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The Lüliang Complex is located at the western margin of the middle segment of the Trans-North China Orogen,
along which the Western and Eastern Blocks amalgamated to form the basement of the North China Craton.
The complex consists of the late Neoarchean to Paleoproterozoic granitic plutons and meta-supracrustal rocks,
ofwhich the latter are subdivided into the Jiehekou, Lüliang, Yejishan, andHeichashan/LanheGroups. The Lüliang
Group is composedmainly of siliciclastic rocks in the lower part and volcanic rocks in the upper part, all of which
have been metamorphosed from greenschist- to amphibolite-facies. U–Pb ages of detrital zircons from meta-
sedimentary rocks in the Lüliang Group yield four populations of 3061–2920 Ma, 2790–2600 Ma,
2599–2280 Ma and 2211–2202 Ma, suggesting that their provenances were derived mainly from the Lüliang
and Taihua Complexes in the Trans-North China Orogen. The meta-volcanic rocks give igneous zircon U–Pb
ages of 2209–2178Ma and εHf(t) values of−0.8 to+3.6. Geochemically, they are subalkaline basalts and andes-
ites that can be classified into two groups, of which one group has flat LREEs, weak enrichment in LREEs relative
toHREEs and flat HREEs and displays E-MORB-like spider diagramswith the exception of insignificantly negative
Nb–Ta, Zr–Hf and Ti anomalies. In contrast, the other group displays stronger LREE fractionation, stronger enrich-
ment in LREEs relative to HREEs and mildly fractionated HREEs and is characterized by “spiky” spider diagrams
similar to arc volcanic rocks. The first group is interpreted to have originated from a Neoarchean E-MORB source,
whereas the second group shows inputs of newly subduction-derivedfluids in themantle source. These geochro-
nological and geochemical signatures indicate the existence of an 2.2–2.1 Ga continental back-arc system in the
Lüliang Complex of the Trans-North China Orogen, which is consistent with themodel that the collision between
the Eastern andWestern Blocks to form the coherent basement of theNorth ChinaCraton in the Paleoproterozoic,
not at the end of Neoarchean.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The North China Craton (NCC) has been extensively studied in the
last decades in terms of petrology, geochemistry, geochronology and
structural geology and different models have been proposed for its tec-
tonic evolution (Faure et al., 2007; Kusky, 2011; Kusky and Li, 2003;
Santosh, 2010; Zhai and Santosh, 2011; Zhao et al., 2005). However,
there is a broad consensus that the Archean to Paleoproterozoic base-
ment of the NCC can be divided into the Eastern and Western Blocks,
separated by an orogenic belt, called the Trans-North China Orogen
(TNCO; Fig. 1; Faure et al., 2007; Kusky, 2011; Kusky and Li, 2003;
Kusky et al., 2007; Santosh, 2010; Santosh et al., 2006; Trap et al.,
2007, 2012; Zhao et al., 2000, 2005, 2012). However, fundamental
disagreements with respect to detailed tectonic processes involved in
the collision of the two blocks still exist. One group of researchers pro-
posed that the TNCO formed at ~1.85 Gawhen the Eastern andWestern
Blocks collided above an east-dipping subduction zone (Kröner et al.,
2005a, 2005b, 2006; Wilde and Zhao, 2005; Wilde et al., 2002, 2004a,
2004b, 2005; Zhang et al., 2007, 2009, 2012; Zhao and Kröner, 2007;
Zhao et al., 2001a, 2005). On the other way, Faure et al. (2007) and
Trap et al. (2007, 2012) suggested that the amalgamation of the NCC
was finished by two Paleoproterozoic collisional events. The earlier
event occurred at ~2.1 Ga, leading to the amalgamation of the Eastern
Block with a micro-continental block (called the Fuping Block) before
the later collision between the Eastern and Western Blocks at 1.9–
1.8 Ga. Alternatively, Kusky and Li (2003) originally proposed the
~2.5 Ga collisional model, which has been modified by proposing that
the final collision between the Eastern andWestern Blocks did not hap-
pen until 2.3–2.2 Ga (Kusky, 2011). Therefore, the geological events and
tectonic processes have been the subject of a hot debate. Of particular
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Fig. 1. Tectonic subdivision of the North China Craton (modified after Zhao et al., 2005).
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interest is the nature and tectonic significance of events at 2.2–2.1Ga
and their relevance to the tectonic evolution of the TNCO.

Geological events at 2.2–2.1 Ga have been widely reported across
the TNCO, but most of the previous studies were focused on the geo-
chronological investigations of felsic igneous and meta-sedimentary
rocks (Guan et al., 2002, Du et al., 2010, 2012, 2013; Kröner et al.,
2005b; Sun and Hu, 1993; Wang et al., 2010; Wilde, 2002; Wilde
et al., 2005; Xie et al., 2012; Yang et al., 2011; Zhao et al., 2002, 2011),
but little attention has been paid to the precise geochronology, system-
atic geochemistry and tectonic nature of the metabasites of this age. In
this paper, we carried out detailed geochemical and geochronological
investigations on the metabasites and associated meta-sedimentary
rocks from the Lüliang Group in the Lüliang Complex. Combined with
available sedimentary, lithostratigraphic, structural and metamorphic
data, these new data place significant constraints on the rock-forming
age, provenance and tectonic setting of the Lüliang Group, which pro-
vide important insights into understanding the tectonic evolution of
the Trans-North China Orogen.

2. Geological setting and petrological description

The NCC is composed of Archean to Paleoproterozoic metamorphic
basement and the overlying Mesoproterozoic to Cenozoic unmeta-
morphosed cover (Zhao et al., 2012). As mentioned above, although a
number of models have been proposed in terms of the timing and
tectonic processes of collisional events that resulted in the final amal-
gamation of the NCC (Faure et al., 2007; Kusky, 2011; Kusky and Li,
2003; Kusky et al., 2007; Santosh, 2010; Trap et al., 2007, 2012; Zhao
et al., 2001a, 2005), nearly all models agree to the division of the NCC
into the Eastern and Western Blocks. The two blocks collided along
the TNCO (Fig. 1; Zhao et al., 2001a, 2005), which is also called the
Jinyu Belt (Zhai and Peng, 2007; Zhai and Santosh, 2011) or the Central
Orogenic Belt (Kusky and Li, 2003), to form the coherent basement of
the NCC. Furthermore, the Eastern Block is subdivided into the
Longgang Block (also called the Yanliao Block; Santosh, 2010), the
Langrim Block and the Jiao–Liao–Ji Belt or Liaoji Belt (Zhai and
Santosh, 2011; Zhao et al., 2005), whereas the Western Block formed
by the collision of the Yinshan and Ordos Blocks along the Khondalite
Belt (Zhao et al., 2005), which is also referred as the Fengzhen Belt
(Zhai and Peng, 2007; Zhai and Santosh, 2011) or the Inner Mongolian
Suture Zone (Santosh, 2010).

The TNCO is a nearly NS-trending ~1200 km long and 100–300 km
wide belt across the central part of the North China Craton (Fig. 1).
Basement rocks of the orogen are composed of Neoarchean to
Paleoproterozoic TTG gneisses, meta-supracrustal rocks (metamor-
phosed sedimentary and volcanic rocks), syn- to post-tectonic granites
and mafic dykes. Geochemical and isotopic data suggests that the base-
ment rocks are dominated by Neoarchean to Paleoproterozoic arc-
related juvenile crust with minor reworked rocks (Kröner et al., 1988;
Liu et al., 2002, 2004, 2005, 2012; Sun et al., 1992; Wang et al., 2004).
Some ancient oceanic fragments and mélange were reported, repre-
sented by the ultra-mafic to mafic rocks of the Jingangku Formation in
the Wutai Complex (Polat et al., 2005; Wang et al., 1996, 1997). The
TNCO possesses lithotectonic features similar to those in classical
continent–continent collisional belts, including linear structural belts
characterized by strike-slip ductile shear zones, large-scale thrusting
and folding, transcurrent tectonics, sheath folds and mineral lineations
(Li et al., 2010; Trap et al., 2007; Zhang et al., 2007, 2009, 2012), high-
pressure granulites and retrograde eclogites in the Hengshan, Huai'an,
Xuanhua and Chengde complexes (Guo et al., 2002, 2005; Zhai et al.,
1992, 1995; Zhao et al., 2001b), clockwise metamorphic P–T paths in-
volving near-isothermal decompression (Xiao et al., 2011; Zhao et al.,
2001a) and foreland basins represented by the younger sequence-sets
of the low-grade supracrustal successions in the Wutai, Lüliang,
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Zanhuang and Zhongtiao Complexes (Faure et al., 2007; Liu et al.,
2013a; Trap et al., 2007; Zhao et al., 2001a).

The Lüliang Complex is situated at the westernmargin of themiddle
segment of the TNCO (Fig. 1) and consists of the late Neoarchean to
Paleoproterozoic granitic plutons and meta-supracrustal rocks (Fig. 2;
Geng et al., 2000, 2006; Zhao et al., 2008b; Liu et al., 2012). The granitoid
rocks have been subdivided into pre-tectonic TTG gneisses, syn-tectonic
gneissic granites and post-tectonic granites (Zhao et al., 2008b).
The pre-tectonic TTG gneisses include the 2499 Ma Yunzhongshan
tonalitic–trondjhemitic–granidioritic gneiss (Zhao et al., 2008b),
2375 Ma Gaijiazhuang porphyritic gneiss (Zhao et al., 2008b) and
2182–2151MaChijianling–Guandishan tonalitic–granodioritic–granitic
gneiss (Du et al., 2012; Geng et al., 2000; Zhao et al., 2008b), and
Fig. 2. (A) A simplified geological map of the Lüliang Complex (modified after Zhao e
geochemical data indicate that these rocks are mostly calc-alkaline
and formed in a continental arc setting (Liu et al., 2009a). The syn-
tectonic gneissic granites are mainly distributed in the southern part
of the Lüliang Complex, represented by the 1832 Ma Huijiazhuang
gneissic granite (Zhao et al., 2008b). The post-tectonic granites include
the ~1800 Ma Luyashan charnockite (Geng et al., 2000, 2006; Zhao
et al., 2008b), 1807 Ma Lucaogou porphyritic granite (Zhao et al.,
2008b) and ~1800 Ma Tangershang–Guandishan massive granite
(Geng et al., 2006; Zhao et al., 2008b).

The meta-supracrustal rocks have been divided into four major
stratigraphic units: Jiehekou, Lüliang, Yejishan and Heichashan/Lanhe
Groups (Fig. 2; Yu et al., 1997; Geng et al., 2000). The Jiehekou Group
is located in the western part of the complex and consists mainly of
t al., 2008b); (B) A cross section through the middle part of the Lüliang Complex.

image of Fig.�2
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graphite-bearing pelitic gneisses/schists, quartzites, fine-grained felsic
paragneisses, graphite marbles, calc-silicate rocks and minor amphibo-
lites (Fig. 2). Metamorphic studies revealed that the garnetiferous
amphibolite of the Jiehekou Group recorded a clockwise P–T path
with near isothermal decompression following peak metamorphism
(Zhao et al., 2000). Moreover, U–Pb detrital zircon dating results of
the Jiehekou Group have an age range between 2.3 and 2.0 Ga and the
metamorphic zircons gave ages around 1.85 Ga, which suggests that
the Jiehekou group has been deposited in the period of 2.0–1.85 Ga
(Liu et al., 2013b; Wan et al., 2006; Xia et al., 2009). Based on the simi-
larities in the rock assemblage and geochemical features, the Jiehekou
Group is proposed to have formed part of what has been referred to as
Fig. 3. Stratigraphic subdivision of the Lülian
the “khondalite series” in the Western Block (Liu et al., 2013b; Wan
et al., 2006), representing stable continental margin deposits surround-
ing the Ordos Block (Zhao et al., 2005).

The Lüliang Group is distributed only in the central part of the
complex and unconformably overlies the Gaijiazhuang porphyritic
gneiss (Fig. 2). The group has been subdivided into the Yuanjiacun,
Peijiazhuang, Jinzhouying and Dujiagou Formations (Fig. 3; Yu et al.,
1997), all of which have been metamorphosed in greenschist- to
amphibolite-facies. The lowest Yuanjiacun Formation is composed of
~660 m thick phyllites and quartz schists interbedded with sericite
schists, banded magnetite quartzites and minor meta-volcanics. Con-
formably overlying the Yuanjiacun Formation is the Peijiazhuang
g Group (modified after SBGMR, 1989).

image of Fig.�3
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Formation which consists of a more than 2000 m-thick bed of black
phyllite interlayered with quartzite and meta-siltstone. Widespread
cross-bedding and occasional ripples marks preserved in the quartzite
suggest a deep-water turbidite depositional environment (Yu et al.,
1997). The Jinzhouying Formation is more than 2000 m thick and
has a disconformable contact with the underlying quartzite of the
Peijiazhuang Formation. The main lithologic sequence of the formation
changes from the basal conglomerate and pebbled arkose to the domi-
nant vesicular–amygdaloidal metabasite (Fig. 4) interbedded with
phyllite and meta-rhyolite. The basal conglomerate consists of pebble-
sized clasts of quartzite, phyllite andmagnetite quartzite (in decreasing
order of abundance; Yu et al., 1997). The Jinzhouying Formation is over-
lain by the Dujiagou Formation, which consists mainly of meta-felsic
volcanics with minor metabasites. Yu et al. (1997) reported single
zircon U–Pb ages of 2051 ± 68 and 2099 ± 41 Ma for a meta-basalt
and a meta-rhyolite of the Lüliang Group, respectively, interpreted as
the timing of the volcanic eruption. However, Geng et al. (2000) obtain-
ed a Sm–Nd whole-rock isochron age of 2351 ± 56 Ma from the
amphibolites and a single zircon U–Pb age of 2360 ± 95 Ma from a
meta-rhyolite of the Lüliang Group, both interpreted as their rock-
forming ages. Most recently, Liu et al. (2012) reported a LA–ICP-MS
magmatic zircon U–Pb age of 2213 ± 47 Ma and a metamorphic zircon
age of 1832 ± 56 Ma from a metamorphosed subvolcanic basaltic
rock of the group. Similar zircon crystallization ages have also been ob-
tained from the feldspar porphyritic rocks of the Dujiagou Formation
(2189–2186 Ma; Du et al., 2012). Based on the geochemistry of meta-
morphosed volcanic rocks in the group, Yu et al. (1997) and Geng
et al. (2003) suggested that the Lüliang Group might have developed
in a continent marginal rift environment. However, Faure et al. (2007)
and Liu et al. (2012) interpreted the group as having formed in a mag-
matic arc and/or a back-arc basin environment.

The Yejishan Group is distributed along a narrow, northeast–
southwest-trending belt (Fig. 2) and consists of greenschist-facies
Fig. 4. Field photographs of metabasites from the Lüliang Group: (a) amygdaloidal texture,
metabasites.
metamorphosed volcanic rocks in the lower sequence and flysch-type
sedimentary rocks in the upper sequence (Liu et al., 2009b, 2011,
2012). Geng et al. (2000) reported a zircon U–Pb age of 2124 ± 38 Ma
for a meta-volcanic rock from the lower sequence, which is consistent
with the youngest detrital zircon age peak of 2086 ± 10 Ma from a
meta-sandstone (Liu et al., 2011). However, Liu et al. (2012) reported
an older zircon U–Pb age of 2210 ± 13 Ma for meta-subvolcanic rocks
from the lower sequence of the Yejishan Group. Moreover, Liu et al.
(2009b, 2012) suggested that the meta-volcanic rocks from the lower
sequence of the Yejishan Group and those from the Lüliang Group
show similar geochemical features and formed as the products of a
magmatic arc system at an active continental margin. For the upper se-
quence, the youngest detrital zircon age peak of 1835±24Ma from the
metamorphosed clastic rocks places constraints on their maximum de-
positional ages (Liu et al., 2011). The weakly metamorphosed
Heichashan/Lanhe Groups unconformably overlie the Jiehekou, Lüliang
and Yejishan Groups and consist mainly of clastic sedimentary rocks.
Based on the similar metamorphic grade and rock assemblage, Liu
et al. (2009b) suggested that the upper coarse-grained sediment se-
quence of the Yejishan Group and the Heichashan/Lanxian Groups
formed in a late Paleoproterozoic foreland basin.

In the Lüliang Group, there are abundant mafic-volcanic rocks as
interlayers, lens and pods, which have commonly experienced strong
deformation and greenschist- to amphibolite-facies metamorphism
(Geng et al., 2003; Yu et al., 1997). They are mainly represented by
chlorite–albite schist, metabasite, amphibolite, and amphibolite schist,
and exposed dominantly in the Jinzhouying Formation. The grayish
green chlorite–albite schist shows a lepidoblastic texture and is com-
posed mainly of 60–80% chlorite, 20–30% albite, epidote and sericite
(Fig. 5a). The amphibolite and amphibolite schist display a granoblastic
texture, and theirminerals include 50% amphibole, 40% sericited plagio-
clase (An= 16–20) and a small amount of epidote, chlorite, biotite and
ilmenite (Fig. 5b and c; Geng et al., 2003).
(b) deformed pillows, (c) cumulate structure and (d) porphyritic granite intruding the

image of Fig.�4


Fig. 5.Microscope photographs for representative metabasites from the Lüliang Group: (a) chlorite–albite schist, (b) amphibolite, (c) amphibolite schist and (d) amygdale composed of
calcite and volcanic glass.
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3. Samples and analytical techniques

Three representative meta-sedimentary samples and three basic
meta-volcanic samples from the Lüliang Group were chosen for zircon
U–Pb and Lu–Hf isotopic analyses. Zircon grains were separated using
heavy liquid and magnetic separation methods. Then hand-picked zir-
cons were mounted into epoxy, polished to reveal cross section of the
grains and photographed in both reflected and transmitted light.
Cathodoluminescence (CL) imaging was carried out by a JSM6510
SEM attached with a Gatan CL detector, to investigate the internal
texture of zircons. Zircon U–Pb isotopic analyses were conducted by
the LA-ICP-MS method using a Newwave UP 213 laser ablation system
coupled to a Thermo Finnigan Neptune MC-ICP-MS at the Institute of
Mineral Resources, Chinese Academy of Geological Sciences, Beijing.
The ablation protocol employed a spot diameter of 32 μm at 10 Hz
repetition rate. Instrumental setting and detailed operating conditions
have been described by Hou et al. (2009). Zircon GJ1 was used as the
external standard for U–Pb dating, and was analyzed twice every 10
analyses. Data processing was carried out using the ICPMSDataCal 8.4
(Liu et al., 2010) and Isoplot/Ex_ver 3.23 (Ludwig, 2003) and the results
were reported with 1σ errors.

Zircon Hf isotope analyses were carried out in-situ on the same
domains for age determinations of the grainswith concordant or nearly
concordant U–Pb ages, as guided by CL images. The analyses were
performed using a Newwave UP213 laser-ablation system, attached to
a NeptuneMC-ICP-MS with a beam diameter of 55 μm at the Tianjin In-
stitute of Geology andMineral Resources, Tianjin. Detailed instrumental
conditions and data acquisitionwere given by Geng et al. (2011). Zircon
GJ1 was used as the reference standard during our routine analyses,
with a weighted mean 176Hf/177Hf ratio of 0.282013 ± 0.000019 (2σ,
n = 60), indistinguishable from the weighted mean 176Hf/177Hf ratio
of 0.282000 ± 0.000005 (2σ) using a solution analysis method by
Morel et al. (2008). Depletedmantlemodel ages (TDM) used for igneous
zircons from basic meta-volcanics were calculated in reference to the
depleted mantle at a present-day 176Hf/177Hf and 176Lu/177Hf ratios of
0.28325 and 0.0384, respectively (Griffin et al., 2000). Crustal model
age (TC) used for detrital or xenolithic zircons was calculated by
assuming their parental magma to have been derived from an average
continental crust, with 176Lu/177Hf ratio of 0.015, that originated from
the depleted mantle source (Griffin et al., 2004).

Fifteen samples (four chlorite–albite schists, four amphibolites, four
metabasites and three amphibole schists) from the Lüliang Group were
collected for major and trace element analysis. Fresh samples were
taken carefully to avoid the effects of weathering and hydrothermal
alteration. Then samples were first crushed into slabs and the central
parts were powdered to 200-mesh for whole-rock analyses. Contents
of major element oxides were measured by X-ray fluorescence
spectrometry (XRF, Rigaku-2100) at the National Research Center for
Geoanalysis, Beijing. Trace element contents, including the rare earth
elements (REEs), were analyzed using inductively coupled plasma
mass spectrometry (ICP-MS, TJA-PQ-Excel) at the National Research
Center for Geoanalysis, Beijing. About 50mg sample powders were dis-
solved in Teflon bombs using a HF+HNO3mixture for 48 h at ~190 °C.
Geochemical data of four chlorite–albite schists from the Jinzhouying
Formation of the Lüliang Group measured by Du et al. (2012) are also
used in this study. Whole-rock geochemical data were processed with
the “GeoPlot” ExcelTM plug-in by Zhou and Li (2006).

Nd isotopic data of five basic meta-volcanic rocks were determined
by a Triton Plus multi-collector thermal ionization mass spectrometer
at the Institute of Geology and Geophysics, Chinese Academy of
Sciences, Beijing. Sample powders for Nd isotopic analyses were first
dissolved in Savillex Teflon screw-top capsule prior to HF + HNO3 +
HClO4 dissolution, and separated using the classical two-step ion ex-
change chromatographic method. REEs were separated and purified
on quartz columns by conventional ion exchange chromatography
after sample decomposition, as described by Li et al. (2011, 2012).

image of Fig.�5
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Measured 143Nd/144Nd ratio was corrected for mass fractionation rela-
tive to 146Nd/144Nd = 0.7219. 147Sm/144Nd ratios were calculated
from Sm and Nd contents determined by the ICP-MS method.

4. Results

4.1. Zircon U–Pb geochronology

We present U–Pb zircon ages for three meta-volcanic samples and
three meta-sedimentary samples collected from different formations
of the Lüliang Group. All analytical data are presented in Supplementary
Table 1 and detrital zircon analyses with concordance between 70% and
105% by comparison of 206Pb/238U with 207Pb/206Pb ages are accepted
for binned frequencyhistograms and εHf(t) vs. 207Pb/206Pb age diagrams.

4.1.1. Meta-sedimentary rocks (Samples 12LL52-1, 12LL57-1 and 12LL57-2)
Sample 12LL52-1 is a sericite–quartz schist collected from the lower

succession of the Yuanjiacun Formation (Fig. 3). Zircons are variable in
Fig. 6. Representative selection of cathodoluminescence (CL) zircon images. Circles (60 and 3
values are also plotted. The scale bar is 100 μm long.
size and shape ranging from small (~50 μm) round grains to large
(~150 μm) prismatic grains (Fig. 6). Most of their CL images display os-
cillatory zoning with a few having sector or banded zoning structures
(Fig. 6). A total of eighty spot analyses were made on this sample and
all of them yielded concordant or near-concordant results (Supplemen-
tary Table 1). Fig. 7a shows the binned frequency histogram of these
analyses, all between 70% and 105% concordant. All grains lie within
the age range of 2790 Ma and 2522 Ma, with the age peak at ~2590 Ma.

Sample 12LL57-1 is a carbonaceous slate collected from the middle
succession of the Yuanjiacun Formation (Fig. 3). Zircons have relative
small size (30–80 μm) and subrounded to well-rounded shapes
(Fig. 6). Most zircon grains are characterized by concentric zonings
and a few are homogenous in CL images (Fig. 6). A total of eighty spot
analyses were carried out on this sample and only three analyses were
abandoned due to their relatively low concordance (Supplementary
Table 1). With the exception of five older grains with the age range
of 3061–2920 Ma and ten younger grains with the age range of
2346–2202 Ma, most grains lie within a major age range between
2 μm) show positions of Hf and U–Pb analytical sites, respectively. 207Pb/206Pb and εHf(t)

image of Fig.�6


Fig. 7. Binned frequency histograms of detrital zircons for each sample from the Lüliang
Group. Plots are arranged with the oldest unit at the bottom and the youngest unit at
the top.

Fig. 8. Concordia plots of the meta-volcanic rocks from the Lüliang Group, insets showing
the weighted average 207Pb/206Pb ages.

305C. Liu et al. / Lithos 198–199 (2014) 298–315
2736 Ma and 2387 Ma. Within the major age range, the age peak is at
~2500 Ma (Fig. 7b). The youngest age peak formed by grains 17, 42
and 51 gave theweighted average age of 2205±8Ma (MSWD= 0.37).

Sample 12LL57-2 is a feldspar quartzite from the middle succession
of the Yuanjiacun Formation (Fig. 3). Zircons are similar in size
(100–200 μm) and most of them display oscillatory zonings (Fig. 6).
Froma total of eighty analyses, only onediscordant analysiswas exclud-
ed for further discussion (Supplementary Table 1). Of the remaining
seventy-nine analyses, except five younger grains with the age range
of 2433–2206 Ma, all others yielded concordant ages ranging from
2760 Ma to 2461 Ma with an age peak at ~2530 Ma (Fig. 7c). The youn-
gest zircon identified in this sample is grain 54 that gave an age at 2206±
25 Ma, whereas the youngest age peak formed by grains 32 and 79
yielded a weighted average age of 2366 ± 8 Ma (MSWD= 0.0065).
4.1.2. Meta-volcanic rocks (Samples 12LL54-1, 12LL62-2 and 12LL59-1)
Sample 12LL54-1 is a chlorite–albite schist from the Jinzhouying For-

mation and originally a basaltic andesite (Fig. 3). Zircons separated from
this sample are mostly sub-euhedral, either prismatic or tabular, with
few inclusions. Nearly all of their CL images display a mix of broad
band and sector zoning structures, as often observed frommafic igneous

image of Fig.�7
image of Fig.�8


Fig. 9. Plots of εHf (t) vs. 207Pb/206Pb ages of zircons from the Lüliang Group. CHUR: Chondrite Uniform Reservoir. DM: Depleted Mantle.
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rocks (Rubatto and Gebauer, 2000; Fig. 6). Thirteen analyses on 13
grains gave a relative wide range of Th/U ratios of 2.15–0.63 and the
measured 207Pb/206Pb ages vary from 2582 Ma to 1831 Ma. As shown
in Fig. 8a, eight analyses of them form a regression line with the upper
intercept age of 2209 ± 20 Ma (MSWD = 2), regarded as the time of
crystallization of the igneous protoliths. The two younger ages of
1979Ma and 1831Ma are similar to themetamorphic age of the Lüliang
Complex (Liu et al., 2006, 2012) and thus interpreted as the metamor-
phic age or the mix of igneous and metamorphic ages. On the other
hand, the remaining three older grains with the much older ages of
2582 Ma, 2550 Ma and 2385 Ma can be interpreted as the xenocrysts.
Fig. 10. Zr/TiO2 vs. Nb/Y chemical classification for the meta-volcanic
Sample 12LL62-2 collected from the Jinzhouying Formation is
an amphibolite (Fig. 3). Zircon grains from the sample are mostly
~100 μm long and have oscillatory or patchy zoning structures. Some
grains also have narrow rims, interpreted asmetamorphic overgrowths,
but they are too narrow (~10 μm) to be analyzed (Fig. 6). Two zircons
(grains 30 and 38) gave Neoarchean ages at 2619 Ma and 2603 Ma
respectively, representing the ages of the xenolithic grains (Supple-
mentary Table 1). The remaining thirty-three analyses form a well-
defined regression line with the upper intercept age of 2178 ± 6 Ma
(MSWD = 3.4), which is considered to be the crystallization age of
the meta-basalt (Fig. 7b).
samples of the Lüliang Group after Winchester and Floyd (1977).
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Sample 12LL59-1 is a metabasite from the Dujiagou Formation
(Fig. 3). Zircon grains are mostly subhedral or crystal fragments
and their CL images reveal weakly oscillatory or patchy zonings
with low to variable luminence (Fig. 6). LA-ICP-MS dating results
show that all of the seventeen analyses had Th/U ratios of 0.89–0.27
and form a discordia line with the upper intercept age of 2196 ± 8 Ma
(MSWD= 3.9), which was interpreted to represent the crystallization
age of the sample (Fig. 8c).

4.2. Zircon Lu–Hf isotopic results

Separated from three meta-sedimentary samples (Samples 12LL52-
1, 12LL57-1 and 12LL57-2) and three meta-volcanic samples (Sample
12LL54-1, 12LL59-1 and 12LL62-2), detrital or xenolithic zircons with
70–105% concordant U–Pb ages and all igneous zircons were analyzed
for Lu–Hf isotopes and the results are listed in Supplementary Table 2
and presented in Fig. 9 on the εHf(t) vs. 207Pb/206Pb age plots.
Fig. 11. Chondrite-normalized REE pattern for themeta-volcanic samples of the Lüliang Group (
line represents composition of the E-MORB (Sun and McDonough, 1989).
Most detrital and xenolithic zircons from the Lüliang Group give
ages between 2790 and 2280Ma, withminor yielding theMesoarchean
ages of 3061–2920Ma and Paleoproterozoic ages of 2211–2202Ma. The
Mesoarchean (3061–2920 Ma) detrital zircons were found in Sample
12LL57-1 and have relatively small sizes. After LA-ICP-MS U–Pb dating,
only one Mesoarchean zircon (2943 Ma) was large enough for Lu–Hf
isotopic analysis and gave εHf(t) value of +3.9 and Tc model age of 3.1
Ga (Fig. 9), suggesting that it was derived mainly from a juvenile
crust. Zircons with ages from 2790 Ma to 2280 Ma have εHf(t) values
ranging between −8.9 and +6.4 and Tc model ages of 3.6 to 2.5 Ga
(Fig. 9). The wide range of εHf(t) values and older Tc model ages com-
pared with their 207Pb/206Pb ages indicate mixing of a Paleoarchean
crust with juvenile crustal additions. Of four zircons with ages between
2211Ma and 2202Ma, two grains (2211Ma and 2206Ma) are analyzed
for Lu–Hf isotopes and display εHf(t) values of −8.3 and −4.3 and Tc
model ages of 3.3 and 3.1 Ga, respectively (Fig. 9), suggesting that the
source rocks of these Paleoproterozoic detrital zircons were derived
same symbols as in Fig. 10). Normalizing values after Sun andMcDonough (1989). Dashed
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from the recycling of a Paleoarchean crust, with limited inputs of
juvenile crust.

Results of Hf analyses on magmatic zircons of the meta-volcanic
samples from the Lüliang Group reveal narrower εHf(t) values relative
to the detrital and xenolithic zircons. Most of their εHf(t) values are gen-
erally located between the CHUR and DM evolution lines, with εHf(t)
values of −0.8 to +3.6 and TDM model ages of 2.6 to 2.4 Ga (Fig. 9),
though a few magmatic zircons with negative εHf(t) values of −6.7 to
−2.5 yielded older TDM model ages of 2.8–2.6 Ga (Fig. 9).
4.3. Major and trace elements geochemistry

The meta-volcanic samples from the Lüliang Group have basaltic to
andesitic compositionswith a restricted range of SiO2 (46.9–57.3 wt.%),
relatively high Al2O3 (10.9–18.6 wt.%) and variable MgO (3.22–
13.8 wt.%), TiO2 (0.50–2.29 wt.%), P2O5 (0.10–0.68 wt.%) and Fe2O3*
(5.56–17.4 wt.%). The rocks range from less to more fractionated,
as judged by Mg-numbers of 76 to 31, Ni contents of 353 to 9 ppm
and Cr contents of 1253 to 27 ppm (Supplementary Table 3). In the
Zr/TiO2 vs. Nb/Y diagram, the samples plot in the fields of the
subalkaline basalt, basalt/andesite and andesite (Fig. 10).
Fig. 12. Primitive mantle-normalized multi-element spider diagrams for the meta-volcanic sam
McDonough (1989). Dashed line represents composition of the E-MORB (Sun and McDonough
Two distinct geochemical groups can be classified based on their
chondrite-normalized REE and primitivemantle-normalized spider dia-
grams. The first group contains three samples from the Yuanjiacun and
Jinzhouying Formations of the Lüliang Group. They have nearly the
same SiO2 contents ranging from 48.4 to 49.5 wt.% and MgO contents
from 6.04 to 7.38 wt.%, with Mg-numbers of 42–51 (Supplementary
Table 3). Their Cr and Ni contents are in a narrow range of 108–144
and 50–69, respectively. The samples in this group have flat LREEs
with La/SmCN ratios of 0.99–1.30, weak enrichment in LREEs relative to
HREEs with La/YbCN ratios of 1.06–1.50 and flat HREEs with Gd/YbCN
ratios of 1.10–1.17 (Fig. 11a). They are also characterized by relatively
low Th and U contents of 0.61–0.93 ppm and 0.16–0.30 ppm, respec-
tively. Their spider diagrams resemble those of the E-MORB with the
exception of insignificantly negative Nb–Ta, Zr–Hf and Ti anomalies
(Fig. 12a).

The second group includes sixteen samples from the Yuanjiacun,
Jinzhouying and Dujiagou Formations of the Lüliang Group. Compared
with the first group samples, the second group samples have higher
contents of TiO2 and P2O5 (0.50–2.29 wt.% and 0.10–0.68 wt.% vs.
0.96–1.47wt.% and 0.10–0.14 wt.%). In addition, the second group sam-
ples have stronger LREE fractionation with La/SmCN ratios of 1.62–4.41,
stronger enrichment in LREEs relative to HREEs with La/YbCN ratios of
ples of the Lüliang Group (same symbols as in Fig. 10). Normalizing values after Sun and
, 1989).
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3.01–19.1 and mildly fractionated HREEs with Gd/YbCN ratios of 1.26–
2.86 (Fig. 11b). They are also characterized by “spiky” spider diagrams,
with strong enrichments in large ion lithophile elements (LILEs) and
pronounced depletions in high field strength elements (HFSEs; e.g., sig-
nificant Nb–Ta, Ti and to lesser extent of Zr–Hf; Fig. 12b). Furthermore,
the second group samples also have higher and variable Th/Nb ratios
(0.21–1.00) compared with those of the first group samples (0.20–
0.22).

4.4. Nd isotopes

Whole rock Nd isotopic data for five meta-volcanic samples of the
Lüliang Group are presented in Supplementary Table 3. Initial Nd isoto-
pic ratios and εNd(t) values are calculated at t = 2.2 Ga. These samples
show similar Nd isotopic compositions, with initial 143Nd/144Nd ratios
ranging from 0.511216 to 0.511874 and εNd(t) values from −3.9
to +3.0 (Supplementary Table 3). They yielded single-stage depleted
mantle Nd model ages (TDM) of 3.0–2.4 Ga (Supplementary Table 3).

5. Interpretations and discussion

5.1. Formation age of the Lüliang Group

The Lüliang Group was traditionally thought to have formed in the
Neoarchean (SBGMR, 1989). However, Paleoproterozoic zircon ages
from the meta-volcanic rocks of the Jinzhouying and Dujiagou Forma-
tions have been reported, ranging from ~2.35 Ga (Geng et al., 2000),
through ~2.2 Ga (Du et al., 2012; Liu et al., 2012), to ~2.1 Ga (Yu et al.,
1997). In this study, our dating results of three meta-volcanic samples
from the Jinzhouying and Dujiagou Formations and three meta-
sedimentary samples from the Yuanjiacun Formation place reliable
constraints on the formation age of the group.

The analyzed grains of three meta-volcanic samples (12LL54-1,
12LL59-1 and 12LL62-2) from the upper succession of the groupmostly
show broad bandy or oscillatory zonings (Fig. 6) and have high Th/U
ratios (Supplementary Table 1), suggesting their magmatic origins
(Hoskin and Schaltegger, 2003). They yielded nearly consistent upper
intercept ages: 2209 ± 20 Ma (12LL54-1, n = 8), 2196 ± 8 Ma
Fig. 13. Binned frequency histograms of 207Pb/206Pb ages
(12LL59-1, n = 17) and 2178 ± 6 Ma (12LL62-2, n = 33). On the
other hand, the youngest detrital zircon age peak of 2205 ± 8 Ma
(12LL57-1, n = 3) and the youngest detrital zircon age of 2206 ± 25
(12LL57-2) from the meta-sedimentary samples of the Yuanjiacun
Formation place a constraint on the maximum depositional age of the
lower group. All of these ~2.20 Ga detrital zircons are characterized
by the Th/U ratios of 0.78–2.90 (Supplementary Table 2) and weak
oscillatory zonings in the CL images (Fig. 6), both ofwhich are indicative
of igneous origin (Hoskin and Schaltegger, 2003). In addition, the
Daorengou adamellite intruding the Lüliang Group has the crystalliza-
tion age of 2063 ± 46 Ma (Yu et al., 2004) and the Qingyangshuwan
Formation of the Yejishan Group overlying the Lüliang Group has the
maximumdepositional age of 2086±10Ma (Liu et al., 2011). Synthesis
of our new and previously reported age data and their spatial relation-
ships suggest that the formation age of the Lüliang Group should be in
the period of 2.2–2.1 Ga.
5.2. Provenance of the meta-sedimentary rocks from the Lüliang Group

Totally 236 zircon grains from the Lüliang Group yielded reliable
ages, and 57% of them exhibit a major age range between 2599 and
2280 Ma (Fig. 13). This age range is well consistent with the ages of
theYunzhongshan gneisses (2509–2499Ma) andGaijiazhuang gneisses
(2375–2364 Ma) in the northern and middle parts of the Lüliang Com-
plex (Geng et al., 2006; Zhao et al., 2008b), whichmake up nearly half of
the pre-tectonic TTG gneisses in the complex (Fig. 2). Therefore, all of
the detrital zircons between 2599 Ma and 2280 Ma were interpreted
to have been derived from the pre-tectonic TTG gneisses in the Lüliang
Complex. This interpretation is consistentwith the field occurrence that
the Lüliang Group unconformably overlies the Gaijiazhuang gneisses to
the east (Yu et al., 1997; Zhao et al., 2008a, 2008b). Hf isotopic data of
the major population of detrital zircons (2599–2280 Ma) from the
Lüliang Group suggest that the magmas to form their source rocks
resulted from different degrees of mixing of a Paleoarchean crust with
depleted mantle-derived magmas, implying that the pre-tectonic
gneisses in the Lüliang Group formed in an Andean-type continental
margin.
of all analyzed detrital zircons of the Lüliang Group.
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A subordinate population (39%) of detrital zircons from the group
has an age range between 2790 and 2600 Ma (Fig. 13), which have
not been reported from the igneous rocks in the Lüliang Complex.
However, they are comparable with 2.76–2.66 Ga xenocrystic/inherited
zircons recognized in the Longquanguan granitoids of the Wutai
Complex (Wilde, 2002), the 2708 Ma xenocrystic zircons in the Fuping
granitoid gneisses of the Fuping Complex, and the 2712–2701 Ma
gneisses found in the Hengshan Complex (Kröner et al., 2005b).
These Neoarchean rocks or zircons have been interpreted as remnants
of an older continental crust on which an Andean-type continental
margin arc developed and then was incorporated into the TNCO due
to the collision of the Eastern and Western Blocks (Kröner et al.,
2005a, 2005b, 2006; Wilde and Zhao, 2005). The Hf Tc model ages
suggest that the source rocks of this population of detrital zircons
were derived from remelting of the 3.1–2.8 Ga crust (Supplementary
Table 2).

Minor amounts of detrital zircons from the Lüliang Group have
an age range between 3061 Ma and 2920 Ma,which only constitute
2% of all detrital zircons collected from the meta-sedimentary rocks
Fig. 14. Variation diagrams of Zr vs. selected major and trace elements for the
(Fig. 13). The rocks within such an age range, although not widespread,
have been reported in the Eastern Block and TNCO. In the Eastern Block,
they include the fuchsite quartzites (3.80–2.59 Ga;Wu et al., 2005) and
orthogneisses (3.28–2.94 Ga; Nutman et al., 2011) in Eastern Hebei and
the granitoids and meta-sedimentary rocks (3.81–2.86 Ga; Liu et al.,
1992, 2008) in the Anshan. However, the 2943 Ma detrital zircon from
the group gave εHf (t) value of +3.9 and Tc model age of 3.1 Ga,
which are very different from those of the similar-aged detrital zircons
found in the Eastern Block (Wu et al., 2008; Liu et al., 2008). A closer
andmore possible source area for theseMesoarchean zircons is the am-
phibolites in the Taihua Complex of the southern TNCO (Fig. 1), where
Diwu et al. (2010) reported ~2.9 Ga xenocrystic zircon with εHf(t)
value of about +6. These geochronological and isotopic similarities in-
dicate that the minor part of the meta-sedimentary units was derived
from the amphibolites in the Taihua Complex.

Finally, the youngest population of detrital zircons from the Lüliang
Group has an age range between 2211 and 2202 Ma (Fig. 13). In this
study, three meta-volcanic samples from the Jinzhouying and Dujiagou
Formations gave the crystallization ages of 2209–2178 Ma, which are
meta-volcanic samples of the Lüliang Group (same symbols as in Fig. 10).
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nearly identical with the youngest population. In addition, the meta-
volcanic samples have yielded zircon εHf(t) values ranging from −6.7
to +3.6, which overlap with those of the ~2.2 Ga detrital zircons from
the studied meta-sedimentary samples. Such geochronological and
isotopic similarities suggest that the detrital zircons within the
age range of 2211 to 2202 Ma were sourced from the coeval meta-
volcanic rocks in the Lüliang Group.

5.3. Petrogenesis of the meta-volcanics from the Lüliang Group

The meta-volcanic rocks of the Lüliang Group were variably de-
formed and metamorphosed from greenschist- to amphibolite-facies
at ~1.85 Ga (Liu et al., 2006, 2012; Zhao et al., 2000). Therefore, it is
essential to screen for the effects of post-magmatic alterations to identi-
fy their primary geochemical features for evaluating their petrogenesis
and tectonic setting (Manikyamba et al., 2009; Polat et al., 2002). Loss
on ignition (LOI) has been used to evaluate the extent of elementmobil-
ity during alteration (Farahat, 2010; Polat et al., 2002). With the excep-
tion of two samples (12LL49-2 and 12LL51-3; Supplementary Table 3)
having relatively high LOI values (3.56 and 3.47 wt.%), all other Lüliang
meta-volcanic rocks have LOI values less than3 wt.%, suggesting limited
alteration. In addition, minor Ce anomalies (see Supplementary
Table 3), along with coherent chondrite-normalized REE and primitive
mantle-normalized HFSE patterns, endorse weak post-magmatic alter-
ations (Polat et al., 2002). In contrast, the scatter of points on bivariate
plots for CaO, Na2O, K2O, Rb, Sr and Ba vs. Zr (an element immobile
undermostmetamorphic conditions; Fig. 14a and b) likely suggests dif-
ferent degrees of element mobility. Thus, the petrogenetic discussion
and interpretations will be based mainly on the REEs and HSFEs,
which are least affected by lateral alteration and metamorphism.

The Lüliang meta-volcanic rocks are characterized by large negative
Nb anomalies in the spider diagrams (Fig. 12), which could either be
inherited from a mantle source or reflect significant crustal contamina-
tion during magma emplacement (Polat et al., 2011). Possible contami-
nation by the Neoarchean TTG gneisses and granitoids in the TNCO
is also evidenced by the several coeval xenolithic zircons. However,
the average Archean upper continental crust is characterized by small
Zr and Hf anomalies (0.98 and 1.09; Taylor and McLennan, 1995).
Therefore, given that most of the meta-volcanic rocks still possess
large negative Zr and Hf anomalies (Supplementary Table 3), we sug-
gest that crustal contamination did not play a significant role. Moreover,
Fig. 15. (Ta/La)N vs. (Hf/Sm)N diagram for the meta-volcanic samples of the
the lack of correlation between εNd(t) values and crustal contamination-
sensitive elements or ratios (e.g., SiO2 and Th/Ce) also argues against
significant shallow-level crustal assimilation.

As mentioned above, the studied meta-volcanic rocks were meta-
morphosed from greenschist- to amphibolite-facies, and therefore the
fractional crystallization processes cannot be evaluated in detail. How-
ever, a reasonably good correlation between Zr and many major and
trace elements indicates that fractional crystallization was important
(Fig. 14). For example, Ni, Cr and partly Co are strongly compatible in
mantle mineral phases (e.g. olivine and pyroxene), whereas La is
strongly incompatible in these two minerals, and both the negative
correlations of Zr vs. Ni, Cr and Co and the positive correlations of Zr
vs. La (Fig. 14c and d), would indicate that the fractional crystallization
of olivine and pyroxene may have played an important role in the
petrogenesis of the Lüliang meta-volcanic rocks (Z.H. Wang et al.,
2010). This interpretation is further supported by the negative correla-
tion of MgO with increasing Zr and the positive correlation between Zr
and Nb (Fig. 14e and f). On the other hand, TiO2 shows a positive
correlation with Zr contents (Fig. 14g), suggesting that Fe–Ti oxides
(ilmenite and titanite) were not significant mineral phases during frac-
tionation (Ordóñez-Calderon et al., 2011). In addition, the plagioclase
fractionation might not have played a significant role in themagma dif-
ferentiation, as indicated by relatively constant Eu# values irrespective
of Zr (Fig. 14h).

Based on the geochemical differences, themeta-volcanic rocks of the
Lüliang Group can be divided into two groups. The first group is charac-
terized by weak enrichment in LREEs relative to HREEs and flat HREE
patterns, similar to those of average E-MORB (Fig. 11a). Their spider di-
agrams also resemble those of average of E-MORBwith the exception of
insignificantly negative Nb–Ta and Zr–Hf anomalies and LILEs enrich-
ments (Fig. 11a). Compared with E-MORB, the first group samples are
slightly depleted in Nb–Ta and Zr–Hf with the (Nb/La)n and (Zr/Sm)n
ratios of 0.53–0.75 and 0.84–1.01, respectively (Fig. 12a). They also
have slightly higher Zr/Nb, Th/Yb, Th/Zr, Th/Ta and lower Nb/Th ratios
relative to the average E-MORB source (Supplementary Table 3),
suggesting the melting of a E-MORB source slightly modified by slab-
derived fluids. In addition, the unradiogenic isotopic characteristics
with εHf(t) values of −2.9 to +2.4 indicate that partial meting of an
isotopically enriched mantle reservoir. Considering the insignificant
crustal contamination and similar whole-rock Nd and Zircon Hf model
ages, a Neoarchean E-MORB source, which has been slightly modified
Lüliang Group (after LaFlèche et al., 1998; same symbols as in Fig. 10).
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Fig. 16. (a) Th/Yb vs. Nb/Yb diagram (after Pearce and Peate, 1995) for the meta-volcanic
samples of the Lüliang Group. N- and E-MORB sources are from Sun and McDonough
(1989). (b) Log-transformed immobile trace element tectonic discrimination diagrams
for the meta-volcanic samples of the Lüliang Group, after Agrawal et al. (2008). MORB:
Mid-Ocean Ridge Basalts; IAB: Island Arc Basalts and CRB: Continental Rift Basalts (same
symbols as in Fig. 10). SW Turkey BABBs (Gürsu and Göncüoglu, 2005), Middle Okinawa
Trough BABBs (Shinjo et al., 1999), Andean arc basalts (Hickey et al., 1986).
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by slab-derived fluid, may be a possible magma source for the first
group of meta-volcanics from the Lüliang Group.

In comparison with the first group, the second group of meta-
volcanic rocks from the Lüliang Group has stronger LREEs/HREEs and
HREE fractionation (Fig. 11b). In the spider diagram, they are character-
ized by a significant enrichment in LILEs and a distinct depletion
in HSFEs (e.g. significant Nb–Ta, Ti and to lesser extent of Zr–Hf;
Fig. 12b). These samples have Nb contents of 2.45–16.9 ppm, Th/Nb
ratios of 0.21–1.00 and (Nb/La)n ratios of 0.19–0.51, similar to those
of the arc volcanic rocks (Gribble et al., 1998; Sandeman et al., 2006).
Furthermore, their (Ta/La)n and (Hf/Sm)n ratios are comparable with
those of a mantle source metasomatized by fluid-related subduction
(Fig. 15; LaFlèche et al., 1998). Taking into account the high Ba/Nb and
La/Nb ratios and low Nb/Zr and Th/Yb ratios, the subduction-related
components which affected the second group were mainly controlled
by the slab-derived fluid (Castillo, 2008; Class et al., 2000). Considering
the above geochemical features and similar whole-rock Nd and Zircon
Hf model ages, the second group of meta-volcanic rocks from the
Lüliang Group was possibly derived from a Neoarchean mantle modi-
fied by subduction-derived aqueous fluid.

5.4. Constraints on the tectonic evolution of the Trans-North China Orogen

The 2.2–2.1 Ga geological events are widespread across the TNCO
and thus have important implications on the tectonic evolution of the
NCC in the Paleoproterozoic (Du et al., 2010, 2012, 2013; Kröner et al.,
2005b; Sun and Hu, 1993; Wang et al., 2010; Wilde, 2002; Wilde
et al., 2005; Xie et al., 2012; Yang et al., 2011; Zhao et al., 2011). There
is a broad consensus that the 2.2–2.1 Ga geologic events in the TNCO
were extension-related, though thedetailed tectonic processes involved
have been the subject of a hot debate. One group of researchers has
suggested a continental rift basin setting based on the “A-type” signa-
tures of the Xuting granite in the Zanhuang Complex and the Dujiagou
feldspar porphyritic rocks in the Lüliang Complex (Du et al., 2012;
Yang et al., 2011). However, on the discrimination diagrams for various
A-type granitoid suites (Eby, 1992), all of these samples were plotted in
the A2 group, implying that their magmas were more likely generated
from crust that had been through a cycle of subduction-zone than
from continental rift zones (Du et al., 2012; Yang et al., 2011). Further-
more, dominantly negative zircon εHf(t) andwhole-rock εNd(t) values of
the 2.2–2.1 Ga igneous rocks (Geng et al., 2000; Yang et al., 2011; Zhao
et al., 2011) suggest little contribution of juvenilemantlematerial to the
magmas of them.

The petrogenesis of themeta-volcanic rocks from the Lüliang Group,
including the melting of an E-MORB and a mantle source modified by
subduction-derived fluid, suggests an overall 2.2–2.1 Ga back-arc
setting rather than a continental rift in the Lüliang Complex. The pres-
ence of xenocrystic zircons in the representative samples of the meta-
volcanic rocks is also consistent with the involvement of continental
basement prior to their eruption. In addition, most of the studied sam-
ples form a linear array extending from the field of IAB to MORB,
which represents basalts from a back-arc setting (Fig. 16b; Agrawal
et al., 2008). Similarly, the Lüliang meta-volcanic rocks fall into the
field of continental arc, with the first group samples near the MORB
field on the discrimination diagramof Th/Yb vs. Nb/Yb, which also char-
acterize back-arc basin basalts (Fig. 15a; Farahat, 2010). Additionally,
the back-arc setting is also substantiated by the following geological
evidences: (1) the formation age of the Lüliang Group is constrained
at a certain period between 2.2 and 2.1 Ga, which was coeval with the
2182–2112 Ma subduction-related granitoids in the TNCO (Kröner
et al., 2005b; Wilde, 2002; Wilde et al., 2005; Zhao et al., 2008b); and
(2) the detrital zircon patterns suggest that the pre-tectonic granitoids
in the Lüliang Complex were the dominant source rocks of the meta-
sedimentary rocks from the Lüliang Group. On the other hand, the
subordinate amount of 2790–2600Ma detrital zircons were most likely
derived from the older continental crust on which the continental
margin arc developed. Such a combination of major arc-related prove-
nance and minor craton-derived sources is similar to those in other
back-arc basin deposits in the TNCO (Liu et al., 2013a).

The above discussion and previous studies about the low-grade
supracrustal successions in the Lüliang Complex indicate that a conti-
nental back-arc basin represented by the Lüliang Group and the lower
part of the Yejishan Group in the middle sector of the TNCO developed
after ~2.2 Ga and before ~1.85 Ga. This is consistent with themodel that
the collision between the Eastern andWestern Blocks along the TNCO to
form the NCC occurred at ~1.85 Ga (Guo et al., 2005; Kröner et al.,
2005a, 2005b, 2006; Liu et al., 2006; Wilde, 2002; Zhang et al., 2007,
2009, 2012; Zhao et al., 2000, 2005).

6. Conclusions

1) Sequences of the Lüliang Group in the Lüliang Complex at the west-
ern margin of the middle segment of the TNCO range from phyllites
and quartz schists (Yuanjiacun Formation), through thick-layers of
black phyllites (Peijiazhuang Formation), basal conglomerates,
pebbled arkoses and metabasites (Jinzhouying Formation), to
meta-felsic volcanics (Dujiagou Formation).
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2) The youngest detrital zircon age of ~2205 Ma from the Yuanjiacun
Formation, which is similar with the crystallization ages of
2209–2178 Ma of the meta-volcanic rocks from the Jinzhouying
and Dujiagou Formations, indicates that deposition of the group
began at ~2.2 Ga. On the other hand, the 2063 Ma Daorengou
adamellite and the 2086 Ma Qingyangshuwan Formation intruding
and overlying the Lüliang Group, respectively, place constraints on
the minimum formation age of the group.

3) Meta-volcanic rocks from the Lüliang Group can be geochemically
subdivided into two groups, with one group derived from a
Neoarchean E-MORB source and the other from a Neoarchean man-
tle modified by subduction-derived fluid.

4) New geochemical and geochronological data suggest that the
Lüliang Group at the middle segment of the TNCO developed in a
continental back-arc basin in the period between 2.2 Ga and 2.1
Ga, which is consistent with the model that the collision between
the Eastern and Western Block occurred at ~1.85 Ga.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2014.04.003.
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