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Reconstruction of pressure-temperature-time (P-T-t) paths and
thermal regimes are essential for inferring tectono-metamorphic
processes involved in the formation of metamorphic terranes.
However, the P-T information, especially the prograde evolution
is generally preserved incompletely due to the fast intra- or
inter-grains diffusion under high-temperatures. It may result in
different P-T path styles (e.g., clockwise or counter-clockwise), con-
sequently leading to variable interpretations on the related petro-
genetic processes.

Precambrain high-pressure (HP) granulites play a critical role in
understanding the tectonic processes involved in the lower crust
and reconstruction of plate tectonics during early earth history.
As such, the Paleoproterozoic garnet mafic granulites (also named
mafic HP granulites in some literature [1]) from the Huai’an com-
plex offer important constraints on tectonic evolution of the North
China Craton (NCC) [2–6]. For their P-T evolution history, a consen-
sus has been reached that they experience a near isothermal
decompression (ITD) P-T path since peak metamorphic stage
[1–4]. However, it is still an open issue whether or not they
undergo a prograde metamorphism due to lack of robust petrologic
evidence [2]. In this study, petrogenetic indicators from
microstructure, variations of mineral composition, and phase equi-
librium constraints suggest that the garnet mafic granulites from
the Huai’an complex have suffered a prograde metamorphism.

The Huai’an complex in north-central part of the NCC, mainly
comprises of the Neoarchean tronhjemitic, tonalitic, granitic
(TTG) and dioritic gneisses with subordinate supracrustal
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volcanic-sedimentary rocks, Paleoproterozoic granitic gneiss, gar-
net mafic granulites, and khondalite series, etc. [4,5] (Fig. 1a, b).
Zircon ages indicate that the TTG gneisses were mainly formed
during �2550–2450 Ma ago, and invaded by the Paleoproterozoic
granitic gneisses at �2350 Ma, �2150–2200, �2050 Ma, respec-
tively [5,6]. The garnet mafic granulites are widely outcropped as
lenses or dismembered dykes in the TTG gneisses or khondalite
series, such as in Manjinggou, Liugou, Xiwangshan, Huangtuyao,
Gushan and Sifangdun (Fig. 1b). The mineral assemblages of these
mafic granulites are mainly of garnet – clinopyroxene – plagioclase
– quartz ± rutile, with P-T conditions of 10–15 kbar/750–900 �C [1–
4]. Some khondalite series rocks occurred as survival rafts in the
Huai’an TTG gniesses (Fig. 1b), are dominated by pelitic granulites,
with minor semi-pelitic gneisses, quartzites, marbles and graphite-
bearing gneisses. The garnet mafic granulites and the khondalite
series are spatially associated in places, and were considered to
be different tectonic slabs juxtaposed together by tectonic mélange
or nappes with the assumption that these rocks had distinct meta-
morphic histories [5,6,8,9]. By contrast, recent studies revealed
that the pelitic granulites record comparable peak metamorphic
conditions with the associated garnet mafic granulites [7,10]. The
metamorphic zircon ages of various granulite-facies lithologies
from the Huai’an complex were dated with wide range of
�1970–1790 Ma, which can be divided into at least two periods
of �1970–1900 Ma and �1880–1790 Ma, although the formation
ages and tectonic affinities of their protoliths are different
[2,11,12] (unpublished data). In combination with recent struc-
tural analysis, metamorphism and geochronology, it suggests the
various Paleoproterozoic granulites from the Huai’an complex have
common metamorphic histories since peak metamorphic stage
ess. All rights reserved.
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Fig. 1. Geological map of the north-central NCC and representative microphotographs of the investigated samples. (a) Distribution of Early Precambrain rocks in the NCC
(modified after [7]), (b) Regional geological sketch map of the Huai’an complex and adjacent area (modifed after [4]), (c–f) Microphotographs of the garnet mafic granulites
from the Huai’an complex: sample 14MJG11 (c), sample 14LG01 (d), sample 17XW11(e) and sample 14MJG11(f). Amp, amphibole; Ap, apitite; Cpx, clinopyroxene;Grt,
garnet; Ilm, ilmenite; Mt, magnetite; Opx, orthopyroxene; Pl, plagioclase; Qz, quartz; Ttn, titanite.
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[2,7,10–12]. Previous studies suggest that the garnet mafic
granulites documented a HP granulite-facies stage, followed by
medium-pressure to low-pressure granulite-facies and then
amphibolite-facies retrogression, defined a near isothermal
decompression (ITD) and a near isobaric cooling (IBC) P-T segment,
though it is still argued for a prograde metamorphism [1–4,13].

Three representative samples as lenses or dismmebered dykes
in the TTG gneisses were collected from the Huai’an complex. Sam-
ple 14MJG11 from Manjinggou area, 17XW11 from Xiwangshan,
and 14LG01 from Liugou area in the Huai’an complex were
selected (Fig. 1b). The mineral assemblages of all samples mainly
consist of garnet (25%–40%), clinopyroxene (20%–35%), plagioclase
(15%–25%), orthopyroxene (5%–8%), amphibole (�5%), with minor
quartz, rutile, titanite, ilmenite and magnetite. The garnets devel-
oped well corona of plagioclase, orthopyroxene/amphibole and
ilmenite/magnetite (Fig. 1c–f). If a spherical morphology of garnet
is assumed, �20 vol%–60 vol% of garnet grains are consumed.
Quartz, clinopyroxene, plagioclase, rutile, apitite, titanite are
observed as inclusions in garnet. Orthopyroxene is separated from
garnet by plagioclase moat, and is adjacent to clinopyroxene por-
phyroblast. Amphibole often occurs as symplectite together with
plagioclase, sometimes as flake in clinopyroxene. In local domains,
garnet grains have two corona/symplectite layers, with an inner
amphibole-plagioclase layer separating an orthopyroxene-plagio-
clase layer from embayed garnets. It suggests that the P-T vector
witnessed by the mafic granulites have sequentially crossed the



Fig. 2. Two representative composition profiles of garnet from sample 14MJG11 (a–b).
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reaction lines of garnet breakdown into orthopyroxene-plagioclase
and then to amphibole-plagioclase in P-T space.

It is known that porphyroblastic garnets often protect some ear-
lier generation minerals from subsequently metamorphic over-
print. Many mineral inclusions are observed in some garnet
porphrobalsts from our samples, including quartz, clinopyroxene,
apitite, rutile, ilmenite and titanite. Among them, the titanite and
high-Al2O3 clinopyroxene probably can be used as P-T indicators,
which mainly occur as inclusion-type minerals within the garnet
grains, and few titanite grains in the coronary textures, but none
of them can be observed in the matrix. It suggests that the inclu-
sion-type minerals present here are probably other (earlier) gener-
ation minerals different from those in the matrix. To test this
speculation, mineral chemistry is combined for discussions as
follow.

Representative mineral compositions of sample 14MJG11 are
listed in Table S1. Garnets exhibit obvious composition zoning,
and two representative composition profiles were shown in
Fig. 2a and b. The compositions of garnet are dominated by
Xalm = Fe2+/(Ca + Fe2++Mg + Mn), Xgrs = Ca/(Ca + Fe2++Mg + Mn),
and Xpyr = Mg/(Ca + Fe2++Mg + Mn), with minor Xsps = Mn/(Ca +
Fe2++Mg + Mn). The Xsps displays well-preserved ‘bell-shaped’ from
the core (�0.032–0.027) to mantle (�0.019–0.022), with a rim-
ward resportion (�0.026–0.029) in the rim. The Xgrs exhibits rim-
ward decreasing trend (Xgrs=0.30? 0.17), while the Xalm (0.45?
0.57) and Xpyr (0.15? 0.21) display rimward increasing trend.
The Fe# index [=Fe2+/(Fe2++Mg)] exhibits similar trend with Xsps,
accompanying with Fe# decreased from core (�0.76) to mantle
(�0.71), and increased towards the rim (�0.73–0.75). The ‘bell-
shaped’ Xsps profiles from garnet core to mantle suggest that these
domains should represent original growth zoning with relatively
insignificant diffusion relaxation; correspondingly, the symmetric,
increasing Xpyr, Xalm and complementary decreasing Fe# profiles
probably suggest these garnet domains grow continuously with
increasing temperature. While the composition patterns near the
garnet reaction rims are interpreted as reworked zoning by strong
resorption.

The Al2O3 content of clinopyroxene could be useful P-T
indicator during metamorphic evolution for granulite terranes
due to its sluggish diffusion rate [14]. Here, the two occurrences
of clinopyroxene exhibit contrasting Al2O3 concentrations.
The clinopyroxene inclusions have relatively high Al2O3

(5.41 wt%–6.45 wt%), TiO2 (1.20 wt%–1.34 wt%) and XMg (0.71–
0.73), in contrast, the clinopyroxene porphyroblasts in matrix
display low Al2O3 (2.95 wt%–3.58 wt%), TiO2 (<0.4 wt%) and XMg

(0.57–0.66). The latter is considered to be formed at peak meta-
morphic stage, and hence the former is probably the earlier
clinopyroxenes before peak metamorphism or relic igneous pre-
cursor (discussion in another paper). This speculation can be con-
firmed by another two lines of evidence: (1) some clinopyroxene
inclusions directly contact with titanite within garnet core and
mantle, (2) the estimated temperatures are approximately of
�700 ± 50 �C (if P is assumed at �10 kbar) using Fe-Mg exchange
thermometer between inclusion-type clinopyroxene and the adja-
cent garnet, which are lower than the calculated peak metamor-
phic conditions (�10–15 kbar/750–900 �C) [1–4]. Titanite
composition is relatively homogenous. A preliminary phase equi-
librium modelling for sample 14MJG11 suggests that titanite
appears in the P-T range of T < 820 �C, P = �8–14 kbar (Fig. S1).

Based on above microstructures and mineral compositions of
the investigated samples, four metamorphic generations (M1–M4)
are inferred. M1 is featured by inclusion-type mineral assemblage
in garnet, which is absent in matrix, indicative of an early genera-
tion, namely garnet core-titanite-clinopyroxene-quartz ± plagio-
clase ± amphibole ± ilmenite ± rutile. M2 is characterized of
porphyroblastic minerals in matrix, such as garnet-clinopyrox-
ene-plagioclase ± rutile ± quartz ± amphibole ± ilmenite. M3 is
represented by corona/symplectite-type orthopyroxene-plagio-
clase-amphibole ± ilmenite ± magnetite, and M4 is composed of
amphibole-plagioclase symplectite around embayed garnet. The
defined M2 to M4 can correspond well to the mineral assemblages
of peak metamorphism (HP granulite-facies), retrograde moderate-
to low-pressure granulite-facies and amphibolite-facies stages in
previous studies, respectively [1–4]. The four generation assem-
blages together define a clockwise P-T loop (Fig. S1).

This study suggests that the Paleoproterozoic garnet mafic
granulites probably experienced a prograde metamorphism, char-
acterized by slightly increased pressure, and prominently elevated
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temperature, which is comparable to the prograde P-T vectors from
the associated pelitic granulites from Datong-Huai’an area [7,10].
The estimated apparent thermal gradients vary in the range of
�16–25 �C/km for these granulite-facies rocks from the study area
[2,7,10]. Taken together with the peak metamorphic conditions, we
propose that the Paleoproterozoic granulites from the Huai’an
complex are probably formed within a crustal-scale tectonic
regime, instead of cold and deep subduction regime involved in
the Phanerozoic HP-UHP metamorphic terranes [2,7,10].

Conflict of interest

The authors declare that they have no conflict of interest.

Acknowledgments

We greatly appreciate the three anonymous reviewers’ con-
structive suggestions and comments. The first author is grateful
to Prof. Michael Brown, Liang Liu and Chunming Wu, Dr. Eleanor
Green and Yi Chen for their helpful suggestions. We thank Dr. Xi
Chen from Southwest Petroleum University for her kind help in
the EPMA analysis. This study is financially supported by National
Natural Science Foundation of China (41702196, 41530208,
41502051 and 41402064), the National Key Research and
Development Program of China (2016YFC0601002) and Special
Fund for Basic Scientific Research of Central Colleges, Chang’an
University, China (310827172201).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.scib.2017.12.017.

References

[1] Zhai MG, Guo JH, Yan YH, et al. Discovery of high-pressure basic granulite
terrain in North China Archaean Craton and preliminary study. Sci China (B)
1993;36:1402–8.
[2] Zhou LG, Zhai MG, Lu JS, et al. Paleoproterozoic metamorphism of high-grade
granulite facies rocks in the North China Craton: study advances, questions
and new issues. Precambrain Res 2017;303:520–47.

[3] Zhai MG, Guo JH, Li YG, et al. Eclogite-high-pressure granulite belt in northern
edge of the Archean North China Craton. J China Univ Geosci 1999;9:1–6.

[4] Guo JH, O’Brien PJ, Zhai MG. High-pressure granulites in the Sanggan area,
North China Craton: metamorphic evolution, P-T paths and geotectonic
significance. J Metamorph Geol 2002;20:741–56.

[5] Zhao GC, Wilde SA, Sun M, et al. SHRIMP U-Pb zircon geochronology of the
Huai’an complex: constraints on Late Archean to Paleoproterozoic crustal
accretion and collision of the Trans-North China Orogen. Am J Sci
2008;308:270–303.

[6] Santosh M, Liu DY, Shi YR, et al. Paleoproterozoic accretionary orogenesis in
the North China Craton: A SHRIMP zircon study. Precambrian Res
2013;227:29–54.

[7] Wu JL, Zhang HF, Zhai MG, et al. Discovery of pelitic high-pressure granulite
from Manjinggou of the Huai’an complex, North China Craton: Metamorphic
P-T evolution and geological implications. Precambrian Res 2016;278:323–36.

[8] Guo JH, Zhai MG, Zhang YG, et al. Early precambrian manjinggou high-pressure
granulite melange belt on the south edge of the Huaian complex, North China
craton: geological features, petrology and isotopic geochronology. Acta Petrol
Sin 1993;9:329–41 (in Chinese).

[9] Zhao GC, Wilde SA, Guo JH, et al. Single zircon grains record two continental
collisional events in the North China Craton. Precambrian Res
2010;177:266–76.

[10] Wu JL, Zhang HF, Zhai MG, et al. Paleoproterozoic high-pressure-high-
temperature pelitic granulites from Datong in the North China Craton and
their geological implications: Constraints from petrology and phase
equilibrium modeling. Precambrian Res 2017;303:727–48.

[11] Zhang HF, Zhai MG, Santosh M, et al. Paleoproterozoic granulites from the
Xinghe graphite mine, North China Craton: Geology, zircon U-Pb
geochronology and implications for the timing of deformation,
mineralization and metamorphism. Ore Geol Rev 2014;63:478–97.

[12] Wang HZ, Zhang HF, Zhai MG, et al. Granulite facies metamorphism and crust
melting in the Huai’an terrane at �1.95 Ga, North China Craton: New
constraints from geology, zircon U-Pb, Lu-Hf isotope and metamorphic
conditions of granulites. Precambrian Res 2016;286:126–51.

[13] Zhang DD, Guo JH, Tian ZH, et al. Metamorphism and P-T evolution of high
pressure granulite in Chicheng, northern part of the Paleoproterozoic Trans-
North China Orogen. Precambrian Res 2016;280:76–94.

[14] Anovitz LM. Al zoning in pyroxene and plagioclase: Window on late prograde
to early retrograde P-T paths in granulite terranes. Am Mineral
1991;76:1328–43.

https://doi.org/10.1016/j.scib.2017.12.017
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0005
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0005
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0005
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0010
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0010
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0010
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0015
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0015
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0020
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0020
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0020
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0025
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0025
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0025
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0025
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0030
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0030
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0030
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0035
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0035
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0035
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0040
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0040
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0040
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0040
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0045
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0045
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0045
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0050
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0050
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0050
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0050
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0055
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0055
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0055
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0055
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0060
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0060
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0060
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0060
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0060
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0065
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0065
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0065
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0070
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0070
http://refhub.elsevier.com/S2095-9273(17)30636-9/h0070

	Petrologic indicators of prograde metamorphism in Paleoproterozoic garnet �mafic granulites from the Huai’an complex, North China Craton
	Conflict of interest
	Acknowledgments
	Appendix A Supplementary data
	References


