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a  b  s  t  r  a  c  t

Many  studies  have  addressed  the  Paleozoic  to Triassic  collisional  processes  along  the southern  margins  of
the  North  China  Craton  (NCC),  but  little  is  known  about  the evolution  of  this  margin  during  Precambrian
time.  This  paper  examines  the  geochronology  and  geochemistry  of  gabbros  from  the  Luanchuan  Group,
which  is located  on  the  southern  margin  of  the NCC.  These  gabbros  are  dated  at  ca  830  Ma by  SHRIMP
and  LA–ICP-MS  zircon  U–Pb  methods.  They  are  characterized  by  high  contents  of  TiO2 (2.21–4.45  wt%)
and  light-REEs  (rare  earth  elements)  ((La/Yb)N =  9.54–7.71).  The  gabbros  have  overall  OIB (ocean  island
basalts)-like  trace  element  patterns,  without  the  positive  Pb and  Sr anomalies  and  negative  Nb–Ta
anomalies.  In  addition,  they  have  low  La/Nb  (<1.5)  and  La/Ta  (<30)  ratios,  indicating  an  origin  in the
asthenospheric  mantle.  The  depletions  of  HFSEs  (high  field  strength  elements)  (e.g.  Zr–Hf  and  Ti) proba-
bly  suggest  that  their  source  has  been  metasomatized  by  carbonates.  The  gabbros  show  negative  εNd(t)
(−1.5 to  −3.0), suggesting  crustal  contamination  or  mixing  with  metasomatized  lithospheric  mantle.
However,  the  low  Th  and  U contents,  constant  incompatible-element  ratios  (e.g.  Zr/Nb,  La/Nb,  La/Sm)
and  the  absences  of  correlations  of  εNd(t)  with  MgO,  Nb/Nb*,  SiO2 or 1/Nd  preclude  significant  crustal
contamination.  Alternatively,  the  wide  range  of  Hf–isotope  ratios  in  zircons  (εHf(t)  from  −3.6  to +6.3)
may  imply  the  interaction  between  asthenosphere-derived  melts  and  the  metasomatized  lithospheric
mantle.  Petrological  modeling  suggests  that  the  gabbros  may  have  been  generated  from  the  low-degree
(2–3%)  partial  melting  of  lherzolite  with  2% garnet  at depths  greater  than 85  km.  The gabbros  may  have
been  generated  in  a within-plate  rift  setting.  The  gabbros  may  best  be correlated  with  the  Neoprotero-
zoic  magmatic  rocks  in  the  NQB  (North  Qinling  Belt),  representing  the relicts  onto  the  southern  margin

of  the  NCC  following  the  Neoproterozoic  rifting  between  the  NCC  and the  NQB.  Therefore,  the NCC  and
NQB  may  have  been  connected  at ca  830 Ma.  Moreover,  the occurrence  of  the  gabbros  implies  that  the
present  southern  margin  of  the  NCC  may  have  been  mixed  with  late  Mesoproterozoic  to  Neoproterozoic
crustal  materials  from  the  NQB.  The  new  findings  imply  that the  southern  margin  of  the NCC  has  been
the locus  of at least  three  extension-convergence  cycles,  and  the  reactivation  of  such  tectonic  margins

 the  g
may  be  more  common  in

. Introduction

Cratons, which were dominantly formed before late Archean

ime, have roots of rigid, cold and refractory lithospheric mantle,
ommonly extending to depths of 150–250 km.  After their final
tabilization, these cratonic areas generally remained stable, with

∗ Corresponding author at: State Key Laboratory for Mineral Deposits Research,
epartment of Earth Sciences, Nanjing University, 22 Hankou Road, Nanjing, Jiangsu
rovince 210093, PR China. Tel.: +86 25 83686336; fax: +86 25 83686016.

E-mail address: xlwangnju@yahoo.com.cn (X.-L. Wang).

301-9268/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.precamres.2011.08.004
eological  record  than  previously  recognized.
© 2011 Elsevier B.V. All rights reserved.

weak tectonic activity and few intrusions of magmatic rocks until
decratonization took place with the loss of the roots, as documented
in the North China Craton (e.g., Yang et al., 2008). However, the
edges of these lithospheric blocks represent major discontinuities
in composition and rheology, and thus are critical for the evolution
of continents (e.g., Begg et al., 2009). Therefore, we  need to under-
stand the margins of cratons and find how they develop during
continental rifting and assembly.
The North China Craton (NCC), which initially developed around
3.8 Ga, is a part of Asia that has been built up through the complex
convergence of continental blocks and micro-blocks, and repre-
sents a natural laboratory for understanding the role of passive

dx.doi.org/10.1016/j.precamres.2011.08.004
http://www.sciencedirect.com/science/journal/03019268
http://www.elsevier.com/locate/precamres
mailto:xlwangnju@yahoo.com.cn
dx.doi.org/10.1016/j.precamres.2011.08.004
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argins during the evolution of cratons. It is generally recognized
hat the NCC was involved in the middle Paleozoic to late Trias-
ic assembly processes with the South China Block (SCB) (Mattauer
t al., 1985; Zhao and Coe, 1987; Li, 1994; Meng and Zhang, 1999;
u et al., 2009). The Triassic collision event led to the formation

f the Dabie-Sulu ultra-high-pressure (UHP) metamorphic belt.
ecently, more and more geochronological data suggest significant
arly- to middle-Neoproterozoic magmatism in the Qinling and
abie-Sulu orogenic belts (e.g., Zheng et al., 2004; Chen et al., 2006).
owever, the accepted model for the pre-Neoproterozoic evolu-

ion of the Qinling-Dabie orogenic belt leaves several unanswered
uestions (e.g., Meng and Zhang, 1999): What was  the Precam-
rian evolution of the southern margin of the NCC? What was the
elationship between it and the terranes of the Qinling Belt before
00 Ma?  Did it ever connect with North Qinling Belt (NQB) dur-

ng the Precambrian? Resolving these questions will improve our
nderstanding of the Neoproterozoic margin of the NCC, the evo-

ution of the Qinling-Dabie orogenic belt, and the petrogenesis of
he protoliths of the UHP metamorphic rocks.

Neoproterozoic magmatic rocks are widespread in the SCB (e.g.,
hou et al., 2002a, 2004, 2006, 2007, 2009; Li et al., 2003; Wang
t al., 2006, 2007; Zhao and Zhou, 2009a,b; Zheng et al., 2008) with

 possible correlation with the Rodinia supercontinent. However, it
as been unclear whether the NCC was also involved in the global
eoproterozoic magmatic events, because 830–740 Ma magma-

ism is very rare. Therefore, identifying magmatic rocks within this
ge span in the NCC is critical to understanding the Neoproterozoic
istory on its southern margin and the possible connections with
ther continents and micro-blocks to the south. In this paper, we
resent new geochronological and geochemical data for the gab-
ros from the Luanchuan Group on the southern margin of the NCC,
nd conclude that they have been generated in a within-plate rifting
etting, representing the relicts of the NQB to the southern margin
f the NCC following the rifting between the NQB and NCC. This
nding suggests that the NQB and NCC may  have been connected
uring the early Neoproterozoic.

. Geological setting

The North China Craton (Fig. 1a) was formed by the amalgama-
ion of the eastern and western blocks at ca 1.85 Ga (Zhao et al.,
001, 2002, 2005; Wilde and Zhao, 2005; Kröner et al., 2006;
hang et al., 2006), which was followed by the eruption of the
a 1.80–1.75 Ga Xiong’er volcanic rocks (Zhao et al., 2004, 2009;
e et al., 2008, 2009, 2010a,b; Wang et al., 2010) and the forma-

ion of the ca 1.63 Ga alkali granites (Bao et al., 2009) along the
outhern margin. The EW-trending Qinling orogenic belt (Fig. 1a),
hich connects with the Dabie UHP metamorphic belt to the east

nd lies between the NCC and SCB, is one of the most important
rogenic belts in China. It is the best place to study the amalgama-
ion between the NCC and the SCB. The collision of the two  blocks
ed to the formation of the Shangdan and Mianlue suture zones

ithin the orogenic belt (Fig. 1b; Meng and Zhang, 1999). The Qin-
ing orogenic belt can be further subdivided into the North and
outh Qinling belts (Fig. 1b). However, the geological evolution of
he two sub-orogens is complex, and the boundary between the
CC and the NQB (North Qinling Belt) may  have been in different
laces at different stages (Meng and Zhang, 1999). Some pieces of
he southern margin of the NCC may  then have been involved in
he formation and evolution of the NQB (Zhang et al., 2000) during

esoproterozoic to Paleozoic time, making the tectonic situation of
he NQB an open question. Despite the Paleozoic and later tectonic

verprinting, Precambrian strata and volcanic rocks on the current
outhern margin of the NCC show close affinities to the NCC (Gao
t al., 1996), such as the Taihua Group, the Guandaokou Group and
he volcanic rocks of the Xiong’er Group. This geological evidence
esearch 190 (2011) 35– 47

has led many geologists to believe that the southern margin of the
NCC was  separated from the Qinling Orogenic Belt by the Zhu–Xia
(Zhuyangguan–Xiaguan) Fault (Lu et al., 2006; Fig. 1c).

The gabbros studied here are located just north of the Zhu–Xia
Fault, adjacent to the L–L (Luonan–Luanchuan) Fault (Fig. 1c), and
thus have been regarded as part of the southern margin of the
NCC (Wang, 2000; Lu, 2009; Song et al., 2009; Wang et al., 2009;
Yan et al., 2009). In fact, the ca 10 km-wide L–L Fault belt and
the ca 30 km-wide strongly deformed zone to the north are rather
complex (Song et al., 2009) and may  better be considered as a
transitional zone between the NCC and the NQB (Hu and Zhang,
1990). In this transitional zone, the Precambrian sequences are
mainly composed of four stratigraphic units: the Taihua Group, the
Xiong’er Group, the Guandaokou Group and the Luanchuan Group,
from bottom to top (HIGS, 1990). All of them have been thrust to
the south (Fig. 1d). The 2.5–2.3 Ga (Xu et al., 2009) sequences of the
Taihua Group are metamorphosed to amphibolite facies, and rep-
resent the basement along the southern margin of the craton. The
Xiong’er Group consists mainly of volcanic rocks (including basaltic
andesites, andesites, rhyolitic lavas and minor pyroclastic rocks)
with SHRIMP zircon U–Pb ages of 1.80–1.75 Ga (Zhao et al., 2004; He
et al., 2009). The late-Mesoproterozoic Guandaokou Group, which
unconformably overlies the Xiong’er Group, is mainly composed
of sandstones, mudstones, clays and dolomites, representing the
cover strata in the area. The Luanchuan Group is generally consid-
ered to be formed in the Neoproterozoic (BGMRHNP, 1989; Zhang
et al., 2000). It can be subdivided into four formations: the Sanchuan
Formation, the Nannihu Formation, the Meiyaogou Formation and
the Dahongkou Formation.

As the upper part of the Luanchuan Group, the Dahongkou
Formation is mainly composed of trachytes, trachy-andesites,
trachy-tuffs and interlayered slates and quartz-phyllites. Zhang
et al. (1991) obtained a whole-rock Sm–Nd isochron age of
682 ± 60 Ma  and an Rb–Sr isochron age of 660 ± 27 Ma  for the
meta-trachytes of the Dahongkou Formation. Concurrently with
the eruption of the volcanic rocks of the Dahongkou Formation,
co-magmatic intrusive rocks were emplaced, including gabbros,
syenitic porphyries and syenites (HIGS, 1990; Jiang, 1993; Wang,
2000). The gabbros generally occur near Luanchuan county, intrud-
ing into the Guandaokou Group, and have a total outcropping area
of ca 25 km2 (BGMRHNP, 1989). Some of the gabbro dykes host later
Cu–Zn mineralization.

The gabbros of the Luanchuan Group generally have been altered
to some extent. Fresh mafic minerals (such as pyroxenes) have been
replaced by tremolite, calcite, chlorite, zoisite and epidote. The pla-
gioclase crystals are relatively fresh and have An30–34 compositions.
To minimize the influence of alteration, we have tried to select the
freshest samples for geochronological and geochemical studies.

3. Analytical methods

Three representative gabbro samples were selected for zir-
con U–Pb dating. Zircons from two  samples (07CTD-08 and
07CTD-09; N33◦50′34.1′′, E111◦32′25.8′′) were dated by LA–ICP-
MS,  and zircons from the third sample (07CTD-18; N33◦54′44.9′′,
E111◦21′13.8′′) were analysed by both LA–ICP-MS and SHRIMP.
U–Pb isotopic results are listed in Supplementary Table 1. Zircons
were separated using conventional heavy liquid and magnetic tech-
niques, mounted in epoxy resin and polished down to expose grain
centers. Cathodoluminescence (CL) images (Fig. 2a) of zircons were
acquired with a Mono CL3+ (Gatan, USA) attached to a scanning
electron microscope (Quanta 400 FEG) at the State Key Laboratory

of Continental Dynamics, Northwest University (NWU), Xi’an.

LA–ICP-MS zircon U–Pb dating was  carried out at the State Key
Laboratory for Mineral Deposits Research (MiDeR), Nanjing Univer-
sity (NJU), using an Agilent 7500a ICP–MS attached to a New Wave
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Fig. 1. Geological sketch map of the gabbros from the Luanchuan Group, southern margin of the NCC. (a) Outline of the geological units of the NCC; (b) Generalized geological
map  of the Qinling Orogenic Belt, showing the boundaries with adjacent continental blocks and the internal divisions (modified after Meng and Zhang, 1999); LL – Luonan-
L t; (c) G
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uanchuan Fault, ZX – Zhuyangguan-Xiaguan Fault, SD – Shangzhou-Danfeng Faul
abbros  (after HIGS, 1990); (d) Simplified geological structural profile of the line A–

13 nm laser ablation system. All of the spot analyses were car-
ied out using a beam with a 30 �m diameter and a repetition rate
f 5 Hz and 80% energy. U–Pb fractionation was corrected using
ircon standard GEMOC GJ-1 (207Pb/206Pb age of 608.5 ± 1.5 Ma;
ackson et al., 2004) and analytical accuracy was monitored using
he Mud  Tank zircon standard (intercept age of 732 ± 5 Ma;  Black
nd Gulson, 1978). Detailed analysed procedures and data acquisi-
ion are similar to those described by Wang et al. (2007).  U–Pb ages
ere calculated from the raw signal data using the on-line software
ackage GLITTER (ver. 4.4) (www.mq.edu.au/GEMOC;  Griffin et al.,
008).

SHRIMP U–Pb dating of zircon was performed by SHRIMP-II ion
icroprobe at the Beijing SHRIMP Center, Chinese Academy of Geo-
ogical Sciences. Detailed analysis processes are similar to those
escribed by Compston et al. (1992).  A 3.2 nA primary beam, with
30 �m diameter, was used for ion production. Five scans through

he mass positions were made for each age determination. Both
eological sketch map  showing the distributions of the Luanchuan Group and the
c) (modified after HIGS, 1990).

Pb/U and Pb/Th ratios and absolute Pb, Th and U abundances of the
Sri Lanka standard zircon SL13 (206Pb/238U = 0.0928 corresponding
to 572 Ma,  238 ppm 238U, Williams et al., 1996) and TEM (Temora)
with an age of 417 Ma  (Black et al., 2003) have been used to monitor
the analyses of the zircons. 204Pb was  analysed for the common-
lead correction and data processing was carried out using the SQUID
1.0 (Ludwig, 1999) and PRAWN programs (Williams et al., 1996).

Major-element compositions of the gabbros were analysed
using an ICP–AES (JY38S) at the MiDeR, NJU, with analytical pre-
cision generally better than 2% (RSD). Rare earths and other trace
elements were analysed using the ICP-MS (Finnigan MAT-Element
2) techniques at the MiDeR, NJU. Analytical precision for most trace
elements is better than 5%.
Sr–Nd isotopes were analysed using the ID-TIMS (Finnigan
MAT  Triton TI) at the MiDeR, NJU. Chemical separation proce-
dures are similar to those described by Pu et al. (2005),  with
relative standard deviation (RSD) lower than 5 × 10–6. Mass frac-

http://www.mq.edu.au/GEMOC
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ig. 2. Zircon U–Pb ages for the gabbros of the Luanchuan Group. (a) Representativ
olid  open circles with the spot number and analysed 206Pb/238U ages; the Hf isoto
or  the sample 07CTD-08; (c) U–Pb Concordia for the sample 07CTD-09; (d) U–Pb C

ionation was corrected assuming 86Sr/88Sr = 0.1194. The long-term
7Sr/86Sr analysis of the international standard NIST SRM987
s 0.710252 ± 0.000016 (2�, n = 65), consistent with the results
0.710252 ± 0.000013) of Weis et al. (2006).  Mass fractionation
f Nd isotopes was corrected assuming 146Nd/144Nd = 0.7219.
he long-term 143Nd/144Nd analysis of the international stan-
ard JNdi-1 is 0.512121 ± 0.000016 (2�, n = 67), identical to the
alue (0.512115 ± 0.000007) of Tanaka et al. (2000).  The εNd(t)
alues were calculated based on the Nd isotopic compositions of
43Nd/144Nd (CHUR) = 0.512638 and 147Sm/144Nd (CHUR) = 0.1967.

Zircon Lu–Hf analyses reported here were carried out in situ
sing a Geolas CQ 193 nm ArF excimer laser ablation system
ttached to a Neptune multi-collector ICP-MS at the Institute of
eology and Geophysics, CAS, and a Geolas193 laser-ablation sys-

em attached to a Nu Plasma HR multi-collector ICP-MS at the
tate Key Laboratory of Continental Dynamics, Northwest Univer-
ity, Xi’an. Both He and Ar carrier gases were used to transport
he ablated sample from the laser-ablation cell via a mixing cham-
er to the ICP-MS torch. The analytical techniques are similar to
hose described in detail by Wu et al. (2006) and Yuan et al. (2008).
ost analyses were carried out using a beam with a 30–40 �m
iameter and a 4 Hz repetition rate. A new TIMS-determined value
f 0.5887 for 176Yb/172Yb was applied for correction of mass bias
Vervoort et al., 2004). Zircon 91500 was used as the reference
odoluminescence (CL) images for the zircons; the dating spots are denoted by the
alyses are denoted by the broken circles with the εHf(t) values. (b) U–Pb Concordia
dia for the sample 07CTD-18.

standard. The decay constant for 176Lu of 1.865 × 10−11 year−1 pro-
posed by Scherer et al. (2001) was  adopted in this work. εHf values
were calculated according to the chondritic values of Blichert-
Toft et al., 1997. Single-stage model ages (TDM1) were calculated
referred to the depleted mantle with a present-day 176Hf/177Hf
ratio of 0.28325, similar to that of the average MORB (Nowell
et al., 1998) and 176Lu/177Hf ratio of 0.0384 (Griffin et al., 2000).
A “crustal” model ages (TDM2) were also calculated by assuming
the parent magma  was produced from average continental crust
(176Lu/177Hf = 0.015; Griffin et al., 2000) that was originally derived
from the depleted mantle.

4. Dating results

The zircon grains are generally light yellow to colorless, with
lengths of 100–50 �m and widths of 50–30 �m.  CL images show
typical broad zoning, indicating that the zircons are of magmatic
origin (Fig. 2a).

Twenty-two spot analyses on zircons from sample 07CTD-08
define a discordia line with an upper intercept of 855 ± 19 Ma

and a lower intercept of 61.8 ± 5.1 Ma  (Fig. 2b; MSWD  = 0.95),
respectively. Twelve concordant analyses fall in a group close to
the upper intercept, yielding a weighted mean 206Pb/238U age of
830 ± 6 Ma  (95% conf., MSWD  = 0.52, n = 12). Two  concordant anal-
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he age of 830 ± 6 Ma  could represent the crystallization age of the
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Twenty-one spot analyses were carried out on the zircons from
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ntercept age (−532 ± 190 Ma)  is meaningless. Among the 21 anal-
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yses, 15 spots fall in a concordant group, yielding a weighted
mean 206Pb/238U age of 830 ± 7 Ma  (95% conf., MSWD  = 0.08,
n = 15). The age could represent the crystallization age of the sam-
ple.

For sample 07CTD-18, twelve analyses were obtained by
LA–ICP-MS and nine were done by SHRIMP II. The total twenty-one
spot analyses produce a discordia line, with upper and lower inter-
cept ages of 826 ± 34 Ma  and 192 ± 74 Ma  (Fig. 2d; MSWD  = 0.92,
n = 21), respectively. The age of 826 ± 34 Ma could represent the
crystallization age of the gabbro.

A total of 29 concordant spot analyses from the three samples
yield a weighted average 206Pb/238U age of 828 ± 4.5 Ma  (95% conf.,
MSWD  = 0.29, n = 29). Collectively, these new results strongly sug-
gest that the gabbros of the Luanchuan Group crystallized at ca
830 Ma.  Collectively, the analyses of the three samples all define
discordia lines, and the upper intercept ages are identical to each
other within the uncertainties. Some spots of 07CTD-08 and 07CTD-
09 plot on the Concordia and give similar weighted ages, indicating
that the gabbros of the Luanchuan Group formed at ca 830 Ma.
The sample 07CTD-08 and 07CTD-18 give different lower intercept
ages, suggesting that the lower intercept ages may  be meaning-
less. The CL images of the zircons with discordant isotopic ages are
clearly different from those with concordant isotopic ages (Fig. 2a).
The latter generally show clear surfaces and broad zones, while
the former are mostly dark or unclear in their CL images, with

dotted spots on their surface, suggesting the zircon U–Pb iso-
topic system may  have been affected by later alteration, producing
younger concordant ages such as two  ca 62 Ma analyses of 07CTD-
08.
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. Geochemistry

The gabbros of the Luanchuan Group have SiO2 contents rang-
ng from 44.8 to 50.1 wt% (Supplementary Table 2), and plot in the
lkali-basalt field on the Zr/TiO2–Nb/Y diagram (Fig. 3). The MgO
ontents of the samples show a large range of 3.02–10.8 wt%, and
he Mg-number (Mg#) varies accordingly from 32 to 59, suggesting
he rocks represent a strongly fractionated magmatic series, with
ompositions from near-primary to evolved. The TiO2 contents are
igh, ranging from 2.21–4.45 wt%. The TiO2, P2O5 and Ba concentra-
ions generally increase as Mg# values decrease (Fig. 4), following
ypical magmatic-fractionation trends. SiO2 and Al2O3 show a lim-
ted variation that is not obviously correlated with the Mg# values,
uggesting that clinopyroxene might be the major mineral phase
nvolved in the fractional crystallization. CaO, Na2O, K2O and Sr are
cattered in the Harker diagrams (Fig. 4), implying that they may
ave been mobile after the formation of the rocks.

The gabbros have similar Chondrite-normalized rare earth
lement (REE) patterns (Fig. 5a). Light-REEs are highly enriched rel-
tive to heavy-REEs [(La/Yb)N = 9.54–7.71]. Middle-REEs are weakly
nriched relative to heavy-REEs, with (Gd/Yb)N of 2.20–2.66,
imilar to the high-Ti basalts of the Karoo large igneous

rovince (Jourdan et al., 2007). The weak positive Eu anomalies
Eu/Eu* = 1.45–1.04) in the samples suggest the accumulation of
lagioclase. The positive Ba anomalies are significant. These gab-
ros do not have the positive Pb and Sr anomalies typical of arc
dated samples. The distribution pattern indicates two peaks of ca −2.0 and ca +3.0,
respectively. The distribution patterns for single samples shows more complex pat-
terns with multiple peaks.

basalts from subduction zones (Fig. 5b). Moreover, negative Nb–Ta
anomalies relative to Th–U, K and LREEs are absent in the spider dia-
grams. In fact, two  samples (07CTD-16 and 07CTD-18) show clear
enrichments of Nb–Ta relative to U (Fig. 5b). These geochemical fea-
tures are not typical of basalts from subduction zones and back-arc
basins. The overall trace-element distribution patterns are instead
rather similar to those of typical ocean island basalts (OIB; Fig. 5b),
making a simple arc-derived magma  source less plausible. How-
ever, the clear depletions of Zr–Hf and Ti appear to conflict with
the idea of an OIB-like source.

The rocks have Rb/Sr ratios ranging from 0.01 to 0.55, with
initial 87Sr/86Sr ratios of 0.7069–0.7040 (Supplementary Table 3).
Sample 07CTD-09 has a relatively high Rb/Sr ratio of 0.55, signifi-
cantly different from the other samples (0.01–0.17). If this sample is
excluded, the initial 87Sr/86Sr ratios (at 830 Ma)  of the gabbros from
the Luanchuan Group fall in a narrower range of 0.7069–0.7057. The
Sm–Nd isotopic ratios of the samples are relatively homogeneous,
with εNd(t) values within the range of −1.5 to −3.0 (Supplementary
Table 3), indicating the involvement of LREE-enriched materials in
the mantle source for the gabbros.

The dated zircons were further analysed in situ for Lu–Hf iso-
topes and the results are listed in Supplementary Table 4. As shown
in Fig. 6, the zircon εHf (t) values show a multi-peak distribution
with a large variation from −3.6 to +6.3. The single-stage Hf model
ages of the zircons have a range of 1161 ± 60 to 1575 ± 49 Ma,
clearly older than the crystallization age of the rocks.

6. Discussion

6.1. Petrogenesis

Since the ca 830 Ma gabbros have not been found along the
southern margin of the NCC until this study, the magma source and
petrogenesis of the rocks need to be constrained. They have specific
geochemical features, with overall OIB-like geochemical distribu-
tion patterns but Zr–Hf depletions and Ba enrichments (Fig. 5b).
Ba is highly compatible in fluids, thus it could be mobile during
the movement of fluids, either in the magma  source region or

during secondary alteration processes. The idea of fluid metasoma-
tism is supported by the large range in Ba/Zr (1.8–11.2) and Ba/La
(9.1–56.8). However, there is no correlation between Ba and Zr in
the gabbros, which argue against fluid metasomatism in the magma
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ource. The Zr–Hf depletions relative to Nd and Sm in the basaltic
ocks are controversial. They are generally considered as diagnostic
f basalts from subduction zones (e.g., Wyman  et al., 2002). How-
ver, Li et al. (2006) pointed out it would be not appropriate for the
afic-ultramafic cumulates because the fractional crystallization

f cpx (clinopyroxene) could lead to the depletion of Zr relative to
m due to the low mineral/melt partition coefficient (Kd) values for
r/Sm. On the other hand, Zhou et al. (2006, 2007) proposed that
he Zr–Hf depletion reflects a source feature, rather than the result
f cpx accumulation, which would lead to low Zr, Sm contents and
ow Zr/Sm ratios. The gabbros of this study are highly differentiated

ith a variation in Mg# from 32 to 59. The incompatible-element
atios (such as Nb/La, Zr/Nb and La/Sm) are generally constant, indi-
ating significant fractional crystallization. However, the fractional
rystallization of cpx may  not be the major reason for the Zr–Hf
epletion in the rocks because the Zr/Sm ratios remain approxi-
ately constant (16.6–19.9 with one sample excluded). So, could

he Zr–Hf depletion refer to a subduction-related setting for the
abbros?

If the mafic rocks were generated in subduction zones, depletion
n Nb–Ta relative to light-REE and Th might be expected, although
he depletion could also result from crustal contamination (Gill,
981; Thompson and Morrison, 1988; Sun and McDonough, 1989).
owever, no Nb–Ta depletion is observed in the ca 830 Ma  gabbros

Fig. 5b). Instead, all of the gabbros have a weak Nb–Ta enrichment
elative to Th–U. Contamination with granulite-facies lower crust
ould produce the low Nb–Ta and Th–U as seen in the gabbros,
ince granulites are generally depleted in these elements relative
o light-REEs (Borisova et al., 2001). If so, the primary magmas of the
abbros would have had higher Nb and Ta contents than observed.
n fact, the gabbros have Nb and Ta contents higher than typical con-
inental arc basalts (Kelemen and Hanghøj, 2004), and some of the
abbros have Nb and Ta contents even close to OIB; this is a strong
rgument against both the subduction-zone setting and significant
rustal contamination. The possibility of crustal contamination can
lso be tested by the isotope data. There is no correlation of εNd(t)
ith MgO, Nb/Nb*, SiO2 or 1/Nd, suggesting that crustal contami-
ation was not significant in the genesis of the gabbros. Therefore,
he absence of Nb–Ta depletion relative to Th and light-REEs may
e a feature inherited from the mantle source.

The depletions in Zr–Hf and Ti can also be found in many intra-
ontinental alkaline basalts (e.g., O’Reilly and Zhang, 1995; Zou
t al., 2000; Zeng et al., 2010) that do not have Nb–Ta depletion.
xperimental studies have suggested that a carbonated mantle
ource would be possible for the genesis of alkaline basaltic rocks
e.g., Wyllie and Huang, 1976; Wendlandt and Mysen, 1980). The
ddition of a carbonatitic component will produce enriched melts
ith negative Zr–Hf and Ti anomalies, similar to natural alkaline

asaltic rocks (e.g., Dasgupta et al., 2007). Therefore, a carbonated
antle would provide a reasonable explanation for the geochemi-

al features of the gabbros.
Possible mechanisms for the generation of the gabbroic magmas

nclude the partial melting of asthenospheric mantle, metaso-
atized lithospheric mantle, or their interaction (McDonough,

990; McKenzie and O’Nions, 1995). The gabbros have low La/Nb
1.45–0.96, <1.5) and La/Ta ratios (23.2–16.1, <30), suggesting they
ere generated from the asthenospheric mantle (Fitton et al., 1988;

hompson and Morrison, 1988; Saunders et al., 1992). However,
hey have unradiogenic Nd isotopes, pointing to a LREE-enriched
i.e. low Sm/Nd) mantle source, different from other alkaline basalts
hat have a depleted mantle source. The unradiogenic isotopes and
he overall OIB-like geochemical features of gabbros are similar to

hose of the continental flood basalts (CFBs) that occur in large con-
inental provinces (LIPs), such as the Paraná (Peate et al., 1999),
aroo (Fig. 5b; Jourdan et al., 2007) and the Emeishan basalts (Xu
t al., 2001). However, the unradiogenic isotopic features and low
the  melting of garnet-bearing lherzolite mantle sources containing 2%, 4%, and 7%
modal garnet, respectively. The calculations are followed by Jourdan et al. (2007).

Nb–Ta contents of these flood basalts are commonly explained by
crustal contamination, which is not a major factor for the gabbros
of this study. Therefore, we suggest that the unradiogenic isotopic
features of these gabbros may reflect the involvement of metaso-
matized lithospheric mantle in their generation. The wide range
of εHf(t) values (from −3.6 to +6.3) of zircons from the gabbros
may  suggest interaction between the carbonated asthenosphere
and metasomatized lithospheric mantle during the evolution of the
magmas.

The melting conditions of the gabbros can be modeled using
the equations of Shaw (1967) with non-modal melting of a slightly
LREE-enriched garnet-bearing lherzolite (LaN = 4.4; (La/Yb)N = 2.02)
with a modal composition of 64–69% olivine, 20% orthopyroxene,

9% clinopyroxene, and 2–7% garnet (Fig. 7), following the calcu-
lations of Jourdan et al. (2007).  These REE/REE ratios used in this
modeling do not correlate with Mg# values and the little varia-



4 rian R

t
c
g
c
2
t
a
v
(
3
h
o
t
g
t
g
c
g
a
a
T
o
s
m

6

s
A
s
L
e
t
o
o
8
b
a
h
B
n
2
o
c
m

m
t
m
e
D
h
r
e
N
i
2
m
p
(
n
T
L
o

2 X.-L. Wang et al. / Precamb

ions clearly cannot be explained by fractional crystallization or
rustal contamination processes. The (Sm/Yb)N vs (La/Sm)N dia-
ram (Fig. 7a) shows that the gabbros from the Luanchuan Group
an be modeled by 2–3% equilibrium melting of lherzolite with
% garnet. However, the gabbros plot along a horizontal line in
he (La/Yb)N vs (Eu/Yb)N diagram (Fig. 7b). This could reflect the
ccumulation of plagioclase which led to the elevated (Eu/Yb)N

alues and the small positive Eu anomalies (Fig. 5a). One sample
07CTD-18) plots away from the others and close to the model for
% equilibrium melting of lherzolite with 2% garnet. This sample
as the lowest Eu/Eu* ratio (1.04), indicating the least accumulation
f plagioclase, and may  most closely represent the melting condi-
ions of the samples. Therefore, the modeling in the two diagrams
ives a consistent conclusion that the gabbros were generated from
he 2% to 3% partial melting of a lherzolitic mantle source with 2%
arnet, and approximately 69% olivine, 20% orthopyroxene and 9%
linopyroxene. Experimental studies have suggested that garnet is
enerally stable at depths greater than 85 km (2.8 GPa; Robinson
nd Wood, 1998). In addition, the high Ti contents of the gabbros
lso require significant amounts of garnet in their magma  source.
herefore, our modeling implies that the high-Ti gabbroic magmas
f the Luanchuan Group may  have been generated at sublitho-
pheric depths, and experienced interaction with the lithospheric
antle during their ascent.

.2. Tectonic setting

In recent years, there has been a robust debate on the tectonic
ettings of Meso- to Neoproterozoic magmatic rocks in eastern
sia (especially South China) and their potential role in the recon-
truction of the Rodinia supercontinent (e.g., Zhou et al., 2002a;
i et al., 2003; Lee et al., 2003; Roy and Prasad, 2003; Wang
t al., 2006; Yu et al., 2008; Zheng et al., 2008). The debate about
he Neoproterozoic magmatism along the southeastern margin
f the Yangtze Block (i.e. the Jiangnan orogen) is mainly focused
n the tectonic setting (post-collisional or rifting-related?) of the
40–800 Ma  magmatism in the area. However, no consensus has
een reached about the Neoproterozoic magmatism on the western
nd northwestern margins of the Yangtze Block. Different settings
ave been proposed for the same bodies of rock, for example, the
ikou volcanic rocks (Xiao et al., 2007; Wang et al., 2008a),  the Han-
an complex (Zhou et al., 2002b; Ling et al., 2003; Zhao and Zhou,
009a), and the Yanbian Group (Li et al., 2006; Zhou et al., 2006). The
bservations of adakites (Zhou et al., 2006) and the long-lived (from
a 860 to 740 Ma)  magmatism in the western and northwestern
argins of the Yangtze Block seem to support the ‘arc model’.
Compared with the southeastern, western and northwestern

argins of the Yangtze Block, the northern margins of the block (i.e.,
he SCB) have been less studied in terms of the Neoproterozoic mag-

atism because the area has been overprinted by later orogenic
vents that finally led to the formation of the Qinling-Dabie orogen.
espite the complex overprinting, some Neoproterozoic granites
ave been found in the NQB, and they have been considered to rep-
esent the subduction-related magmatism in the area (e.g. Wang
t al., 2006; Pei et al., 2003). The newly reported eclogite in the
QB yields U–Pb age of 796 ± 13 Ma  for the zircon cores, indicat-

ng the Neoproterozoic mafic magmatism in the NQB (Wang et al.,
011). Moreover, a great deal of work on the ultrahigh-pressure
etamorphic rocks in the Sulu-Dabie belt has revealed that Neo-

roterozoic protoliths are characterized by bimodal magmatism
e.g., Zheng et al., 2004). However, Neoproterozoic magmatism has

ot been reported previously along the southern margin of the NCC.
herefore, studies on the tectonic setting of the gabbros from the
uanchuan Group can shed light on the Neoproterozoic evolution
f the southern margin of the NCC and its possible correlation with
esearch 190 (2011) 35– 47

micro-blocks in the Qinling area during late-Mesoproterozoic to
Neoproterozoic.

To account for the partial melting of deep mantle to generate
the high-Ti OIB-like mafic rocks, an extensional setting is needed.
This type of environment could be generated by continental rifting,
the ascent of a plume, or back-arc extension under the subduc-
tion regime. As discussed by many workers (e.g., Zhou et al., 2002a,
2004, 2006; Wang et al., 2004, 2006; Zheng et al., 2008), the geolog-
ical evidence for a Neoproterozoic plume in the SCB is very weak. A
back-arc extensional setting would require accompanying active
arc magmatism and a series of arc and back-arc igneous rocks,
which have not been recognised.

The OIB-like basalts could also have been formed during late-
stage extension in the continental back-arc basins (Saunders and
Tarney, 1984). However, basalts from back-arc settings generally
have geochemical features transitional from N-MORB to arc or
calc-alkaline basalts (Saunders and Tarney, 1984). In the Japan Sea
back-arc basin, the Pliocene and Quaternary OIB-like basalts are
accompanied by early Cenozoic calc-alkaline basalts, early Miocene
arc tholeiites and back-arc basalts in the early stages (Pouclet et al.,
1994). A back-arc setting may  be possible for the northern and
northwestern margins of the Yangtze Block, where a great deal of
arc magmatic rocks occur (e.g., Zhou et al., 2002b; Ling et al., 2003;
Xiao et al., 2007; Zhao and Zhou, 2009a,b; Zhao et al., 2008, 2010),
and for the Erlangping area during Paleozoic time (Meng and Zhang,
1999; Zhang et al., 2000). However, no igneous rocks with typical
arc or back-arc basalts have been found on the southern margin of
the NCC at ca 830 Ma,  precluding the back-arc extensional setting
for the gabbros.

We therefore suggest a within-plate rifting setting for the ca
830 Ma  gabbros on the southern margin of the NCC; this is sup-
ported by several lines of positive geological evidence.

1) The rocks associated with the gabbros of the Luanchuan Group
include syenite, trachyte, trachyte-tuff and trachyte-rhyolite
(Hu and Zhang, 1990; Jiang, 1993; Wang, 2000; Zhang et al.,
2000), which constitute a bimodal magmatic association. The
syenites yield SHRIMP U–Pb ages of 844 ± 2 Ma  (Bao et al., 2008),
within analytical error of the age of the gabbros.

2) Most of the magmatic rocks of the Luanchuan Group are alkaline
in geochemistry; there are no calc-alkaline or arc-like rocks in
the area.

3) The sedimentary rocks associated with the gabbros contain car-
bonates, which indicate a stable marine environment.

4) The gabbros of the Luanchuan Group have high TiO2 and Zr
contents, falling into the within-plate basalt field in several dis-
crimination diagrams, different from the basalts of back-arc and
arc settings (Fig. 8).

6.3. Implications for the tectonic evolution of the southern
margin of the NCC

The evolution of the NCC is characterized by the cratonization
during Paleoproterozoic time and reactivation (i.e., decratoniza-
tion; Yang et al., 2008) during Mesozoic time. Neoproterozoic
magmatic rocks are very rare on the southern margin of the NCC.
Especially, this area is very complex due to the tectonic and thermal
overprinting related to the formation of the Qinling-Dabie orogenic
belt, which made the Neoproterozoic rocks difficult to recognize.
Before discussing the possible geological implications of the ca
830 Ma  gabbros for the Neoproterozoic evolution of the southern
margin of the NCC, the key issue to be addressed may  be the bound-

ary between the southern margin of the NCC and the NQB  (North
Qinling Belt). At present, it is widely accepted that the Zhu-Xia
Fault represents the boundary, with geological evidence including
the Paleozoic Erlangping arc volcanic rocks, the Kuanping back-arc
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ig. 8. Tectonic discriminant diagrams for the gabbros from the Luanchuan Group.
earce, 1982 and Condie, 1989); (c) Th–Ta–Hf/3 diagram (after Wood, 1980); (d) Zr

asin and the related paired metamorphic belts (e.g., Lu et al., 2006).
he Luanchuan Group clearly outcrops to the north of the Zhu-Xia
ault and undoubtedly belongs to the southern margin of the NCC
efore late Paleozoic time, but it is unclear where the Luanchuan
roup was in the Neoproterozoic time. There are three possibilities

or the tectonic attribution of the Neoproterozoic gabbros, as well
s the hosted Luanchuan Group.

) They have been located at the southern margin of the NCC since
the Mesoproterozoic era;

) They represent allochthonous massifs that were accreted onto
the southern margin of the NCC during the Ordovician orogen-
esis in the eastern Qinling belt;

) They represent allochthonous massifs that accreted onto the
southern margin of the NCC before the Ordovician period.

The Hf model ages of zircons from the gabbros, which are late-
esoproterozoic (1161 ± 60 to 1575 ± 49 Ma), suggest that their

arental mantle was affected by metasomatism (due to the sub-
uction of oceanic crust?) before the crystallization age (ca 830 Ma)
f the rocks. However, the underlying Xiong’er and Guandaoshan
roups in the area were not affected by late-Mesoproterozoic to
arly Neoproterozoic metamorphism (HIGS, 1990). Therefore, the

rst possibility can be excluded.

As suggested by Song et al. (2009),  the L–L Fault and its north-
rn adjacent area experienced strong deformation during its main
ctive period at ca 380–370 Ma.  Therefore, the L–L Fault and
/10–Nb/8–Y/15 diagram (after Cabanis and Lecolle, 1989); (b) Ti–Zr diagram (after
2*Nb diagram (after Meschede, 1986).

the Luanchuan Group may  be considered as a transitional zone
between the NCC and the NQB (Hu and Zhang, 1990). Apart from the
ca 830 Ma  rocks of the Luanchuan Group, there are no other Neo-
proterozoic igneous rocks along the southern margin of the NCC.
However, some early Neoproterozoic magmatic rocks have been
identified in the Qinling Orogenic Belt (Wang et al., 2003, and refer-
ences therein). The syn-collisional deformed and weakly deformed
granites have been dated at 959–900 Ma  (Lu et al., 2004; Chen et al.,
2006) and ca 890 Ma  (Zhang et al., 2004), respectively. The closure
of the ocean basin may  have taken place at ca 840 Ma  as supported
by the Ar–Ar age of cpx from the Songshugou ultramafic rocks and
the TIMS zircon U–Pb age for the late-orogenic Huangtu’ao pluton
(Lu et al., 2004). However, igneous rocks from post-orogenic exten-
sional settings have not been found in the NQB. The metasomatism
revealed by the gabbros is temporally and spatially consistent with
the subduction-collision processes indicated by the Neoproterozoic
igneous rocks in the NQB. Therefore, the gabbros and the Luanchuan
Group in the transitional zone may  have been originally located in
the NQB, or at least have a close relationship with the NQB.

Then, what is the timing for the occurrence of the Luanchuan
Group to the southern margin of the NCC, Caledonian or Jining-
nian? If the rocks were thrust onto the NCC during Caledonian
movements, it should be possible to see Caledonian-age granites

together with the igneous rocks of the Luanchuan Group, corre-
sponding to the ca 380–370 Ma  main active period for the L–L Fault
(Song et al., 2009) and the widespread Caledonian-age granites and
strata (e.g., the Taowan and Kuanping Groups; Fig. 1c) in the NQB.
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owever, these rocks are not found in the transitional zone near
uanchuan city, and the strata of the southern margin of the NCC
eem to be younger southward (Fig. 1c). In addition, the current
tructural characteristics (Fig. 1d) do not support the Caledonian
hrusting, although the structures may  have been reworked during
he Triassic collision between the NCC and SCC. These observations
mply that the second possibility can be also excluded, and the third
ossibility may  be a reasonable explanation.

The association of the ca 1000 Ma  Songshugou ophiolites (Dong
t al., 1997), 959–890 Ma  syn-collisional granites (Lu et al., 2004;
hang et al., 2004; Chen et al., 2006), ca 840 Ma  late-orogenic plu-
ons and Ar–Ar age from the Songshugou ultramafic rocks (Lu et al.,
004) has similarities to that on the southeastern margin of the
angtze Block (e.g., Zhou et al., 2004; Wang et al., 2006, 2007,
008b). In the western Hunan Province of South China, the OIB-like
lkaline mafic rocks also occur as a belt consistent with the early
ubduction, forming in a post-orogenic within-plate rifting setting
Wang et al., 2008b).  These within-plate mafic rocks on the south-
astern margin of the Yangtze Block have no relationship with the
angtze Block in terms of their magma  source but have remained
n the southeastern margin of the Yangtze Block since the Sinian
ifting between the Yangtze and Cathaysia. It can be concluded that
odern plate tectonics may  have occurred during Neoproterozoic

ime in South China. It is possible that the southern margin of the
CC has experienced similar geological processes to the southeast-
rn margin of the Yangtze Block. The NQB experienced northward
present orientation) subduction during late-Mesoproterozoic to
arly Neoproterozoic time, forming a back-arc (foreland?) basin
etween it and the southern margin of the NCC. At the end of the
rogenesis (ca 840 Ma), the NQB was connected with the NCC. Then,
ost-orogenic extension took place due to the orogenic collapse,
hich led to within-plate rifting in the original back-arc area, lead-

ng in turn to the formation of the early marine sediments of the
uanchuan Group and the later magmatic rocks within it which
nclude the ca 830 Ma  gabbros and alkaline volcanic and intrusive
ocks in the Luanchuan area. The relict back-arc ocean basin may
ave been closed during the magmatic processes. During the later
tage of the rifting, the NQB was separated from the NCC, with a
ew ocean formed between them. The Luanchuan Group and the
a 830 Ma  igneous rocks represent the relicts of the NQB onto the
outhern margin of the NCC, and the other parts of the NQB were
hen involved in the complex assembly processes in the Qinling
rogenic belt (Meng and Zhang, 1999; Dong et al., 2011a,b).

Although it is not clear whether the NQB belongs to the Yangtze
lock, the occurrence of the ca 830 Ma  gabbros indicates a NQB-NCC
onnection during early Neoproterozoic time. If the northern mar-
in of the Yangtze Block was still in an arc setting as Zhou and others
ave suggested (e.g., Zhao and Zhou, 2009a,b), the southern mar-
in of the NCC may  have experienced a different tectonic evolution
rom the northern margin of the Yangtze Block at ca 830 Ma.  Similar
ges have also been found from zircon cores in the UHP metamor-
hic rocks of the Sulu-Dabie orogenic belt (e.g., Zheng et al., 2004).
he possible relationships of the Neoproterozoic magmatic events
n the Qinling-Dabie Belt with the Rodinia supercontinent still need
urther studies.

.4. Further implications for episodic reactivation of tectonic
argins

The tectonic margins of cratons, as well as young continental
locks, represent major discontinuities in composition and rhe-
logy, and thus are easily reactivated. Oceanic subduction, arc

ccretion, continental assembly and rifting are all potential ways
o reactivate such tectonic margins. Our new findings suggest
hat the southern passive margin of the NCC may  have been the
ocus of at least three assembly-rifting cycles: (1) the Mesopro-
esearch 190 (2011) 35– 47

terozoic cycle represented by the ca 1760 Ma  Xiong’er volcanic
rocks, whether they are rifting-related (Zhao et al., 2004; Wang
et al., 2010) or arc-related (He et al., 2009; Zhao et al., 2009); (2)
the early Neoproterozoic assembly between the NCC and the NQB
and the subsequent rifting represented by the Neoproterozoic gab-
bros of the Luanchuan Group; (3) the amalgamation between the
between the NCC and the SCB from Paleozoic to Triassic time (e.g.,
Zheng et al., 2004; Lu et al., 2006; Wu  et al., 2009; Dong et al.,
2011a,b).

Similarly, Burke et al. (2003) defined two generations of alkaline
igneous rocks and carbonatites, connected to two cycles of rifting
and assembly, along the craton margins of Africa. A wider study
of the African cratons has (Begg et al., 2009) identified repeated
cycles of collision and rifting along several craton margins, and
argued that the craton margins have been former tectonic sutures
and prone to tectonic reactivation. The example of the southern
margin of the NCC suggests that probably the margins of many
tectonic blocks are reactivated time and again so that cycles of
collision and rifting become superimposed on one another. The
repeated assembly-rifting cycles on the southern margin of the
NCC imply that reactivation of such tectonic margins may  be more
frequent than previously recognized. If we assume the connection
between the NCC and the NQB started at ca 850 Ma,  the Triassic
continent–continent collision of the two blocks suggests that the
assembly-rifting cycle between two continental blocks may  have
continued for about 600 Ma  until they finally were welded together
in their present configuration.

7. Concluding remarks

The ca 830 Ma gabbros from the Luanchuan Group of the south-
ern margin of the NCC have high contents of TiO2 and LREE, with
negative Zr–Hf and Ti anomalies but without Nb–Ta anomalies. The
magmas were generated by the low-degree partial melting of the
carbonated asthenospheric mantle at depths greater than 85 km
mantle source and interacted with the subduction-metasomatized
lithospheric mantle during ascent. The gabbros and the Luanchuan
Group may  represent the relicts of the NQB onto the southern mar-
gin of the NCC following the Neoproterozoic rifting between the
NQB and the NCC, implying a NCC–NQB connection during early
Neoproterozoic time. The new findings indicate that the southern
margin of the NCC has been the locus of at least three extension-
convergence cycles, and the reactivation of such tectonic margins
may  be more frequent than previously recognized.
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