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Ancient high-pressure metamorphism provides constraints for the understanding of Archean tectonic
processes. Archean high-pressure metamorphic rocks, however, are rarely preserved in old cratons.
Here, we report the newly discovered Archean high-pressure metapelites in the Yinshan Block of the
North China Craton. The peak metamorphic stage (M2) is represented by kyanite, garnet, plagioclase,
K-feldspar, quartz, rutile and melt. Kyanite was replaced by sillimanite during post-peak (M3) decom-
pression process. Phase equilibria modelling in the MnNCKFMASHT system indicates nearly isothermal
decompression with peak conditions of 840–870 �C and >14–11 kbar. Secondary ion mass spectrometry
(SIMS) zircon U–Pb dating of leucosome (13XWL35) and monazite U–Pb dating of kyanite-garnet-bearing
metapelite (13XWL22) yield similar ages of �2520 Ma, which represent the crystallization age of
granulite-facies melt. The high-pressure metapelites are enriched in Na2O (1.8–3.0 wt.%), MgO (3.4–
5.7 wt.%), Cr (245–421 ppm) and Ni (21.0–91.9 ppm) contents, suggesting that volcanic rocks are proba-
bly the main sedimentary provenance. High d18O(WR) values (up to 12.4‰) and zircon oxygen isotopes
(av. 11.4‰) of the metasediment source indicate they have undergone low-temperature alteration. The
pressure-temperature-time constraints of this study provide a rare record indicating that surficial sedi-
ments have been buried to a depth of >40 km at ca. 2520 Ma in the Yinshan Block. Such crustal thicken-
ing, combined with available synchronous magmatism suggests that high-pressure metamorphism was
triggered in a late Archean deep arc setting in the Yinshan Block of the North China Craton.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Archean high-pressure (HP) rocks have been recognized in the
Barberton greenstone belt of South Africa (Moyen et al., 2006),
southern India (Anderson et al., 2012) and the Fennoscandian
shield of Russia (Li et al., 2015; Mints et al., 2010). HP granulites
with clockwise P–T paths have originated in thickened crust
involving subduction and continent–continent collision (Brown,
2007; Carswell and O’Brien, 1993; Ellis, 1987; Guo et al., 2002;
Harley, 1989; Klemd and Bröcker, 1999; Kryza et al., 1996;
Thompson and England, 1984; Zhao et al., 2000). Therefore, ancient
HP rocks with clockwise P–T paths place constraints on the tec-
tonic modes of the early Earth and the onset of plate tectonics
(Brown, 2006, 2007; Condie and Kröner, 2008, 2013; Diener
et al., 2005, 2006). HP pelitic granulites are of particular interest,
because they represent sediments that were brought to the lower
continental crust in an active continental margin or through
continent(arc)-continent collision processes (Appel and Schenk,
1998; Anderson et al., 2012). Thus, the sequential metamorphic
P–T path of Archean HP pelitic granulites provides critical con-
straints for the understanding of the tectonic history of ancient
continental crust.

The North China Craton (NCC) is one of the oldest Archean con-
tinents with trondhjemitic gneiss as old as �3.8 Ga (Liu et al.,
1992; Nutman, 2001; Wang et al., 2015a). The Archean tectonic
framework of the NCC is still under debate. Some models interpret
the NCC to have amalgamated from at least six micro-blocks along
several Neoarchean greenstone belts (Zhai, 2011, 2014; Zhai and
Santosh, 2011). Other models interpret the NCC to have grown
by successive accretion of microblocks, arcs, oceanic plateaus, with
progressively younger material added in the west to northwest
between 2.5 and 1.85 Ga (Kusky and Li, 2003; Kusky et al., 2007,
2016; Kusky, 2011). These contrasting models mainly base on
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geological mapping in combination with geophysical and
geochronological data (Geng et al., 2012; Jahn et al., 1990; Jahn
et al., 2008; Wan et al., 2005, 2011; Wu et al., 2005; Zhai et al.,
2007). Metamorphic studies of the Archean boundaries within
the NCC, however, are largely lacking, even though the metamor-
phic history of the boundaries and in particular of those with a
HP metamorphic history provide constraints to distinguish among
competing explanations.

We present data from a detailed geological field study, P–T
modelling, zircon and monazite geochronology, geochemistry and
oxygen isotopes from a newly discovered occurrence of the
Archean HP pelitic granulites in the Yinshan Block of the NCC.
Our aims are (1) to define the late Archean (�2520 Ma) HP
granulite-facies metamorphic P–T paths; (2) to investigate the nat-
ure source of sediments; and (3) to assess the possible tectonic
environment triggered by Archean crustal thickening processes in
the NCC.

2. Geological setting and sampling

2.1. Tectonic subdivision of the North China Craton

The NCC (Fig. 1a–c) with �3.80 Ga trondhjemitic gneiss is one
of the oldest cratons in the world (Liu et al., 1992; Song et al.,
1996; Wan et al., 2005; Wang et al., 2015a). It has experienced
complex subduction-collision-continental break-up evolutional
history during Archean to Paleoproterozoic (Kusky et al., 2016;
Santosh, 2010; Zhai et al., 2000; Zhao et al., 1998). Because of the
preserved Archean rocks in the NCC were metamorphosed under
high-grade metamorphic conditions and are strongly deformed
(Polat et al., 2006; Wang et al., 2013; Zhao et al., 2001, 2010), it
Fig. 1. (a–c) Models for the tectonic subdivision of the North China Craton (NCC). (a) Six m
(b) the NCC was divided into two Archean Blocks (Eastern and Western Blocks) along thr
long arc and accretionary prism collided with the margin of the Eastern Block at �2.5 Ga
prisms are younger and westward accretion by 2.4 Ga, 2.3 Ga, 1.9–1.8 Ga in the NCC. (d)
(modified after Ma et al., 2013b).
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is not easy to recognize the suture zones and tectonic evolution
history of the NCC. Different tectonic subdivision and timing of
amalgamation of the NCC, have been proposed (Fig. 1a–c, Zhai
et al., 2000; Zhao et al., 2012; Kusky et al., 2016).

There are three models for the formation of the NCC. The first
model is that the NCC was divided into six micro-continental
blocks (Jiaoliao, Qinhuai, Xuchang, Fuping, Jining, Yinshan and Alxa
Blocks) that were merged into the NCC around �2.7–2.5 Ga
(Fig. 1a, Zhai et al., 2010; Zhai, 2011, 2014; Zhai and Santosh,
2011, 2013). The �2.7 Ga and �2.5 Ga Neoarchean greenstone
belts probably represent the arc-continent collisional sutures
(Fig. 1a, Zhai and Santosh, 2011). In the second model, the NCC
includes two distinct Archean to Paleoproterozoic blocks, i.e., the
Eastern Block and Western Block, along the �1.9–1.8 Ga collisional
trans-North China Orogen (Fig. 1b, e.g. Guo et al., 2001, 2005; Zhao
et al., 1998, 2002, 2005, 2007, 2008; Wei et al., 2014). The Western
Block formed by collision of the Ordos Block and the Yinshan Block
along the east-west-trending Khondalite Belt at �1.95 Ga (Fig. 1b,
Guo et al., 2012; Li et al., 2011; Santosh, 2010; Wang et al., 2011;
Yin et al., 2009, 2011, 2014; Zhao et al., 2005). The Ordos Block is
mostly covered by Mesozoic-Cenozoic sedimentary rocks (Wan
et al., 2013), and is supposed to be an Archean or Paleoproterozoic
terrane (e.g. Gong et al., 2014; Hu et al., 2014; Tang et al., 2014;
Zhang et al., 2015). A third model considers that the eastern unit
of the NCC consists of several different small blocks assembled
between 2.6 and 2.7 Ga. Subsequently, a >1300 km long arc and
accretionary prism collided with the margin of the Eastern Block
at 2.5 Ga (Fig. 1c). The NCC grew by accretion of �2.4 Ga island
arcs,�2.3 Ga oceanic plateaus and 1.9–1.8 Ga ribbon micro-
continents from the Eastern Block to the west (Fig. 1c, Kusky
et al., 2007, 2016; Kusky, 2011).
icro-continental blocks were merged into the NCC at�2.7–2.5 Ga (Zhai et al., 2000).
ee �1.9–1.8 Ga collisional orogenic belts (Zhao et al., 2012). (c) There is a >1300 km-
in the NCC (Kusky et al., 2016). Oceanic plateaus, microcontinents, and accretionary
Simplified geological map of the Yinshan Block in the Guyang and Wuchuan areas
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2.2. Geological background of Xiwulanbulang area

The Yinshan Block (Fig. 1b) is juxtaposed against the Khondalite
Belt to the north along the Jiuguan-Xiashihao fault. The Paleopro-
terzoic Khondalite Belt dominantly includes metasedimentary
rocks, and includes minor tonalite–trondhjemite–granodiorite
(TTG) gneisses, mafic granulites, syntectonic charnockites and S-
type granites (e.g. Dong et al., 2012a; Jiao et al., 2013a,b; Peng
et al., 2011, 2012). These rocks underwent upper amphibolite- to
granulite-facies metamorphism at ca. 1.95–1.92 Ga (Lu et al.,
1992; Lu and Jin, 1993; Wan et al., 2006, 2009; Xia et al., 2006a,
b; Yin et al., 2009, 2011). In contrast, the Yinshan Block contains
abundant Archean rock units, including �2.5 Ga Guyang green-
stones, �2.6 Ga mafic-ultramafic complex, �2.7 and �2.5 Ga TTG
gneisses, �2.56 and �2.52 Ga high-Mg diorites, �2.52 Ga gran-
ulites, charnockites and late Archean meta-sedimentary rocks
(Fig. 1d, Chen, 2007; Jian et al., 2005, 2012; Ma et al., 2013a,b;
Zhang et al., 2014; Wang et al., 2015b). Two-pyroxene granulites
and plagioclase amphibolites record �2.5 Ga isobaric cooling P–T
paths (Jin et al., 1991). Metamorphic zircons from the TTG, green-
stones and meta-sedimentary rocks give a metamorphic age of
�2.5 Ga (Wang et al., 2015b). The �1.9 Ga high-temperature and
high-pressure metamorphism in the Khondalite Belt has weak
influence on the Archean rocks of the Yinshan Block.

The Xiwulanbulang (XWLBL) area is part of high-grade meta-
morphic Archean terrane in the Yinshan Block. The preserved
Archean rock associations at the XWLBL area include �70–75%
charnockites and gneissic granites, �20% mafic to intermediate
intrusive rocks, and �5–10% meta-sedimentary rocks (Fig. 2, Xu
et al., 2011; Dong et al., 2012b). All these rocks have been variably
Fig. 2. Geological map of the Xiwulanbulang (XWLBL) area in the Yinshan Block.
Modified after Dong (2009).
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affected by �2.5 Ga regional amphibolite- to granulite-facies meta-
morphism (Dong, 2009; Wang et al., 2015b). Geological field work
shows that meta-sedimentary rocks occur as fragments within ca.
2.56–2.52 Ga TTG rocks.

The garnet-kyanite-bearing two feldspar gneiss (13XWL22) is
strongly deformed, and most foliations in the rocks have dips
towards the NNW (330�, Fig. 3a). The associated undeformed leu-
cosome (14XWL35) cut through the NNW foliations of metapelitic
rocks (Fig. 3b), presenting that the melt crystallized slightly later
than peak metamorphism and deformation. Kyanite in the metape-
lite forms fine-grained elongated metaphenocryst, while kyanite in
the leucosome forms coarse-grained metaphenocryst (Fig. 3c–d).
The meta-sedimentary unit coexists with mafic and ultramafic
complex, and it was intruded by pyroxene hornblendite (Fig. 3e).
Except garnet-kyanite gneisses, the metasedimentary rocks also
include garnet quartzite (Fig. 3f) and biotite-garnet plagioclase
gneiss.
3. Analytical methods

3.1. Mineralogical major element analysis

Major element compositions of rock-forming minerals were
determined on a JEOL JXA-8100 EMP at the Institute of Geology
and Geophysics, Chinese Academy of Sciences (IGGCAS). Mineral
major elements were obtained using a JEOL JXA-8100 electron
microprobe (EMP) with 15 kV accelerating voltage, 20 nA beam
current and 3 or 5 lm spot size. Counting times were 20 s on peaks
and 10 s on each background. Relative standard deviations of the
analyses of standard minerals are better than ±1%.
3.2. Whole rocks major and trace elements

Whole rock major elements were determined in the State Key
Laboratory of Geological Processes and Mineral Resources, China
University of Geosciences, Wuhan. Major elements were analyzed
by on-fused glass discs using a XRF-1800 Sequential X-ray Fluores-
cence Spectrometer from Shimadzu. The analytical uncertainties,
monitored by replicates and two standards (syenite GSR-7 and
basalt GSR-3), are less than 1%. The loss-on-ignition (LOI) was mea-
sured on dried rock powder by heating in a pre-heated corundum
crucible to 1000 �C for 90 min and recorded the percentage weight
loss.

Trace elements were analyzed using an Agilent 7500e induc-
tively coupled plasma mass spectrometry (ICP–MS) at the Key Lab-
oratory of Orogenic Belts and Crustal Evolution, Peking University.
The international standards GSR-1 (granite), GSR-3(basalt), GSR-2
(andesite) were used for analytical quality control. The relative
analytical uncertainties for all elements are <3%. The detailed ana-
lytical methods and procedures were described by Liu et al. (2004).
3.3. Zircon and monazite SIMS U–Pb dating

Zircon and monazite were separated from crushed rock samples
using conventional density and magnetic techniques. Unknown
zircon and monazite samples were mounted in epoxy mounts with
zircon standards Penglai, Qinghu and Plesovice, and monazite stan-
dard 44069, respectively, and then polished to expose crystal inte-
rior for analysis. All samples were documented with transmitted
and reflected light micrographs, cathodoluminescence (CL) images
(for zircon), and back-scattered images (BSE for monazite) to reveal
their internal structures. CL imaging was carried out using a Nova
Nano 450 scanning electron microscope (SEM) coupled with a
Gatan MonoCL4 Cathodoluminescence system at the IGGCAS. BSE
e pelitic granulites in the Yinshan Block, North China Craton. Precambrian
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Fig. 3. Field photographs of the XWLBL metapelites locality. (a) NNW foliation of kyanite-garnet-bearing gneiss; (b) leucosome cut through the foliation of metapelites; (c–d)
fine-grained or coarse-grained kyanite crystals were both developed in the hand specimen; (e) hornblendite veins intruded the metapelites; (f) co-existed garnet quartzite
with kyanite-garnet-bearing gneiss.
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images were taken using a CAMECA SX Five FE at the IGGCAS, with
a beam current of 40 nA.

Measurements of zircon U, Th and Pb isotopes were conducted
using a Cameca IMS-1280 SIMS at the IGGCAS. U–Th–Pb ratios and
absolute abundances were determined relative to the Qinghu (Li
et al., 2009). The analyses of unknown samples were interspersed
with Qinghu. Data processing procedures were similar to those
described by Li et al. (2009). During the analysis, the O2� primary
ion beam was accelerated at 13 kV, with an intensity of ca. 8 nA
and a beam size of 20 � 30 lm. A long-term uncertainty of 1.5%
(1 RSD) for 206Pb/238U measurements was propagated to the
unknowns (Li et al., 2010c), although error of the measured
206Pb/238U in a single session was generally around 1% (1 RSD) or
less. Measured compositions were corrected for common Pb using
non-radiogenic 204Pb. Corrections were sufficiently small to be
insensitive to the choice of common Pb composition, and an aver-
age of present-day crustal composition (Stacey and Kramers, 1975)
was used for common Pb, assuming that common Pb was largely
surface contamination introduced during sample preparation.

U–Th–Pb isotopic analyses on monazite were conducted using a
Cameca IMS-1280HR SIMS at the IGGCAS. U–Th–Pb ratios and
absolute abundances were determined relative to the monazite
standard 44069 (Aleinikoff et al., 2006), analyses of which were
interspersed with those of unknown grains. The O2� primary ion
Please cite this article in press as: Wang, D., Guo, J. Late Archean high-pressur
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beam was accelerated at 13 kV, with an intensity of ca. 2–3 nA
and a beam size of 20 � 30 lm. A 207Pb-based common Pb and
230Th correction methods were used (Williams, 1998; Li et al.,
2013) considering the obvious isobaric interference of
232Th144Nd16O2+ on 204Pb. Detail analytical procedure is referred
to Li et al. (2013).

Uncertainties on individual U–Th–Pb analyses were reported at
a 1SD level, and mean ages of pooled U/Pb (and Pb/Pb) analyses
were quoted with 95% confidence interval. Data reduction was car-
ried out using Isoplot/Ex v. 3.71 (Ludwig, 2009). Average U–Pb ages
are quoted at 95% confidence level.

3.4. Zircon SIMS O isotope measurement

Zircon oxygen isotopes were also measured using a Cameca
IMS-1280 SIMS, with analytical procedures similar to those
described by Li et al. (2010a). The Cs+ primary ion beam was accel-
erated at 10 kV with an intensity of ca. 2 nA. The beam was about
10 lm in diameter. The normal-incidence electron flood gun was
used to compensate for sample charging during analysis with
homogeneous electron density over a 100 lm oval area. The inten-
sity of 16O was typically 1 � 109 cps. Oxygen isotopes were mea-
sured in multi-collector mode using two off-axis Faraday cups.
Uncertainties on individual analyses were reported at 1r level.
e pelitic granulites in the Yinshan Block, North China Craton. Precambrian
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Measured 18O/16O was normalized to Vienna Standard Mean Ocean
Water (VSMOW, 18O/16O = 0.0020052) by the following equation:
d18OM = [(18O/16O)M/0.0020052�1] � 1000‰. With low noise on
the two FC amplifiers, the internal precision of a single analysis
was generally better than 0.2‰ (1SE). The external precision, mea-
sured by the reproducibility of repeated analyses of Penglai stan-
dard, is 0.40‰ (2SD). The instrumental mass fractionation factor
(IMF) was corrected using zircon standard Penglai with
d18OVSMOW = 5.3‰ (IMF = d18OM(Penglai) � 5.3‰, d18OSample = -
d18OM + IMF, Li et al., 2010b).
3.5. Whole-rock oxygen isotopes

Whole-rock O isotope ratios [as d18O values relative to Standard
Mean Ocean Water (SMOW)] were determined using a Finnigan
MAT-252 mass spectrometer at the IGGCAS. CO2 produced from
oxygen liberated by overnight reaction of whole-rock powders
with BrF5 at 550 �C and converted into CO2 by reaction with hot
graphite. The analytical precision is 0.2‰.
4. Petrography and mineral chemistry

The kyanite-garnet-bearing two feldspar gneisses (13XWL22)
contain 0.4–3.0 mm subhedral porphyroblastic garnet, �2 mm
bladed porphyroblastic kyanite, <0.5 mm fibrous/tabular porphy-
roblastic sillimanite, fine-grained platy to equant plagioclase,
K-feldspar and quartz grains (0.2–2.5 mm), 0.2 mm-long biotite,
rare fine-grained rutile (�1 mm) and prismatic graphite
(�0.5 mm) with minor zircon, apatite, ilmenite and monazite
(Fig. 4a–h). Sillimanite and kynite were distinguished by Laser
Raman analysis (Appendix Fig. A). Cores of most garnet porphy-
roblasts contain abundant mineral inclusions of quartz, plagio-
clase and biotite (Fig. 4c–e). Garnet rims contain significantly
fewer inclusions than the cores, most of which are rutile and
K-feldspar with minor kyanite (Fig. 4e). The representative
prograde assemblage (M1) consists of kyanite, garnet, biotite,
plagioclase, quartz and rutile. Biotite only occurs within the
garnet porphyroblast, and is absent in the matrix (Fig. 4c–d).
The representative mineral assemblage of the peak metamorphic
stage (M2) is coarse-grained kyanite, garnet, plagioclase,
K-feldspar, quartz, rutile and melt (Fig. 4f). Small sillimanite
crystals replaced large bladed kyanite that is in contact with
garnet (Fig. 4b, f and g). Therefore, the post-peak assemblage
(M3) is interpreted to be sillimanite, garnet, plagioclase, quartz,
ilmenite and melt. Representative mineral analyses of garnet,
feldspar and biotite are presented in Tables 1–3.

Garnet porphyroblasts are essentially almandine (Xalm, 52–54%)
and pyrope (Xprp, 42–44%), with minor grossular (Xgrs, 2.9–4.2%)
and spessartine (Xsps, 0.5–0.7%) components (Fig. 5a–f). The XFe

value (XFe = 100 � Fe/(Mg + Fe)) of garnet falls in the small
range of 54–55. Garnet mostly shows flat major element zoning
from core to near the rim (Line A–A0 and B–B0, Fig. 5a and b). At
the garnet rims that surrounded by plagioclase, Xgrs slightly
increases, while Xprp slightly decreases (Fig. 5d–f) (see Appendix
Fig. B).

Biotite only occurs as inclusions in the garnet with high XMg val-
ues of 0.65–0.72. The TiO2 contents are variable in the range of
2.96–5.44 wt.% and AlIV is about 1.0–1.1. Individual biotite grains
are generally homogeneous in compositions. F contents and Cl con-
tents in the biotites are low.

Plagioclase compositions in the matrix are homogeneous with
An (An = Ca/(Ca + Na + K) � 100%) contents in the range of 16–
23 mol%, which is classified as oligoclase. Average contents of
CaO and Na2O of plagioclase are 4.11 wt.% and 8.68 wt.%, respec-
tively. K-feldspar have K2O contents varying of 14.5–14.9 wt.%.
Please cite this article in press as: Wang, D., Guo, J. Late Archean high-pressur
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5. Whole-rock major and trace elements

Major and trace elements of the XWLBL kyanite-garnet-bearing
two feldspar gneisses are presented in Table 4.

Kyanite-garnet-bearing two feldspar gneisses show variable
SiO2 contents from 59.9 to 67.2 wt.% (Fig. 6a). MgO and CaO con-
tents are high in the range of 3.36–5.68 wt.% and 14.9–19.7 wt.%,
respectively, with high Mg# values (43–49) (Fig. 6a–b). Compared
with meta-sedimentary rocks from Paleoproterzoic Khondalite
belt, the XWLBL meta-sedimentary rocks display high Na2O con-
tents (1.81–2.98 wt.%), while extremely low K2O concentrations
(0.35–1.80 wt.%) (Fig. 6c and d). TiO2, MnO and P2O5 contents of
the XWLBL metapelites are in the range of 0.69–0.95 wt.%, 0.07–
0.17 wt.% and 0.02–0.07 wt.%, respectively. The LOI (loss on igni-
tion) is low and varying between 0.35 and 1.80 wt.%.

The XWLBL meta-sedimentary rocks show high Cr and Ni con-
centrations of 245–421 ppm and 21.0–91.9 ppm, respectively. Sr
(81.8–243 ppm) and Ba (129–370 ppm) contents are also high.
The XWLBL meta-sedimentary rocks display modestly fractionated
LREE patterns with LaN/SmN of 3.47–4.41 and flat HREE pattern
with GdN/YbN of 0.66–1.34 on the chondrite-normalized REE dia-
grams (Fig. 7a). Our samples show slightly positive Eu anomalies
(Eu/Eu⁄ = 0.9–1.2). HREE contents are mostly controlled by propor-
tion of garnet in the rocks. All our investigated rocks are character-
ized by positive Ba, Zr and Hf anomalies and strong depletions of Sr
and Ti relative to neighbouring REE (Fig. 7b).
6. Pseudosection modelling

6.1. Methodology

Pseudosections were calculated using THERMOCALC v3.33
(Powell and Holland, 1988) and the thermodynamic dataset tcds55
(Holland and Powell, 1998; updated October 2009). The calcula-
tions for kyanite-garnet bearing two feldspar gneiss (13XWL22)
were performed in the MnNCKFMASHT (Mn–Na2O–CaO–K2O–Fe
O–MgO–Al2O3–SiO2–H2O–TiO2) system, which is the most reliable
system for metapelites. Fe2O3 was neglected because Fe3+-rich
phases such as magnetite are absent from the studied sample
and the major phases (garnet) do not contain significant amounts
of Fe3+.Water activity was set to a(H2O) = 1. Quartz is abundant
in the modelled sample and assumed to be in excess. Pseudosec-
tion construction considered the following solid-solution models:
garnet (g; White et al., 2005), K-feldspar (ksp; Holland and
Powell, 2003), plagioclase (pl; Holland and Powell, 2003), mus-
covite (mu; Coggon and Holland, 2002), Ti-bearing biotite and sil-
icate melt (bi and liq, White et al., 2007), cordierite (cd; Mahar
et al., 1997; Holland and Powell, 1998), orthopyroxene (opx,
Powell and Holland, 1999), ilmenite (ilm; White et al., 2000). Pure
phases include kyanite, sillimanite, rutile, quartz and H2O.
6.2. P–T pseudosections

For kyanite-garnet-bearing two feldspar gneisses that under-
went melt loss, the XRF-based bulk composition was used to model
the P–T conditions of melt crystallization or the retrograde evolu-
tion (Groppo et al., 2012). A melt-reintegrated bulk composition
was used to model prograde metamorphic development of the
studied sample (13XWL22, Fig. 8a). Melt composition was calcu-
lated based on the average bulk composition of accompanied leu-
cosomes (Appendix Table A). About 30 mol% melt has been
reintegrated, as is estimated from the field observations. Saturated
water content was used to calculate the melt reintegrated pseudo-
section. Due to the extremely low K2O contents of sample
13XWL22 compared with normal metapelites, fields of
e pelitic granulites in the Yinshan Block, North China Craton. Precambrian
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Fig. 4. Photomicrographs showing the mineral assemblages and microtextures of the kyanite-garnet bearing gneiss (13XWL22). (a–c, f) Garnet, kyanite, sillimanite exist as
porphyroblasts, while plagioclase, K-feldspar and quartz occur in the matrix; (b, f and g) Small sillimanite crystals replaced large bladed kyanite; (c–d) biotite only occurs as
inclusion within the garnet porphyroblast; (e) garnet porphyroblasts contain mineral inclusions of quartz, plagioclase and biotite; (h) K-feldspar with string plagioclase
lamellae.
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potassium-rich minerals such as K-feldspar, biotite and muscovite
in the pseudosection are strongly reduced. Biotite is limited to the
medium temperature area, whereas muscovite is restricted to the
high-pressure fields. K-feldspar is limited to a narrow field in the
pseudosection corresponding to T = 840–870 �C and P >14 kbar.
The petrographic evidence suggests that the prograde assemblage
(M1), represented by the garnet core and its mineral inclusions
of kyanite, biotite, plagioclase, quartz and rutile, should be located
in grt–ky–bt–pl–rt–melt field (P = 8–16 kbar, T <830 �C). Peak
assemblage (M2), which is represented by kyanite, garnet, plagio-
clase, K-feldspar, quartz, rutile and melt, defines the grt–ky–kfs–
pl–rt–melt field (P >14 kbar, T = 840–870 �C).
Please cite this article in press as: Wang, D., Guo, J. Late Archean high-pressur
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The P–T pseudosection shown in Fig. 8b was calculated using
the XRF-based bulk composition. The H2O content of the bulk com-
position was calculated by combining mineral modes and compo-
sitions, which mainly derives from biotite by considering a Ti-H
substitution scheme of White et al. (2007). Biotite only occurs as
inclusions within garnet, therefore, the calculated water contents
is very low (0.28 wt.%). Because of water loss during melt crystal-
lization and migration, the melt-in line in the pseudosection is esti-
mated to be of high temperatures (T >830 �C). In the post-peak
decompressional assemblage (M3), sillimanite replaces kyanite
(Fig. 4b, f and g). Biotite has not been observed in the matrix.
Therefore, the P–T path from M2 to M3 goes from the grt–ky–kf
e pelitic granulites in the Yinshan Block, North China Craton. Precambrian
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Table 1
Representative chemical compositions of garnet of the kyanite-garnet two feldspar gneiss (13XWL22) from the Yinshan Block.

Sample 81 83 84 85 86 87 88 89 90 92 93 94 95

SiO2 40.13 41.32 40.13 39.97 39.77 39.82 40.05 39.97 39.89 40.17 39.82 39.90 39.67
TiO2 0.00 0.03 0.00 0.00 0.04 0.00 0.03 0.01 0.00 0.03 0.00 0.01 0.00
Al2O3 22.92 22.94 22.90 22.82 22.93 23.00 22.74 22.96 22.87 22.94 22.91 22.96 22.77
Cr2O3 0.12 0.11 0.12 0.12 0.10 0.10 0.09 0.07 0.09 0.12 0.13 0.13 0.16
FeO 25.09 25.25 25.09 25.41 25.28 25.18 25.20 25.14 26.32 25.14 25.08 25.18 25.14
MnO 0.31 0.27 0.31 0.31 0.33 0.33 0.31 0.32 0.28 0.29 0.31 0.25 0.30
MgO 11.55 11.70 11.64 11.68 11.60 11.74 11.48 11.68 11.64 11.70 11.48 11.64 11.37
CaO 1.46 1.17 1.17 1.15 1.21 1.19 1.19 1.16 1.21 1.23 1.26 1.35 1.50
Totals 101.6 102.8 101.5 101.2 101.5 101.5 101.1 101.4 101.1 101.7 101.0 101.4 100.9
Si 2.991 3.034 2.993 2.992 2.971 2.971 3.000 2.984 2.987 2.991 2.986 2.979 2.981
Ti 0.000 0.001 0.000 0.000 0.002 0.000 0.002 0.001 0.000 0.002 0.000 0.001 0.000
Al 2.014 1.986 2.013 2.013 2.019 2.023 2.008 2.021 2.019 2.014 2.026 2.021 2.017
Cr 0.007 0.006 0.007 0.007 0.006 0.006 0.005 0.004 0.005 0.007 0.007 0.008 0.009
Fe2+ 1.564 1.551 1.575 1.570 1.553 1.546 1.577 1.565 1.569 1.564 1.573 1.560 1.565
Mn 0.019 0.017 0.019 0.020 0.021 0.021 0.019 0.020 0.018 0.018 0.019 0.016 0.019
Mg 1.283 1.281 1.294 1.303 1.292 1.306 1.281 1.300 1.299 1.298 1.284 1.296 1.272
Ca 0.117 0.092 0.094 0.092 0.097 0.095 0.095 0.093 0.097 0.098 0.101 0.108 0.121
Grs-Ca 3.9 3.1 3.2 3.1 3.3 3.2 3.2 3.1 3.3 3.3 3.4 3.6 4.1
Sps-Mn 0.6 0.6 0.6 0.7 0.7 0.7 0.6 0.7 0.6 0.6 0.6 0.5 0.6
Prp-Mg 43.0 43.6 43.4 43.7 43.6 44.0 43.1 43.7 43.5 43.6 43.1 43.5 42.7
Alm-Fe 52.4 52.7 52.8 52.6 52.4 52.1 53.1 52.6 52.6 52.5 52.8 52.3 52.6
Fe# 55 55 55 55 55 54 55 55 55 55 55 55 55

Table 2
Representative chemical compositions of feldspar of the kyanite-garnet two feldspar gneiss (13XWL22) from the Yinshan Block.

Sample 08PL 09PL 10PL 11PL 38PL 39PL 43PL 44PL 45PL 55PL 73PL 96PL 97PL 99PL 100PL 07KFS 42KFS

SiO2 62.47 63.92 63.27 63.44 62.94 63.01 63.29 62.94 63.09 64.36 62.38 62.79 63.05 63.42 63.81 64.66 64.23
TiO2 0.03 0.03 0.04 0.01 0.00 0.00 0.00 0.00 0.03 0.01 0.00 0.00 0.00 0.00 0.01 0.03 0.01
Al2O3 22.64 22.63 22.58 22.71 22.84 23.03 22.50 22.80 22.68 22.20 22.92 23.06 23.01 23.00 22.65 18.71 18.53
Fe2O3 0.03 0.02 0.01 0.02 0.08 0.11 0.01 0.01 0.05 0.66 0.39 0.24 0.20 0.02 0.02 0.00 0.02
CaO 4.02 4.00 4.08 4.03 4.26 4.41 3.86 3.95 3.99 3.31 4.58 4.23 4.23 4.18 4.05 0.11 0.03
Na2O 8.61 8.57 8.82 8.79 8.74 8.50 8.85 8.83 8.49 9.27 8.39 8.74 8.55 8.57 8.64 1.09 0.97
K2O 0.34 0.15 0.17 0.16 0.16 0.13 0.16 0.21 0.17 0.14 0.10 0.13 0.15 0.16 0.11 14.50 14.86
Totals 98.16 99.33 98.98 99.19 99.02 99.21 98.70 98.74 98.51 100.03 98.83 99.21 99.21 99.35 99.32 99.10 98.65
Oxygens 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
Si 2.81 2.83 2.82 2.82 2.81 2.80 2.83 2.81 2.82 2.84 2.79 2.80 2.80 2.81 2.83 2.99 2.99
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.20 1.18 1.19 1.19 1.20 1.21 1.18 1.20 1.20 1.15 1.21 1.21 1.21 1.20 1.18 1.02 1.02
Ca 0.19 0.19 0.20 0.19 0.20 0.21 0.18 0.19 0.19 0.16 0.22 0.20 0.20 0.20 0.19 0.01 0.00
Na 0.75 0.74 0.76 0.76 0.76 0.73 0.77 0.77 0.74 0.79 0.73 0.75 0.74 0.74 0.74 0.10 0.09
K 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.86 0.88
Sum 5.0 4.9 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
An 20 20 20 20 21 22 19 20 20 16 23 21 21 21 20

Table 3
Chemical compositions of biotite of the kyanite-garnet two feldspar gneiss (13XWL22) from the Yinshan Block.

Sample 32BT 35BT 74BT 78BT 80BT 103BT

SiO2 37.30 37.47 37.25 35.95 36.48 37.83
TiO2 2.96 3.20 3.28 5.44 3.96 4.10
Al2O3 17.94 16.77 16.80 16.73 16.38 16.88
Cr2O3 0.37 0.38 0.39 0.46 0.43 0.45
FeO 10.87 10.60 12.07 11.19 12.65 11.84
MnO 0.00 0.01 0.00 0.00 0.02 0.02
MgO 15.20 14.97 13.93 13.85 12.96 14.57
CaO 0.07 0.04 0.11 0.09 0.05 0.07
Na2O 0.18 0.13 0.11 0.16 0.14 0.11
K2O 8.97 9.21 8.97 8.89 9.44 8.96
Totals 93.85 92.78 92.91 92.75 92.52 94.83
Oxygens 11 11 11 11 11 11
Si 2.76 2.80 2.80 2.71 2.78 2.78
Ti 0.17 0.18 0.19 0.31 0.23 0.23
Al 1.56 1.48 1.49 1.49 1.47 1.46
Cr 0.02 0.02 0.02 0.03 0.03 0.03
Fe2 0.67 0.66 0.76 0.71 0.81 0.73
Mn 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.67 1.67 1.56 1.55 1.47 1.60
Ca 0.01 0.00 0.01 0.01 0.00 0.01
Na 0.03 0.02 0.02 0.02 0.02 0.02
K 0.85 0.88 0.86 0.85 0.92 0.84
Sum 7.7 7.7 7.7 7.7 7.7 7.7
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Fig. 5. (a, d) Garnet compositions were analyzed along the lines of A–A0 and B–B0 . (b, e) show the chemical variations of pyrope, almandine and Fe# values (Fe# = molar FeO/
(FeO + MgO) � 100%) along the lines A–A0 and B–B0 . (c, f) show the chemical variations of grossular and spessartine along the lines A–A0 and B–B0 .

Table 4
Major and trace elements analysis of XWLBL metapelites from the Yinshan Block.

Sample 14XWL36 13XWL22 14XWL37 14XWL37-1

SiO2 51.8 59.9 67.2 66.5
TiO2 0.73 0.77 0.95 0.69
Al2O3 19.7 17.2 14.9 15.2
FeOt 11.6 10.9 7.1 7.6
FeO – 8.35 – –
MnO 0.17 0.11 0.07 0.09
MgO 5.68 4.16 3.36 3.61
CaO 3.79 1.75 1.45 1.30
Na2O 2.87 2.98 2.06 1.81
K2O 1.23 0.76 0.77 0.98
P2O5 0.07 0.03 0.03 0.02
LOI 0.35 1.72 1.80 1.70
Total 98.1 100.4 99.6 99.5
Sc 37.9 33.9 26 43.3
V 226 206 187 150
Cr 421 334 293 245
Co 38.5 22.5 30.4 32.9
Ni 91.9 21.0 86.7 75.2
Rb 61.2 19.5 13.7 17.8
Sr 243 87.1 94.6 81.8
Y 20.0 16.4 16.2 29.3
Zr 82.9 107 135 121
Nb 4.68 4.81 5.26 4.82
Ba 370 268 129 154
La 21.9 12.7 12.3 10.7
Ce 48.1 25.4 25.6 21.9
Pr 4.95 2.74 2.68 2.29
Nd 18.4 10.6 10.0 8.42
Sm 3.21 2.36 2.01 1.67
Eu 1.28 0.75 0.88 0.75
Gd 3.27 2.98 2.37 2.67
Tb 0.57 0.51 0.43 0.64
Dy 3.55 3.16 2.85 4.71
Ho 0.70 0.64 0.60 1.09
Er 2.07 1.92 1.76 3.2
Tm 0.32 0.28 0.26 0.52
Yb 2.02 1.85 1.78 3.37
Lu 0.31 0.3 0.26 0.52
Hf 2.19 2.98 3.51 3.13
Ta 0.22 0.56 0.31 0.32
Th 6.31 0.8 0.49 0.29
U 0.30 0.25 0.18 0.14
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s–pl–rt–melt field directly into the grt–sill–kfs–pl–rt–melt field
(Fig. 8b), which corresponds to isothermal decompression. In the
grt–sill–kfs–pl–rt–melt field, garnet (Xgrs = 0.03–0.04) and plagio-
clase (minimum An values = 0.16) compositions were used to con-
strain the retrograde metamorphic P–T conditions 10 and 11 kbar
and >850 �C). The Xgrs and Xprp compositions of the garnet were
not used to constrain the P–T conditions, because Ca andMg in gar-
net have different diffusion rates under the granulite-facies meta-
morphism (Schwandt et al., 1996).

7. Monazite and zircon U–Pb geochronology

7.1. Monazite U–Pb geochronology of meta-sedimentary rock

Monazite grains from kyanite-garnet–bearing two feldspar
gneiss (13XWL22) are euhedral to subhedral with length of 60–
150 lm. Homogeneous or weak zoning are shown by BSE imaging
(Fig. 9a). Monazites contain zircon, quartz, rutile and K-feldspar
inclusions, suggesting that they probably grew during the peak
or post-peak stages.

Monazites from sample 13XWL22 yield 207Pb/206Pb ages rang-
ing from 2530 to 2515 Ma (Appendix Table B). Twenty grains yield
a concordia age of 2519 ± 1 Ma (2SD, MSWD = 0.05), consistent
with the weighted mean 207Pb/206Pb age of 2521 ± 1 Ma
(MSWD = 1.2, n = 20). .

7.2. Zircon U–Pb geochronology of leucosome

Zircon grains from the leucosome (14XWL35) are dark purple,
and are subhedral to anhedral. Their lengths range from 100 to
350 lm with length/width ratios of 1.0–1.5. Most zircon crystals
show sector zoning, whereas unzoned to weakly zoned zircon is
rare (Fig. 9b), suggesting they probably crystallized from
granulite-facies partial melt.

Thirty-three U–Pb ages were acquired from 14XWL35 and they
give apparent 207Pb/206Pb ages of 2548–1927 Ma (Appendix
Table C). The U–Pb data define an upper intercept at
2557 ± 38 Ma (MSWD = 1.7). Eleven concordant spots yield a
weighted mean 207Pb/206Pb age of 2518 ± 10 Ma (MSWD = 0.07,
Fig. 9b).
e pelitic granulites in the Yinshan Block, North China Craton. Precambrian
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Fig. 6. Whole-rock variations of SiO2 vs. selected major elements (MgO, Al2O3, Na2O and K2O) of the XWLBL metapelites in the Yinshan Block; database from Xu et al., 2011
and Huang et al., 2016.

Fig. 7. (a) Chondrite-normalized rare earth element (REE) patterns and (b)
Primitive mantle-normalized incompatible element patterns of the XWLBL
metapelites in the Yinshan Block. Normalization constants are after McDonough
and Sun (1995). Red lines represent data from our study, and blue lines are from Xu
et al. (2011).
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8. Whole-rock and zircon oxygen isotope

The oxygen isotopes of whole-rock samples (Table 5) and zir-
cons (Appendix Table D) were analyzed. Kyanite-bearing rocks
have high d18O(WR) values in the range of 10.8–12.4‰ (2SD,
<0.2‰). Biotite-garnet gneiss show slightly lower d18O(WR) values
of 10.8‰ (2SD, <0.2‰).Zircon U–Pb age data of kyanite-garnet two
feldspar gneiss (13XWL22) were reported by Wang et al. (2015b).
Most zircon grains show clear core-rim structures (Fig. 10a–d). The
cores are detrital magmatic zircons with apparent 207Pb/206Pb ages
from 2576 Ma to2733 Ma. They give a peak age at �2610 Ma.
These detrital zircon cores have variable d18O values ranging from
9.5 to 12.3‰ (Fig. 10e). Thin metamorphic rims show weak or no
zoning and yield a weighted mean of 2479 ± 21 Ma. Their d18O val-
ues are homogeneous with the mean value of 11.4 ± 0.4‰
(Fig. 10e).
9. Discussion

9.1. Metamorphic P–T conditions and evolution

The peak high-pressure granulite-facies assemblage (M2) con-
sists of kyanite, garnet, plagioclase, K-feldspar, quartz, rutile and
melt, which constrains the peak P–T conditions at P >14–11 kbar
and T = 840–870 �C in the MnNCKFMASHT system (Fig. 8). The
post-peak decompression assemblage (M3) is represented by silli-
manite replacing kyanite in the matrix (Fig. 4b, f and g). Thus, our
modelling results show that the kyanite-garnet gneiss recorded a
nearly clockwise-type isothermal decompression P–T path (Fig. 8).

The P–T path reported here is obviously different from the pre-
vious anticlockwise P–T paths that were defined based on ‘red-eye
socket’ texture in mafic granulites (Fig. 11, Jin et al., 1991; Liu et al.,
1993; Lu and Xu, 1995). Red-eye socket texture, represented by grt
+ qtz ± cpx replacing previous minerals of plagioclase and pyroxe-
nes, is generally regarded as a post-peak metamorphic reaction,
recording a near-isobaric cooling process (Jin et al., 1991; O’Brien
et al., 2005). However, some recent studies have pointed out that
‘red-eye socket’ textures may form in the prograde metamorphic
e pelitic granulites in the Yinshan Block, North China Craton. Precambrian
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Fig. 8. P–T Pesudosection calculated under MnNCKFMASHT system for kyanite-garnet two feldspar gneiss (Sample 13XWL22) at 8–18 kbar and 700–1000 �C, red characters
represent peak mineral assemblage. (a) Pseudosection calculated using the melt-reintegrated bulk composition; (b) Pseudosection calculated using the XRF-based bulk
composition.

Fig. 9. (a) SIMS monazite U–Pb dating results for the metapelite (13XWL22).
Ellipses represent 2SD errors. (b) SIMS zircon U–Pb dating results for the leucosome
(14XWL35). Ellipses represent 2SD errors.
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stages under fluid-absent conditions not in the post-peak meta-
morphic stages (Duan et al., 2015; Wei et al., 2014). Therefore,
the red-eye socket texture could not represent an anticlockwise
P–T path. More evidences, for example prograde mineral assem-
blage, should be provided when define an anticlockwise P–T path.

On the other hand, if anticlockwise P–T paths exist in the stud-
ied area, they are not contradictory to the clockwise P–T path in
our study. Clockwise and anticlockwise P–T trajectories from close
locations may coexist in a subduction-collision process (Tong et al.,
2007). Anticlockwise P–T path requires an additional heat source
(such as ultramafic-mafic magmatism, Halpin et al., 2007) that
induced the P–T trajectory deviating from a normal thermal gradi-
ent. Certainly, not all rocks would be affected by additional heat.
Whether an additional heat has influenced P–T trajectory is related
to emplacement time, depth, spatial location of the associated
magma.

9.2. Late Archean high-pressure metamorphism

Late Archean metamorphic ages (2.50–2.45 Ga) were widely
recognized in �2.8–2.7 Ga TTG rocks in Jiaodong, Luxi and
Wuchuan areas of the NCC (Dong et al., 2012a; Jahn et al., 2008;
Wan et al., 2014). Compared with TTG rocks, meta-sedimentary
rocks can better record the peak age of metamorphism, and can
estimate the temperature and pressure conditions of peak stage
at the same time (Foster and Parrish, 2003; Jiao et al., 2015). Mon-
azite is abundant in metapelites and sensitive to amphibolite-
facies and granulite-facies metamorphism, and therefore monazite
has become one of the most extensive minerals for dating in meta-
morphic rocks (Parrish, 1990; Rubatto et al., 2013; Wang et al.,
2015c).

In this study, SIMS monazite U–Pb dating results of the kyanite-
garnet two feldspar gneiss (13XWL22) give an age of 2519 ± 1 Ma
(Fig. 9a). Zircons from leucosome give a weighted average
207Pb/206Pb age of 2518 ± 10 Ma, similar to the monazite dating
Table 5
Whole rock d18O values of XWLBL metapelites from the Yinshan Block.

Sample ID Rock type d18O values

13XWL22 Ky-Grt two feldspar gneiss 12.4‰
14XWL36 Bt-Grt gneiss 10.8‰
14XWL37 Ky-Grt two feldspar gneiss 12.1‰
14XWL37-1 Ky-Grt two feldspar gneiss (dark layer) 11.5‰

e pelitic granulites in the Yinshan Block, North China Craton. Precambrian
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Fig. 10. (a–d) Representative CL images of analyzed zircons frommetapelite (13XWL22) from the XWLBL area in the Yinshan Block; Black circles and numbers indicate zircon
d18O analyzed positions and values, respectively. (e) Plots of zircon oxygen isotopes for detrital cores and metamorphic rims.
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results. Thus, we consider that �2.52 Ga represents the crystalliza-
tion age of granulite-facies partial melt. Such an interpretation is
supported by the homogeneous zoning pattern and narrow range
of 207Pb/206Pb ages of monazite (Fig. 9a).

A lower intercept zircon age of �1.8 ± 0.1 Ga was obtained from
the leucosome (Fig. 9b), suggesting that zircon has lost lead due to
a Paleoproterozoic thermal event that is related to the Paleopro-
terozoic subduction-collision in the Khondalite belt. However,
Paleoproterozoic ages of monazites are absent in the metapelite.
As monazite easily dissolves in melt-present conditions (Kelsey
et al., 2008; Kohn et al., 2005) and may be partially reset by a sec-
ondary metamorphic overprint (Bhowmik et al., 2014; Cocherie
et al., 1998), we suggest that the Paleoproterozoic high-grade
metamorphism in the Khondalite belt has a weak effect on the
Archean basement rocks in the Yinshan Block. Monazite ages
younger than 2.49 Ga have not been obtained in this study, which
indicates that multi-stage metamorphism around 2.50–2.45 Ga
may not have occurred in the Yinshan Block (Dong et al., 2012a;
Ma et al., 2013b; Zhang et al., 2014).
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9.3. Nature of source

U–Pb ages of detrital zircon are potential indicators of sedimen-
tary provenance (Andersen, 2005). Most detrital zircon cores from
the kyanite-garnet two feldspar gneiss show clear oscillatory zon-
ing (Fig. 10), suggesting a magmatic origin. These magmatic cores
give apparent 207Pb/206Pb ages from 2576 Ma to 2733 Ma with a
major peak at �2610 Ma (Wang et al., 2015b), which reflects that
the main source comes from the �2.6 Ga magmatic rocks. �2.7–
2.6 Ga old meta-volcanics, TTG rocks and mafic-ultramafic plutons
have been reported in the studied area (Dong et al., 2012a,b; Wang
et al., 2015b) and may have been served as sediment source for the
XWLBL metapelites.

Geochemical signature can also provide key information for
sedimentary provenance. The XWLBL metapelites show high
Na2O (1.81–2.98 wt.%) contents but low K2O contents (0.76–
1.23 wt.%), different from Paleoproterzoic metamorphic sedimen-
tary rocks from Hongshankou area in the Khondalite belt
(Fig. 6c and d, Huang et al., 2016). In addition, the XWLBL
e pelitic granulites in the Yinshan Block, North China Craton. Precambrian
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Fig. 11. Summary of the P–T conditions and paths for Archean high-grade
metamorphic basement rocks in the Yinshan Block of the NCC. 1–mafic granulite
from Wuchuan-Guyang area of the Western Block in the NCC (Lu and Xu, 1995); 2–
mafic guanulite from Daqingshan area of the Western Block in the NCC (Jin et al.,
1991); 3–Sheerteng group amphibolites (Jin, 1989). 1–3, details of above three P–T
paths were summarized by Zhao et al. (1999). Alternate Al2SiO5 triple-point
position is 501 �C/3.75 kbar by Holdaway and Mukhopadhyay (1993).
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metapelites show high MgO (3.36–5.68 wt.%), Cr (245–421 ppm)
and Ni (21.0–91.9 ppm) contents. Garnet shows high Xprp

component in the metapelite (42–44%, Fig. 5b and e). Thus,
the �2.70–2.60 Ga old volcanic rocks are considered to be the
main source of the pelites. Although TTG rocks have high Na2O
contents, they show low MgO, Cr and Ni contents and, therefore,
are unlikely to be the source of sedimentary rocks. The XWLBL
metapelites display weakly positive Eu anomaly in the
chondrite-normalized diagram (Fig. 7a), indicating the presence
of feldspar that crystallized from the melt during the
granulite-facies metamorphism. It is also consistent with the field
observation that near source leucosome is associated with the
metapelites (Fig. 3a and b).

Oxygen isotopes of metapelites and zircons were used to inves-
tigate sedimentary processes. Zircon can preserve primary oxygen
isotopic features even though underwent high-grade metamor-
phism (King et al., 1998). The XWLBL metapelites have high d18O
(WR) values varying from 12.4‰ to 10.8‰, similar to the d18O
values of the metamorphic zircons (mean = 11.43 ± 0.43‰,
Fig. 10e). This suggests that the enrichment of oxygen isotope
occurred before 2.5 Ga high-grade metamorphism. The reason of
high oxygen isotopes in sedimentary rocks could be that they
have undergone the low-temperature alteration in the surface.
The peak pressure of kyanite-garnet gneiss defines at �14–11 kbar
(Fig. 8), suggesting that the lower crust has been thickened to a
depth >40 km at �2.52 Ga. The high d18O sedimentary rocks
that brought into the lower crust could cause heterogeneous
oxygen isotopes of the old Archean continental crust in the
Yinshan Block.

9.4. Tectonic implications

HP granulites could either form in a subduction-collision set-
ting, such as the Variscan Belt (Carswell and O’Brien, 1993),
central-eastern Himalaya (Groppo et al., 2010; Liu and Zhong,
1997; Wang et al., 2016) and trans-North China Orogen of the
Please cite this article in press as: Wang, D., Guo, J. Late Archean high-pressur
Res. (2017), http://dx.doi.org/10.1016/j.precamres.2017.03.027
NCC (e.g. Guo et al., 1996, 2002; Wei et al., 2001; Wu et al.,
2014; Yin et al., 2014; Zhao et al., 1999), or in a deep arc environ-
ment that related to the extension or magmatic underplating
(Appel and Schenk, 1998; Bohlen, 1987, 1991; Ellis, 1987;
Müntener et al., 2000; Zhao and Zhai, 2013; Zhang et al., 2013).
�2.52 Ga clockwise P–T path HP pelitic granulites in the Yinshan
Block (Fig. 8) were accompanied by large-scale coeval arc-related
magmatic activities, i.e. high Mg-diorite, charnockite and TTG
(Jian et al., 2012; Ma et al., 2013b; Zhang et al., 2014). Additionally,
coeval anticlockwise P–T path of mafic rocks that are commonly
observed in an arc environment were also identified in the studied
areas (Fig. 11, Jin et al., 1991; Zhao et al., 1999). Taken together, we
consider that the �2.52 Ga HP granulites most likely formed in a
continental arc environment.

In contrast, Paleoproterozoic HP metapelites in the Khondalite
Belt were metamorphosed in a collision setting (Yin et al., 2014,
2015). Although Archean and Paleoproterozoic HP metapelites
recorded similar metamorphic peak P–T conditions, they behaved
differently during exhumation. The Paleoproterzoic metapelites
underwent isothermally decompression from �10 kbar to �2–
4 kbar, suggesting that they were rapidly brought to the middle-
upper crust (Yin et al., 2014, 2015; Qiao et al., 2016); whereas
the Archean metapelites isothermally decompressed from
>11 kbar to �8–10 kbar (deep crust) and then underwent pro-
longed cooling. Thus, the exhumation of HP granulites may provide
information for discriminating an arc-root environment from a col-
lision setting.
10. Conclusions

1) Phase equilibrium modelling results define the peak P–T
conditions at >14–11 kbar and 840–870 �C, and a clockwise
isothermal decompression P–T path.

2) SIMS monazite and zircon U–Pb dating of the kyanite-garnet
metapelite and associated leucosome constrain the
granulite-facies metamorphism at �2519 Ma in the Yinshan
Block of the NCC.

3) High Na2O, MgO, Cr and Ni contents of the metapelites, com-
bined with a peak age of �2.60 Ga obtained from the detrital
zircon cores, suggest that Neoarchean volcanics are the most
likely source of the metapelites.

4) �2.52 Ga magmatism and coeval HP pelitic granulites with
clockwise P–T path supported a continental arc setting in
the Yinshan Block of the NCC.
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Table A
Appendix Major element compositions (wt.%) using in the phase equilibrium
modelling for kyanite-garnet two feldspar gneiss (13XWL22) in the Yinshan Block
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Appendix A
Fig. B. Appendix P–T Pesudosection calculated under MnNCKFMASHT system for kyanite-garnet two feldspar gneiss (Sample 13XWL22) at 5–18 kbar and 700–1000 �C, red
characters represent peak mineral assemblage. (a) Pseudosection calculated using the melt-reintegrated bulk composition; (b) Pseudosection calculated using the XRF-based
bulk composition.

Fig. A. Appendix Laser Raman analysis to distinguish (a) kyanite and (b) sillimanite
in the metapelite (13XWL22).

(Fig. 8 and Appendix Fig. B).

Sample ID 14XWL22
XRF

Partial melts
XRF

14XWL22
melt reintegrated

SiO2 61.5 76.0 65.9
Al2O3 17.6 14.5 16.6
CaO 1.77 1.81 1.83
MgO 4.27 0.36 3.08
FeO 10.1 0.88 7.28
K2O 0.78 1.61 1.03
Na2O 3.06 4.77 3.58
MnO 0.11 0.01 0.08
TiO2 0.79 0.13 0.59

For those metapelites that underwent melt loss, the XRF-based bulk composition
can only be used to model the P–T conditions of melt crystallization or the retro-
grade evolution (Groppo et al., 2012). A 30 mol% melt, based on estimation of field
outcrop, was reintegrated. Average of six XRF melt samples collected near the
metapelites was used to calculate the melt-reintegrated bulk composition.
All Fe is presented as FeO. The major element contents are calculated on an H2O-
free basis, and chemical analyses are normalized to a total of 100%.
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Table B
Appendix SIMS monazite U–Pb isotopic data for the XWLBL kyanite-garnet two feldspar gneiss (13XWL22) in the Yinshan Block of the NCC.

Table C
Appendix SIMS zircon U–Pb isotopic data for the XWLBL leucosome (14XWL35) in the Yinshan Block of the NCC.
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Table D
Appendix Zircon oxygen isotopic data of XWLBL kyanite-garnet two feldspar gneiss
(13XWL22) in the Yinshan Block of the NCC.

Sample ID Group d18O 2r

13XWL22@2 Core 12.2 1.1
13XWL22@3 Core 10.7 0.6
13XWL22@4 Core 12.0 0.7
13XWL22@5 Core 11.1 1.4
13XWL22@8 Core 11.6 0.4
13XWL22@9 Core 11.3 0.3
13XWL22@10 Core 11.7 0.3
13XWL22@11 Core 12.3 0.4
13XWL22@12 Core 12.1 0.8
13XWL22@13 Core 11.2 0.3
13XWL22@14 Core 11.0 0.4
13XWL22@15 Core 11.7 0.3
13XWL22@17 Core 10.6 0.3
13XWL22@20 Core 11.3 0.4
13XWL22@22 Core 9.6 0.6
13XWL22@23 Core 10.7 0.3
13XWL22@24 Core 12.0 0.3
13XWL22@27 Core 12.0 0.6
13XWL22@30 Core 11.8 0.4
13XWL22@31 Core 11.3 0.2
13XWL22@32 Core 10.8 0.4
13XWL22@33 Core 11.4 0.5
13XWL22@34 Core 9.5 0.4
13XWL22@36 Core 11.3 0.3
13XWL22@37 Core 11.5 0.3
13XWL22@39 Core 11.3 0.4

13XWL22@1 Meta 12.0 0.6
13XWL22@6 Meta 11.8 0.3
13XWL22@7 Meta 12.2 0.4
13XWL22@16 Meta 12.0 0.2
13XWL22@18 Meta 12.0 0.3
13XWL22@19 Meta 11.8 0.5
13XWL22@21 Meta 11.7 0.5
13XWL22@25 Meta 11.5 0.4
13XWL22@26 Meta 12.0 0.4
13XWL22@28 Meta 11.4 0.4
13XWL22@29 Meta 11.5 0.3
13XWL22@35 Meta 11.5 0.2
13XWL22@38 Meta 11.7 0.2
13XWL22@40 Meta 11.4 0.2
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