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Laterally extensive belts of mélange characterize Phanerozoic convergent plate margins, but are rare in Archean
terranes. We document a late Archean mélange in the Zanhuang Massif of the North China Craton (NCC). The
Zanhuang mélange separates a passive margin to foreland basin sequence developed on the western edge of
the Eastern Block of the NCC from an arc terrane consisting of trondhjemitic, tonalitic and granodioritic (TTG)
gneisses in the Central Orogenic Belt (COB) of the NCC. Themélange belt contains a structurally complex tectonic
mixture of metapelites, metapsammites, marbles and quartzites mixed with exotic tectonic blocks of ultramafic
andmetagabbroic rocks,metabasalts that locally include relict pillow structures, and TTG gneisses. All units in the
mélange have been intruded bymafic dikes thatwere subsequently deformed, and are nowpreserved as garnet–
amphibolite boudins. We interpret the mélange to mark the suture zone between the Eastern Block and the arc
terrane in the COB. Field relationships and geochemistry suggest that the exotic ultramafic–metagabbroic–
metabasaltic blocks are possible slivers of an intra-oceanic arc or fore-arc ophiolite incorporated into themélange
during the arc–continent collision process. A circa 2.5 Ga granitic pluton intrudes the mélange and undeformed
circa 2.5 Ga pegmatites cut the mélange. Tectonic models for the evolution of the COB are varied, but include
models that favor collision at 2.5 Ga, 2.1 Ga, and 1.8 Ga. This work shows clearly, from field structural relation-
ships and geochronology, that the first collision must have occurred prior to 2.5 Ga, consistent with late Archean
suturing of thewesternmargin of the Eastern Blockwith an arc terrane (Fuping terrane) during an arc–continent
collision. The presence of an Archean mélange with exotic blocks in a suture zone between an Archean arc and
continental margin is clear evidence for the operation of plate tectonics at circa 2.5 Ga.

Published by Elsevier B.V.
1. Introduction

Tectonic mélanges are one of the hallmark units of Phanerozoic
convergent plate boundaries and suture zones (Cawood et al., 2009;
Faghih et al., 2012; Kimura et al., 2012; Kitamura and Kimura, 2012;
Kusky and Bradley, 1999; Kusky et al., 1997; Wakabayashi and Dilek,
2011). The paucity of well-documented mélanges in Archean terranes
has been used to suggest that plate tectonics did not operate, or operat-
ed differently in the Archean than in younger geological times (Moyen
and van Hunen, 2012). In this paper, we document a well exposed
Archean mélange along the tectonic boundary between two major tec-
tonic blocks in the North China Craton (NCC), and discuss its implica-
tions for the tectonic evolution of the NCC and Archean tectonics in
general.
ological Processes and Mineral
74, China. Tel.: +86 189 7157

.

In a general sense, the NCC is divided into the Archean Eastern Block
(EB) and Western Block (WB), separated by the Central Orogenic Belt
(COB, also known as the Central Domain, or Trans North China Orogen)
(Figs. 1A and 2A; Kusky and Li, 2003; Kusky et al., 2001, 2004, 2007a,b;
Liu et al., 2004, 2005, 2006; Polat et al., 2005, 2006b; Santosh, 2010;
Zhao, 2001; Zhao et al., 1999a, 2001a,b, 2002a, 2005). Other models
for the divisions of the NCC include several other microblocks within
the Eastern and Western blocks, separated by circa 2.7 and 2.5 Ga
greenstone belts (Li et al., 2010; Zhai, 2004; Zhai and Liu, 2003; Zhai
and Santosh, 2011).

The geometry, patterns of collision and timing of amalgamation of
the NCC have been debated for several decades, largely because of a
paucity of reliable structural analyses coupled with dating of specific
tectonic events. Four mainly different models have been proposed to
account for the controversial issues. (1) The first model is based mainly
on geochronology and metamorphic P–T paths, and proposes that the
Eastern Block and Western Block formed separately in the Archean,
and collided (continent–continent collision) at circa 1.85 Ga above an
east-dipping subduction zone, and an active margin was formed on
the western margin of the Eastern Block for 650 Ma between 2.5 and
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Fig. 1. A: Simplifiedmap of the North China Craton showing the three-fold subdivision includingWestern Block (WB), Central Orogenic Belt (COB) and Eastern Block (EB). Mapmodified
from Trap et al. (2009a) and Zhao et al. (2001a). B: Geological map of the North China Craton showing the distribution of major types of Precambrian rocks, and the location of the study
area (Fig. 2B). Modified from Kusky and Li (2003) and Shen et al. (1992, 1994).
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1.85 Ga (Kröner et al., 2005, 2006;Wilde et al., 2002; Zhang et al., 2007;
Zhao et al., 1998, 1999a,b, 2000a,b, 2001a,b, 2002b, 2004, 2005, 2007,
2010). (2) The second model suggests that the Eastern Block collided
with an arc (arc–continent collision) at 2.5 Ga with westward-
directed subduction (Kusky, 2011a,b; Kusky and Li, 2003, 2010; Kusky
and Santosh, 2009; Kusky et al., 2001, 2004, 2007a,b; Li and Kusky,
2007; Polat et al., 2005, 2006a,b), and is based on structural and litho-
logical zonations of Archean rocks including the recognition of a fore-
land basin on the western margin of Eastern Block, the presence of
circa 2.5 Ga accreted arc and ophiolitic fore-arc rocks. Seismic reflectors
show west-dipping paleosubduction zones (Kusky, 2011a,b; Zheng
et al., 2009). In thismodel, the 1.85 Ga deformation andmetamorphism
is linked to accretion of the NCC to the Columbia supercontinent along
the northern margin of the NCC (Kusky, 2011a,b; Kusky and Santosh,
2009; Kusky et al., 2007b). (3) A third model invokes the Proto-North
China Ocean, which formed in the COB prior to circa 2565 Ma (Wang,
2009; Wang et al., 2004, 2010), and is based on the geochemistry and
structural studies of theWutai greenstone belt andmafic–ultramafic in-
trusions in the Hengshan area. In this model, a magmatic arc represented
by the Wutaishan granitoids, formed between 2565 and 2540 Ma in re-
sponse to northwestward intra-oceanic subduction and subsequently
rifted forming a back-arc basin. This model suggests that the final colli-
sion between the Eastern and Western Blocks occurred at 1.9–1.8 Ga.
(4) A fourth model (Faure et al., 2007; Trap et al., 2007, 2008, 2009a,b,
2012) proposes two collisions in the COB, one at 2.1 Ga and another at
1.88 Ga but recognizes an earlier undated deformation event. Clearly,
important disagreement still exists on the patterns of collision, timing
of amalgamation and subduction polarity.

In this contribution we use field mapping, structural relationships,
and U–Pb geochronology to document that a sequence of clastic and
metacarbonate sediments deposited on thewesternmargin of the East-
ern Block of the NCC was structurally juxtaposed with an arc-like TTG
terrane in the COB before 2.5 Ga. A well-preserved accretionary mé-
lange terrane between the arc and the Eastern Block continent formed
during the convergence and collision of these terranes before 2.5 Ga,
based on the ages of cross-cutting undeformed intrusive pegmatites
and granitic plutons that cut the structural fabrics in the mélange. This
study has important implications for interpreting the different tectonic
models for the evolution of the NCCmentioned above, and shows clearly
that the Eastern Block and an arc terrane (Fuping terrane) in the COB col-
lided, forming an extensive mélange belt, prior to circa 2.5 Ga.

2. Geologic background

The Archean NCC is about 1.7 million km2 and located in the
northern part of eastern China (Fig. 1A). It is surrounded by the
Qilianshan and Qinling–Dabieshan Belt to the southwest, the Central
Asian Orogenic Belt to the north, and the Su-Lu and Jiao-Liao-Ji Belt
to the southeast (Fig. 1B; Bai and Dai, 1996; Kusky, 2011b; Kusky
et al., 2007a). Major lithological units include Archean gneiss, granite
and greenstone belts, 2.40 to 1.90 Ga Paleoproterozoic sequences, and
1.85 to 1.40 Ga Mesoproterozoic metasediments of Changcheng Series
that overlie the Archean units (Fig. 1B; Kusky, 2011b; Kusky and Li,
2003; Kusky et al., 2007a; Li et al., 2000a,b; Meng et al., 2011).

The COB is defined as anArchean orogen based on its boundarieswith
Archean structures and different litho-tectonic belts (Kusky, 2011b;
Kusky and Li, 2003; Kusky et al., 2007a). The COB is different from the
Trans North China Orogen (TNCO) that is defined as a Paleoproterozoic
orogen (Zhao et al., 2001a), even though its boundaries are Mesozoic
structures (Kusky, 2011b). Generally, the COB is described to record the



Fig. 2.A: A simple geological map of the central part of the North China Craton (NCC), showingWestern Block (WB), Eastern Block (EB) and Central Orogenic Belt (COB), different massifs
(HengshanMassif = HS;WutaishanMassif = WT; FupingMassif = FP; LüliangshanMassif = LL; ZanhuangMassif = ZH) within COB, andWestern Zanhuang Domain (WZD), Central
Zanhuang Domain (CZD), and Eastern Zanhuang Domain (EZD) of ZanhuangMassif. Map location shown in Fig. 1, andmodified after Trap et al. (2009a). The thrusts dipping to the north-
west are interpreted as two suture zones by Faure et al. (2007), Kusky (2011a,b) and Trap et al. (2009a). B: Geological map of the study area, showing different units of the study area,
including the TTG gneisses of the COB and Eastern Block, the mélange belt, marble unit and micaschist and paragneiss unit of the marble-siliciclastic unit, the mélange is intruded by a
granitic plutonwith surrounding schist,marble, quartzite and volcanic rocks and cross-cut by undeformed pegmatites. Themélange belt corresponds to the southeastern (Taihang) suture
in panel A.Mapmodified after HBGMR (1996). C–K: Equal area, lower hemisphere Schmidt diagrams of the different structural elements recognized in all different units in the study area,
including the TTG gneisses of the Western Zanhuang Domain, the TTG gneisses of the Eastern Zanhuang Domain, the marble-siliciclastic unit and the Zanhuang mélange unit.
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amalgamation of two main tectonic blocks, called the Eastern Block and
the Western Block, to form the North China Craton's basement (Figs. 1A
and 2A; Guo et al., 2002, 2005; Kröner et al., 2005, 2006; Kusky and Li,
2003; Kusky et al., 2007a; Li and Kusky, 2007; Polat et al., 2005, 2006a,
b; Trap et al., 2009a; Wilde and Zhao, 2005; Wilde et al., 2002; Zhang
et al., 2007; Zhao and Cawood, 2012; Zhao et al., 1998, 2001a, 2005).
However, recent work suggests that there may be intervening terranes,
and possibly several collisions of different ages, as described above (see
review by Kusky, 2011b). From the central to southern parts of the
COB, the rocks crop out in Hengshan Massif (HS), Wutaishan Massif
(WT), FupingMassif (FP), LüliangshanMassif (LL) and ZanghuangMas-
sif (ZH) (Fig. 2A). TTG gneiss, granite, and greenschist to granulite facies
supracrustal sequences are exposed in the COB. Greenschist to amphib-
olite and amphibolite to granulite facies metamorphism predominates
in the southeastern and northwestern parts of the COB, respectively
(Kusky, 2011b; Kusky et al., 2007b; Li et al., 2000b; Zhao et al., 2001a,b).
Sedimentary rocks deposited in foreland basin to cratonic platform and
graben environments overlie the COB in many places (Kusky, 2011b;
Kusky and Li, 2003; Kusky et al., 2007b). The circa 2.5–2.4 Ga and 1.9–
Fig. 3. Two interpretive cross-sections (A–B and C–D) throughWestern Zanhuang Domain, Cen
main was thrust to the southeast upon the Central Zanhuang Domain including the mélange u
southeast upon the Eastern Zanhuang Domain. Circa 2.5 Ga granitic pluton and pegmatite int
Profile locations shown in Fig. 2B, maps modified after HBGMR (1996).
1.7 Gamafic dike swarms that experienced subsequent deformation in-
trude many rock types of the COB (Kröner et al., 2006; Kusky, 2011b;
Kusky and Li, 2003; Kusky et al., 2007b; Peng et al., 2007; Wang et al.,
2008; Xiao and Wang, 2011).

The Zanhuang Massif located on the eastern-most margin of the
central and southern section of the COB (Fig. 2A) is one of the most im-
portant areas to clarify the structural and age relationships of the early
convergent and collisional orogenesis between the Eastern andWestern
Blocks and any intervening arc or accretionary terranes. The Zanhuang
Massif consists of three tectonically juxtaposed domains: Western
Zanhuang Domain (WZD), Central Zanhuang Domain (CZD) and Eastern
Zanhuang Domain (EZD) (Fig. 2A; Trap et al., 2009a). Trap et al. (2009a)
described the Central Zanhuang Domain as a suture zone that represents
the remnants of an oceanic basin separating the Fuping terrane from the
Eastern Block. The Central Zanhuang Domain is a unique terrane in that it
contains a well preserved Precambrian accretionary complex and mé-
lange, with numerous exotic and native blocks tectonically dispersed in
marble and siliciclastic matrices (Kusky, 2011a,b; Kusky and Li, 2003).
Two cross-sections (Fig. 3; A–B and C–D) based on field relationships
tral Zanhuang Domain to Eastern Zanhuang Domain. Note that theWestern Zanhuang Do-
nit and the marble-siliciclastic unit, and the Central Zanhuang Domain was thrust to the

rude the Zanhuang mélange and late mafic dikes cross-cutting all units of the study area.
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and our geological mapping show the different units and structures from
theWestern Zanhuang Domain, Central ZanhuangDomain to the Eastern
Zanhuang Domain in the study area (Figs. 2B and 3).

TheWestern Zanhuang Domain consisting of TTG gneisseswas thrust
upon the Central Zanhuang Domain which was in turn thrust upon the
Eastern Zanhuang Domain (Fig. 3; Trap et al., 2009a; Wang et al., 2003).
The Central Zanhuang Domain is mainly composed of mélange units
and amarble-siliciclastic unit. The highly sheared and deformedmélange
units with mafic intrusions were thrust upon the marble-siliciclastic unit
developed on thewestern edge of the Eastern Zanhuang Domain (Fig. 3).
The marble-siliciclastic unit is mainly composed of a marble unit, and a
micaschist and paragneiss unit. The marble unit outlines a regional
synformal structure with the micaschist and paragneiss unit preserved
as the core of the synform (Fig. 3). A late granitic pluton and undeformed
pegmatites intrude into the mélange unit with cross-cutting structures
(Fig. 3). Slices of marble unit are tectonically intercalated and imbricated
in the TTG gneisses of the Eastern Zanhuang Domain (Fig. 4) defining a
foreland fold-thrust belt between the marble-siliciclastic unit and the
Eastern ZanhuangDomain (Figs. 2 and 3). The following section describes
the litho-tectonic units of the study area in detail.

3. Litho-tectonic units of study area

3.1. TTG gneiss of the Western Zanhuang Domain in the COB

The Zanhuang mélange separates the Western and Eastern
Zanhuang Domains (Figs. 2B and 3). The Western Zanhuang Domain is
mainly composed of deformed TTG gneisses that experienced a partial
melting episode (Trap et al., 2009a). The protolith of the gneisses, pre-
dominantly tonalite, has undergone intensemetamorphism, deformation
and anatexis and is intimately associated with melanocratic dioritic
gneiss and leucocratic trondhjemitic veins (HBGMR, 1996; Yang et al.,
2013).

The tonalitic gneiss is gray, medium-grained and granoblastic in
texture, and has a SHRIMP zircon U–Pb age of circa 2692 ± 12 Ma
(Yang et al., 2013). The mineral assemblage includes biotite, plagioclase
and quartz, withminor epidote, muscovite and chlorite, accessory zircon,
apatite and magnetite (Yang et al., 2013). The tonalitic gneiss has high
Fig. 4. Simplified sketch of structural contact between TTG gneisses of the Eastern Zanhuang Do
and garnet-amphibolite boudins are preserved in the TTG gneisses. Outcrop shown in Fig. 2B, ne
the foliation.
SiO2 (68–73 wt.%) and Al2O3 (ca. 15 wt.%) contents, and is rich in Na2O
(ca. 5 wt.%) and has low K2O (b2 wt.%). It has high contents of Ba and
Sr, low contents of Yb and Y with high Sr/Y ratios and depletion in Nb,
Ta and Ti (Yang et al., 2013). On chondrite-normalized diagrams, they
are characterized by fractionated rare earth element (REE) patterns and
minor positive Eu anomalies (Yang et al., 2013). The tonalitic gneiss is
interpreted to have been generated from partial melting of subducted
oceanic crust with many similarities to high-Si adakitic rocks (Yang
et al., 2013).

Minormetamorphic dioritic porphyry, amphibole schist, mafic dikes
and deformed amphibolite are present in the gneisses (HBGMR, 1989,
1996). The dioritic gneiss is interpreted to have been derived from a
subduction environment (Yang et al., 2013). Metamorphic tempera-
tures and pressures of the garnet-bearing TTG gneisses from the
Western Zanhuang Domain are estimated to be between 550–700 °C
and5–10 kbarbasedongarnet-amphibole andgarnet-biotitemetamorphic
equilibria (HBGMR, 1989; Trap et al., 2009a). The gneisses structurally
overlie the western side of the Zanhuang mélange (Figs. 2B and 3).

3.2. TTG gneiss of the Eastern Zanhuang Domain in the Eastern Block

The southeast part of the study area is the Eastern ZanhuangDomain
of the Eastern Block (Figs. 2B and 3), which is composed of high-grade
metamorphic TTG gneisses that are structurally distinct from the
gneisses of the Western Zanhuang Domain (Trap et al., 2009a). The
rocks in the Eastern Zanhuang Domain experienced amphibolite to
granulite facies metamorphism (Trap et al., 2009a). No recent geochro-
nological or thermo-barometric constraints are available although the
protolith ages for the TTG gneisses are estimated to be late Archean
(HBGMR, 1989, 1996; Trap et al., 2009a; Wang et al., 2003). The large
ion lithophile element (LILE) contents are much higher in the Eastern
Zanhuang Domain than those in the TTG gneisses of the Western
Zanhuang Domain, suggesting a different petrogenetic origin. These
gneisses display stronger LREE fractionation than HREE on chondrite-
normalized diagrams (HBGMR, 1996). The petrology, mineralogy and
geochemical characteristics suggest that the protolith of the gneisses
in the Eastern Zanhuang Domain is predominantly granodiorite
(HBGMR, 1996). Many tectonic slices of marble and amphibolite are
main and the marble unit. Note that marble is strongly folded and thrust upon the gneiss,
ar Lujiazhuang village (N37°12′50″/E114°7′26″). The data show the strike and dip angle of
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enclosed within the gneisses in the Eastern Blockwith clearly deformed
contacts and foliations that are subparallel to the foliation in the
gneisses (Figs. 2B, 3 and 4).

3.3. Marble-siliciclastic unit

The marble-siliciclastic unit is located along the western margin
of the Eastern Zanhuang Domain of the Eastern Block. From east to
Fig. 5. Field photographs of the study area showing field relationships and lithological characte
paragneisses, north of Beixiaozhuang (N37°15′01″/E114°10′51″). B: Coarse grained marble lay
to southeast upon the TTG gneisses of the Eastern Zanhuang Domain forming the duplex struc
TTG gneisses of the Eastern Zanhuang Domain, near Lujiazhuang (N37°12′35″/E114°5′52″). E: U
F: Late pegmatite cross-cutting the mafic boudins and TTG gneisses of Eastern Zanhuang D
Wangjiazhuang (N37°18′02″/E114°13′30″).
west, two litho-tectonic units can be recognized with a subparallel dis-
tribution: (i)marble unit and (ii)micaschist andparagneiss unit (Fig. 2B
and 3).

3.3.1. Marble unit
The marble unit forms two main belts, outlining a large synformal

structure of the micaschist and paragneiss unit and marble unit
(Figs. 2B and 3). One of the marble belts is located at the westernmargin
ristics of different units in the study area. A: Tectonic contact between layered marble and
er of the marble unit, near Lujiazhuang (N37°13′16″/E114°6′16″). C: Marble layer thrust
ture, near Lujiazhuang (N37°13′06″/E114°6′05″). D: Amphibolite boudins preserved in the
ndeformed mafic dikes cross-cut the gneiss, west of Jiaozhuang (N37°16′39″/E114°8′02″).
omain, near Lujiazhuang (N37°13′06″/E114°6′05″). G: Late granite (circa 2.5 Ga), near

image of Fig.�5
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of the TTG gneiss of the Eastern Zanhuang Domain, whereas the other
belt demarcates the western-most series of the marble-siliciclastic unit
(Figs. 2B and 3). The marble unit has structural contacts with the TTG
gneisses of theWestern Zanhuang Domain, the TTG gneisses of the East-
ern Zanhuang Domain (Fig. 4), and the micaschist and paragneiss unit
(Fig. 5A). The lower part of this unit is mainly composed of coarse-
grained, foliated marble (Fig. 5B) up to 1 km thick, with structurally in-
tercalated calc-silicate rocks, garnet amphibolitic dikes and fine-grained
quartzite. The upper part is mainly composed of muscovite–biotite schist
and banded quartzite.Micaschist, amphibolite, andmarble are structural-
ly repeated in some areas. Themarble layer is inmany places thrust upon
the TTGgneisses of the Eastern ZanhuangDomian (Fig. 4) formingduplex
structures near Lujiazhuang village (Figs. 5C and 2B for location).

Most of the marble is gray and white in color, with a small amount
exhibiting pink and pale red colors. Both calc-silicate including calcite
(45–55%) and wollastonite (50–60%) (Fig. 6A) and biotite–hornblende
marble including calcite (70–75%), biotite (15–20%) and hornblende
(10–15%) (Fig. 6B) are identified petrographically from this unit. The
calc-silicate is mainly distributed in the northern part of the eastern-
most marble belt of themarble-siliciclastic unit. Thewollastonite is spa-
tially associated with the pluton, and probably grew during contact
metamorphism.
Fig. 6. Photomicrographs of different rock types and fabrics of different units in the study area.
with biotite (Bt) and hornblende (Hbl) (plane-polarized light). C: Schistwith garnet (Grt), musc
with elongated biotite lineation (plane-polarized light). E: Biotite in micaschist outlining cren
containing quartz (Qtz) and microcline (Mc) with graphic texture (cross-polarized light). All t
3.3.2. Micaschist and paragneiss unit
The micaschist and paragneiss unit structurally overlies the marble

unit forming the core of a large synformal structure, with the marble
unit outlining the boundaries of the synform, and bounded by thrust
faults on its west and east margins (Figs. 2B and 3). It is composed of
medium- to coarse-grained biotite-two feldspar schist, garnet schist,
and garnet micaschist (Fig. 6C). The main minerals of the garnet-mica
schist include garnet (35–40%), feldspar (15–20%), quartz (10–15%),
muscovite (5–10%) and biotite (10–15%). This synform plunges gently
north, resulting in the outcrop width of the micaschist and paragneiss
unit decreasing from northeast to southwest (Figs. 2B and 3). The
schist and gneiss of this unit are metamorphosed from a sedimentary
protolith, with original rock types being greywacke, sandstone, and
shale, akin to a flysch sequence.

3.4. Tectonic mélange unit

Themélange unit, whichwe informally name the Zanhuangmélange,
crops out along the western margin of the marble-siliciclastic unit in
thrust contact with the marble-siliciclastic unit and the TTG gneisses of
the Western Zanhuang Domain (Figs. 2B and 3). It consists of a diverse
suite of rocks including metapelites, metapsammites, marble, quartzite
A: Calc-silicate with wollastonite (Wol) and calcite (Cal) (cross-polarized light). B: Marble
ovite (Mus) and plagioclase (Pl) (cross-polarized light). D: Quartzofeldspathicmica gneiss
ulation cleavage showing two stages of deformation (cross-polarized light). F: Pegmatite
he photomicrographs are taken from probe thin sections (0.04 mm).

image of Fig.�6
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and exotic blocks of ultramafic andmetagabbroic rocks, metabasalts that
locally include relict pillow structures, and TTG gneisses.

The Zanhuangmélange includesmanyexoticmafic volcanic andultra-
mafic blocks, aswell as carbonate rocks in ametapelitic tometapsammitic
matrix (Fig. 7). The mafic volcanic and ultramafic blocks ranging from
several tens of centimeters to several hundreds of meters in size, are con-
centrated in the northeastern part of the mapped area near Haozhuang
village (Fig. 8), and all units in themélange are intruded by a late granitic
pluton. The relict pillow basalts with epidosite lenses in the cores of the
deformed pillows are dispersed in amphibolite and metapelite matrices
(Figs. 7A–B and 8), and have a structural contact with the paragneisses
to the northwest (Fig. 8). Well-preserved epidosite outcrops are located
northeast of Haozhuang village and south of Wangjiazhuang village in
the northern part of themélange (Fig. 2B). Fig. 7C shows the strongly de-
formed mélange complex with the blocks of rocks doleritic and relict
pillowswith epidosite cores in the highly sheared and foldedmetapelite
matrix. Metagabbroic and ultramafic blocks are dispersed in the strong-
ly deformed metapelite matrix (Fig. 7D–E). The petrographic and geo-
chemical characteristics of these exotic mafic volcanic and ultramafic
blocks have been described in Deng et al. (2013). In addition, marble
blocks are dispersed in strongly deformed scaly micaschist interlayered
Fig. 7. Field photographs of various exotic blocks in different matrices. A: Deformed pillow stru
northeast of Haozhuang village (N37°19′49″/E114°11′14″). B: Relict pillowdispersed inmetape
and deformedmélange complexwith doleritic blocks and relict pillowswith epidosite cores in t
D: Ultramafic blocks in strongly deformed metapelite matrix, south of Haozhuang village (N3
Jiaozhuang village (N37°18′08″/E114°09′36″). F: Marble layer in strongly deformed micaschis
blocks dispersed in the strongly deformed micaschist, near Haozhuang village (N37°19′03″/E1
with the discontinuous lenses of marble and scaly micaschist (Fig. 7F).
Minor weakly metamorphosed fine- to medium-grained muscovite
metasandstone and phyllite crop out east of Songjiazhuang village.
Quartzite blocks are mainly distributed in gneisses in the northern
part of the mélange.

Quartzofeldspathic mica gneiss containing an elongated biotite line-
ation (Fig. 6D) and biotite–quartz schist are mainly located in the cen-
tral and southern part of the mélange unit. The biotite in the schist
preserves good crenulation cleavage showing two stages of deformation
(Fig. 6E). The main minerals of the quartzofeldspathic mica gneiss in-
clude quartz (20–30%), feldspar (40–50%), biotite (15–20%), staurolite
(7–10%), garnet (3–5%) and minor opaque minerals.

3.5. Mafic dikes

Mafic dikes intrude all units of the study area including the TTG
gneisses of theWestern Zanhuang Domain in the COB, the TTG gneisses
of the Eastern Zanhuang Domain in the Eastern Block, the marble-
siliciclastic unit and the mélange of the Central Zanhuang Domain. The
mafic dikes have experienced subsequent high pressure amphibolite fa-
cies (or higher)metamorphismanddeformation and are highly sheared
ctures with epidosite lenses preserved in the altered cores within the amphibolite matrix,
litematrix, south ofWangjiazhuang village (N37°17′17″/E114°13′15″). C: Strongly sheared
hemetapelitematrix structure, northeast of Haozhuang village (N37°19′42″/E114°11′02″).
7°18′40″/E114°9′46″). E: Ultramafic blocks dispersed in the metapelite matrix, north of
t forming the repetition between the layers of marble and scaly micaschist, small marble
14°10′10″).
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Fig. 8. Simplified sketch of exotic tectonic blocks of mafic volcanic and ultramafic rocks dispersed in amphibolite matrix, and the paragneiss thrusts towards the SE upon the amphibolite.
Outcrop shown in Fig. 2B, near Wangjiazhuang village (N37°17′17″/E114°13′15″). The data show the strike and dip angle of the foliation.
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and boudinaged, preserved now as amphibolitic boudins (Fig. 5D) that
are derived from a mafic protolith (Deng et al., 2013). HBGMR (1996)
suggested that the protoliths were possibly gabbro or diabase. The
mafic boudins have different sizes ranging from a fewmeters to several
hundred meters in length and a few meters to tens of meters in width.
However, some original undeformed mafic dikes are still preserved in
the relatively low strain areas (Fig. 5E), which is direct evidence that
the boudins were derived from mafic dikes (Deng et al., 2013). In addi-
tion, the mafic boudins are cut by late 2.5 Ga pegmatites (Fig. 5F, see
Section 6 for detailed geochronology analysis), indicating the ages of
these mafic dikes are prior to 2.5 Ga. Most of the mafic dikes strike
NE, dip to the NW with a moderate dip angle, and are mainly parallel
to the gneissosity with poor continuity. The petrographic and geochem-
ical characteristics of these mafic dikes have been described in Deng
et al. (2013), who proposed that the highly sheared and boudinaged
mafic dikes were generated from an arc-related mantle source.
3.6. Late granitic pluton and pegmatite

A late stage irregular ovoid-shaped monzogranite (Fig. 5G), which
we informally name theWangjiazhuang granite, intrudes the Zanhuang
mélange unit (Figs. 2B and 3). Most of the foliations in the mélange
strikeNE and dip steeply NW(Fig. 2B, H–I), but the strike of the foliation
is rotated into near-parallelism with the pluton margins. However, in
some locations the late Wangjiazhuang granite truncates the early foli-
ation in the mélange. There is a weak foliation in the pluton defined by
the preferred orientation of feldspar grains, and in some locations
near the margins of the pluton by the elongation of quartz ribbons.
We interpret this to represent an emplacement-related magmatic folia-
tion (e.g., Paterson and Tobisch, 1988; Paterson and Vernon, 1995;
Vernon et al., 1989) that mimics the shape of the pluton margins, but
is discordant with the earlier NE-striking foliation in the mélange at
the NE and SWmargins of the pluton, and parallel with the older folia-
tion along the NW and SE plutonmargins (Fig. 2B). TheWangjiazhuang
granite is pale redwithweakly gneissic andmassive structure. Themain
minerals include feldspar (60–65%), quartz (30–35%), biotite (5–10%),
muscovite (1–2%) and minor magnetite and apatite. Feldspar grains
are mostly microcline and variably sericitized. There are minor marble,
quartzite, and amphibolite inclusions distributed within the granite,
ranging from several tens of centimeters to several meters in size
(HBGMR, 1996).

Furthermore, pale red pegmatites that we relate to the granitic plu-
ton cut many sections of the mélange, including the mafic boudins
(Fig. 5F), the scattered marble unit and the gneisses of the Eastern
Block (Figs. 2B and 3). These vary in size from several meters to several
hundredmeters in length and from several tens of centimeters to sever-
al meters in width. The undeformed pegmatites cross-cut the foliated
gneisses of the Eastern Block with clear intrusive contact relationships
showing that the pegmatites post-date the foliation in the mélange
and other units (Fig. 9A–B). In some cases joints within the pegmatites
are subparallel to the foliation of the gneiss, but these are clearly exten-
sional joints and not related to the strong foliation in the surrounding
mélange and other units (Fig. 9C–D). The pegmatites also cross-cut
the scattered marble layer in the gneisses of Eastern Block (Fig. 9E-F).
Themarble layer dips shallowly to the SW. Late joints cross-cut themar-
ble layer and the pegmatite (Fig. 9E-F). The pegmatite is undeformed
and exhibits a graphic texture (Fig. 6F) as well as massive structure.
The main minerals include microcline (50–55%), plagioclase (5–10%),
quartz (15–20%), tourmaline (10–15%) and minor biotite and musco-
vite. Garnet-bearing pegmatites are also present in the study area.
4. Description of mélange fabrics and kinematics

The Zanhuangmélange consists of a structurally complexmixture of
schists, gneisses and metasediments, with blocks and tectonic lenses of
metabasalts, gabbros and ultramafic rocks (Fig. 10A). All rocks from the
Zanhuang mélange are metamorphosed to amphibolite facies. Contacts
between different units are structural, and individual units (blocks) can
typically only be traced along strike for tens to hundreds of meters.
Shear zones in the mélange matrix and along contacts between matrix
and different blocks are characterized by asymmetric structures, com-
posite planar fabrics, and scaly anastomosing foliations. The mélange
unit is in thrust contact with the marble-siliciclastic unit to the south-
east and the TTG gneisses from the Western Zanhuang Domain to the
northwest, and shows strong deformation, shearing, and structural rep-
etition of different units.

Analyses of asymmetric fabrics in mélanges have been well used to
determine local and regional kinematics in many cases, such as the
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Fig. 9. Field photographs of pegmatite cross-cutting early fabrics. A and B: Undeformed circa 2.5 Ga pegmatite cross-cutting the foliation of the TTG gneisses in the Eastern Block, panel A
(N37°13′29″/E114°06′23″) and panel B (N37°13′06″/E114°6′05″) near Lujiazhuang village. Thewhite dashed lines in panels A–B represent the foliations in the gneiss. C and D: Pegmatite
cross-cutting the foliation of the gneisses with late joint subparallel to the foliation. Location of panel C shown in panel A, panel D nearby panel A. E: Pegmatite cross-cutting marble layer,
near Baihuzhuang village (N37°10′29″/E114°4′46″). F: Sketch of panel E. The black dashed lines in panel F represent the joints. The red dashed lines represent the contacts between the
pegmatite and the country rocks.
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Lopez Structural Complex in the San Juan Islands, the Franciscanmélange
complex, the tectonicmélange along the Zagros Suture Zone, theMiyama
Assemblage in the Shimanto Belt of southwest Japan and the McHugh
mélange complex in the Kenai Peninsula of Alaska (e.g., Cowan and
Brandon, 1994; Faghih et al., 2012; Festa et al., 2012; Fisher and Byrne,
1987; Hashimoto and Kimura, 1999; Kano et al., 1991; Kimura and
Mukai, 1989; Kusky and Bradley, 1999; Needham, 1987; Needham and
Mackenzie, 1988; Onishi and Kimura, 1995; Singleton and Cloos, 2012;
Taira et al., 1988; Ujiie, 2002; Waldron et al., 1988). Indications of the
sense of shear can be obtained from asymmetric features (Kano et al.,
1991; Kusky and Bradley, 1999; Polat and Casey, 1995), which are abun-
dant in the Zanhuang mélange. This section describes the different com-
mon fabrics found in the Zanhuang mélange and assesses the kinematic
information.

Folds are widespread in most locations and rock types in the
Zanhuang tectonic mélange unit (Fig. 10B–F), with rare sheath folds
preserved in the chert fragments within the micaschist (Fig. 10B).
The appearance of this folding indicates that the rocks experienced
strong ductile deformation (e.g., Kusky and Bradley, 1999). Folds
are also well preserved in the metapelites (Figs. 7C and 10C). In
some cases, highly sheared felsic veins are folded with the foliation
of the gneisses. Different sizes of folds are recognized within the
gneisses in the mélange, ranging from several centimeters (Fig. 10D)
to several tens of centimeters (Fig. 10E). In addition, angular folds
within micaceous quartzite are also preserved in the northern part
of the mélange near Haozhuang village (Figs. 2B and 10F). Fig. 11
shows that the paragneiss and amphibolites are strongly sheared
and foliated. These asymmetric folds are commonly preserved
in high shear strain layers, and can be used to obtain the overall
sense of shear (Cowan and Brandon, 1994; Kusky and Bradley,
1999). The sense of shear across these high strain zones is described
in Section 5 below.

Asymmetric extensional structures are abundant in the Zanhuang
mélange. In some cases, scaly foliation, asymmetric tails around blocks
or the shapes of blocks suggest a southeast-directed thrust sense of mo-
tion. A scaly foliation subparallel to the original lithological layering is
preserved in the metasediments (Fig. 12A), and gives rise to the exten-
sion parallel to strike. Although experiencing high shear strains, the
small blocks of mafic rocks within the micaschist (Fig. 12B) and the
asymmetric tails around micaschist blocks (Fig. 12C) show obvious
shear sense indicating thrusting to the southeast. The repetition of
metasedimentary layers also shows evidence for the same sense of
shearing forming the duplex structures (Fig. 12D).

Most kinematic indicators from the Zanhuang mélange show
oblique slip with the hanging wall moving up to the southeast with
respect to the footwall (marble-siliciclastic unit), consistent with an
accretionary wedge setting (Fig. 3).

5. Structural analysis

A foliation marked by the gneissic layering of quartz and feldspar is
developed within the TTG gneisses of the Western Zanhuang Domain
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Fig. 11. Simplified sketch of southeast-directed thrust in the Zanhuangmélange between the interlayeredparagneiss and amphibolite. Note that the exotic tectonic blocks ofmafic volcanic
and ultramafic rocks dispersed in the strongly foliated and folded paragneiss and amphibolite matrices. Outcrop shown in Fig. 2B, south of Haozhuang village (N37°18′27″/E114°09′35″).
The data show the strike and dip angle of the foliation.

Fig. 10. Field photographs of thrusts and folds in different rock types of the Zanhuang mélange. A: Structural mélange fabrics composed of complex mixture of schists, gneisses and
metasedimentswith thrusts, south ofHaozhuang village (N37°17′59″/E114°9′35″). Thewhite dashed lines show the thrust planes. B: Sheath fold of chert in themicaschist. The red dashed
lines show the concentric structure on the plane which is perpendicular to the long axis (X axis) of the fold, south of Haozhuang village (N37°18′23″/E114°9′36″). C: Fold preserved in the
metapelite, nearHaozhuang village (N37°19′16″/E114°10′20″). D and E: Different scale of folds preserved in the gneisses, panel D located north of Shicao village (N37°16′59″/E114°9′25″),
panel E located south of Wangjiazhuang village (N37°17′18″/E114°13′16″). F: Angular folded micaceous quartzite, northeast of Haozhuang village (N37°19′53″/E114°11′27″).
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Fig. 12. Field photographs of asymmetric mélange fabrics. A: Scaly foliation in the metasediments show the southeast thrust, near Shicao village (N37°16′56″/E114°9′27″). B: Small blocks of
mafic rock in themicaschist show the southeast thrust, south of Haozhuang village (N37°18′23″/E114°9′35″). C: Asymmetric tails aroundmicaschist blocks show the southeast shearing, north
of Shicao village (N37°16′55″/E114°9′27″). D: Repetition of metasediment layers in a duplex structure shows the southeast shear sense, north of Shicao village (N37°16′32″/E114°9′10″).
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along the sheared contact zone with the Zanhuang mélange. The folia-
tion dips shallowly (b40°) to the NW (Fig. 2C). A lineation defined by
the preferred orientation of elongated mica is poorly preserved. This
Fig. 13. Cathodoluminescence (CL) images of representative zircons from the two gran
foliation in the Western Zanhuang Domain along the contact with the
mélange developed due to the thrusting and deformation during the
accretion process of the Zanhuang mélange.
ite samples (91-1b and 168-1) and one cross-cutting pegmatite sample (76-5c).
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Fig. 14. Concordia plots show the zircon dating results of granite (91-1b(A) and 168-1(B))
and pegmatite (76-5c(C)) of the study area in Zanhuang Massif. MSWD-mean square of
weighted deviates. See Fig. 2B and Table 1 for sample locations and details of analyses.
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A foliation is widely developedwithin the TTG gneisses of the Eastern
Zanhuang Domain along the contact zone with the marble unit of the
marble–siliciclastic sequence. The foliation marked by the gneissic
layering of quartz and feldspar dips to the N in the northern part of
Eastern Zanhuang Domain and to the NW in the southwestern part of
Eastern Zanhuang Domain (Fig. 2B–D). The foliation surface contains a
lineation plunging at 5–45° towards the NW (Fig. 2E).

A foliation occurs in themarble unit andmicaschist and paragneiss of
the carbonate/clastic sequence deposited on the western edge of the
Eastern Block. The foliation dips shallowly (b35°) to the NW (Fig. 2F) in
the southwestern part and dips N to NNE in the northern part of the
marble–siliciclastic unit due to the intrusion of theWangjiazhuang gran-
ite. A lineation is marked by the preferred orientation of biotite in the
foliated marble and paragneiss. The data show that the lineation plunges
at 5–25° towards the NW (Fig. 2G).

A foliation is widely developed within the tectonic mélange. The
foliation is marked by the gneissic layering in the quartzofeldspathic
gneisses and by a scaly schistosity of muscovite in the schist in the
metapelitic units. The foliation throughout the mélange dips overall to
NW, except that surrounding the late pluton, where it is deflected into
a general concentric pattern surrounding the pluton (Fig. 2B, H–I). The
foliation contains a lineation that is less developed and marked by the
preferred orientation of elongated biotite and muscovite in the foliated
gneiss and micaschist. Most of the data show that the lineation plunges
towards the NW (Fig. 2J). Folds are abundant within most of the rock
types in the mélange. Fig. 2K shows that the axial planes dip to the
NW in the mélange and the fold hinges plunge at 10–50° towards the
NW.

The structural elements described above show consistent trends
with the regional structure that the TTG gneisses of Western Zanhuang
Domain are thrust to the southeast upon the mélange units, and the
highly sheared and deformed mélange unit with late mafic intrusions
is thrust to the southeast upon the marble–siliciclastic unit.

6. Age of the Zanhuang mélange

Field observations demonstrate that the Zanhuang mélange is in-
truded by a granitic pluton and cross-cut by undeformed pegmatites.
Two granite samples (91-1b and 168-1) and one pegmatite sample
(76-5c) that cross-cut the structural fabrics in themélange were select-
ed for zircon U–Pb dating (sample locations shown in Fig. 2B). Laser ab-
lation–inductively coupled plasma–mass spectrometry (LA–ICP–MS)
was applied for the zircon U–Pb dating of the three samples at the
State Key Laboratory of Geological Processes and Mineral Resources,
China University of Geosciences (Wuhan). The operating conditions
for the laser ablation system and the ICP-MS instrument, and data re-
duction procedures are the same as described by Liu et al. (2009,
2010). Off-line selection and integration of background and analysis sig-
nals, and time–drift correction and quantitative calibration for U–Pb
dating were performed by ICPMSDataCal (Liu et al., 2009, 2010).
Isoplot/Ex_version3 was used for making the concordia diagrams and
weighted mean calculations (Ludwig, 2003). Cathodoluminescence
(CL) images of representative zircons with well-developed zoning
structures are shown as Fig. 13. Concordia plots of zircon dating results
for granite and pegmatite are shown in Fig. 14. Data from these analyses
are shown in Table 1. Zircon grains from the two granite samples have
weighted mean 207Pb/206Pb ages of 2493 ± 22 Ma (91-1b) and
2540 ± 23 Ma (168-1), respectively. The pegmatite yields weighted
mean 207Pb/206Pb age of 2539 ± 44 Ma (76-5c). All three samples dem-
onstrate an age of circa 2500 Ma for these late magmatic rocks that
cross-cut the structural fabrics in the Zanhuang mélange.

7. Conclusions and tectonic implications

Wehave documented anArcheanmélange that consists of amixture
of metapelitic, metapsammitic, marble, mafic and ultramafic rocks, and
TTG gneisses in the ZanhuangMassif of theNCC. Themélangemarks the
tectonic boundary between two different tectonic blocks (Western
Zanhuang Domain in the COB and Eastern Block) in the NCC. The
protolith of the TTG gneisses in the Western Zanhuang Domain is pre-
dominantly tonalite, and one sample has a SHRIMP zircon U–Pb age of
circa 2692 ± 12 Ma, and represents the arc terrane correlated with
the Fuping terrane (Trap et al., 2009a). However, the TTG gneisses of
the Eastern Block have ages ranging from early to late Archean, and
may have formed as an arc that collided to form a continental block,
that was broken apart by rifting at circa 2.7 Ga, with subsequent depo-
sition of a passive margin sequence on its western margin (Kusky,
2011a,b; Kusky and Li, 2003; Kusky et al., 2007a,b; Nutman et al.,
2011). The passive margin on the western edge of the Eastern Block is
strongly deformed, and imbricated with the basement gneisses, and
overthrust by the generally younger TTG gneisses of the Western
Zanhuang Domain. In between, the Zanhuang mélange marks the
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Table 1
LA-ICP-MS zircon U–Pb data for the late granite (91-1b and 168-1) and cross-cutting pegmatite (76-5c) from the study area of Zanhuang Massif, North China Craton.

Pb (ppm) Th (ppm) U (ppm) Measured ratios Calculated ages (Ma)

207Pb/
206Pb

1 s 207Pb/
235U

1 s 206Pb/
238U

1 s 208Pb/
232Th

1 s 207Pb/
206Pb

1 s 207Pb/
235U

1 s 206Pb/
238U

1 s 208Pb/
232Th

1 s

Sample 91-1b granite (N37°18′2.2″, E114°13′29.9″)
91-1b-1 5.519 9.67 9.35 0.1691 0.0059 11.1001 0.3510 0.4723 0.0084 0.1301 0.0051 2550 53 2532 29 2494 37 2473 92
91-1b-2 24.04 23.9 88.5 0.1606 0.0052 11.0949 0.3701 0.4904 0.0077 0.1562 0.0078 2463 54 2531 31 2572 33 2933 137
91-1b-3 7.761 10.1 13.4 0.1665 0.0056 10.9189 0.3391 0.4721 0.0080 0.1365 0.0054 2524 62 2516 29 2493 35 2586 96
91-1b-4 7.660 10.4 13.3 0.1721 0.0055 11.2034 0.3492 0.4656 0.0066 0.1325 0.0044 2589 53 2540 29 2464 29 2514 78
91-1b-5 12.41 20.2 20.8 0.1654 0.0063 10.9173 0.3950 0.4757 0.0080 0.1445 0.0052 2522 65 2516 34 2509 35 2728 92
91-1b-6 11.07 15.2 18.0 0.1609 0.0055 10.3958 0.3722 0.4640 0.0098 0.1335 0.0050 2466 59 2471 33 2457 43 2532 90
91-1b-7 10.24 14.9 17.4 0.1622 0.0046 10.9289 0.3118 0.4816 0.0070 0.1433 0.0047 2480 47 2517 27 2534 30 2706 82
91-1b-8 16.93 19.1 28.1 0.1606 0.0038 10.3660 0.2415 0.4609 0.0055 0.1334 0.0034 2461 40 2468 22 2443 24 2531 60
91-1b-9 90.03 74.9 169 0.1586 0.0050 10.4826 0.3259 0.4716 0.0066 0.1366 0.0045 2440 54 2478 29 2490 29 2588 81
91-1b-10 19.59 19.6 33.7 0.1633 0.0060 10.9408 0.3715 0.4815 0.0082 0.1290 0.0054 2490 61 2518 32 2534 36 2452 96
91-1b-11 12.83 12.6 21.2 0.1623 0.0048 10.8894 0.3254 0.4823 0.0071 0.1374 0.0047 2480 49 2514 28 2537 31 2602 84
91-1b-12 19.97 19.6 33.2 0.1574 0.0045 10.3836 0.2969 0.4747 0.0069 0.1221 0.0038 2427 43 2470 26 2504 30 2329 69
91-1b-13 22.82 27.8 37.9 0.164 0.0043 10.7708 0.2934 0.4716 0.0062 0.1283 0.0039 2497 44 2504 25 2491 27 2440 90
91-1b-14 31.40 30.1 53.2 0.1631 0.0051 11.0240 0.3584 0.4884 0.0074 0.1368 0.0053 2487 52 2525 30 2564 32 2591 94
91-1b-15 24.83 18.7 41.1 0.1594 0.0048 10.4119 0.3222 0.4721 0.0069 0.1336 0.0049 2450 51 2472 29 2493 30 2534 88
91-1b-16 37.85 31.8 65.7 0.1632 0.0051 10.5741 0.3524 0.4688 0.0073 0.1346 0.0050 2500 53 2486 31 2478 32 2552 90
91-1b-17 18.24 17.7 29.7 0.1589 0.0040 9.9646 0.2515 0.4523 0.0052 0.1406 0.0050 2444 −157 2432 23 2405 23 2659 88
91-1b-18 46.24 19.8 85.9 0.1637 0.0040 10.9113 0.2804 0.4807 0.0062 0.1341 0.0039 2494 41 2516 24 2530 27 2544 70
91-1b-19 83.14 56.5 138 0.1718 0.0053 11.4047 0.3530 0.4811 0.0087 0.1244 0.0051 2575 51 2557 29 2532 38 2370 92
91-1b-20 26.64 25.7 43.9 0.1634 0.0042 10.9369 0.2808 0.4813 0.0051 0.1852 0.0057 2491 77 2518 24 2533 22 3434 97
91-1b-21 282.8 137 463 0.1627 0.0062 10.7001 0.4264 0.4779 0.0102 0.1509 0.0076 2484 63 2497 37 2518 44 2841 33
91-1b-22 13.92 11.9 22.8 0.1648 0.0050 11.0117 0.3264 0.4736 0.0070 0.1337 0.0052 2542 49 2524 28 2499 30 2536 93
91-1b-23 63.61 27.3 142 0.1328 0.0032 4.8315 0.118 0.2585 0.0034 0.1165 0.0036 2135 41 1790 21 1482 18 2228 65
91-1b-24 26.77 24.5 43.2 0.1554 0.0038 8.3730 0.2263 0.3904 0.0063 0.1329 0.0059 2395 43 2272 25 2125 29 2522 105
91-1b-25 199 238 570 0.1551 0.0036 5.6697 0.1298 0.2628 0.0026 0.1060 0.0027 2403 39 1927 20 1504 13 2036 49

Sample 168-1 granite (N37°19′37.2″, E114°11′19.6″)
168-1-1 5.94 6.83 12.3 0.1560 0.0049 10.0963 0.3860 0.4612 0.0103 0.1582 0.0070 2413 54 2444 35 2445 45 2969 121
168-1-2 4.47 5.69 7.73 0.1772 0.0059 12.0611 0.3821 0.4942 0.0093 0.1444 0.0060 2628 56 2609 30 2589 40 2725 106
168-1-3 6.52 9.39 11.0 0.1738 0.0056 12.0336 0.3775 0.4979 0.0079 0.1457 0.0050 2595 54 2607 29 2605 34 2749 88
168-1-4 5.95 7.72 11.1 0.1706 0.0064 10.3639 0.3622 0.4381 0.0073 0.1376 0.0069 2565 63 2468 32 2342 33 2606 123
168-1-5 12.03 14.0 23.4 0.1675 0.0062 10.0238 0.3454 0.4286 0.0062 0.1287 0.0052 2532 63 2437 32 2299 28 2448 94
168-1-6 17.59 16.7 30.0 0.1710 0.0057 11.5767 0.3771 0.4809 0.0066 0.1402 0.0051 2569 61 2571 30 2531 29 2652 90
168-1-7 5.40 6.33 9.98 0.1701 0.0073 10.5287 0.4537 0.4401 0.0088 0.1415 0.0076 2558 73 2482 40 2351 39 2675 135
168-1-8 11.74 17.7 19.5 0.1662 0.0060 10.9540 0.3665 0.4717 0.0081 0.1335 0.0049 2520 61 2519 31 2491 35 2533 87
168-1-9 15.34 12.3 27.9 0.1637 0.0055 10.7965 0.3299 0.4756 0.0077 0.1377 0.0058 2495 56 2506 28 2508 34 2608 104
168-1-10 14.41 22.6 23.5 0.1667 0.0062 11.1583 0.4077 0.4786 0.0080 0.1435 0.0057 2525 63 2536 34 2521 35 2711 101
168-1-11 17.12 21.8 29.4 0.1625 0.0059 10.9574 0.3812 0.4804 0.0075 0.1410 0.0060 2483 61 2520 32 2529 33 2665 106
168-1-12 33.31 30.5 61.1 0.1618 0.0050 10.9558 0.3526 0.4828 0.0067 0.1468 0.0052 2476 52 2519 30 2539 29 2769 92
168-1-13 23.82 25.2 40.7 0.1693 0.0054 11.3391 0.3468 0.4819 0.0069 0.1371 0.0048 2551 52 2551 29 2536 30 2597 86
168-1-14 26.61 30.3 45.8 0.1604 0.0055 10.8313 0.3688 0.4854 0.0074 0.1281 0.0046 2461 −142 2509 32 2551 32 2436 82
168-1-15 58.51 37.2 104 0.1684 0.0054 11.6544 0.3746 0.4969 0.0074 0.1277 0.0046 2543 53 2577 30 2600 32 2429 83
168-1-16 20.65 19.0 34.4 0.1735 0.0067 11.7877 0.4614 0.4903 0.0088 0.1307 0.0057 2592 65 2588 37 2572 38 2484 101
168-1-17 18.62 30.0 32.7 0.1679 0.0064 9.7427 0.3608 0.4210 0.0069 0.1288 0.0047 2537 64 2411 34 2265 31 2449 84
168-1-18 44.78 39.4 71.5 0.1796 0.0047 12.3835 0.3421 0.4952 0.0068 0.1394 0.0044 2650 45 2634 26 2593 29 2637 77
168-1-19 9.750 10.2 15.8 0.1714 0.0060 11.4590 0.4403 0.4803 0.0094 0.1562 0.0081 2572 53 2561 36 2528 41 2934 141
168-1-20 26.65 24.2 45.0 0.1666 0.0050 10.8656 0.3643 0.4631 0.0068 0.1450 0.0052 2524 51 2512 31 2453 30 2736 91
168-1-21 21.41 19.2 36.7 0.1725 0.0051 10.6588 0.3366 0.4441 0.0062 0.1432 0.0057 2583 50 2494 29 2369 28 2705 100
168-1-22 12.61 14.1 20.4 0.1720 0.0076 10.8144 0.4695 0.4667 0.0111 0.1621 0.0087 2577 74 2507 40 2469 49 3036 152
168-1-23 38.13 37.9 63.7 0.1657 0.0041 10.5973 0.2848 0.4544 0.0062 0.1342 0.0047 2515 47 2488 25 2415 28 2545 84
168-1-24 30.63 26.3 54.2 0.1592 0.0044 10.0617 0.3116 0.4490 0.0075 0.1287 0.0049 2447 48 2440 29 2391 33 2448 88

Sample 76-5c pegmatite (N37°13′13.8″, E114°06′22.1″)
76-5c-1 40.58 51.9 73.0 0.1649 0.0025 11.3971 0.2106 0.4952 0.0045 0.1245 0.0021 2506 25 2556 17 2593 20 2372 38
76-5c-2 245.9 113 515 0.1656 0.0027 9.8329 0.1861 0.4238 0.0032 0.2464 0.0045 2513 26 2419 17 2277 14 4452 73
76-5c-3 101.1 112 403 0.1246 0.0026 4.1715 0.0961 0.2390 0.0023 0.0706 0.0018 2033 38 1668 19 1381 12 1380 34
76-5c-4 65.60 97.7 158 0.1653 0.0041 8.1691 0.2143 0.3530 0.0038 0.0971 0.0027 2511 43 2250 24 1949 18 1873 49
76-5c-5 85.10 112 263 0.1490 0.0042 5.9329 0.1756 0.2846 0.0041 0.1164 0.0034 2334 48 1966 26 1614 21 2225 62
76-5c-6 32.40 38.9 53.5 0.1679 0.0051 11.5271 0.3435 0.4956 0.0068 0.1338 0.0046 2537 51 2567 28 2595 30 2537 83
76-5c-7 161.4 62.5 264 0.1714 0.0042 13.1001 0.3348 0.5493 0.0065 0.2499 0.0070 2572 40 2687 24 2822 27 4509 113
76-5c-8 219.0 91.4 347 0.1700 0.0040 13.1010 0.3399 0.5545 0.0074 0.2812 0.0079 2558 39 2687 24 2844 31 5009 124
76-5c-9 119.2 129 429 0.1334 0.0040 4.5337 0.1342 0.2468 0.0025 0.0671 0.0025 2142 47 1737 25 1422 13 1313 47
76-5c-10 99.30 61.7 161 0.1701 0.0050 12.0848 0.3787 0.5158 0.0074 0.1693 0.0058 2558 49 2611 29 2681 31 3162 100
76-5c-11 95.00 182 194 0.1573 0.0042 8.1510 0.2211 0.3764 0.0041 0.0825 0.0024 2427 46 2248 25 2059 19 1602 45
76-5c-12 121.8 139 330 0.1480 0.0038 6.0618 0.1564 0.2981 0.0036 0.1109 0.0032 2324 43 1985 22 1682 18 2126 58
76-5c-13 146.4 132 463 0.1378 0.0036 5.0702 0.1505 0.2651 0.0037 0.0722 0.0025 2200 45 1831 25 1516 19 1409 47
76-5c-14 66.49 35.0 136 0.1546 0.0046 8.7892 0.2717 0.4108 0.0051 0.1344 0.0047 2398 51 2316 28 2219 23 2549 84
76-5c-15 95.70 85.6 157 0.1633 0.0047 10.8715 0.3169 0.4812 0.0057 0.1297 0.0039 2490 48 2512 27 2532 25 2465 71
76-5c-16 164.5 95.9 388 0.1516 0.0040 7.7539 0.2182 0.3660 0.0045 0.1072 0.0032 2365 46 2203 25 2011 21 2058 59
76-5c-17 73.50 59.0 117 0.1644 0.0042 11.4785 0.2949 0.5000 0.0058 0.1391 0.0040 2502 43 2563 24 2614 25 2633 72
76-5c-18 61.50 61.9 90.3 0.1767 0.0051 12.8409 0.3822 0.5175 0.0068 0.1523 0.0047 2633 48 2668 28 2689 29 2866 83
76-5c-19 64.10 58.2 112 0.1601 0.0053 10.5752 0.3423 0.4713 0.0065 0.1329 0.0044 2457 61 2487 30 2489 28 2522 78
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Fig. 15.Model for tectonic evolution of North China craton in the late Archean. Note that an arc (Western ZanhuangDomain) in the COB collidedwith the Eastern Block (Eastern Zanhuang
Domain) prior to 2.5 Ga, leading to the formation of the Zanhuang mélange in between, and late granitic pluton and pegmatite intruded in the mélange at circa 2.5 Ga.

Table 1 (continued)

Pb (ppm) Th (ppm) U (ppm) Measured ratios Calculated ages (Ma)

207Pb/
206Pb

1 s 207Pb/
235U

1 s 206Pb/
238U

1 s 208Pb/
232Th

1 s 207Pb/
206Pb

1 s 207Pb/
235U

1 s 206Pb/
238U

1 s 208Pb/
232Th

1 s

76-5c-20 291.6 97.5 478 0.1779 0.0053 11.9942 0.3587 0.4778 0.0059 0.2796 0.0095 2635 50 2604 28 2518 26 4983 149
76-5c-21 217.4 158 834 0.1246 0.0034 3.9426 0.1105 0.2246 0.0026 0.0788 0.0024 2033 50 1622 23 1306 14 1533 45
76-5c-22 209.6 108 468 0.1723 0.0043 8.6067 0.2232 0.3551 0.0043 0.1798 0.0056 2580 41 2297 24 1959 20 3342 95
76-5c-23 197.8 193 300 0.1729 0.0043 12.1600 0.3082 0.5008 0.0048 0.1248 0.0034 2587 42 2617 24 2617 21 2377 61
76-5c-24 261.5 97.6 561 0.1693 0.0042 9.0456 0.2333 0.3817 0.0041 0.1707 0.0060 2551 42 2343 24 2084 19 3185 103

Zircons from the intrusive granite and cross-cutting pegmatite of themélange unitwere dated using LA–ICP-MS technique at the State Key Laboratory of Geological Processes andMineral
Resources, China University of Geosciences (Wuhan) following the analytical procedures of Liu et al. (2010b).
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suture zone between the intra-oceanic arc or fore-arc terrane in the COB
and Eastern Block continent (Fig. 15A). The sequence of rocks of
marble–siliciclastic unit composed mainly of coarse-grained marble,
fine-grained quartzite, intercalated calc-silicate rocks, muscovite–biotite
schist, and late garnet amphibolitic dikes, is consistent with the rock
types from passive margins to foreland basins. We interpret the
marble–siliciclastic unit as a passive margin sequence to foreland basin
sequence developed on the western margin of the Eastern Block
(Fig. 15A). Kusky and Li (2003) first proposed that these sedimentary
sequences deposited along the western edge of the Eastern Block repre-
sent a passive continental margin and foreland basin sequence. The
Zanhuang mélange is intruded by a circa 2.5 Ga Wangjiazhuang granitic
pluton, and cut by undeformed circa 2.5 Ga pegmatites, providing a min-
imum age for the arc–continent collision (Fig. 15B). We suggest that the
granite and pegmatite were generated from the partial melting of the
thickened crust due to the subsequent reversal of subduction polarity to
east-dipping beneath the arc–continent collision zone after the arc was
sutured to the Eastern Block continent (Deng et al., 2013), then both in-
truded into the mélange at circa 2.5 Ga. The analysis of field
observations and structural fabrics shows that theWestern ZanhuangDo-
mainwas thrust upon the Eastern ZanhuangDomain to the southeast due
to the arc-continent collision between the arc terrane in the COB and the
Eastern Block during intra-oceanic northwestward-directed subduction.
We therefore demonstrate that the arc terrane in the COB (Fuping ter-
rane) and the Eastern Block collided prior to 2.5 Ga, consistent with a
late Archean suturing event of the western margin of the Eastern Block
with an arc terrane during arc–continent collision.

Some Archean terranes have geological characteristics similar to
Phanerozoic subduction–accretion complexes (Hoffman, 1991; Kusky,
1989; Kusky and Polat, 1999; Polat et al., 1998; Şengör and Natalin,
1996; Taira et al., 1992;Windley, 1993). There are only a few general de-
scriptions of Archean mélanges (de Wit et al., 1992; Kusky, 1990; Kusky
and Polat, 1999; Lin et al., 1996; Polat and Kerrich, 1999; Wang et al.,
1996). The Archean Zanhuang mélange described here contains a mix-
ture of structurally bounded blocks of metamorphosed pillow basalt, dia-
base, gabbro, and ultramafic rocks, in a highly sheared metapelitic and
amphibolitic matrices, with numerous tectonic slices of psammites that
resemble trench turbidites. This Archean mélange is remarkably similar
to other accretionary mélanges in younger orogens that mark the sites
of former plate subduction and convergence, separating a thick carbonate
and clastic shelf-type sequence on one side, from a magmatic arc on the
other side. The similarities to younger mélanges also include the range
of matrix and exotic block rock types, the structural style, kinematics,
and sequence of structural and magmatic events. Compared to Archean
mélanges, Phanerozoic mélanges are characterized by lithologically
more diverse blocks, including biogenic carbonates, radiolarian cherts,
and other rocks related to changes in the Earth's biosphere, atmosphere,
and geosphere (e.g., Kusky et al., 2013). In addition, blueschists and
eclogites have not been convincingly documented in Archean terrains
(Stern, 2007), but the previous claims that Archean subduction-related
mélanges do not exist no longer hold water. The lack of blueschist and
eclogite facies metamorphic rocks in Archean subduction–accretion
terranes, is probably due to the elevated thermal gradients and
shallow-angle subduction or overprinting during later collisional and
tectonomagmatic events (Condie, 1997; Polat and Kerrich, 1999; Polat
et al., 1998; Wakabayashi, 1996).

In this study, the clear association of rock types and structures in the
2–10 km wide Archean tectonic mélange in Zanhuang Massif, Central
Orogenic Belt, North China Craton, cut by 2.5 Ga granite and undeformed
2.5 Ga pegmatite, suggests strongly that modern-style plate tectonics
was operating by the end of the Archean.
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