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a  b  s  t  r  a  c  t

The  Northern  Liaoning  Complex  in northeastern  China  constitutes  an  important  component  of the  East-
ern Block  in  the North  China  Craton.  The  major  lithologies  consist  of  Archean  granitoid  gneisses  with
minor  supracrustal  rocks  occurring  as tectonic  lenses.  This  study  presents  zircon  Lu–Hf isotopic  data  for
the  first  time  as  well  as  new  SHRIMP  zircon  U–Pb  data  of the major  lithologies  from  the  Northern  Liao-
ning  Complex,  in  order  to  elucidate  the  crustal  evolution  of the complex  and  provide  new  constraints  on
the  Neoarchean  crustal  evolution  of  the Eastern  Block  in the  North  China  Craton.  Magmatic  zircon U–Pb
data from  this  study  show  that the  protolith  magmas  of  the  supracrustal  rocks  and  granitoid  gneisses
were  generated  during  ∼2.55–2.50  Ga.  Metamorphic  zircons  document  consistent  metamorphic  ages  at
2.49–2.48 Ga,  suggesting  a regional  metamorphic  event  immediately  after  the  magmatism  at the  end
of  the  Neoarchean  in  the  Northern  Liaoning  Complex.  Inherited/detrital  zircons  of  2.79–2.60  Ga  sug-
gest  possible  existence  of  ancient  crust  in  this  region.  Zircon  Lu–Hf  isotopic  compositions  show  that
the  magmatic  zircons  have  variable  εHf(t) values  from  −4.0 to +9.0  with  depleted  mantle  model  ages
of  3.6–2.5  Ga, of  which  most  εHf(t)  values  are  positive  with  a model  age  peak  at  2.9–2.7  Ga.  These  zir-
con  Hf  signatures  reveal  major  juvenile  crustal  growth  with  additions  of  older  crustal  materials  during
2.9–2.7  Ga,  and  a crustal  reworking  event  with  minor  juvenile  additions  at 2.6–2.5  Ga  in the studied  area.

Integrated  with  previous  data  from  other  Neoarchean  complexes  in the  Eastern  Block,  both  the  major
juvenile  crustal  growth  during  2.9–2.7  Ga  and  the  strong  crustal  reworking  at  2.6–2.5  Ga  contribute  to  the
extensive  Neoarchean  crust  formation  of the  Eastern  Block  in  the  North  China  Craton.  The  North  China
Craton  share  similar  Neoarchean  continental  crustal  evolution  to other  cratons  in  the  world,  though  it is
distinctively  featured  by intensive  tectonothermal  overprinting  at the  end  of the  Neoarchean.
. Introduction

Numerous geochronological and isotopic data from different
ratons all over the world have revealed several major crust-
orming stages at 3.5–3.2 Ga, 2.8–2.7 Ga and 2.6–2.5 Ga, producing
oluminous tonalite-trondhjemite-granodiorite (TTG) rocks and

olcanic rocks, which constitute the majority of the continen-
al crust (Hawkesworth and Kemp, 2006; Condie and Aster,
010; Condie et al., 2009). Of these crust formation events, the

∗ Corresponding author at: Department of Earth and Environmental Sciences,
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301-9268/© 2015 Elsevier B.V. All rights reserved.
©  2015  Elsevier  B.V.  All  rights  reserved.

∼2.8–2.7 Ga tectonothermal event is of global significance, as it
resulted in a great amount of continental crust formation over
a short period in many cratons, such as in the Superior Craton
(Beakhouse et al., 2011; Percival et al., 2006), South Africa Craton
(Kröner et al., 1999; Poujol et al., 2003), Western Greenland Cra-
ton (Crowley, 2002), Baltic craton (Bibikova et al., 2005), Wyoming
Craton (Rino et al., 2004) and Yilgarn Craton (Bateman et al.,
2001). Comparatively, the ∼2.6–2.5 Ga (end-Archean) tectonother-
mal  events have only been identified in a few cratons, such as the
Antarctic Craton (Black et al., 1991), South India Craton (Jayananda
et al., 2000) and North China Craton (NCC) (e.g. Zhao et al., 2001,

2005).

The North China Craton (NCC) is a key area to address the
end-Neoarchean tectonothermal event due to the good expo-
sure and accessibility of voluminous late Neoarchean (2.6–2.5 Ga)

dx.doi.org/10.1016/j.precamres.2015.12.013
http://www.sciencedirect.com/science/journal/03019268
http://www.elsevier.com/locate/precamres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.precamres.2015.12.013&domain=pdf
mailto:shoufa@uwaterloo.ca
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ig. 1. Tectonic subdivision of the North China Craton (modified after Zhao et al., 200
handong; SL = Southern Liaoning; NL = Northern Liaoning; WL  = Western Liaoning;

asement rocks (Santosh, 2010; Zhai, 2014; Zhao and Cawood,
012). Major advancements on the formation and evolution of
he Precambrian basement of the NCC have led to a broad con-
ensus that the NCC is formed by accretion and amalgamation
f several micro-continental blocks (Lu et al., 2008; Kusky and
i, 2003; Santosh, 2010; Wilde and Zhao, 2005; Zhai, 2014; Zhao
t al., 1998, 2001, 2012). Based on a widely-accepted tectonic
odel proposed by Zhao et al. (2001, 2005, 2012), these Archean
icro-continental blocks were amalgamated along three major

aleoproterozoic mobile belts, namely the Trans-North China Oro-
en, the Khondalite Belt and the Jiao-Liao-Ji Belt (Fig. 1; Wilde and
hao, 2005; Zhao et al., 2001, 2005, 2012). Extensive investiga-
ions have been carried out on these mobile belts to reveal the
ollisional history (e.g. Guo et al., 2002, 2005; Li et al., 2005, 2006,
010; Santosh, 2010; Tam et al., 2011; Wilde and Zhao, 2005; Yin
t al., 2009, 2011; Zhang et al., 2006, 2007, 2009; Zhao et al., 2001,
005; Zhou et al., 2008). However, the pre-collisional history of the
rchean micro-continental blocks in the NCC is relatively poorly

nvestigated, which has hampered a further understanding of the
rchean crustal evolution of the craton.

Available geochronological data indicate that most of the
eoarchean basement rocks in the Eastern Block were formed dur-

ng ∼2.6–2.5 Ga, while only a few were formed during 2.8–2.7 Ga
Wan  et al., 2011; Tang et al., 2007; Liu et al., 2013; Wu  et al.,
014a,b). All these basement rocks experienced a large-scale
egional metamorphism at ∼2.50 Ga with anticlockwise P–T paths
Ge et al., 2003; Geng et al., 2006, 2012; Grant et al., 2009; Liu et al.,
011; Kröner et al., 1998; Shen et al., 2007; Wu  et al., 2012, 2013b,
014a,b; Yang et al., 2008). This significant end-of-Neoarchean
ectonothermal event over the NCC makes the NCC distinct from

ost other Archean cratons that are characterized by ∼2.8–2.7 Ga
ectonothermal events (Condie et al., 2009). Although 2.8–2.7 Ga
ocks have also been identified locally in the NCC, it remains equivo-

al whether or not the entire Eastern Block underwent an extensive
rustal growth event at 2.8–2.7 Ga, like most other cratons in the
orld. Extensive investigations have been carried out in the cen-

ral part of the Eastern Block, including Western Shandong (Jahn
breviations: MY = Miyun; EH = Eastern Hebei; WS = Western Shandong; ES = Eastern
uthern Jilin; AB = Anshan-Benxi; TLF = Tancheng-Lujiang fault.

et al., 1988; Peng et al., 2012; Wan  et al., 2010, 2011, 2012; Wang
et al., 2009, 2013a,b, 2014), Eastern Shandong (Tang et al., 2007;
Jahn et al., 2008; Liu et al., 2013; Wu  et al., 2014a,b,c; Zhou et al.,
2008) and Eastern Hebei Complexes (Bai et al., 2015; Guo  et al.,
2013; Nutman et al., 2011; Yang et al., 2008), whereas study on the
crust evolution of the Northern Liaoning Complex in the northeast-
ern part of the Eastern Block is limited. In this study, we carried out
LA-ICP-MS zircon Lu–Hf isotopic study for the first time in addition
to SHRIMP zircon U–Pb dating on the major lithological units from
the Northern Liaoning Complex. A synthesis of previous studies
and our new data will not only place geochronological constraints
on the tectonothermal framework of the Northern Liaoning Com-
plex, but also provide important insights into understanding the
Neoarchean crustal evolution of the Eastern Block in the NCC.

2. Regional geology

The Archean basement is widely exposed in the Eastern Block of
the NCC as several complexes as shown in Fig. 1, including the East-
ern Hebei, Miyun, Western Shandong, Eastern Shandong, Western
Liaoning, Northern Liaoning and Southern Jilin complexes. In the
northeastern part of the Eastern Block, the Northern Liaoning and
the Southern Jilin complexes comprise the Longgang Block, which
amalgamated with the Nangrim Block along the Jiao-Liao-Ji Belt
during the Paleoproterozoic (Fig. 1; Zhao et al., 2005).

The Northern Liaoning Complex is located in Liaoning Province
in northeastern China and is mainly exposed in the Qingyuan,
Fushun, and Xinbin areas (Fig. 1). It is in tectonic contact with
the Central Asian Orogenic Belt to the north and the Jiao-Liao-Ji
belt to the south. The complex includes large volumes of granitoid
gneisses of TTG composition and minor mafic to felsic metavolcanic
or metasedimentary rocks, commonly known as the “Qingyuan
group” in Chinese literature. They experienced medium-high grade

metamorphism and multi-phase deformation. Minor post-tectonic
potassium-rich granites and charnockites are also present. The
supracrustal rocks comprise of serpentinite, amphibolite, granulite,
felsic and pelitic gneisses, hosting plenty of mineral resources, such
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Fig. 2. Simplified geological map  of the Norther

s iron, copper, zinc and gold (Li et al., 1999; Shen et al., 1994). Some
cholars consider that the Northern Liaoning Complex represents

 typical Archean granite-greenstone terrain (Peng et al., 2015;
hen et al., 1994; Wan  et al., 2005b; Zhai et al., 1985; Zhai, 2014),
lthough the grade of metamorphism is significantly higher (upper
mphibolite or granulite facies, as opposed to typically greenschist
acies in most granite-greenstone terranes elsewhere).

Limited geochronological studies have been carried out in the
orthern Liaoning Complex. Previously, Ar–Ar and Sm–Nd ages
f minerals and whole-rock samples and multigrain zircon U–Pb
nalyses gave Mesoarchean to early Neoarchean ages of 2.9–2.6 Ga
or the complex (Li and Shen, 2000; Peucat and Jahn, 1986; Shen
t al., 1994; Zhai et al., 1985). However, recent studies using in situ
ircon U–Pb dating have revealed that its majority were formed
uring late Neoarchean between 2.56 and 2.51 Ga and metamor-
hosed during 2.52–2.47 Ga (Bai et al., 2014; Grant et al., 2009; Wan
t al., 2005a). Besides, on the basis of previous geochemical data,
ifferent tectonic models for the Northern Liaoning Complex have

een proposed. Zhai et al. (1985) suggested the supracrustal rocks
“greenstones”) were of volcanic origin and erupted in a continental
ift setting above a hotspot, whereas Wan  et al. (2005b) proposed
hat this complex was formed in a continental arc setting followed

able 1
ummary of sample locations.

Sample Lithology Lo

14LN01-2 Granulite Ji
14LN17-1 Granulite P
14LN12-1 Grt-amphibolite T
14LN04-5 Grt-Hb-Bt-Pl gneiss Lo
14LN14-1 Grt-Bt-Pl gneiss T
14LN16-1 Grt-Bt-Pl gneiss X

ineral abbreviations: Bt – biotite; Grt – garnet; Hb – hornblende; Pl – plagioclase.
ning Complex (modified after Shen et al., 1994).

by arc collision. Most recently, Wu  et al. (2013b) favored a mantle
plume model to explain the metamorphic evolution of the Northern
Liaoning Complex, which is characterized by a counter-clockwise
metamorphic P–T path with an isobaric cooling process.

3. Petrology and sampling

Six representative samples of different lithologies from the
Northern Liaoning Complexes were selected for zircon U–Pb dat-
ing and Lu–Hf isotopic analysis. The samples include two  granulite
samples (14LN01-2 and 14LN17-1), one garnet-amphibolite sam-
ple (14LN12-1), one garnet-hornblende-biotite-plagioclase gneiss
sample (14LN04-5), and two  garnet-biotite-plagioclase gneiss sam-
ples (14LN14-1 and 14LN16-1). Sample locations are shown in Fig. 2
and summarized in Table 1.

3.1. Sample 14LN01-2
This coarse-grained granulite occurs as big individual enclaves
within the weathered hosting gneisses (Fig. 3a). The major min-
eral phases include orthopyroxene (20%), hornblende (10%), biotite

cality GPS

ngjiagou village N42◦11′43.26′′ , E124◦57′4.32′′

inglinghou village N41◦52′41.94′′ , E124◦50′13.32′′

angtu village N41◦46′11.76′′ , E124◦20′7.68′′

ngwangmiao village N42◦10′54.18′′ , E124◦55′33.42′′

ongshi village N41◦41′03.36′′ , E124◦6′18.6′′

iaolaihe iron mine N41◦52′53.64′′ , E124◦47′53.88′′
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sample 14LN12-1); (d) garnet-hornblende-biotite-plagioclase gneiss (sample 14L
lagioclase gneiss (sample 14LN16-1).

15%), plagioclase (45%) and quartz (10%). Most rims of orthopyrox-
ne are replaced by hornblende, some of which are further replaced
y biotite (Fig. 4a). In the same outcrop, garnet is locally present
ue to compositional heterogeneity. The occurrence of orthopy-
oxene and garnet suggests granulite facies metamorphism in this
egion.

.2. Sample 14LN17-1

This sample is a medium-coarse-grained garnet-bearing gran-
lite. It occurs as a massive enclave within the host felsic gneisses

Fig. 3b). The mineral assemblage is garnet (10%) + orthopyroxene
10%) + hornblende (15%) + biotite (5%) + plagioclase (40%) + quartz
20%) + magnetite (5%) (Fig. 4b). Rims of orthopyroxene are com-

only replaced by retrogressive hornblende or biotite.
ulite (sample 14LN01-1); (b) granulite (sample 14LN17-1); (c) garnet-amphibolite
); (e) garnet-biotite-plagioclase gneiss (sample 14LN14-1), and (f) garnet-biotite-

3.3. Sample 14LN12-1

This garnet-bearing amphibolite shows good gneissos-
ity (Fig. 3c) and consists mainly of garnet (5%) + biotite
(15%) + hornblende (25%) + plagioclase (40%) + quartz (15%) +
magnetite (5%) (Fig. 4c). Hornblende locally retrogrades to biotite,
resulting in the decrease of hornblende content and the increase
of biotite content.

3.4. Sample 14LN04-5

This medium-grained garnet-biotite-plagioclase gneiss sample

was collected near the abandoned Longwangmiao gold mine to
the north of the Qingyuan County (Fig. 2). The rock shows good
gneissosity in the field (Fig. 3d), with a mineral assemblage of gar-
net (5%) + biotite (7%) + muscovite (3%) + plagioclase (60%) + quartz
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ig. 4. Photomicrographs of major lithologies of the Northern Liaoning Complex. (a
sample 14LN12-1); (d) garnet-hornblende-biotite-plagioclase gneiss (sample 14L
lagioclase gneiss (sample 14LN16-1). Abbreviations: Bt = biotite; Cpx = clinopyroxe

25%) + magnetite (5%) (Fig. 4d). Muscovite is considered to be a
ater alteration product from biotite.

.5. Sample 14LN14-1

This sample is a coarse-grained garnet-biotite-plagioclase
neiss. The rock shows weak gneissosity (Fig. 3e) and con-
ists of garnet (15%) + biotite (30–40%) + plagioclase (30%) + quartz
20%) + magnetite (5%) (Fig. 4e). Garnet is commonly present as
oarse-grained porphyroblast (Fig. 4e). Oriented biotite aggregates
efine a weak foliation (Fig. 4e).
.6. Sample 14LN16-1

This medium-grained garnet-biotite-plagioclase gneiss sam-
le was collected from the Xiaolaihe iron mining area to the
ulite (sample 14LN01-1); (b) granulite (sample 14LN17-1); (c) garnet-amphibolite
); (e) garnet-biotite-plagioclase gneiss (sample 14LN14-1); and (f) garnet-biotite-
rt = garnet; Hb = hornblende; Opx = orthopyroxene; Pl = plagioclase; Qtz = quartz.

southwest of the Qingyuan County (Fig. 2). The biotite-plagioclase
gneiss is interlayered with iron-hosting amphibolite (Fig. 3f).
The gneiss has a mineral assemblage of garnet (10%) + biotite
(5%) + plagioclase (50%) + quartz (30%) + magnetite (5%) (Fig. 4f).

4. Analytical methods

Zircons were extracted from samples by standard mineral sepa-
ration techniques, and then mounted into epoxy resin and polished
to half of their thickness. Prior to zircon U–Pb–Hf analysis, cathodo-
luminescence (CL) imaging was  applied to reveal the internal
structures and to identify the potential analytical sites. CL imaging

was conducted using a Hitachi S3000N scanning electron micro-
scope equipped with ChromaCL detector at the Beijing SHRIMP
Center, Institute of Geology, Chinese Academy of Geological Sci-
ences (IGCAGS).
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ig. 5. Cathodoluminescence images (CL) of representative zircons from the Nort
nalytical positions, respectively. U–Pb spot number and apparent 207Pb/206Pb ages

Zircon U–Pb dating was conducted using the SHRIMP II ion
icroprobe at the Beijing SHRIMP Center, IGCAGS. The analytical

rocedures were similar to those described by Williams (1998).
he intensity of the primary 2−O ion beam was ∼5 nA, and the spot
ize was around 23 �m.  Each analytical site was rastered for 3 min
rior to analysis to remove the carbon coating and alteration. Five
cans through the nine mass stations were made for each anal-
sis. Reference standard zircons M257 (U = 840 ppm; 206Pb/238U
ge = 562 Ma)  (Nasdala et al., 2008) and TEMORA 1 (206Pb/238U
ge = 417 Ma)  (Black et al., 2003) were used for calibration of
lemental abundance and 206Pb/238U, respectively. Every three
nalyses of unknown were followed by one analysis of TEMORA
. The measured 204Pb abundances were applied for the common

ead correction. Data processing was carried out using the SQUID
nd ISOPLOT programs (Ludwig, 2003). The zircon U–Th–Pb iso-
opic data are given in Supplementary Table 1. The uncertainties for
he isotopic ratios of individual analyses are quoted at 1�, whereas
ncertainties for weighted mean ages are given at 2� (95% confi-
ence level).

Supplementary Table 1 related to this article can be found, in
he online version, at http://dx.doi.org/10.1016/j.precamres.2015.
2.013.

In situ zircon Lu–Hf analyses were performed using a Nep-
une MC-ICP-MS equipped with a 193-nmArF-excimer laser at
he Institute of Geology and Geophysics, Chinese Academy of
ciences (IGGCAS) in Beijing, China. Analytical procedures were
escribed in more detail by Wu  et al. (2006). During the whole
nalyses, a laser beam of 44 �m in diameter with a repetition
ate of 8 Hz was adopted. Standard Zircons GJ-1 and Mud  Tank
ere used as reference standards. Repeated measurements on
J-1 and Mud  Tank yielded weighted mean 176Hf/177Hf ratios of

.282013 ± 8 (2�, n = 30, MSWD  = 1.4) and 0.282509 ± 4 (2�, n = 57,
SWD  = 1.9), respectively, which are in good agreement with the

ecommended values within 2� error (Morel et al., 2008; Sláma
t al., 2008; Xie et al., 2008). Calculation of εHf(t) values was
iaoning Complex. The solid circles and dashed circles represent U–Pb and Lu–Hf
dicated.

based on the present chondritic uniform reservoir (CHUR) val-
ues with 176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 (Bouvier
et al., 2008), using the decay constant of 176Lu of 1.867 × 10−11 yr−1

(Söderlund et al., 2004). As all the samples were intermediate to
acid rocks based on the mineral assemblages, two-stage depleted
mantle model (TDM2) ages were adopted throughout this study and
calculated with a mean 176Lu/177Hf ratio of 0.022 for the lower con-
tinental crust (Amelin et al., 1999). All the zircon Lu–Hf isotopic
data and calculation details are presented in Supplementary Table
2 with an error of 2�.

Supplementary Table 2 related to this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.precamres.2015.
12.013.

5. Results

5.1. Sample 14LN01-2

The zircon morphology and internal structures revealed by CL
imaging show that most zircons are subhedral prismatic with
rounded terminations, sizing from 150 to 300 �m in length, and
have clear core-rim structures (Fig. 5a). The cores are commonly
featured by intense oscillatory zoning, indicative of igneous ori-
gin. These igneous cores are surrounded or truncated by rims
with/without blurred oscillatory zoning. The rims are mainly
20–80 �m in width and were considered to have formed by recrys-
tallization or overgrowth during later metamorphism. Some zircon
grains have structureless or complicated dark zone between the
core and rim, likely representing the domain where metamorphic
recrystallization occurred. A total of twenty-one analyses were
performed on seventeen zircon grains, of which twelve were on

magmatic domains and nine on metamorphic domains. Ten of
the twelve analyses on magmatic zircon domains give younger
apparent 207Pb/206Pb ages ranging from 2556 Ma  to 2495 Ma  (Sup-
plementary Table 1), of which six yielded a weighted mean age of

http://dx.doi.org/10.1016/j.precamres.2015.12.013
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537 ± 8 Ma  (MSWD  = 1.16; Fig. 6a), representing the crystalliza-
ion age of the protolith for the granulite. The other two analyses
ave older concordant apparent 207Pb/206Pb ages of 2791 ± 6 and
679 ± 7 Ma  (Supplementary Table 1), interpreted to be inherited

ircons. Seven concordant analyses of the nine analyses on meta-
orphic domains gave consistent apparent 207Pb/206Pb ages of

490–2476 Ma  (Supplementary Table 1), yielding a weighted mean
ge of 2482 ± 5 Ma  (MSWD  = 0.5; Fig. 6a). This age is interpreted to
e blue and green circles represent magmatic and metamorphic zircon domains,
 references to color in this figure legend, the reader is referred to the web  version

be the timing of a metamorphic event in the Northern Liaoning
Complex.

The results of Lu–Hf analyses on magmatic zircons show vari-
able 176Lu/177Hf ratios of 0.000247–0.001641 and 176Hf/177Hf

ratios of 0.281144–0.281448 (Supplementary Table 2). The εHf(t)
(t = 2537 Ma,  weighted mean 207Pb/206Pb age of the sample) values
range from −3.2 to +8.5 with two-stage depleted mantle Hf model
(TDM2) ages ranging from 3.53 to 2.51 Ga (Supplementary Table 2).
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2.62 Ga (Supplementary Table 2). Metamorphic zircons show
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omparatively, the metamorphic zircons have less variable
76Lu/177Hf ratios of 0.000381–0.000483 and 176Hf/177Hf ratios of
.281275–0.281437, with εHf(t) (t = 2484 Ma)  values from +2.2 to
8.1 and TDM2 ages of 3.02–2.72 Ga (Supplementary Table 2).

.2. Sample 14LN17-1

Zircons from this sample are mainly subhedral prismatic with
ounded termination, and the grain size varies from 100 to 150 �m
n length. As revealed by CL images, most zircons have thin
igh-luminescent rims (<30 �m)  surrounding cores that can be
scillatory-zoned, patchy-zoned or structureless (Fig. 5b). Many
ircons develop low-luminescent zones between the cores and
ims, representing recrystallization domains. The oscillatory zon-
ng suggests a magmatic origin, whereas the patchy-zoning and
tructureless cores as well as the thin recrystallization rims were
onsidered to be of metamorphic origin. Twenty analyses were
ade on nineteen zircon grains in total, with four on magmatic

omains and the remaining on metamorphic domains. Three of
he four analyses on the magmatic zircons yielded weighted mean
07Pb/206Pb age of 2515 ± 39 Ma  (MSWD  = 2.2; Fig. 6b). This age is
nterpreted to represent the protolith age of the granulite, and is
dentical within error to the crystallization age of sample 14LN01-2
escribed above. The fourth analysis yielded an older disconcor-
ant apparent 207Pb/206Pb age of 2653 ± 15 Ma  (spot 5.1 on Fig. 6b),

nterpreted to be an inherited zircon. Fifteen of the sixteen analyses
n metamorphic zircons show apparent 207Pb/206Pb ages ranging
rom 2494 to 2468 Ma  with a weighted mean 207Pb/206Pb age of
485 ± 3 Ma  (MSWD  = 1.14; Fig. 6b). This age is explained as the
ge of the regional metamorphism.

Magmatic zircons from this sample have variable 176Lu/177Hf
atios of 0.000050–0.001196 but relatively homogeneous
76Hf/177Hf ratios of 0.281163–0.281412 (Supplementary Table
). The εHf(t) (t = 2515 Ma)  values vary largely from −1.2 to +7.9
ith TDM2 ages from 3.34 Ga to 2.55 Ga (Supplementary Table

). Metamorphic zircons show less variable 176Lu/177Hf ratios of
.000381–0.000483 and 176Hf/177Hf ratios of 0.281319–0.281470,
ith εHf(t) (t = 2485 Ma)  values from +4.3 to +9.0 and TDM2 ages of

.84–2.43 Ga (Supplementary Table 2).

.3. Sample 14LN12-1

Zircons extracted from this amphibolite sample are mainly
ubhedral rounded grains with sizes around 100–120 �m in
iameter. Although many zircons have core-rim structure, the
ores are generally structureless or sector-zoned, indicative of
etamorphic origin. The rims are typical metamorphic recrystal-

ized rims and some grains show structureless recrystallization
ith low-luminescence (Fig. 5c). Twenty-one analyses on eigh-

een zircon grains were made with apparent 207Pb/206Pb ages of
512–2459 Ma  (Supplementary Table 1), of which nineteen yielded

 weighted mean 207Pb/206Pb age of 2489 ± 3 Ma (MSWD  = 1.6;
ig. 6c). This age is interpreted to be the age of metamorphism
nd is consistent with the metamorphic ages documented by the
ranulites.

Metamorphic zircons from this sample have variable
76Lu/177Hf ratios of 0.000011–0.000690 but relatively homo-
eneous 176Hf/177Hf ratios of 0.281286–0.281430 (Supplementary
able 2). The εHf(t) (t = 2488 Ma)  values vary largely from +3.4
o +9.6 with TDM2 ages from 2.92 Ga to 2.39 Ga (Supplementary
able 2).
.4. Sample 14LN04-5

Zircon grains from this sample show two distinct types based
n their morphology and internal structures as revealed by CL
earch 275 (2016) 35–47

imaging. Type A zircons are subhedral prismatic grains with
rounded terminations sizing from 120 to 160 �m.  These grains
commonly have magmatic cores characterized by intensive oscilla-
tory zoning surrounded by metamorphic recrystallized rims (grains
in the right of Fig. 5d). Type B zircons are mainly subhedral
to anhedral rounded grains sizing from 60 to 80 �m,  of which
most are structureless whereas some have wide rims truncating
relict magmatic cores (grains in the left of Fig. 5d). These struc-
tureless domains and rims are indicative of metamorphic origin.
Twenty-two analyses in total were made on nineteen grains. One
spot hit on the boundary between magmatic and metamorphic
domains is excluded from discussion. Fifteen analyses on magmatic
domains show apparent 207Pb/206Pb ages between 2494 Ma and
2578 Ma,  of which eleven yielded a weighted mean 207Pb/206Pb
age of 2555 ± 10 Ma  (MSWD  = 1.6; Fig. 6d). This age is considered
to be the protolith age of the garnet-biotite-plagioclase gneiss.
Six analyses on metamorphic domains gave apparent 207Pb/206Pb
ages of 2432–2501 Ma,  and four of them yielded a weighted mean
207Pb/206Pb age of 2476 ± 9 Ma  (MSWD  = 0.33; Fig. 6d), represent-
ing the timing of metamorphism.

The magmatic zircon 176Lu/177Hf ratios vary largely from
0.000501 to 0.001408 whereas their 176Hf/177Hf ratios vary less
significantly from 0.281237 to 0.281427 (Supplementary Table
2). Their εHf(t) (t = 2555 Ma)  values and TDM2 ages range from
+2.3 to +8.6 and 3.07 Ga to 2.52 Ga, respectively (Supplementary
Table 2). Metamorphic zircons show variable 176Lu/177Hf ratios of
0.000026–0.001280 and 176Hf/177Hf ratios of 0.281364–0.281507,
with εHf(t) (t = 2476 Ma)  values from +5.9 to +9.3 and TDM2 ages of
2.69–2.40 Ga (Supplementary Table 2).

5.5. Sample 14LN14-1

Zircons in this garnet-biotite-plagioclase gneiss are generally
subhedral to euhedral prismatic with rounded terminations or
stubby grains. Most zircon grains are around 100 �m in diame-
ter. Their rounded crystal shape as well as the abundant garnet
and biotite contents indicate that this rock is possibly a parag-
neiss. CL images show that most zircons have magmatic cores
with oscillatory zoning surrounded by either magmatic zonation
or structureless low-luminescent rims formed during metamor-
phism (Fig. 5e). A total of twenty-two analyses were performed
on twenty-one grains. Eighteen analyses on magmatic domains
show apparent 207Pb/206Pb ages varying from 2675 Ma  to 2505 Ma,
most of which fall on or near the concordia (Fig. 6e). This age
distribution pattern with several peaks are more likely found in
metasedimentary rocks rather than in igneous rocks. Therefore, we
interpreted these zircons as detrital zircons. The youngest age of
2505 Ma  predates the deposition of the sediments. The magmatic
age peaks at ∼2.52 Ga, ∼2.54 Ga and 2.56–2.60 Ga are consistent
with the local magmatic events. These suggest that the protolith
of this paragneiss may  have been sourced from the local rocks in
the studied region. Four analyses on metamorphic domains gave
a weighted mean 207Pb/206Pb age of 2484 ± 14 Ma  (MSWD  = 2.5;
Fig. 6e), approximating the timing of regional metamorphism.
These data constrain the timing of deposition between 2505 Ma
and 2484 Ma.

Lu–Hf isotopic analyses of magmatic zircons show a wide
range of 176Lu/177Hf ratios of 0.000137–0.001609 and 176Hf/177Hf
ratios of 0.281081–0.281402, with εHf(t) (t = 2527 Ma)  values
ranging from −4.0 to +7.2 and TDM2 ages from 3.59 Ga to
similar 176Lu/177Hf ratios (0.000090–0.001580) and 176Hf/177Hf
ratios (0.281113–0.281463), with εHf(t) (t = 2484 Ma)  values of
−5.4 to +6.4 and TDM2 ages of 3.68–2.66 Ga (Supplementary
Table 2).
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.6. Sample 14LN16-1

Zircons from this garnet-biotite-plagioclase gneiss are mostly
ubhedral to euhedral prismatic grains with rounded terminations.
heir internal morphology revealed by CL is mainly characterized
y magmatic oscillatory zoned cores surrounded by low lumi-
escent metamorphic rims, with some grains showing complete
etamorphic recrystallization (Fig. 5f). Twenty-one analyses were
ade on twenty grains. Sixteen analyses on magmatic zircons clus-

er tightly and give a weighted mean 207Pb/206Pb age of 2497 ± 4 Ma
MSWD  = 1.3, Fig. 6f), which is interpreted to be the crystalliza-
ion age of the protolith magma. Five analyses on metamorphic
ircons yielded a weighted mean 207Pb/206Pb age of 2476 ± 10 Ma

MSWD  = 5.2; Fig. 6f), interpreted to be the age of metamorphism.

Magmatic zircons have 176Lu/177Hf ratios from 0.000148 to
.000758 and 176Hf/177Hf ratios from 0.281083 to 0.281561 (Sup-
lementary Table 2). Their εHf(t) (t = 2497 Ma)  values vary from

able 2
ummary of zircon U–Pb ages for the Northern Liaoning Complex.

Sample Rock type Inherited/detrital zircon age (Ma) 

LQ0107 Amphibole leptynite 

LF0107 Amphibole leptynite 

LQ0104 Amphibole leptynite 

12LN25-2 Amphibolite 

P10NC5 Amphibolite 

14NL01-2 Granulite 2791 ± 6 

2679  ± 7
14NL17-1 Granulite 2653 ± 15 

14NL12-1 Amphibolite 

LQ0110 TTG gneiss 

LF0106 TTG gneiss 

MG-48 Trondhjemite 

MG-141 Tonalite 

MG-146 Trondhjemite 

13LB49-3 Trondhjemitic gneiss 2674 ± 48 

12LN04-1 Tonalitic gneiss 

12LN27-1 Trondhjemitic gneiss
P10PJW1 Tonalite 

P10BHG5 Tonalite 

14NL04-5 Grt-Hb-Bt-Pl gneiss 

14NL14-1 Grt-Bt-Pl gneiss 2675–2505 

14NL16-1 Grt-Bt-Pl gneiss 

12LN39-3 Quartz dioritic gneiss 

12LN30-2 Quartz diorite 

P10PLH3 Quartz diorite 2661 ± 12 

P10YJD3 Quartz monzodiorite 

MG-47 Syenogranite 

12LN01-1 Granite 

ineral abbreviations: Bt – biotite; Grt – garnet; Hb – hornblende; Pl – plagioclase; Qtz –
7Pb/206Pb ages versus εHf(t) values diagram; (b) histogram of two-stage Hf model
ent magmatic zircons and metamorphic zircons, respectively.

−3.8 to +5.9 with TDM2 ages of 3.55–2.71 Ga (Fig. 7a, Supple-
mentary Table 2). Metamorphic zircons have 176Lu/177Hf ratios of
0.000292–0.000635 and 176Hf/177Hf ratios of 0.281242–0.281464,
and their εHf(t) (t = 2476 Ma)  values vary from +1.2 to +9.0 with
TDM2 ages from 3.11 Ga to 2.42 Ga (Supplementary Table 2).

6. Discussions

6.1. Tectonothermal framework of the Northern Liaoning
Complex

Available zircon U–Pb data for the major lithologies in the North-
ern Liaoning Complex is summarized in Table 2. In this study,

magmatic zircon U–Pb data gave consistent crystallization ages
of 2.55–2.50 Ga for the protolith magmas of the granulites and
biotite-plagioclase gneisses, in good accordance with previous zir-
con U–Pb ages of 2.57–2.50 Ga obtained for different lithologies in

Crystallization age (Ma) Metamorphic age (Ma) Source

2515 ± 6 ∼2.52 Ga Wan  et al. (2005a)
2510 ± 7 Wan  et al. (2005a)

2479 ± 5 Wan  et al. (2005a)
2530 ± 5 2507 ± 11 Bai et al. (2014)

2480 ± 9 Peng et al. (2015)
2537 ± 8 2482 ± 5 This study

2515 ± 39 2485 ± 3 This study
2489 ± 3 This study

2556 ± 18 2519 ± 48 Wan  et al. (2005a)
∼2.47 Ga

2528 ± 27 2477 ± 13 Wan  et al. (2005a)
2530 ± 22
2553 ± 7 2500 ± 10 Grant et al. (2009)
2534 ± 4 2510 ± 7 Grant et al. (2009)

2497 ± 7 Grant et al. (2009)
2550 ± 10 2508 ± 49 Bai et al. (2014)
2544 ± 4 Bai et al. (2014)
2518 ± 23 2473 ± 30 Bai et al. (2014)
2526 ± 11 Peng et al. (2015)
2520 ± 12 Peng et al. (2015)
2555 ± 10 2476 ± 9 This study

2484 ± 14 This study
2497 ± 4 2476 ± 10 This study
2571 ± 7 Bai et al. (2014)
2496 ± 18 Bai et al. (2014)
2523 ± 6 2478 ± 18 Peng et al. (2015)
2512 ± 10 Peng et al. (2015)
2502 ± 11 2516 ± 32 Grant et al. (2009)
2522 ± 4 Bai et al. (2014)

 quartz.



4 n Res

t
2
g
s
t
f
2
t
t
B
2
t
N
w
N
W

a
L
m
a
z
(
p
i
m
e
W
Z
o

t
m
s
E
i

6

g
a
d
t
t
t
c
t
h
e
t
w
f
(
w

r
t
v
p
c
v
d
i
c
a

4 M. Wu et al. / Precambria

he Northern Liaoning Complex (Table 2; Bai et al., 2014; Grant et al.,
009; Peng et al., 2015; Wan  et al., 2005a). As shown in Table 2, in
eneral, TTG magmatism and mafic magmatism occurred almost
imultaneously during 2.56–2.52 Ga and 2.54–2.51 Ga, respec-
ively. The emplacement of quartz-diorite/monzodiorite extended
rom 2.57 to 2.50 Ga. Minor post-tectonic potassic magmatism at
.52–2.50 Ga marks the cession of this magmatic event. In addi-
ion, several inherited magmatic cores and detrital zircons from
his complex have ages varying from 2.79 Ga to 2.60 Ga (Table 2;
ai et al., 2014; Grant et al., 2009; Peng et al., 2015; Wan  et al.,
005a), indicating the existence of older crust in this region. All
hese zircon U–Pb ages suggest a major magmatic activity in the
orthern Liaoning domain during 2.57–2.50 Ga, which is consistent
ith other complexes in the Eastern Block (e.g. Geng et al., 2006;
utman et al., 2011; Tang et al., 2007; Wang et al., 2012, 2013a,b;
u et al., 2013a; Yang et al., 2008).
Metamorphic overgrowth/recrystallization domains of zircons

re present in all samples (Fig. 5), indicating that the Northern
iaoning Complex experienced medium- to high-grade regional
etamorphism. In this study, we obtained metamorphic zircon

ges of 2.49–2.48 Ga, in agreement with previous metamorphic
ircon ages of 2.52–2.47 Ga from the Northern Liaoning Complex
Table 2). These indicate that a regional metamorphic event hap-
ened immediately after the extensive magmatism (2.57–2.50 Ga)

n this region. This ∼2.5 Ga metamorphism has also been docu-
ented in other Archean complexes in the Eastern Block (e.g. Ge

t al., 2003; Geng et al., 2006; Liu et al., 2011; Wan  et al., 2012;
ang et al., 2012, 2013a,b; Wu et al., 2013a; Yang et al., 2008;

hao et al., 1998), suggesting a widespread tectonothermal event
ver the entire Eastern Block at the end of the Neoarchean.

In summary, available zircon geochronological data indicate
hat the Northern Liaoning Complex experienced extensive mag-

atism between 2.57 and 2.50 Ga and immediately encountered
trong regional tectonothermal overprinting during 2.52–2.47 Ga.
arlier magmatism may  also exist in this region as revealed by
nherited zircons of 2.79–2.59 Ga.

.2. Crustal evolution of the Northern Liaoning Complex

Zircon Lu–Hf system is commonly used to trace the magma  ori-
in and constrain the timing of crust–mantle differentiation (Kinny
nd Maas, 2003; Wu et al., 2007; Zeh et al., 2010). Basic rocks were
erived from the depleted mantle through partial melting, whereas
he intermediate-acidic rocks were formed by partial melting of
he middle-lower crust that originated from the depleted man-
le. Basically, the Hf model age that greatly exceeds the magma
rystallization age suggests a long crustal residence period after
he magma  was separated from the depleted mantle. On the other
and, if the Hf model age is close to the crystallization age, the par-
nt rocks are considered to be juvenile with short crustal residence
ime or mantle-derived rocks. In this study, as most of the samples
ere intermediate-acidic, two-stage Hf model ages were adopted

or discussion by calibration using the Lu/Hf differentiation index
fLu/Hf) of the lower crust to represent the timing when the magma
as extracted from the depleted mantle (e.g. Wu et al., 2007).

Zircon Lu–Hf data from the Northern Liaoning Complex is
eported and discussed for the first time in this study to decipher
he crustal evolution of this complex. As shown on the εHf(t) values
ersus zircon formation age diagram (Fig. 7a), zircons from all sam-
les preserved variable Hf isotopic compositions against relatively
onsistent formation ages. For the metamorphic zircons, most εHf(t)
alues are positive and situated between that of the contemporary

epleted mantle and the chondrite, with only two  grains show-

ng negative εHf(t) values. As Lu–Hf isotopic system is generally
onsidered to be resistant to the modification of metamorphism
nd metamorphic zircons from the Northern Liaoning Complex
earch 275 (2016) 35–47

show similar 176Hf/177Hf ratios to that of the magmatic zircons
(Fig. 7a), it is believed that the Lu–Hf isotopic system was essentially
not disturbed during the later metamorphism (Kinny and Maas,
2003; Wu  et al., 2007; Zeh et al., 2010). Therefore, these metamor-
phic zircons inherited the primary Hf signatures from the magmatic
zircons.

Magmatic zircons have εHf(t) values varying from −4.0 to +9.0
with TDM2 ages of 3.59–2.44 Ga. The majority of the εHf(t) val-
ues are positive and situated between the evolutionary trends of
the depleted mantle and chondrite (Fig. 7a) with the two-stage
model ages peak at 2.9–2.7 Ga (Fig. 7b), suggesting the crust was
mainly originated from recycling of the pre-existed 2.9–2.7 Ga juve-
nile crust at the end of the Neoarchean. A few magmatic zircons
with high positive εHf(t) values close to that of the contempo-
rary depleted mantle and model ages close to their formation ages
(∼2.6–2.5 Ga) indicate that minor juvenile additions also contribute
to the crust evolution. In addition, some magmatic zircons with
negative εHf(t) values (−4.0 to −0.2) and much older model ages
(3.6–3.2 Ga) suggest the involvement of ancient crustal materials,
implying the possible existence of Paleoarchean crust in the North-
ern Liaoning Complex. Collectively, the zircon Lu–Hf isotopic data
presented in this study reveal that the Northern Liaoning Complex
experienced major juvenile crustal growth with minor additions
of older crustal materials at 2.9–2.7 Ga (Fig. 7b), followed by an
intensive crustal reworking event with minor juvenile additions at
∼2.6–2.5 Ga.

6.3. Implications for the continental crustal evolution of the
Eastern Block

Controversy has long surrounded the early crustal evolution
of the Eastern Block in the NCC. Based on the large volume of
∼2.6–2.5 Ga rocks over the whole Eastern Block and their arc-like
geochemical signatures (e.g. Geng et al., 2006; Nutman et al., 2011;
Wan  et al., 2005a,b; Wang et al., 2012, 2013a,b; Yang et al., 2008),
some scholars suggest the major crustal growth occurred at ∼2.5 Ga
(Diwu et al., 2011; Liu et al., 2009). Conversely, other researchers
propose that the major juvenile crustal growth in the Eastern Block
occurred during early Neoarchean between 2.9 and 2.7 Ga (Geng
et al., 2012; Jiang et al., 2010; Wan  et al., 2010; Wang and Liu,
2012). The latter is supported by that the Nd and Hf depleted
mantle model ages of the voluminous ∼2.5 Ga basement rocks are
concentrated at 2.9–2.7 Ga, suggesting the end-Neoarchean crust
of the Eastern Block was  mostly originated from the reworking
of the 2.9–2.7 Ga crust (Geng et al., 2012; Jahn et al., 2008; Jiang
et al., 2010; Wan  et al., 2010, 2011, 2012; Wang and Liu, 2012; Wu
et al., 2005, 2013a, 2014a,c). Such a conclusion is also manifested by
the inherited zircons of 2.79–2.60 Ga and the model ages (concen-
trated between 2.9 Ga and 2.7 Ga) of the late Neoarchean magmatic
zircons (2.6–2.5 Ga) from the Northern Liaoning Complex. The
Northern Liaoning Complex share similar crustal evolutionary his-
tory to other Archean complexes in the Eastern Block, such as the
Eastern Hebei Complex (Geng et al., 2006; Yang et al., 2008), the
Western Shandong Complex (Wan  et al., 2010, 2012; Wang et al.,
2013b, 2014; Wu et al., 2012), the Eastern Shandong Complex (Tang
et al., 2007; Wu  et al., 2014a) and the Western Liaoning Complex
(Wang et al., 2012, 2013a). Most recently, the increasing recogni-
tions of ∼2.9–2.7 Ga rocks over the Eastern Block, and even over the
entire NCC, have further confirmed the existence of the 2.9–2.7 Ga
crust (Guan et al., 2002; Jahn et al., 2008; Liu et al., 2009, 2015;
Tang et al., 2007; Wan  et al., 2011; Wu  et al., 2014a,b). Therefore,
many researchers have proposed that the early Neoarchean base-

ment (∼2.9–2.7 Ga) may  be more extensive than now recognized
in the Eastern Block and the NCC, whereas the limited exposures
may  have resulted from the intra-crustal reworking and overprin-
ting by the intensive ∼2.5 Ga tectonothermal event at the end of
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he Neoarchean (e.g. Jiang et al., 2010; Wan  et al., 2011; Wang and
iu, 2012).

The close spatial and temporal relationships between the mag-
atism and the metamorphism characterize the tectonothermal

volution of the Eastern Block during the Neoarchean. However,
either whole-rock Nd isotopes nor zircon Hf isotopes can be
irectly correlated to a specific tectonic setting without evidence
rom petrology, field relationships and geochemistry of the par-
nt rocks. Different models have been proposed to account for the
rustal reworking mechanism and geodynamic settings at the end
f the Neoarchean over the Eastern Block. Traditionally, some scho-
ars considered the Neoarchean complexes in the Eastern Block as
ypical Archean granite-greenstone terrains. The high-grade gneiss
errains represent individual micro-continental blocks, and they
malgamated along several greenstone belts to form the Eastern
lock, leading to the formation and cratonization of the North China
raton at the end of the Neoarchean (Zhai et al., 1985; Zhai, 2014).
n the basis of arc-like geochemical signatures of most Neoarchean
omplexes in the Eastern Block, Wan  et al. (2005a,b) consider that
hese Archean complexes represent an arc-continent collision at
he end of the Neoarchean, and similarly some other scholars pro-
ose that these complexes formed in an active continental margin

nvolving subduction and arc magmatism (Liu et al., 2011; Nutman
t al., 2011; Wang et al., 2012, 2013a). Most recently, Peng et al.
2015) proposed a mantle wedge-absent flat hot subduction model
ith synchronous vertical mechanism to explain the origin and tec-

onic setting of the Northern Liaoning Complex (i.e. the Qingyuan
ranite-greenstone terrain). All these tectonic models share a com-
on  basic assumption that plate tectonics began as early as in the
eoarchean and horizontal mechanism dominated the geodynamic
rocesses during the Neoarchean. Alternatively, vertical mecha-
ism may  also play an important role during the Neoarchean. Based
n the widespread distribution of the Neoarchean metamorphic
omplexes in the Eastern Block and the absence of lateral age pro-
ression pattern that is typical of an arc system, the Neoarchean
rust of Eastern Block may  have formed in plume-related settings
Geng et al., 2006; Grant et al., 2009; Wu  et al., 2012, 2013a,b,
014a; Yang et al., 2008; Zhao et al., 2012), either beneath a con-
inent (underplating) to form the lower crust or within an ocean
o form an oceanic plateau (e.g. Puchtel et al., 1998). However, fur-
her petrological, structural, metamorphic and geochemical studies
re required to determine the detailed mechanism of the crustal
ormation and reworking. Overall, the NCC share similar crustal
volution to many other cratons in the world with significant early
eoarchean (2.9–2.7 Ga) crust–mantle differentiation event (e.g.
ondie and Aster, 2010; Condie et al., 2009), although the NCC expe-
ienced a distinctive intensive tectonothermal superimposition at
2.5 Ga.

. Conclusions

Integration of new zircon U–Pb and Lu–Hf data presented in this
tudy and previous studies for the Northern Liaoning Complex has
eached the following main conclusions:

1) Magmatic zircon U–Pb data suggest that the major lithologies of
the Northern Liaoning Complex formed during late Neoarchean
between 2.57 Ga and 2.50 Ga.

2) Metamorphic zircons record a significant regional meta-
morphic event around 2.52–2.47 Ga, consistent with the
widespread tectonothermal events in the Eastern Block.
3) Zircon Lu–Hf data have revealed a major juvenile crustal
growth event during 2.9–2.7 Ga with additions of older crustal
materials, whereas crustal recycling was dominant during the
2.6–2.5 Ga tectonothermal event.
earch 275 (2016) 35–47 45
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