Geological map of the study area with sampling locations of representative samples.



Minerals 2024, 14, 138 4 of 28

The Yuanfang Formation is the oldest stratigraphic unit in the Taihangshan subregion
(West Hebei) and was mapped at 1:50,000 scale by the Xiaojue-Mengjiazhuang district
survey of the Hebei District Survey Institute’s Ninth Branch in 1995. The rock assemblage
is dominated by biotite–plagioclase gneisses and amphibolite gneisses, interspersed with
amphibolite and minor leptynite. Locally, hornblende-bearing magnetite quartzite, garnet
two-pyroxene granulite, and garnet pyroxenite also occur. The contact between the Yuan-
fang Formation and the Neoarchean metamorphic rocks is largely conformable with the
gneissosity (Figure 2).

3. Petrography

The studied samples were collected from the northern part of Xiaopingdi Village,
Liangang Town of Yixian, Baoding City, Hebei Province. The sampling locations are shown
in Figure 2. The high-pressure granulites in the study area are mainly garnet pyroxenite,
that underwent retrograde metamorphism to garnet two-pyroxene granulite and garnet-
bearing-plagioclase amphibolite.

3.1. Garnet Pyroxenite

The main minerals in garnet pyroxenite (Figure 3a,b) include garnet (20~35%) +
clinopyroxene (25~35%) + plagioclase (10~15%) + amphibole (10~25%) + quartz (5~8%),
the secondary minerals are rutile, ilmenite, titanite, apatite, and magnetite. The samples
show a porphyroblastic texture with amphibole + plagioclase (±clinopyroxene) coronae
surrounding garnet porphyroblasts (Figure 3e,g,h). Garnet porphyroblasts, up to 2.5 mm
in diameter, contain inclusions of quartz, amphibole, and plagioclase in the core (Figure 3c).
Some garnets are fine-grained without inclusions, displaying a grain size of 0.25 to 0.75 mm,
and are of the same generation as the coarse type (Figure 3d). The matrix of the samples
mainly comprises subhedral clinopyroxene, plagioclase, amphibole, and quartz with minor
ilmenite (Figure 3d). Relict clinopyroxenes in the matrix coexist adjacent to amphibole
and plagioclase (Figure 3f), and some of the clinopyroxenes retrograde into amphiboles
(Figure 3h). Amphibole and plagioclase mainly occur in several of these structural forms.

3.2. Garnet Two-Pyroxene Granulite

The main minerals found in garnet two-pyroxene granulite (Figure 4a,b) include gar-
net (20~25%) + amphibole (15~30%) + clinopyroxene (7~15%) + orthopyroxene (5~10%)
+ plagioclase (10~15%) + quartz (5%), and the secondary minerals are rutile, actinolite
epidote, chlorite, ilmenite, and magnetite. The rock has a porphyroblastic texture with
diverse crystals of garnet and a matrix of clinopyroxene, orthopyroxene, plagioclase, and
amphibole. The garnets in this rock sample display distinct cleavage, and the mineral
assemblage of the prograde stage is indiscernible (Figure 4c). Relic clinopyroxene and
orthopyroxene grains coexist in equilibrium with plagioclase in the matrix, and particles
contain hornblende exsolution within them. Some of the rims of clinopyroxene and or-
thopyroxene are converted and transformed into amphiboles (Figure 4c–e). Amphiboles
can be broadly divided into two associations: hypidiomorphic larger grains in the matrix
(Figure 4g) and a “white-eye socket” structure with plagioclase around the rims of the
garnets (Figure 4c). Plagioclase can also be broadly categorized into two types: matrix
plagioclase (Figure 4h), partly in equilibrium with clinopyroxene and orthopyroxene, and
the form of the “white-eye socket” structure. Epidote, chlorite, and actinolite are visible in
some samples (Figure 4f,h), indicating retrograde metamorphism under high-greenschist
to low-amphibolite facies.
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Figure 3. Representative macro- and microscopic photographs of petrographic features of garnet
pyroxenite. (a,b) Macroscopic features; (c) Plagioclase and amphibole inclusions within garnet core;
(d) The fine grains garnet and matrix minerals; (e) The amphibole + plagioclase (±clinopyroxene)
coronae surrounding garnet porphyroblasts; (f) Relict clinopyroxenes; (g) The amphibole and plagio-
clase corona texture; (h) The clinopyroxenes retrograde into amphiboles. Pl: plagioclase; Gt: garnet;
Cpx: clinopyroxene; Amp: amphibole.
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Figure 4. Representative macro- and microscopic photographs of petrographic features of garnet
two-pyroxene granulite. (a,b) Macroscopic features; (c) The garnet with amphibole and plagioclase
surrounding; (d) Relic clinopyroxene and orthopyroxene coexist in equilibrium with plagioclase in the
matrix; (e) Some of the rims of clinopyroxene and orthopyroxene are converted to amphiboles; (f) The
appearance of epidote and chlorite; (g) The actinolite; (h) The matrix plagioclase. Pl: plagioclase;
Gt: garnet; Cpx: clinopyroxene; Opx: orthopyroxene; Amp: amphibole; Act: actinolite; Ep: epidote;
Chl: chlorite.

3.3. Garnet-Bearing-Plagioclase Amphibolite

The garnet-bearing-plagioclase amphibolite (Figure 5a,b) contains garnet (5~10%) + am-
phibole (50~65%) + plagioclase (10~15%) + quartz (5~7%), and ilmenite, with accessory
titanite and apatite. The fine-grained garnet in the sample could be the residue of the large
porphyroblast garnets, which were partly consumed (Figure 5c,d). The hypidiomorphic
amphiboles in the matrix may have formed during the retrograde stage (Figure 5e). The
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plagioclase distributed in the matrix, and some in contact with the retrograde amphibole,
may be the remnants from during the peak stage, while the others formed in the “white-eye
socket” structure surrounding the garnets (Figure 5f) during the retrograde stage.

Minerals 2023, 13, x FOR PEER REVIEW 7 of 28 
 

 

surrounding; (d) Relic clinopyroxene and orthopyroxene coexist in equilibrium with plagioclase in 
the matrix; (e) Some of the rims of clinopyroxene and orthopyroxene are converted to amphiboles; 
(f) The appearance of epidote and chlorite; (g) The actinolite; (h) The matrix plagioclase. Pl: plagio-
clase; Gt: garnet; Cpx: clinopyroxene; Opx: orthopyroxene; Amp: amphibole; Act: actinolite; Ep: 
epidote; Chl: chlorite. 

3.3. Garnet-Bearing-Plagioclase Amphibolite 
The garnet-bearing-plagioclase amphibolite (Figure 5a,b) contains garnet (5~10%) + 

amphibole (50~65%) + plagioclase (10~15%) + quartz (5~7%), and ilmenite, with accessory 
titanite and apatite. The fine-grained garnet in the sample could be the residue of the large 
porphyroblast garnets, which were partly consumed (Figure 5c,d). The hypidiomorphic 
amphiboles in the matrix may have formed during the retrograde stage (Figure 5e). The 
plagioclase distributed in the matrix, and some in contact with the retrograde amphibole, 
may be the remnants from during the peak stage, while the others formed in the “white-
eye socket” structure surrounding the garnets (Figure 5f) during the retrograde stage. 

 
Figure 5. Representative macro- and microscopic photographs of petrographic features of garnet-
bearing-plagioclase amphibolite. (a,b) Macroscopic features; (c,d) The remnants finegrain garnet; 
Figure 5. Representative macro- and microscopic photographs of petrographic features of garnet-
bearing-plagioclase amphibolite. (a,b) Macroscopic features; (c,d) The remnants finegrain garnet;
(e) The hypidiomorphic amphibole with larger size in the matrix; (f) The “white-eye socket” structure.
Pl: plagioclase; Gt: garnet; Amp: amphibole.

Based on the reaction structures and mineral assemblages of the studied samples and
combined with information from previous studies, we initially delineate the metamorphic
stages. Different rock types record different stages of the same metamorphic evolution.

Garnet pyroxenite records three stages: the mineral association in the prograde stage as
Amp + Pl inclusions within garnet cores; the peak mineral assemblage is Gt + Cpx + Pl + Q ± Amp;
the mineral assemblage of the retrograde stage is the Amp + Pl coronal around the gar-
net rim.

Garnet two-pyroxene granulite records two stages: the peak stage mineral assemblage
of this type of rock is Gt + Cpx + Opx + Amp + Pl + Q; early retrograde stage mineral
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assemblages are the Amp + Pl coronal around the garnet, the late retrograde stage is
characterized by the occurrence of Amp + Ep + Chl.

Garnet-bearing-plagioclase amphibolite only records the mineral assemblage of am-
phibole and plagioclase at the retrograde stage.

In summary, our integration of the metamorphic stages recorded in different rock
types allows us to infer that the high-pressure metamorphism evolution of the study area
is divided into four stages: prograde stage (M1), high-pressure granulite facies stage (M2),
granulite facies stage (M3), and retrograde stage (M4).

(1) The prograde stage M1 assemblage consists of Gt-c + Amp + Pl + Q.
(2) At the high-pressure granulite facies stage M2, the mineral assemblage of high-

pressure granulite facies is composed of the garnet mantle, clinopyroxene core, and
matrix plagioclase: Gt + Cpx + Pl + Q ± Amp.

(3) The granulite facies stage (M3) is characterized by the occurrence of orthopyroxene, the
mineral assemblage of this stage is composed of the garnet rim and matrix minerals:
Gt + Cpx + Opx + Amp + Pl + Q.

(4) The retrograde stage was characterized mainly by the amphibole + plagioclase corona
texture around the garnet and the partial replacement of clinopyroxene by amphibole:
early in the retrograde stage M4-1, after the metamorphic crystallization, garnet and
clinopyroxene were partly broken down, and the rims of residual clinopyroxene and
orthopyroxene are converted to amphiboles, In some samples, the decomposition of garnet
was almost complete, the assemblage of this stage consists of Amp + Pl + Q + Ilm ± Cpx;
late in the retrograde stage M4-2, the epidote and chlorite appeared in the matrix, the
assemblage of this stage consists of Amp + Ep + Chl.

4. Geochemistry

Whole-rock analysis of major and trace elements and rare earth elements was per-
formed at the laboratory of the Ninth Geological Brigade of Hebei Provincial Bureau of
Geology and Mineral Resources Exploration and Development. The analysis of major
elements was carried out by an X-ray fluorescence spectrometer (XRF), while trace elements
and rare earth elements were determined by an ICAP-Q inductively coupled plasma mass
spectrometer, and the analytical techniques followed those in the “Methods of chemical
analysis of silicate rocks—Part 30: Determination of 44 elemental” GB/T 14506.30-2010 [27].

In this study, 11 samples were selected for whole-rock analysis, including 4 garnet
pyroxenites, 4 garnet two-pyroxene granulites, and 3 garnet-bearing-plagioclase amphi-
bolites. The major, trace, and rare earth element data of all analyzed samples are given in
Supplementary Tables S1 and S2.

4.1. Major Elements

The garnet pyroxenite contains SiO2 = 48.58~51.26 wt.%, TiO2 = 1.26~1.87 wt.%,
Al2O3 = 11.06~14.32 wt.%, MgO = 4.91~6.25 wt.%, CaO = 9.07~11.45 wt.%, and
P2O5 = 0.24~0.38 wt.%. K2O/Na2O ratios range from 0.13 to 0.28, with K2O content
being much lower than Na2O’s. The Mg# (100×MgO/FeOT + MgO) ranges mostly from
36.50 to 39.07, which is lower than the range of primary basaltic magma (Mg# = 68~75),
indicating that the protolith magma of garnet pyroxenite underwent a lower degree of
magmatic differentiation [28].

The garnet two-pyroxene granulite contains SiO2 = 48.68~52.30 wt.%, TiO2 = 1.44~1.83 wt.%,
Al2O3 = 12.59~14.00 wt.%, MgO = 5.22~6.91 wt.%, CaO = 8.22~9.09 wt.%, P2O5 = 0.21~0.27 wt.%.
The Na2O contents are higher than that of K2O, with mass fractions ranging from 1.26 to
1.86 wt.% and 0.38 to 0.67 wt.%, respectively. The range of Mg# is from 38.57 to 46.67, which
might be related to the segregation and crystallization of mafic minerals in the magma [28].

The garnet-bearing-plagioclase amphibolite contains SiO2 = 51.31~52.42 wt.%,
TiO2 = 1.38~1.48 wt.%, Al2O3 = 12.80~13.13 wt.%, MgO = 5.38~5.66 wt.%, CaO = 9.02~9.12 wt.%,
P2O5 = 0.20~0.24 wt.%. The contents of Na2O are higher than that of K2O, the mass frac-
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tions of the two ranging from 1.96 to 2.32 wt.% and 0.10 to 0.62 wt.%, respectively, and the
range of Mg# is from 41.46 to 41.85.

All three types of rocks are mafic, with average SiO2 contents of 49.74 wt.%, 50.54 wt.%,
and 51.72 wt.%, respectively. Compared to garnet pyroxenite, the SiO2 contents increase as
the metamorphic process advances, whereas the average TiO2 and FeO contents decrease
by 1.72 wt.%, 1.61 wt.%, and 1.43 wt.% and 12.09 wt.%, 11.48%, and 10.14%, respectively.
The rocks are all Al and Ca enriched, and the high CaO contents are consistent with the
high amphibolite contents in the samples. According to the major element compositions of
the three rock types, the protoliths of garnet pyroxenite, garnet two-pyroxene granulite,
and garnet-bearing-plagioclase amphibolite are presumed to be basalt and basaltic andesite
(Figure 6a).
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4.2. Rare Earth Elements

The rare earth elements (REEs) were normalized using the standard content of chon-
drites as given by Boynton [30].

The garnet pyroxenite is relatively low in total REE content (∑REE = 89.89~149.55 ppm) and
shows a slight fractionation of light REEs (LREEs) from heavy REEs (HREEs) (∑LREE/
∑HREE = 1.37~5.16, (La/Sm)N = 1.10~2.36, (La/Yb)N = 0.82–4.16) with weak negative
Eu anomalies (δEu = 0.92~0.94), which may be related to the plagioclase generated by
retrograde metamorphism [32].

The garnet two-pyroxene granulite is low in total REE content (∑REE = 88.64~102.00 ppm) and
shows slight fractionation of LREEs from HREEs (∑LREE/∑HREE = 1.90~2.64,
(La/Sm)N = 1.37~1.56, (La/Yb)N = 1.16~1.70) with weak positive Eu anomalies
(δEu = 0.96~1.07).

The garnet-bearing-plagioclase amphibolite has relatively low total REE content
(∑REE = 108.00~120.56 ppm) and shows slight fractionation of LREEs from HREEs (∑LREE/
∑HREE = 3.08~3.22, (La/Sm)N = 1.90~2.46, (La/Yb)N = 2.13~2.25) with weak negative
Eu anomalies (δEu = 0.90~1.01), which may be related to the plagioclase generated by
late metamorphism.

The chondrite-normalized rare earth element (REE) diagram (Figure 6b) shows that
the garnet pyroxenite and its retrograde products are both characterized by an overall
right-dipping type, with LREE enrichment and flat HREE, and the degree of right-dipping
is consistent. The rare earth distribution patterns are all without obvious Eu anomalies or
slight Eu anomalies, indicating that plagioclase segregation during the evolution of the
protolithic magma was generally insignificant [28], and the protoliths of the retrograde
metamorphic products may be consistent.

4.3. Trace Elements

The trace elements are normalized by the standard content of primitive mantle given
by Sun and McDonough [31].
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The garnet pyroxenite has slight negative anomalies of Th, P, Zr, and Y and strong
negative anomalies of Rb, Nb, Sr, and Ti. The mass fractions of compatible elements (Cr, Ni,
and Sc) are 65.2 × 10−6~120.0 × 10−6, 33.7 × 10−6~71.9 × 10−6, 32.7 × 10−6~44.2 × 10−6,
respectively; the mass fractions of high-field-strength elements Zr, Hf, and Th do not vary
much in the samples.

The garnet two-pyroxene granulite has strong positive anomalies of U, Nd, and Dy
and strong negative anomalies of Ba, Nb, Sr, and Zr. The mass fractions of compatible
elements (Cr, Ni, and Sc) range from 52.1 × 10−6~142.0 × 10−6, 45.5 × 10−6~73.5 × 10−6,
34.2 × 10−6~40.6 × 10−6, respectively, and those of the high-field-strength elements (Zr, Hf,
Nb, Ta, Y, Th, and U) are relatively high, except for Th and U, that have high mass fractions
of individual samples, while the elemental mass fractions from the rest of the samples were
not much changed.

The garnet-bearing-plagioclase amphibolites have strong positive anomalies of U, Nd,
and Dy and strong negative anomalies of Nb, Sr, Zr, and Ti. The mass fractions of compatible
elements (Cr, Ni, and Sc) range from 71.4 × 10−6~88.8 × 10−6, 39.3 × 10−6~52.8 × 10−6,
34.3 × 10−6~41.5 × 10−6, respectively, and the mass fractions of high-field-strength ele-
ments Hf and Y do not vary much in the samples.

The Ni and Cr contents of all analyzed samples are lower than those of the primary
magma (Ni = 250 × 10−6, Cr = 300 × 10−6), indicating that the protoliths have undergone
crystallization and separation rather than forming directly from the original magma. The
garnet pyroxenite and its retrograde metamorphic products show an overall enrichment
in U and depletion in Nb, Sr, and Ti, according to the primitive mantle-normalized trace
elements spider diagram (Figure 6c). The depletion in Ti may be related to the segregated
crystallization of ilmenite. The depletion in Sr may also be caused by the segregated
crystallization of plagioclase under low-pressure conditions. However, the negative Eu
anomalies, which are the most significant indicator of segregated crystallization of plagio-
clase, are weaker, making the depletion of Sr more likely to be related to the source area.
Except for the samples of garnet-bearing-plagioclase amphibolite, Ba and Zr also exhibit
relative depletions.

4.4. Protolith Characteristics and Tectonic Setting

Shaw [33] proposed that the X-function can be used to differentiate the protolith types
of metamorphic rocks and avoid the influence of metasomatism by excluding more reactive
elements such as K, Na, and Si. The discriminant function is:

X = −2.69lgCr − 3.18lgV − 1.25lgNi + 10.57lgCo + 7.73lgSc + 7.5lgSr − 1.95lgBa − 1.99lgZr − 19.58.

For metamorphic rocks, a positive X-value implies that the protolith is magmatic,
whereas a negative X-value indicates that the protolith is a sediment. The high-pressure
granulites and their retrograde products typically have positive X-values ranging from
5.91 to 6.61, 2.21 to 3.34, and 2.92 to 4.03, respectively. This indicates that the protoliths of
these rocks are all igneous. Some of the garnet pyroxenites show negative X-values, which
are attributed to strong negative anomalies in Sr. Combined with trace elements research,
it is inferred that the low Sr content in these samples is more likely to be related to the
source area.

The TAS diagram shows that the protoliths of garnet pyroxenite, garnet two-pyroxene
granulite, and garnet-bearing-plagioclase amphibolite are basalt and basaltic andesite
(Figure 6a). The SiO2-K2O + Na2O diagram developed by Irvine and Baragar [14] for
basal rocks (Figure 7a) indicates that the data points of the high-pressure granulite and its
retrograde products fall in the subalkaline series, which encompasses both the calc-alkaline
and tholeiitic series. Yin [34] pointed out that the Y-Zr diagram (Figure 7b) can determine
whether the igneous rocks are tholeiitic or calc-alkaline series, and after mapping the data
points, it is clear that the high-pressure granulite and retrograde products all belong to the
tholeiitic series.
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To determine the tectonic environment of the protolith formation, the linear discrimi-
nant analysis function using major elements proposed by Verma [35] was used (Figure 8).
The plots show an island arc basalt (IAB) affinity. Among trace elements, La, Nb, and Th are
relatively stable and minimally affected by late seawater alteration and metamorphism [36].
Here, we use the La/Nb-La and Th/Yb-Nb/Th tectonic environment discrimination dia-
grams (Figure 7c,d) [36] to trace the source area characteristics of the basalt. This approach
is basically unaffected by partial melting and crystallization processes. Most of the data
points fall within the island arc basalt (Figure 7a), suggesting that the fluids from the
subducted slab interacted with the mantle wedge, leading to the partial melting and the
formation of the island arc magma. At the same time, the adjacent oceanic lithospheric
mantle may have experienced partial melting, giving rise to magma with EMORB affinities
(Figure 7d). In summary, the protoliths of mafic granulite consist of basalt and basaltic
andesite, with their primary magma belonging to the tholeiitic series, which were produced
in the island arc environment of a convergent plate margin.
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5. Mineral Chemistry

Mineral compositions were determined using a JEOL JXA-8230 electron probe microan-
alyzer ((JEOL Ltd., Akishima, Tokyo, Japan)) at the College of Earth Science, Jilin University,
Key Laboratory of Mineral Resources Evaluation of Northeast Asia, Ministry of Land and
Resources, Changchun, China. Operation conditions involved a 15 kV acceleration voltage,
a 10 nA beam current, and a beam diameter set to 1 µm for all minerals. Fifty-three minerals
of the company SPI in the United States were used for standard calibrations. The calculation
of mineral end components used AXE_2007 and the GCDkit programs.

Based on petrographic observations, electron microprobe analysis was performed
on the samples that show metamorphic reactions and different generations of minerals.
The analyzed minerals include garnet, clinopyroxene, orthopyroxene, amphibole, and
plagioclase, and the chemical compositions of each mineral are described as follows.

5.1. Garnet

The results of the garnet analyses are listed in Supplementary Table S3. The compo-
sition types of garnet in garnet pyroxenite are almandine (XAlm = 0.53~0.60), grossular
(XGrs = 0.22~0.31), pyrope (XPrp = 0.14~0.17), and a small amount of spessartine
(XSps = 0.01~0.02). XFe in garnets varies between 0.77 and 0.80. A compositional pro-
file along the A-A′ line (Figure 3c) was performed on the large porphyroblast garnet in
representative sample Lg-0-01, and the chemical compositions of the profile are identified
in Figure 9a. As seen in Figure 9a., the garnet exhibits obvious growth zoning with an
increase in XGrs (2.08~31.07) and a decrease in XAlm (55.41~53.36) from the core to the
mantle while the compositions of XPrp are relatively constant. Typically, Ca in garnet is
positively correlated with pressure, while the Fe/Mg ratio is negatively correlated with
temperature [40]. The growth zoning in the garnet suggests that most garnet core com-
positions indicate the prograde stage, and from the prograde to the peak stage there is
an increase in temperature and pressure. From the mantle to the rim, the compositional
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characteristics of garnet, in general, show a significant increase in XAlm and XPrp and a
significant decrease in XGrs, indicating that in the retrograde stage there is a decrease in
temperature and pressure [41]. In addition, the garnet rim exhibits diffusion zoning with
obvious negative correlation variation of XAlm, XGrs, and XPrp from the inside to the outside.
The increase in XAlm and the decrease in XPrp suggest the existence of Fe-Mg interchange
between garnet and the minerals in the matrix (clinopyroxene or amphibole), while the
decrease in XGrs causes the formation of plagioclase corona during the retrograde stage.
The weak variation of XSps from the core to the mantle in garnet is because when the
temperature increases, the competition between divergent crystallization and diffusion
would result in the Mn elements homogenizing then demonstrating the flat zoning pattern
of garnet [42]. Numerous studies have found that in high-grade metamorphic rocks, the
Mn zoning of garnet shows a gradual flattening distribution characteristic with a gradual
increase in metamorphic grade [34,43,44]. Some fine grains of garnet were also analyzed,
and the compositions are similar to the garnet rim in large porphyroblast, indicating they
may be the residual part of the large porphyroblast after decomposition from the core along
the fissure.
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garnet pyroxenite sample; (b) En-Wo-Fs classification diagram of pyroxene (after [45]); (c) Or-Ab-An
compositional diagram of plagioclases; (d) Si-Mg/(Mg + Fe2+) classification diagram of hornblendes
(after [45]); (e) Ti- (Na + K) composition relation diagram of hornblendes (after [46]).

The garnets in the garnet two-pyroxene granulite samples are mostly relict, with poorly
characterized rim zones, and contain mainly almandine (XAlm = 0.55~0.58), grossular
(XGrs = 0.19~0.30), and pyrope (XPrp = 0.12~0.20), with a small amount of spessartine
(XSps = 0.01~0.04). The XFe in garnets varies between 0.74 and 0.83. The reason for the wide
range of garnet compositions may be the reaction of garnet with the inclusion of minerals
or the presence of cracks in the garnet resulting in compositional changes [47].

The fine-grained garnet in the garnet-bearing-plagioclase amphibolite is distributed
sporadically. Its compositional analysis resulted in high XAlm (0.54~0.58) and low XSps
(0.05~0.06) and XGrs (0.19~0.25), with consistent XPrp (0.15~0.17). Compared to the composi-
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tion of garnet pyroxenite, the content of XSps is slightly higher, while XAlm is lower. Studies
on garnet composition have shown that the Mn element content decreases with the in-
crease in rock formation temperature [25,48,49], indicating that garnet-bearing-plagioclase
amphibolite should form in the retrograde stage.

5.2. Pyroxene

The results of the clinopyroxene and orthopyroxene analyses are listed in Supplemen-
tary Table S4. The clinopyroxenes in garnet pyroxenite exhibit similar chemical composi-
tions, with SiO2 = 50.47~52.58%, Al2O3 = 1.65~2.08%, Na2O = 0.34~0.41%, XMg = 0.60~0.65,
Wo = 0.43~0.46, En = 0.33~0.35, Fs = 0.20~0.23. They consist mainly of augite and diopside
and are the products during the high-pressure granulite facies stage. The clinopyroxenes in
garnet two-pyroxene granulite are strongly altered, its rim retrogrades into amphibole, and
they are distributed only as a relic form in the amphibole core, with SiO2 = 50.22~52.14%,
Al2O3 = 1.46~2.18%, Na2O = 0.31~0.40%, Wo = 0.44~0.46, En = 0.33~0.36, Fs = 0.18~0.22,
XMg = 0.61~0.73, and their compositions are diopside and augite. The clinopyroxenes in this
sample are affected by the retrograde metamorphism, thus having a higher En component
and a lower Fs component (Figure 9b).

According to Anovitz [50], in the context of the same chemical composition, the degree
of metamorphic pressure plays a decisive role in the Al2O3 content of clinopyroxene in
mafic high-pressure granulites. The higher the pressure, the higher the Al2O3 content,
and conversely, the lower the pressure, the lower the Al2O3 content. The analysis of
clinopyroxene in garnet pyroxenite and garnet two-pyroxene granulite indicates that the
Al2O3 in the clinopyroxene core is higher than that in the rim, suggesting that the pressure
of the clinopyroxene core in high-pressure granulite is greater than that in the mantle and
rim. Therefore, it can be concluded that retrograde metamorphism mainly affects the rim
component [51], and the information about peak metamorphic pressure recorded in the
core can be preserved.

Orthopyroxene occurs only in the granulite facies stage of garnet two-pyroxene gran-
ulite samples. The chemical composition of orthopyroxene grains in the matrix as well
as the discrete grains shows homogeneity, suggesting equilibrium [52]. The MgO, FeO,
and Al2O3 contents of orthopyroxene in the samples vary from 15.098 to 15.366, 31.858 to
32.306, 0.723 to 0.867, respectively. The CaO contents ranged from 0.38 to 0.47. The XMg
varied from 0.45~0.46. According to the Morimoto et al. [29] classification, the mineral has
a composition of clinoferrosilite (Figure 9b).

5.3. Amphibole

The results of the amphibole analysis are presented in Supplementary Table S5. The
garnet pyroxenite has three types of amphibole. The amphibole inclusions in garnet core
belong to the prograde metamorphism stage, with a component of MgO = 6.76~6.93%,
FeO = 17.74~18.24%, XMg =0.40~0.43, Fe3+ = 0.10~0.21, AlVI = 0.70~0.80 and belonging to
ferropargasite (Figure 9d). The second type of blastohypidiomorphic amphibole occurs in
the matrix during the retrograde stage and has two distribution forms. One type is located
in the interior and rims of clinopyroxene, with MgO = 8.34~8.42%, FeO = 18.68~18.79%,
XMg = 0.49~0.50, and the components are ferrotschermakite, tschermakite, magnesiohast-
ingsite, and hastingsite (Figure 9d), while the other surrounds the garnet in a “white-
eye socket” structure, with a composition of MgO = 8.19~8.45%, FeO = 18.16~19.15%,
XMg = 0.47~0.50, and the components are ferrotschermakite, magnesiohastingsite, and
hastingsite (Figure 9d). The third type of amphibole is formed through the metamorphic
reaction of clinopyroxene, distributed in the peak clinopyroxene, and has unclear boundary,
with MgO content of 8.38~8.67%, FeO = 18.53~18.80%, XMg = 0.49~0.51, and the compo-
nents are ferrotschermakite, magnesiohastingsite, and hastingsite (Figure 9d). All types
of amphiboles above belong to granulite facies (Figure 9e), especially the inclusion of
amphibole in garnet, indicating that the metamorphic degree of prograde stage may have
reached the granulite facies.
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The amphiboles in the garnet two-pyroxene granulite are of two types. One amphi-
bole is hypidiomorphic with a larger size and located in the matrix, as well as forming a
“white-eye socket” structure around the garnet, with the composition of MgO = 8.2~9.97%,
FeO = 16.72~19.94%, XMg = 0.43~0.59, and the components are tschermakite, magnesiohast-
ingsite, ferropargasite, and hastingsite (Figure 9d), indicating the metamorphism degree
of the high-amphibolite facies to granulite facies (Figure 9e). The other amphibole shows
allotriomorphic granoblastic texture with relict clinopyroxene inside, and this kind of am-
phibole may have formed from the transformation of clinopyroxene. In the transition phase,
the components are MgO = 10.77~14.24%, FeO = 14.07~16.08%, XMg = 0.56~0.71, and the
components are actinolite and magnesiohornblende (Figure 9d). The degree of metamor-
phism belongs to the upper greenschist to lower amphibolite facies (Figure 9e), indicating
that the P-T condition of the late retrograde stage is equivalent to the low-amphibolite facies.

The amphiboles in garnet-bearing-plagioclase amphibolite are distributed hypidiomor-
phic corona in the matrix, partially surrounding the residual fine-grained garnet, with the
composition of MgO = 9.12~9.37%, FeO = 17.57~18.13%, XMg = 0.56~0.59. Their compo-
nents are tschermakite (Figure 9d), and the metamorphism degree is equivalent to the
granulite facies (Figure 9e).

In summary, the metamorphism degree of amphibole in high-pressure granite samples
corresponds mainly to the granulite facies (average XMg = 0.52), followed by retrogression
to the low-amphibolite facies (average XMg = 0.62) and high -greenschist facies (average
XMg = 0.71). Therefore, the amphiboles are more Mg-rich in the retrograde metamorphic
stage compared to the peak stage during the process of metamorphism.

5.4. Plagioclase

The results of the plagioclase analysis are listed in Supplementary Table S6. In the
garnet pyroxenite, plagioclase occurs in two types: one developed during the retrograde
stage, forming the coronal structure around the garnet rims, whereas the other coexists
with clinopyroxene in the peak high-pressure granulite facies and is present within the
matrix. Both the plagioclase in the corona (XAn = 0.40~0.43) and the plagioclase which
coexists with clinopyropxene (XAn = 0.42~0.44) are andesine (Figure 9c). The CaO content
of the plagioclase corona (8.36) is similar to that of the plagioclase situated within the
clinopyroxene (8.66). Both types of plagioclase exhibit low K2O content in the range of
0.335 to 0.493.

The plagioclase in the garnet two-pyroxene granulite occurs in two forms: the first
one forms the “white-eye socket” structure surrounding garnet with An = 0.39~0.54, while
the other plagioclases coexist with clinopyroxene, orthopyroxene, and garnet in the matrix,
representing the peak granulite stage mineral assemblage, with An = 0.39~0.65. Both types
of plagioclases are andesine and labradorite (Figure 9c), with the plagioclases in the matrix
having higher CaO content (10.10). The K2O content of plagioclases in the samples is low,
ranging from 0.129 to 0.434.

The plagioclase in the garnet-bearing-plagioclase amphibolite is hypidiomorphic
within the matrix, and the CaO content ranges from 6.85% to 9.49%, with Na2O content
ranging from 5.89% to 7.40%, Ab = 52.19~64.63%, and XAn = 0.33~0.46, and it is identified
as andesine (Figure 9c).

During the evolution of high-pressure granulite, Fe-rich garnets formed in the pro-
grade stage. The Fe concentration of garnet falls and the Ca content rises as temperature
and pressure rise. Among the minerals encased by garnet during this process are ferroparg-
asite, plagioclase, and clinopyroxene. The inclusions within garnet can be thought of as the
mineral assemblage of the prograde stage because the core component of well-crystallized
garnet porphyroblast struggles to react with the environment [16,53]. The garnet com-
ponent and the clinopyroxene and plagioclase in the matrix make up the majority of the
mineral assemblage during the peak stage. The matrix clinopyroxenes are affected by the
late-stage retrograde metamorphism, which causes the rim’s Al2O3 content to be lower



Minerals 2024, 14, 138 16 of 28

than the core. The composition of the clinopyroxene rim is primarily affected by retrograde
metamorphism, therefore the peak pressure information from the core is retained.

In the retrograde stage, the garnet rim shows a decrease in Ca and Mg content as
temperature and pressure drop. This process results in the formation of the typical “white-
eye socket” structure, consisting of amphibole and plagioclase. At the same time, the Fe
content decreases and Mg content increases in clinopyroxene, along with the appearance of
orthopyroxene, while ilmenite is formed through Fe released from amphibole. As a result
of retrograde metamorphism, the Mg content of amphibole increases, and the amphibole
gradually changes to magnesiohornblende and actinolite.

6. Metamorphic Evolution and P-T Path

Based on petrographic, geochemical, and mineral chemistry studies (Figure 10a), the
evolution of high-pressure granulite faces metamorphism in Yixian is inferred to have
occurred in four stages, including the prograde stage (M1), the peak high-pressure gran-
ulite facies stage (M2), the granulite facies stage (M3), and the retrograde stage (M4).
Based on the paragenetic association of metamorphic minerals in each evolutionary stage,
the P-T conditions of each metamorphic stage were calculated, mostly using a Grt-Cpx
geothermometer [54], Grt-Cpx-Pl-Q geothermobarometry [55], Grt-Opx geothermome-
ter [56], Grt-Opx geothermobarometry [57], Grt-Opx-Pl-Q geothermobarometry [58], Hbl
geothermometer [59], and Hbl-Pl geothermobarometry [60] (Table 1).

Table 1. The estimated temperature and pressure conditions of high-pressure granulites.

Rock Type Metamorphic
Stage

Mineral
Combinations

Metamorphosis
Reaction Thermobarometry T (◦C) P

(kbar)

Garnet
pyroxenite

M1
Gt-c + Amp +

Pl + Q Hbl T 700~706 6.0~6.2

M2
Gt + Cpx + Pl ±

Amp + Q
Amp + P1 + Q → Gt +

Cpx + Pl
Grt-Cpx T

Grt-Cpx-Pl-Q PT 854~920 13.0~13.8

M4-1
Amp+ Pl + Q +

Mag ± Cpx
Gt + Cpx + Q + H2O →

Amp + Pl + Mag
Hbl T

Hbl-Pl PT 682~754 3.9~4.2

Garnet
two-pyroxene

granulite

M3
Gt + Cpx + Opx
+ Amp+ Pl + Q

Gt + Cpx + Pl → Gt +
Cpx + Opx + Pl

Gt + Cpx + Q → Gt +
Amp + Pl

Grt-Opx T
Grt-Opx PT

Grt-Opx-Pl-Q PT
912~939 8.1~9.9

M4-1
Amp + Pl + Q +

Mag ± Cpx
Gt + Cpx + Q + H2O →

Amp + Pl + Mag

Hbl T
Hbl-Pl PT

661~784 3.1~4.4

M4-2
Amp + Ep +

Chl
Amp → Amp + Ep +

Chl 637~638 1.1~1.3

Garnet-bearing-
plagioclase
amphibolite

M4-1
Amp + Pl + Q +

Mag ± Cpx
Gt + Cpx + Q + H2O →

Amp + Pl + Mag 722~772 4.1~4.3

The garnet pyroxenite preserves the prograde, peak high-pressure granulite facies,
and early retrograde stage of Yixian high-pressure granulite metamorphism. The mineral
assemblage of the prograde metamorphic stage (M1) is Amp1 + Pl1 + Q inclusions in
the garnet core, and the estimated P-T conditions were T = 700~706 ◦C, P = 6.0~6.2 kbar,
corresponding to the granulite facies. The mineral assemblage of the peak high-pressure
granulite facies stage (M2) is garnet porphyroblast with a relict clinopyroxene core part
and plagioclase in the matrix: Gt + Cpx + Pl2 + Q ± Amp. The possible metamorphic
reactions in this stage are Amp1 + Pl1 → Gt + Pl2, Amp1 + P11 + Q → Gt + Cpx + Pl2
(Figure 10(b1,b2)). Based on the high-CaO component of garnet mantle, high-Al2O3 and
-XMg component of clinopyroxene core, and low-An content in plagioclase, the P-T condi-
tions of the peak stage are estimated to be T = 854~920 ◦C and P = 13.0~13.8 kbar, which are
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equivalent to the high-pressure granulite facies. The mineral assemblage of the early retro-
grade stage (M4-1) is Amp2 + Pl3 + Q + Mag ± Cpx, and the possible metamorphic reaction is
Gt + Cpx + Q + H2O → Amp2 + Pl3 + Mag (Figure 10(b3)). Based on the reaction rim
component of amphibole and plagioclase around garnet, the P-T conditions are estimated at
T = 682~754 ◦C, P = 3.9~4.2 kbar, which correspond to the upper amphibolite to granulite facies.
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The garnet two-pyroxene granulite documents two stages of metamorphism. The
mineral assemblage of the granulite facies stage (M3) is Gt + Cpx + Opx + Amp1+ Pl + Q
(Figure 10(c1)), and possible metamorphic reactions in this stage are inferred to be: Gt + Cpx
+ Pl → Gt + Cpx + Opx + Pl and Gt + Cpx + Q → Gt + Amp1 + Pl. Based on the garnet rim
and the composition in orthopyroxene without amphibole inclusions, the P-T conditions
of the granulite facies stage are estimated to be T = 912~939 ◦C, P = 8.1~9.9 kbar, which
correspond to the granulite facies. The mineral assemblage of the early retrograde stage
(M4-1) is Amp1 + Pl2 + Q + Mag ± Cpx, with a possible retrograde reaction being Gt + Cpx
+ Q + H2O → Amp1 + Pl2 + Mag (Figure 10(c2)). Based on the allotriomorphic amphibole
component in the matrix and the amphibole+plagioclase corona texture around garnet, the
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P-T conditions of the early retrograde stage are T = 661~784 ◦C, P = 3.1~4.4 kbar, which
correspond to the amphibolite facies to granulite facies. The mineral assemblage of the
late retrograde stage (M4-2) is Amp + Ep + Chl, and the possible metamorphic reaction is
Amp1 → Amp2 + Ep + Chl (Figure 10(c3)). Based on the actinolite composition, we obtain
the late retrograde stage conditions of T = 637~638 ◦C, P = 1.1~1.3 kbar, which correspond
to the high-greenschist to low-amphibolite facies.

The mineral assemblage of the garnet-bearing-plagioclase amphibolite in the early
retrograde stage (M4-1) is Amp + Pl + Q + Mag ± Cpx, and based on the allotriomorphic
amphibole component in the matrix and the amphibole + plagioclase corona texture around
garnet, the P-T conditions of the early retrograde stage are T = 722~772 ◦C, P = 4.1~4.3 kbar,
which correspond to the granulite facies.

In summary, the P-T conditions of the M1 stage in high-pressure granulites are 700~706 ◦C,
6.0~6.2 kbar, which are equivalent to granulite facies; the P-T conditions of the M2 stage
are 854~920 ◦C, 13.0~13.8 kbar and are equivalent to high-pressure granulite facies; the
P-T conditions of the M3 stage are 912~939 ◦C, 8.1~9.9 kbar, which are equivalent to
granulite facies; the P-T conditions of the M4-1 stage are 661~784 ◦C, 3.1~4.4 kbar, which
are equivalent to granulite facies; the P-T conditions of the M4-2 stage are 637~638 ◦C,
1.1~1.3 kbar, which are equivalent to the high-greenschist to low-amphibolite facies. The
metamorphic P-T path (Figure 11) defines a clockwise P-T path with a nearly isothermal
decompressional path (ITD) and slight heating after the peak stage (Figure 11).
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7. Zircon LA-ICP-MS U-Pb Dating

A total of three samples were selected for U-Pb dating by LA-ICP-MS. Zircons were
extracted at the Langfang Regional Geological Survey, Hebei Province, China. The ac-
quisition of transmitted light reflected light and cathodoluminescence (CL) images was
performed at Beijing GeoAnalysis Linghang Co. (Chinese Academy of Geological Sciences,
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Beijing, China) Zircon LA-ICP-MS U-Pb was carried out at the Key Laboratory of Mineral
Resources Evaluation in Northeast Asia, Ministry of Natural Resources, Jilin University,
Changchun, China, using an ArF excimer laser system (GeoLas Pro, 193 nm wavelength)
and a quadrupole ICP-MS (Agilent 7900) (Agilent Technologies, Inc., Santa Clara, CA,
USA). Raw data were processed using the Glitter program. The data calculation and image
rendering were processed using the ISOPLOT (Version 3.0) program [61]. Uncertainties on
individual analyses were reported with 1σ error and weighted mean ages were calculated
at a 1σ confidence level, representing the 95% confidence interval. The results of U-Pb
zircon dating are presented in Supplementary Table S7.

7.1. Garnet Pyroxenite

The zircons grains from garnet pyroxenite (samples Lg-0-01) are predominantly hy-
pidiomorphic to allotriomorphic, with medium grain size and a 2:1 aspect ratio, while a
few exhibited a 1:1 aspect ratio. The Th/U ratios of zircons from samples Lg-0-01 range
from 0.003 to 0.070, consistent with the characteristics of metamorphic zircons. In zircon
cathodoluminescence (CL) images, the majority display a homogeneous structure, and
show broad banding, weak zoning, or no zoning with light luminescence, while some have
bright cores with dark rims (Figure 12). Zircons with differential luminescence effects have
brighter cores and darker rims, and the Th/U ratio is higher in the rims (0.013) than in the
cores (0.011), consistent with metamorphic zircon.

Minerals 2023, 13, x FOR PEER REVIEW 19 of 28 
 

 

acquisition of transmitted light reflected light and cathodoluminescence (CL) images was 
performed at Beijing GeoAnalysis Linghang Co. (Chinese Academy of Geological Sci-
ences, Beijing, China) Zircon LA-ICP-MS U-Pb was carried out at the Key Laboratory of 
Mineral Resources Evaluation in Northeast Asia, Ministry of Natural Resources, Jilin Uni-
versity, Changchun, China, using an ArF excimer laser system (GeoLas Pro, 193 nm wave-
length) and a quadrupole ICP-MS (Agilent 7900) (Agilent Technologies, Inc., Santa Clara, 
CA, USA). Raw data were processed using the Glitter program. The data calculation and 
image rendering were processed using the ISOPLOT (Version 3.0) program [62]. Uncer-
tainties on individual analyses were reported with 1σ error and weighted mean ages were 
calculated at a 1σ confidence level, representing the 95% confidence interval. The results 
of U-Pb zircon dating are presented in Supplementary Table S7. 

7.1. Garnet Pyroxenite 
The zircons grains from garnet pyroxenite (samples Lg-0-01) are predominantly 

hypidiomorphic to allotriomorphic, with medium grain size and a 2:1 aspect ratio, while 
a few exhibited a 1:1 aspect ratio. The Th/U ratios of zircons from samples Lg-0-01 range 
from 0.003 to 0.070, consistent with the characteristics of metamorphic zircons. In zircon 
cathodoluminescence (CL) images, the majority display a homogeneous structure, and 
show broad banding, weak zoning, or no zoning with light luminescence, while some 
have bright cores with dark rims (Figure 12). Zircons with differential luminescence ef-
fects have brighter cores and darker rims, and the Th/U ratio is higher in the rims (0.013) 
than in the cores (0.011), consistent with metamorphic zircon. 

Results from 32 spot analyses in samples Lg-0-01 are presented in Supplementary 
Table S7 and show that all points are distributed on or near the concordia line. The data 
yield a weighted mean 207Pb/206Pb age of 1837 ± 10 Ma (MSWD = 0.28, n = 32) (Figure 13a) 
which we interpret as the timing of Paleoproterozoic metamorphism of these rocks. 

 
Figure 12. Representative cathodoluminescence (CL) images of zircons from samples Lg-0-01, Lg-1-
04, and Lg-6-4, the red circles represent the locations of U-Pb analysis. Figure 12. Representative cathodoluminescence (CL) images of zircons from samples Lg-0-01, Lg-1-04,
and Lg-6-4, the red circles represent the locations of U-Pb analysis.

Results from 32 spot analyses in samples Lg-0-01 are presented in Supplementary Table S7
and show that all points are distributed on or near the concordia line. The data yield a
weighted mean 207Pb/206Pb age of 1837 ± 10 Ma (MSWD = 0.28, n = 32) (Figure 13a) which
we interpret as the timing of Paleoproterozoic metamorphism of these rocks.

7.2. Garnet Two-Pyroxene Granulite

The zircon grains from garnet two-pyroxene granulite (sample Lg-1-04) are hypid-
iomorphic to allotriomorphic, medium-grained, and with an aspect ratio of 2:1, while a few
grains show a 1:1 aspect ratio. The Th/U ratios range from 0.001~0.069, indicating that they
are metamorphic zircons. In the CL images, most zircons have a homogeneous structure
with broad banding, weak zoning, or no zoning and light luminescence. The intensity of
CL images differs between the core and the rim, with the core being brighter and having a
slightly higher Th/U ratio than the rim. All zircons lack obvious oscillatory growth zoning.
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The results from 39 spot analyses in sample Lg-1-04 are shown in Supplementary Table S7.
The data are distributed on or near the concordia line. The obtained weighted mean
207Pb/206Pb age for the samples was 1849 ± 10 Ma (MSWD = 1.6, n = 38) (Figure 13b). These
results indicate that the garnet two-pyroxene granulite has undergone Paleoproterozoic
metamorphism.

7.3. Garnet-Bearing-Plagioclase Amphibolite

The zircon grains from garnet-bearing-plagioclase amphibolite (sample Lg-6-4) are
mostly allotriomorphic, with a ~1:1 aspect ratio. In the zircon CL images, most zircons have
a homogeneous structure and display sectors and weak zoning with light luminescence
(Figure 12). The Th/U ratios of zircons range from 0.004 to 0.009, consistent with the
characteristics of metamorphic–genetic zircons.

A total of 33 points were analyzed for sample Lg-6-4, and the results are shown
in Supplementary Table S7. The data are distributed on or near the concordia line in
the concordia plot. The calculated weighted mean 207Pb/206Pb ages were 1854 ± 10 Ma
(MSWD = 0.07, n = 33) (Figure 13c). We interpret this Paleoproterozoic age to mark the
timing of metamorphism.

In summary, the zircons analyzed in this study display morphological characteristics
and internal structures indicative of metamorphic growth. The features include broad
banding, weak zoning, or no zoning, with some zircons having bright cores with dark rims.
Our data yielded ages of 1837 ± 10 Ma, 1849 ± 10 Ma, and 1854 ± 10 Ma for high-pressure
granulites and the retrograde products. These ages are consistent with the previously
reported metamorphic ages of ~1850 Ma in the Fuping Complex [62–69].

8. Discussion

The Neoarchean strata exposed in the Yixian area are mainly the Yuanfang Formation of the
Fuping Group, in which the high-pressure granulite samples were collected for this study with
a peak high-pressure granulite facies mineral assemblage of Gt + Cpx + Pl + Q ± Amp, which
is consistent with the typical mineral assemblage of high-pressure mafic granulite. After
the high-pressure granulite facies stage, orthopyroxene appeared in the normal granulite
facies stage and the pressure decreased while the temperature increased slightly. The
metamorphic condition of the retrograde stage ranges from high-amphibolite facies to
granulite facies. With the appearance of epidote and chlorite in some samples and the
composition of amphibole shifting to actinolite, the metamorphic condition reached from
upper-greenschist to lower-amphibolite facies. According to the P-T conditions of the four
metamorphic stages, a clockwise path with nearly isothermal (ITD) decompression and
slight heating is inferred, which we correlated with the subduction–collision–uplift process
associated with the assembly of the Eastern and Western Blocks of the NCC. In the early
stage, the subduction and collision resulted in crust thickening, causing an increase in
temperature and pressure, reaching the peak metamorphic high-pressure granulite facies.
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Following the cessation of collision, the deeply buried rocks were rapidly exhumed as a
concurrent result of isostasy, erosion, and other factors [49,70,71], with possible magmatic
additions and extra heat input [72]. The garnet and the matrix clinopyroxene reacted
to form the “white-eye socket” structure around the garnet, accompanied by symplectic
intergrowth of Opx + Pl and Amp + Pl [52].

Previous studies in the Fuping Complex have also reported Late Paleoproterozoic
metamorphic events with ages ranging from 1943 to 1802 Ma [73]. Meng et al. [52] re-
ported that the mafic granulite in the Pingyang trondhjemitic gneiss underwent three
stages of metamorphic evolution, in which the mineral assemblage of the peak stage was
Gt + Cpx + Opx + Amp + Pl + Q, and the P-T conditions were 740~880 ◦C/11~14 kbar,
indicating a clockwise P-T path with clear ITD segment. SIMS U-Pb dating of zircons
of the trondhjemitic gneiss yielded a magmatic crystallization age of 2.52 Ga, and both
the trondhjemitic gneiss and the mafic granulite enclaves yielded a metamorphic age of
1.89~1.86 Ga. Qian et al. [74] analyzed samples of garnet–mafic granulite from the Fuping
County and inferred four-stage metamorphic mineral assemblages, the peak assemblage being
Gt + Amp + Pl + Cpx + Ilm + Q, and the P-T conditions were 12~13 kbar/760~800 ◦C, yield-
ing a near-isothermal clockwise P-T path. Metamorphic zircons in the Fuping HP mafic
granulites show crystallization temperatures of 602–712 ◦C and SIMS zircon U-Pb ages of
1891 ± 14 Ma and 1849 ± 6 Ma, interpreted to represent the cooling stage. Liu et al. [75]
investigated the mafic granulites exposed in the TTG gneisses in the Daliushu area, delineat-
ing four metamorphic stages with the peak mineral assemblage of Gt + Cpx + Opx + Amp +
Pl + Q + Zr + Ilm and obtaining the P-T conditions of 680~820 ◦C/7.2~11.7 kbar. The
P-T paths are clockwise with near-isothermal decompression (ITD) and subsequent near-
isobaric cooling (IBC) segments. The metamorphic zircons yield a weighted mean age of
1849 ± 9 Ma, which is consistent with the metamorphic time of surrounding TTG gneisses.

The results of the present study are similar to the above and show that the Fuping Com-
plex underwent regional metamorphism ~1.85 Ga, which may be related to the collision
between continental blocks in the NCC [34,47,75].

Previous studies in the TNCO have reported similar ~1.85Ga collisional metamorphic
evolution (Figure 14), including from the Huai’an Complex [76,77], the Xuanhua Com-
plex [24,73], the Hengshan Complex [78,79], the Zhanhuang Complex, etc. The HP granulite
samples from Xuanhua Xiwangshan have a clockwise P-T path and near-isothermal decom-
pression. The whole-rock–single-mineral Sm-Nd and 40Ar/39Ar dating of garnet shows an
age of ~1.85 Ga. This result is also attested in subsequent studies [19,74,80]. Metamorphic
ages of ~1850 Ma have been reported from different rock types of the Huai’an Complex
by using different chronological methods [23,33,81–83], in which the metamorphic trajec-
tories show clockwise features, and the Late Paleoproterozoic regional metamorphism is
correlated to the subduction–collision process between the Eastern and Western Blocks
of the NCC. The metamorphic ages reported in the Hengshan Complex are mainly in the
range of 1830–1886 Ma [10,84,85] with similar metamorphic stages [25,34,77,78,86,87]. The
metamorphic rocks of the Jiehekou Group in the Lvliang Complex are generally upper
amphibolite facies and local granulite facies [25,88,89]. At least two sets of metamorphic
ages (~2.5 Ga and ~1.85 Ga) are recognized, of which the ~1.85 Ga age is interpreted as a
record of regional metamorphism associated with the collision between the Eastern and
Western Blocks [35,88,90].

In general, the metamorphic complexes in the TNCO have a similar clockwise meta-
morphic PT path, followed by near-isothermal decompression, reflecting a collisional
orogenic environment that is closely related to the subduction–collision–exhumation dur-
ing the assembly of the Eastern and Western Blocks of the NCC. Combined with the results
of the Fuping high-pressure granulite in this study, we propose the following scenario
for the high-pressure metamorphism in the TNCO. During the Late Paleoproterozoic at
~1.85 Ga, subduction and collision between the Eastern and Western Blocks occurred
(Figure 15a,b). The collision caused the thickening of the crust, resulting in a slow increase
in temperature and a rapid increase in pressure, and the complex underwent medium-
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to high-pressure granulite facies metamorphism in the lower crust (e.g., the Hengshan,
Huaian, Fuping, and Taihua domains). Following peak metamorphism, the thickened
crust underwent exhumation driven by crustal isostatic compensation and accompanying
decompression, with a rapid pressure drop at near-constant temperature (Figure 15d).
Finally, the rocks underwent retrograde metamorphism when the crust was exhumed to
shallow levels (Figure 15e) [25].
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Fuping high-pressure granulite (modified after [25]). (a) During the Late Paleozoic at about 1.85 Ga,
the Western Block subducted into the Eastern Block. (b) Collision between Eastern and Western
Block. (c) Thickening of the crust, the complex underwent medium- to high-pressure granulite facies
metamorphism in the lower crust. (d) Thickening of the crust, underwent exhumation driven by
crustal isostatic compensation and accompanying decompression, with a rapid pressure drop at
near-constant tempera-ture. (d) The rocks underwent retrograde metamorphism when the crust was
exhumed to shallow level.

9. Conclusions

1. The Yixian high-pressure granulites experienced a prograde stage (M1) of metamor-
phism at 700~706 ◦C and 6.0~6.2 kbar; high-pressure granulite facies stage (M2) of
854~920 ◦C, 13.0~13.8 kbar; granulite facies stage (M3) at 912~939 ◦C, 8.1~9.9 kbar; an
early retrograde stage (M4-1) at 661~784 ◦C, 3.1~4.4 kbar; and a late retrograde stage
M4-2 of 637~638 ◦C, 1.1~1.3 kbar, along a near-isothermal decompression (ITD) path
with slight heating after the peak stage.

2. The metamorphic zircons in Yixian high-pressure granulites yielded 207Pb/206Pb ages
of 1837 ± 10 Ma, 1849 ± 10 Ma, and 1854 ± 10 Ma, which can be interpreted to
mark the peak to retrograde stages of metamorphism. The protoliths of the Yixian
high-pressure granulites may have originated in an island arc environment and were
involved in the collision between the Eastern and Western Blocks of the NCC at
~1.85 Ga.
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ment compositions of the representative high-pressure granulites analyzed in the present study.
Supplementary Table S2: Trace and rare earth element (ppm) compositions of the representative high-
pressure granulites analyzed in the present study. Supplementary Table S3: Selected microprobe anal-
yses for garnet of high-pressure granulites in this study. Supplementary Table S4: Selected microprobe
analyses for clinopyroxene of high-pressure granulites in this study. Supplementary Table S5: Selected
microprobe analyses for amphibole of high-pressure granulites in this study. Supplementary Table S6: Se-
lected microprobe analyses for plagioclase of high-pressure granulites in this study. Supplementary Table S7:
U-Pb isotopic analyses for representative zircons of high-pressure granulites.
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