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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 TiO, (2.21-4.45 wt%)
and light-REEs (rare earth elements) ((La/Yb)y =9.54-7.71). The gabbros have overall OIB (ocean island

Iz(l?é ‘ggrgi})b age basalts)-like trace element patterns, without the positive Pb and Sr anomalies and negative Nb-Ta
Geochemistry 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 enq(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 enq(t) with MgO, Nb/Nb*, SiO, or 1/Nd preclude significant crustal
contamination. Alternatively, the wide range of Hf-isotope ratios in zircons (ey¢(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
may be more common in the geological record than previously recognized.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Cratons, which were dominantly formed before late Archean
time, have roots of rigid, cold and refractory lithospheric mantle,
commonly extending to depths of 150-250 km. After their final
stabilization, these cratonic areas generally remained stable, with
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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
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margins during the evolution of cratons. It is generally recognized
that the NCC was involved in the middle Paleozoic to late Trias-
sic assembly processes with the South China Block (SCB) (Mattauer
et al., 1985; Zhao and Coe, 1987; Li, 1994; Meng and Zhang, 1999;
Wau et al., 2009). The Triassic collision event led to the formation
of the Dabie-Sulu ultra-high-pressure (UHP) metamorphic belt.
Recently, more and more geochronological data suggest significant
early- to middle-Neoproterozoic magmatism in the Qinling and
Dabie-Sulu orogenic belts (e.g., Zheng et al., 2004; Chen et al., 2006).
However, the accepted model for the pre-Neoproterozoic evolu-
tion of the Qinling-Dabie orogenic belt leaves several unanswered
questions (e.g., Meng and Zhang, 1999): What was the Precam-
brian evolution of the southern margin of the NCC? What was the
relationship between it and the terranes of the Qinling Belt before
800 Ma? Did it ever connect with North Qinling Belt (NQB) dur-
ing the Precambrian? Resolving these questions will improve our
understanding of the Neoproterozoic margin of the NCC, the evo-
lution of the Qinling-Dabie orogenic belt, and the petrogenesis of
the protoliths of the UHP metamorphic rocks.

Neoproterozoic magmatic rocks are widespread in the SCB (e.g.,
Zhou et al., 2002a, 2004, 2006, 2007, 2009; Li et al., 2003; Wang
etal., 2006, 2007; Zhao and Zhou, 2009a,b; Zheng et al., 2008) with
a possible correlation with the Rodinia supercontinent. However, it
has been unclear whether the NCC was also involved in the global
Neoproterozoic magmatic events, because 830-740 Ma magma-
tism is very rare. Therefore, identifying magmatic rocks within this
age span in the NCC is critical to understanding the Neoproterozoic
history on its southern margin and the possible connections with
other continents and micro-blocks to the south. In this paper, we
present new geochronological and geochemical data for the gab-
bros from the Luanchuan Group on the southern margin of the NCC,
and conclude that they have been generated in a within-platerifting
setting, representing the relicts of the NQB to the southern margin
of the NCC following the rifting between the NQB and NCC. This
finding suggests that the NQB and NCC may have been connected
during the early Neoproterozoic.

2. Geological setting

The North China Craton (Fig. 1a) was formed by the amalgama-
tion of the eastern and western blocks at ca 1.85 Ga (Zhao et al.,
2001, 2002, 2005; Wilde and Zhao, 2005; Kroner et al., 2006;
Zhang et al., 2006), which was followed by the eruption of the
ca 1.80-1.75 Ga Xiong'er volcanic rocks (Zhao et al., 2004, 2009;
He et al., 2008, 2009, 2010a,b; Wang et al., 2010) and the forma-
tion of the ca 1.63 Ga alkali granites (Bao et al., 2009) along the
southern margin. The EW-trending Qinling orogenic belt (Fig. 1a),
which connects with the Dabie UHP metamorphic belt to the east
and lies between the NCC and SCB, is one of the most important
orogenic belts in China. It is the best place to study the amalgama-
tion between the NCC and the SCB. The collision of the two blocks
led to the formation of the Shangdan and Mianlue suture zones
within the orogenic belt (Fig. 1b; Meng and Zhang, 1999). The Qin-
ling orogenic belt can be further subdivided into the North and
South Qinling belts (Fig. 1b). However, the geological evolution of
the two sub-orogens is complex, and the boundary between the
NCC and the NQB (North Qinling Belt) may have been in different
places at different stages (Meng and Zhang, 1999). Some pieces of
the southern margin of the NCC may then have been involved in
the formation and evolution of the NQB (Zhang et al., 2000) during
Mesoproterozoic to Paleozoic time, making the tectonic situation of
the NQB an open question. Despite the Paleozoic and later tectonic
overprinting, Precambrian strata and volcanic rocks on the current
southern margin of the NCC show close affinities to the NCC (Gao
et al., 1996), such as the Taihua Group, the Guandaokou Group and
the volcanic rocks of the Xiong’er Group. This geological evidence

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
etal.,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+ 60Ma and an Rb-Sr isochron age of 660+27Ma 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 km?2 (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 Anszg_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-
Luanchuan Fault, ZX - Zhuyangguan-Xiaguan Fault, SD - Shangzhou-Danfeng Fault; (c) Geological sketch map showing the distributions of the Luanchuan Group and the
gabbros (after HIGS, 1990); (d) Simplified geological structural profile of the line A-A’ of (c) (modified after HIGS, 1990).

213 nm laser ablation system. All of the spot analyses were car-
ried out using a beam with a 30 pm diameter and a repetition rate
of 5Hz and 80% energy. U-Pb fractionation was corrected using
zircon standard GEMOC GJ-1 (297Pb/2%6Pb age of 608.5 + 1.5 Ma;
Jackson et al., 2004) and analytical accuracy was monitored using
the Mud Tank zircon standard (intercept age of 732 4+ 5 Ma; Black
and Gulson, 1978). Detailed analysed procedures and data acquisi-
tion are similar to those described by Wang et al. (2007). U-Pb ages
were calculated from the raw signal data using the on-line software
package GLITTER (ver. 4.4) (www.mq.edu.au/GEMOC; Griffin et al.,
2008).

SHRIMP U-Pb dating of zircon was performed by SHRIMP-II ion
microprobe at the Beijing SHRIMP Center, Chinese Academy of Geo-
logical Sciences. Detailed analysis processes are similar to those
described by Compston et al. (1992). A 3.2 nA primary beam, with
~30 wm diameter, was used for ion production. Five scans through
the mass positions were made for each age determination. Both

Pb/U and Pb/Th ratios and absolute Pb, Th and U abundances of the
Sri Lanka standard zircon SL13 (296Pb/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 x 10-6. Mass frac-
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Fig. 2. Zircon U-Pb ages for the gabbros of the Luanchuan Group. (a) Representative cathodoluminescence (CL) images for the zircons; the dating spots are denoted by the

solid open circles with the spot number and analysed 2°6Pb/?38U ages; the Hf isotopic analyses are denoted by the broken circles with the ey(t) values. (b) U-Pb Concordia
for the sample 07CTD-08; (c) U-Pb Concordia for the sample 07CTD-09; (d) U-Pb Concordia for the sample 07CTD-18.

tionation was corrected assuming 86Sr/88Sr=0.1194. The long-term
875r/86Sr analysis of the international standard NIST SRM987
is 0.710252 £0.000016 (20, n=65), consistent with the results
(0.710252 +£0.000013) of Weis et al. (2006). Mass fractionation
of Nd isotopes was corrected assuming 146Nd/144Nd=0.7219.
The long-term !43Nd/'#4Nd analysis of the international stan-
dard JNdi-1 is 0.51212140.000016 (20, n=67), identical to the
value (0.512115£0.000007) of Tanaka et al. (2000). The enq(t)
values were calculated based on the Nd isotopic compositions of
143Nd/144Nd (CHUR)=0.512638 and 47Sm/'44Nd (CHUR)=0.1967.
Zircon Lu-Hf analyses reported here were carried out in situ
using a Geolas CQ 193nm ArF excimer laser ablation system
attached to a Neptune multi-collector ICP-MS at the Institute of
Geology and Geophysics, CAS, and a Geolas193 laser-ablation sys-
tem attached to a Nu Plasma HR multi-collector ICP-MS at the
State Key Laboratory of Continental Dynamics, Northwest Univer-
sity, Xi’an. Both He and Ar carrier gases were used to transport
the ablated sample from the laser-ablation cell via a mixing cham-
ber to the ICP-MS torch. The analytical techniques are similar to
those described in detail by Wu et al. (2006) and Yuan et al. (2008).
Most analyses were carried out using a beam with a 30-40 pm
diameter and a 4 Hz repetition rate. A new TIMS-determined value
of 0.5887 for 176Yb/172Yb was applied for correction of mass bias
(Vervoort et al., 2004). Zircon 91500 was used as the reference

standard. The decay constant for 176Lu of 1.865 x 10~ year—"! pro-
posed by Scherer et al. (2001) was adopted in this work. ey values
were calculated according to the chondritic values of Blichert-
Toft et al., 1997. Single-stage model ages (Tpy1) were calculated
referred to the depleted mantle with a present-day '76Hf/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 (Tpymz) 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 wm and widths of 50-30 wm. 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 855419 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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After Winchester and Floyd (1977).

yses (62+1Ma and 63 +1Ma) are close to the lower intercept.
The age of 830 4+ 6 Ma could represent the crystallization age of the
gabbro.

Twenty-one spot analyses were carried out on the zircons from
sample 07CTD-09. They also define a discordia line with an upper
intercept age of 868 +21Ma (Fig. 2c; MSWD=0.57). The lower
intercept age (—532 + 190 Ma) is meaningless. Among the 21 anal-

yses, 15 spots fall in a concordant group, yielding a weighted
mean 296pb/238Y age of 830+7Ma (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 +34Ma 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 296Pb/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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5. Geochemistry

The gabbros of the Luanchuan Group have SiO, contents rang-
ing from 44.8 to 50.1 wt% (Supplementary Table 2), and plot in the
alkali-basalt field on the Zr/TiO,-Nb/Y diagram (Fig. 3). The MgO
contents of the samples show a large range of 3.02-10.8 wt%, and
the Mg-number (Mg#) varies accordingly from 32 to 59, suggesting
the rocks represent a strongly fractionated magmatic series, with
compositions from near-primary to evolved. The TiO, contents are
high, ranging from 2.21-4.45 wt%. The TiO,, P, O5 and Ba concentra-
tions generally increase as Mg* values decrease (Fig. 4), following
typical magmatic-fractionation trends. SiO, and Al, O3 show a lim-
ited variation that is not obviously correlated with the Mg values,
suggesting that clinopyroxene might be the major mineral phase
involved in the fractional crystallization. CaO, Na, O, K50 and Sr are
scattered in the Harker diagrams (Fig. 4), implying that they may
have been mobile after the formation of the rocks.

The gabbros have similar Chondrite-normalized rare earth
element (REE) patterns (Fig. 5a). Light-REEs are highly enriched rel-
ative to heavy-REEs [(La/Yb)y =9.54-7.71]. Middle-REEs are weakly
enriched relative to heavy-REEs, with (Gd/Yb)y of 2.20-2.66,
similar to the high-Ti basalts of the Karoo large igneous
province (Jourdan et al., 2007). The weak positive Eu anomalies
(Eu/Eu*=1.45-1.04) in the samples suggest the accumulation of
plagioclase. The positive Ba anomalies are significant. These gab-
bros do not have the positive Pb and Sr anomalies typical of arc
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Fig. 6. Frequency distribution of the ey¢(t) values for the spot analyses of the three
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, Kand LREEs are absent in the spider dia-
grams. In fact, two samples (07CTD-16 and 07CTD-18) show clear
enrichments of Nb-Tarelative 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 eng(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 eys (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 1575449 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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source. The Zr-Hf depletions relative to Nd and Sm in the basaltic
rocks are controversial. They are generally considered as diagnostic
of basalts from subduction zones (e.g., Wyman et al., 2002). How-
ever, Li et al. (2006) pointed out it would be not appropriate for the
mafic-ultramafic cumulates because the fractional crystallization
of cpx (clinopyroxene) could lead to the depletion of Zr relative to
Sm due to the low mineral/melt partition coefficient (Ky) values for
Zr/Sm. On the other hand, Zhou et al. (2006, 2007) proposed that
the Zr-Hf depletion reflects a source feature, rather than the result
of cpx accumulation, which would lead to low Zr, Sm contents and
low Zr/Sm ratios. The gabbros of this study are highly differentiated
with a variation in Mg# from 32 to 59. The incompatible-element
ratios (such as Nb/La, Zr/Nb and La/Sm) are generally constant, indi-
cating significant fractional crystallization. However, the fractional
crystallization of cpx may not be the major reason for the Zr-Hf
depletion in the rocks because the Zr/Sm ratios remain approxi-
mately constant (16.6-19.9 with one sample excluded). So, could
the Zr-Hf depletion refer to a subduction-related setting for the
gabbros?

If the mafic rocks were generated in subduction zones, depletion
in Nb-Ta relative to light-REE and Th might be expected, although
the depletion could also result from crustal contamination (Gill,
1981; Thompson and Morrison, 1988; Sun and McDonough, 1989).
However, 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
relative to Th-U. Contamination with granulite-facies lower crust
could produce the low Nb-Ta and Th-U as seen in the gabbros,
since granulites are generally depleted in these elements relative
to light-REEs (Borisova etal., 2001).If so, the primary magmas of the
gabbros would have had higher Nb and Ta contents than observed.
In fact, the gabbros have Nb and Ta contents higher than typical con-
tinental arc basalts (Kelemen and Hanghgj, 2004), and some of the
gabbros have Nb and Ta contents even close to OIB; this is a strong
argument against both the subduction-zone setting and significant
crustal contamination. The possibility of crustal contamination can
also be tested by the isotope data. There is no correlation of enq(t)
with MgO, Nb/Nb*, SiO, or 1/Nd, suggesting that crustal contami-
nation was not significant in the genesis of the gabbros. Therefore,
the absence of Nb-Ta depletion relative to Th and light-REEs may
be a feature inherited from the mantle source.

The depletions in Zr-Hf and Ti can also be found in many intra-
continental alkaline basalts (e.g., O'Reilly and Zhang, 1995; Zou
et al., 2000; Zeng et al., 2010) that do not have Nb-Ta depletion.
Experimental studies have suggested that a carbonated mantle
source would be possible for the genesis of alkaline basaltic rocks
(e.g., Wyllie and Huang, 1976; Wendlandt and Mysen, 1980). The
addition of a carbonatitic component will produce enriched melts
with negative Zr-Hf and Ti anomalies, similar to natural alkaline
basaltic rocks (e.g., Dasgupta et al., 2007). Therefore, a carbonated
mantle would provide a reasonable explanation for the geochemi-
cal features of the gabbros.

Possible mechanisms for the generation of the gabbroic magmas
include the partial melting of asthenospheric mantle, metaso-
matized lithospheric mantle, or their interaction (McDonough,
1990; 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
were generated from the asthenospheric mantle (Fitton et al., 1988;
Thompson and Morrison, 1988; Saunders et al., 1992). However,
they have unradiogenic Nd isotopes, pointing to a LREE-enriched
(i.e.low Sm/Nd) mantle source, different from other alkaline basalts
that have a depleted mantle source. The unradiogenic isotopes and
the overall OIB-like geochemical features of gabbros are similar to
those of the continental flood basalts (CFBs) that occur in large con-
tinental provinces (LIPs), such as the Parana (Peate et al., 1999),
Karoo (Fig. 5b; Jourdan et al., 2007) and the Emeishan basalts (Xu
et al., 2001). However, the unradiogenic isotopic features and low
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Fig. 7. (Sm/Yb)y vs (La/Sm)y for the gabbros and non-modal batch melting model-
ing of a lherzolitic mantle source. Values are Chondrite-normalized after Sun and
McDonough (1989). Partition coefficients are from McKenzie and O’'Nions, 1991. The
tick marks on the curves indicate the melting degree. The dotted curve represents
the melting of a spinel-bearing lherzolite source (modal composition: 55% olivine,
15% orthopyroxene, 28% clinopyroxene, and 2% spinel). The solid curves represent
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 eyg(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 (Lay =4.4; (La/Yb)y =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-
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tions clearly cannot be explained by fractional crystallization or
crustal contamination processes. The (Sm/Yb)y vs (La/Sm)y dia-
gram (Fig. 7a) shows that the gabbros from the Luanchuan Group
can be modeled by 2-3% equilibrium melting of lherzolite with
2% garnet. However, the gabbros plot along a horizontal line in
the (La/Yb)y vs (Eu/Yb)y diagram (Fig. 7b). This could reflect the
accumulation of plagioclase which led to the elevated (Eu/Yb)y
values and the small positive Eu anomalies (Fig. 5a). One sample
(07CTD-18) plots away from the others and close to the model for
3% equilibrium melting of lherzolite with 2% garnet. This sample
has the lowest Eu/Eu* ratio (1.04), indicating the least accumulation
of plagioclase, and may most closely represent the melting condi-
tions of the samples. Therefore, the modeling in the two diagrams
gives a consistent conclusion that the gabbros were generated from
the 2% to 3% partial melting of a lherzolitic mantle source with 2%
garnet, and approximately 69% olivine, 20% orthopyroxene and 9%
clinopyroxene. Experimental studies have suggested that garnet is
generally stable at depths greater than 85 km (2.8 GPa; Robinson
and Wood, 1998). In addition, the high Ti contents of the gabbros
also require significant amounts of garnet in their magma source.
Therefore, our modeling implies that the high-Ti gabbroic magmas
of the Luanchuan Group may have been generated at sublitho-
spheric depths, and experienced interaction with the lithospheric
mantle during their ascent.

6.2. Tectonic setting

In recent years, there has been a robust debate on the tectonic
settings of Meso- to Neoproterozoic magmatic rocks in eastern
Asia (especially South China) and their potential role in the recon-
struction of the Rodinia supercontinent (e.g., Zhou et al., 2002a;
Li et al,, 2003; Lee et al., 2003; Roy and Prasad, 2003; Wang
et al,, 2006; Yu et al., 2008; Zheng et al., 2008). The debate about
the Neoproterozoic magmatism along the southeastern margin
of the Yangtze Block (i.e. the Jiangnan orogen) is mainly focused
on the tectonic setting (post-collisional or rifting-related?) of the
840-800 Ma magmatism in the area. However, no consensus has
beenreached about the Neoproterozoic magmatism on the western
and northwestern margins of the Yangtze Block. Different settings
have been proposed for the same bodies of rock, for example, the
Bikou volcanic rocks (Xiao et al., 2007; Wang et al., 2008a), the Han-
nan complex (Zhou et al., 2002b; Ling et al., 2003; Zhao and Zhou,
2009a),and the Yanbian Group (Lietal.,2006; Zhou et al.,2006). The
observations of adakites (Zhou et al., 2006) and the long-lived (from
ca 860 to 740 Ma) magmatism in the western and northwestern
margins of the Yangtze Block seem to support the ‘arc model’.

Compared with the southeastern, western and northwestern
margins of the Yangtze Block, the northern margins of the block (i.e.,
the SCB) have been less studied in terms of the Neoproterozoic mag-
matism because the area has been overprinted by later orogenic
events that finally led to the formation of the Qinling-Dabie orogen.
Despite the complex overprinting, some Neoproterozoic granites
have been found in the NQB, and they have been considered to rep-
resent the subduction-related magmatism in the area (e.g. Wang
et al., 2006; Pei et al., 2003). The newly reported eclogite in the
NQB yields U-Pb age of 796 413 Ma for the zircon cores, indicat-
ing the Neoproterozoic mafic magmatism in the NQB (Wang et al.,
2011). Moreover, a great deal of work on the ultrahigh-pressure
metamorphic rocks in the Sulu-Dabie belt has revealed that Neo-
proterozoic protoliths are characterized by bimodal magmatism
(e.g., Zheng et al., 2004). However, Neoproterozoic magmatism has
not been reported previously along the southern margin of the NCC.
Therefore, studies on the tectonic setting of the gabbros from the
Luanchuan Group can shed light on the Neoproterozoic evolution
of the southern margin of the NCC and its possible correlation with

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 4+ 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 TiO, 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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basin and therelated paired metamorphicbelts (e.g., Luetal.,2006).
The Luanchuan Group clearly outcrops to the north of the Zhu-Xia
Fault and undoubtedly belongs to the southern margin of the NCC
before late Paleozoic time, but it is unclear where the Luanchuan
Group was in the Neoproterozoic time. There are three possibilities
for the tectonic attribution of the Neoproterozoic gabbros, as well
as the hosted Luanchuan Group.

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

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

3) 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-
Mesoproterozoic (1161460 to 1575 +£49 Ma), suggest that their
parental mantle was affected by metasomatism (due to the sub-
duction of oceanic crust?) before the crystallization age (ca 830 Ma)
of the rocks. However, the underlying Xiong’er and Guandaoshan
Groups in the area were not affected by late-Mesoproterozoic to
early Neoproterozoic metamorphism (HIGS, 1990). Therefore, the
first possibility can be excluded.

As suggested by Song et al. (2009), the L-L Fault and its north-
ern adjacent area experienced strong deformation during its main
active period at ca 380-370Ma. Therefore, the L-L Fault and

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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However, these rocks are not found in the transitional zone near
Luanchuan city, and the strata of the southern margin of the NCC
seem to be younger southward (Fig. 1¢). In addition, the current
structural characteristics (Fig. 1d) do not support the Caledonian
thrusting, although the structures may have been reworked during
the Triassic collision between the NCC and SCC. These observations
imply that the second possibility can be also excluded, and the third
possibility may be a reasonable explanation.

The association of the ca 1000 Ma Songshugou ophiolites (Dong
et al., 1997), 959-890 Ma syn-collisional granites (Lu et al., 2004;
Zhang et al., 2004; Chen et al., 2006), ca 840 Ma late-orogenic plu-
tons and Ar-Ar age from the Songshugou ultramafic rocks (Lu et al.,
2004) has similarities to that on the southeastern margin of the
Yangtze Block (e.g., Zhou et al., 2004; Wang et al., 2006, 2007,
2008Db). In the western Hunan Province of South China, the OIB-like
alkaline mafic rocks also occur as a belt consistent with the early
subduction, forming in a post-orogenic within-plate rifting setting
(Wang et al., 2008b). These within-plate mafic rocks on the south-
eastern margin of the Yangtze Block have no relationship with the
Yangtze Block in terms of their magma source but have remained
on the southeastern margin of the Yangtze Block since the Sinian
rifting between the Yangtze and Cathaysia. It can be concluded that
modern plate tectonics may have occurred during Neoproterozoic
time in South China. It is possible that the southern margin of the
NCC has experienced similar geological processes to the southeast-
ern margin of the Yangtze Block. The NQB experienced northward
(present orientation) subduction during late-Mesoproterozoic to
early Neoproterozoic time, forming a back-arc (foreland?) basin
between it and the southern margin of the NCC. At the end of the
orogenesis (ca 840 Ma), the NQB was connected with the NCC. Then,
post-orogenic extension took place due to the orogenic collapse,
which led to within-plate rifting in the original back-arc area, lead-
ing in turn to the formation of the early marine sediments of the
Luanchuan Group and the later magmatic rocks within it which
include the ca 830 Ma gabbros and alkaline volcanic and intrusive
rocks in the Luanchuan area. The relict back-arc ocean basin may
have been closed during the magmatic processes. During the later
stage of the rifting, the NQB was separated from the NCC, with a
new ocean formed between them. The Luanchuan Group and the
ca 830 Ma igneous rocks represent the relicts of the NQB onto the
southern margin of the NCC, and the other parts of the NQB were
then involved in the complex assembly processes in the Qinling
orogenic belt (Meng and Zhang, 1999; Dong et al., 2011a,b).

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

6.4. Further implications for episodic reactivation of tectonic
margins

The tectonic margins of cratons, as well as young continental
blocks, represent major discontinuities in composition and rhe-
ology, and thus are easily reactivated. Oceanic subduction, arc
accretion, continental assembly and rifting are all potential ways
to reactivate such tectonic margins. Our new findings suggest
that the southern passive margin of the NCC may have been the
locus of at least three assembly-rifting cycles: (1) the Mesopro-

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 TiO, 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.

Acknowledgements

This work was financially supported by a 973 project of
China (2006CB403506), the National Natural Science Founda-
tion of China (40802017) and the MiDeR, NJU (2008-111-01). The
manuscript benefits greatly from the critical reviews of the two
anonymous reviewers and the editor G. Zhao. The first author
appreciates the discussions with Profs. Y.F. Zheng (USTC), T.P.
Zhao (GIG-CAS), S.Y. Wang (HIGS), YJ. Chen (PKU) and L.H. Chen
(NJU). The authors are indebted to W.J. Collins for constructive
remarks that have greatly improved an earlier version of the
manuscript. This is publication 776 from the GEMOC National
Key Centre (www.GEMOC.mgq.edu.au), and publication 8 from
the ARC Centre of Excellence for Core to Crust Fluid Systems
(www.CCFS.mg.edu.au).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.precamres.2011.08.004.


http://www.gemoc.mq.edu.au/
http://www.ccfs.mq.edu.au/
http://dx.doi.org/10.1016/j.precamres.2011.08.004

X.-L. Wang et al. / Precambrian Research 190 (2011) 35-47 45

References

Bao, ZW., Wang, Q., Bai, G.D., Zhao, Z.H., Song, Y.W., Liu, X.M., 2008. Geochronol-
ogy and geochemistry of the Fangcheng Neoproterozoic alkali-syenites in East
Qinling orogen and its geodynamic implications. Sci. Chin. (Earth Sci.) 53,
2050-2061.

Bao,Z.W.,Wang, Q., Zi, F., Tang, G.J., Dy, F.J., Bai, G.D., 2009. Geochemistry of the Pale-
oproterozoic Longwangzhuang A-type granites on the southern margin of North
China Craton: petrogenesis and tectonic implications. Geochimica 38, 509-522
(in Chinese with English abstract).

Begg, G.C., Griffin, W.L., Natapov, L.M., O'Reilly, S.Y., Grand, S.P., O'Neill, CJ., Hron-
sky, ].M.A., Djomani, Y.P., Swain, CJ., Deen, T., Bowden, P., 2009. The lithospheric
architecture of Africa: seismic tomography, mantle petrology, and tectonic evo-
lution. Geosphere 5, 23-50.

BGMRHNP Bureau of Geology and Mineral Resources of Henan Province, 1989.
Regional Geology of Hean Province. Geological Publishing House, Beijing (in
Chinese with English Abstract).

Black, L.P., Gulson, B.L., 1978. The age of the Mud Tank carbonatite, Strangways Range
Northern Territory. BMR ]. Aust. Geol. Geophys. 3, 227-232.

Black, L.P., Kamo, S.L., Williams, LS., Mundil, R., Davis, D.W., Korsch, R.., Foudoulis,
C., 2003. The application of SHRIMP to Phanerozoic geochronology: a critical
appraisal of four zircon standards. Chem. Geol. 200, 171-188.

Blichert-Toft, J., Chauvel, C., Albarede, F., 1997. Separation of Hf and Lu for high-
precision isotope analysis of rock samples by magnetic sector-multiple collector
ICP-MS. Contrib. Mineral. Petrol. 127, 248-260.

Borisova, A.Y.U., Belyatsky, B.V., Portnyagin, M.V., Sushchevskaya, N.M., 2001. Petro-
genesis of olivine-phyric basalts from the Aphanasey Nikitin rise: evidence for
contamination by cratonic lower continental crust. J. Petrol. 42 (2), 277-319.

Burke, K., Ashwal, L.D., Webb, S.J., 2003. New way to map old sutures using deformed
alkaline rocks and carbonatites. Geology 31, 391-394.

Cabanis, B., Lecolle, M., 1989. Le diagramme La/10-Y/15-Nb/8: un outil pour
la discrimination des series volcaniques et la mise en evidence des proce-
sus de melange et/ou de contamination crutale. CR Acad. Sci. Ser. II 309,
2023-2029.

Chen, Z.H., Ly, S.N,, Li, HK,, Li, H.M., Xiang, Z.Q., Zhou, H.Y., Song, B., 2006. Constrain-
ing the role of the Qinling orogen in the assembly and break-up of Rodinia:
tectonic implications for Neoproterozoic granite occurrences. J. Asian Earth Sci.
28,99-115.

Compston, W., Williams, L.S., Kirschvink, J.L., Zhang, Z.C., Ma, G.G., 1992. Zircon U-Pb
ages for the Early Cambrian time-scale. J. Geol. Soc. 149, 171-184.

Dasgupta, R., Hirschmann, M.M., Smith, N.D., 2007. Partial melting experiments of
peridotitie + CO, at 3 GPa and genesis of alkalic ocean island basalts. J. Petrol. 48,
2093-2124.

Dong, Y.P., Zhou, D.W., Zhang, G.W., 1997. The emplacement mechanism and tec-
tonic evolution of ultramafites in Songshugou area: eastern Qinling. Sci. Geol.
Sin. 32 (2), 173-180 (in Chinese with English Abstract).

Dong, Y.P., Zhang, G.W., Hauzenberger, C., Neubauer, F., Yang, Z., Liu, X.M., 2011a.
Palaeozoic tectonics and evolutionary history of the Qinling orog evidence from
geochemistry geochronology of ophiolite related volcanic rocks. Lithos 122,
39-56.

Dong, Y.P., Zhang, G.W., Hauzenberger, C., Neubauer, F., Liu, X.M., Genser, ]., Hauzen-
berger, C., 2011b. Tectonic evolution of the Qinling orogen, China: review and
synthesis. J. Asian. Earth Sci. 41, 213-237.

Fitton, ].G., James, D., Kempton, P.D., Ormerod, D.S., Leeman, W.P., 1988. The role
of lithospheric mantle in the generation of late Cenozoic basic magmas in the
western United States. In: Cox, K.G., Menzies, M.A. (Eds.), Oceanic and continen-
tal lithosphere: similarities and differences. J. Petrol. (Special Lithosphere Issue),
331-349.

Gao, S., Zhang, B.-R., Wang, D.-P., Ouyang, J.-P., Xie, Q.-L., 1996. Geochemical evi-
dence for the Proterozoic tectonic evolution of the Qinling Orogenic Belt and
its adjacent margins of the North China and Yangtze cratons. Precamb. Res. 80,
23-48.

Gill, J.B., 1981. Orogenic andesites and plate tectonics. Springer, New York, N.Y, p.
390.

Griffin, W.L., Powell, W]J., Pearson, N.J., O'Reilly, S.Y., 2008. GLITTER: data reduction
software for laser ablation ICP-MS. In: Sylvester, P. (Ed.), Laser Ablation-ICP-MS
in the Earth Sciences, vol. 40. Mineralogical Association of Canada Short Course
Series, pp. 204-207 (Appendix 2).

Griffin, W.L,, Pearson, N.J., Elusive, E., Jackson, S.E., van Achtenberg, E., O'Reilly, S.Y.,
She, S.R., 2000. The Hf isotope composition of carbonic mantle: LAM-MC-ICPMS
analysis of zircon megacrysts in kimberlites. Geochim. Cosmochim. Acta 64,
133-147.

He, Y.H., Zhao, G.C,, Sun, M., 2008. Geochemistry of the Xiyanghe volcanics at the
southern margin of the North China Craton: petrogenesis and tectonic implica-
tions. Lithos 102, 158-178.

He, Y.H., Zhao, G.C,, Sun, M., Xia, X.P., 2009. SHRIMP and LA-ICP-MS zircon
geochronology of the Xiong'er volcanic rocks: implications for the Paleo-
Mesoproterozoic evolution of the southern margin of the North China Craton.
Precamb. Res. 168, 213-222.

He, Y.H., Zhao, G.C., Sun, M., Han, Y., 2010a. Petrogenesis and tectonic setting of
volcanicrocksin the Xiaoshan and Waifangshan areas along the southern margin
of the North China Craton: constraints from bulk-rock geochemistry and Sr-Nd
isotopic composition. Lithos 114, 186-199.

He, Y.H., Zhao, G.C., Sun, M., 2010b. Geochemical and isotopic study of the Xiong'er
volcanic rocks at the southern margin of the North China Craton: petrogenesis
and tectonic implications. J. Geol. 118, 417-433.

HIGS (Henan Institute of Geological Sciences), 1990. Studies on the Luanchuan Group
in the Henan Province: Internal Communication Reports, pp. 1-84.

Huy, J.M., Zhang, W.J., 1990. The geochemical features of volcanic rocks in the
Luonan-Luanchuan transitional belt and the bounding structural elements. J.
Xi'an College Geol. 12, 29-37 (in Chinese with English Abstract).

Jackson, S.E., Pearson, N.J., Griffin, W.L., Belousova, E.A., 2004. The application of laser
ablation-inductively coupled plasma-mass spectrometry to in situ U-Pb zircon
geochronology. Chem. Geol. 211, 47-69.

Jiang, G.Q., 1993. Characteristics of Dahongkou Formation and Yuku Formation
and their tectonic environment in Luanchuan area. Henan Province. Geosci. 7,
138-144 (in Chinese with English Abstract).

Jourdan, F., Bertrand, H., Schdrer, U., Blichert-Toft, J., Féraud, G., Kampunzu, A.B.,
2007. Major and trace element and Sr, Nd, Hf, and Pb isotope compositions of
the Karoo large igneous province, Botswana-Zimbabwe: lithosphere vs mantle
plume contribution. J. Petrol. 48, 1043-1077.

Kelemen, P.B., Hanghgj, K., 2004. One view of the geochemistry of subduction-
related magmatic arcs, with an emphasis on primitive andesite and lower crust.
In: Rudnick R.L. (Ed.), The crust: Treatise on Geochemistry, vol. 3. Elsevier-
Pergamon, Oxford, pp. 593-659.

Kroner, A., Wilde, S.A., Zhao, G.C., O'Brien, PJ., Sun, M,, Liu, D.Y., Wan, Y.S,, Liu, SW.,
Guo, ].H., 2006. Zircon geochronology and metamorphic evolution of mafic dykes
in the Hengshan Complex of northern China: Evidence for late Palaeoprotero-
zoic extension and subsequent high-pressure metamorphism in the North China
Craton. Precamb. Res. 146, 45-67.

Lee, S.R., Cho, M., Cheong, C.S., Kim, H., Wingate, M.T.D., 2003. Age, geochem-
istry, and tectonic significance of Neoproterozoic alkaline granitoids in the
northwestern margin of the Gyeonggi massif, South Korea. Precamb. Res. 122,
297-310.

Li, Z.X., 1994. Collision between the North and South China blocks: a crustal-
detachment model for suturing in the region east of the Tanlu fault. Geology
22,739-742.

Li, ZX,, Li, X.H., Kinny, P.D., Wang, ]., Zhang, S., Zhou, H.W., 2003. Geochronology
of Neoproterozoic syn-rift magmatism in the Yangtze Craton, South China and
correlations with other continents: evidence for a mantle superplume that broke
up Rodinia. Precamb. Res. 122, 85-109.

Li, X.H., Li, Z.X,, Sinclair, J.A., Li, W.X,, Carter, G., 2006. Revisiting the “Yanbian
Terrane”: implications for Neoproterozoic tectonic evolution of the western
Yangtze Block, South China. Precamb. Res. 151, 14-30.

Ling, W.L,, Gao, S., Zhang, B.R,, Li, H.M,, Liu, Y., Cheng, J.P., 2003. Neoproterozoic tec-
tonic evolution of the northwestern Yangtze craton, South China: implications
for amalgamation and break-up of the Rodinia Supercontinent. Precamb. Res.
122,111-140.

Lu, Y.D., 2009. Formation and evolution of the Luonan-Luanchuan Fault belt in the
East Qinling Region. Petrol. Geol. Exp.t 31 (2), 148-153 (in Chinese with English
Abstract).

Lu, S.N,, Chen, ZH., Li, HK, Hao, GJ., Zhou, H.. Xiang, Z.Q., 2004. Late
Mesoproterozoic-early Neoproterozoic evolution of the Qinling orogen. Geol.
Bull. Chin. 23 (2), 107-112 (in Chinese with English Abstract).

Ly, S.N., Yu, HF, Li, HK, Chen, Z.H., Wang, H.C,, Zhang, C.L,, Xiang, Z.-Q., 2006. Early
Paleozoic suture zones and tectonic divisions in the “Central China Orogen”.
Geol. Bull. Chin. 25, 1368-1380 (in Chinese with English Abstract).

Ludwig, K.R., 1999. Using Isoplot/EX, version 2, A Geochronological toolkit for
Microsoft Excel. Berkeley Geochronological Center Special Publication 1a, Berke-
ley, p. 47.

Mattauer, M., Matte, P., Malavieille, ]., Taponnier, P., Maluski, H., Xu, Z.Q., Lu, Y.L.,
Tang, Y.Q., 1985. Tectonics of the Qinling Belt: build-up and evolution of eastern
Asia. Nature 317, 496-500.

McDonough, W.F., 1990. Constraints on the composition of the continental litho-
spheric mantle. Earth Planet. Sci. Lett. 101, 1-18.

McKenzie, D., O'Nions, R.K., 1991. Partial melt distribution from inversion of rare
earth element concentrations. J. Petrol. 32, 1021-1091.

McKenzie, D., O'Nions, RK., 1995. The source regions of oceanic island basalts. J.
Petrol. 36, 133-159.

Meng, Q.R,, Zhang, G.W., 1999. Timing of collision of the North and South China
blocks: Controversy and reconciliation. Geology 27, 123-126.

Meschede, M., 1986. A method of discrimination between different types of mid-
oceanic ridge basalts and continental tholeiites with the Nb-Zr-Y diagram.
Chem. Geol. 56, 207-218.

Nowell, G.M., Kempton, P.D., Noble, S.R,, Fitton, J.G., Saunders, A.D., Mahoney, ]J.,
Taylor, R.N., 1998. High precision Hf isotope measurements of MORB and OIB by
thermal ionisation mass spectrometry: insights into the depleted mantle. Chem.
Geol. 149, 211-233.

O'Reilly, S.Y., Zhang, M., 1995. Geochemical characteristics of lava-field basalts from
eastern Australia and inferred sources: connections with the subcontinental
lithospheric mantle? Contrib. Mineral. Petrol. 121, 148-170.

Peate, D.W., Hawkesworth, C.J., Mantovani, M.M.S., Rogers, N.W.,, Turner, S.P., 1999.
Petrogenesis and Stratigraphy of the High-Ti/Y Urubici Magma Type in the
Parana Flood Basalt Province and Implications for the Nature of ‘Dupal’-Type
Mantle in the South Atlantic Region. J. Petrol. 40, 451-473.

Pei, X.Z., Wang, T., Ding, S.P., Li, Y., Hu, B., 2003. Geochemical characteristics and
geological significance of Neoproterozoic adakitic granitoids on the north side
of the Shangdan zone in the East Qinling. Geol. Chin. 30, 372-381 (in Chinese
with English Abstract).

Pouclet, A, Lee, ].-S., Vidal, P., Cousens, B., Bellon, H., 1994. Cretaceous to Cenozoic
volcanism in South Korea and in the Sea of Japan: magmatic constraints on the
opening of the back-arc basin. Geol. Soc. London (Special Publ.) 81, 169-191.



46 X.-L. Wang et al. / Precambrian Research 190 (2011) 35-47

Pu, W,, Gao, J.F., Zhao, K.D., Ling, H.F,, Jiang, S.Y., 2005. Separation method of Rb-Sr
Sm-Nd using DCTA and HIBA. J. Nanjing Univ. (Natural Sci.) 41 (4), 445-450 (in
Chinese with English Abstract).

Robinson, J.A.C., Wood, B.]., 1998. The depth of the spinel to garnet transition at the
peridotite solidus. Earth Planet. Sci. Lett. 164, 277-284.

Roy, A., Prasad, M.H., 2003. Tectonothermal events in Central Indian Tectonic Zone
and its implications in Rodinian crustal assembly. J. Asian Earth Sci. 22, 115-129.

Saunders, A.D., Tarney, J., 1984. Geochemical characteristics of basaltic volcanism
within back-arc basins. Geol. Soc. London (Special Publ.) 16, 59-76.

Saunders, A.D., Storey, M., Kent, W.R., Norry, M., 1992. Consequences of plume-
lithosphere interactions. In: Storey, B.C., Alabaster, T., Pankhurst, RJ. (Eds.),
Magmatism and the causes of continental break-up. Geol. Soc. London (Special
Publ.) 68, 41-60.

Scherer, E., Munker, C., Mezger, K., 2001. Calibration of the lutetium-hafnium clock.
Science 293, 683-687.

Shaw, D.M., 1967. Trace element fractionation during anatexis. Geochim. Cos-
mochim. Acta 34, 234-237.

Song, C.Z., Zhang, G.W., Wang, Y.S., Li, ].H., Chen, Z.C., Cai, Z.C., 2009. The constraints
of strain partitioning and geochronology in Luonan-Luanchuan tectonic belts on
Qinling orogenic belt. Sci. Chin. (Earth Seri.) 52 (3), 300-312.

Sun, S.S., McDonough, W.F., 1989. Chemical and isotopic systematics of oceanic
basalt: implications for mantle composition and processes. In: Saunders, A.D.,
Norry, M.J. (Eds.), Magmatism in the Ocean Basins. Geol. Soc. London (Special
Publ.) 42, 313-345.

Tanaka, T., Togashi, S., Kamioka, H., Amakawa, H., Kagami, H., Hamamoto, T., Yuhara,
M., Orihashi, Y., Yoneda, S., Shimizu, H., Kunimaru, T., Takahashi, K., Yanagi, T.,
Nakano, T., Fujimaki, H., Shinjo, R., Asahara, Y., Tanimizu, M., Dragusanu, C., 2000.
JNdi-1: aneodymium isotopic reference in consistency with LaJolla neodymium.
Chem. Geol. 168, 279-281.

Thompson, R.N., Morrison, M.A., 1988. Asthenospheric and lower lithospheric man-
tle contributions to continental extension magmatism: an example from the
British Tertiary Province. Chem. Geol. 68, 1-15.

Vervoort, ].D., Patchett, P.]., Soderlund, U., Baker, M., 2004. Isotopic composition of Yb
and the determination of Lu concentrations and Lu/Hf ratios by isotopic dilution
using MC-ICPMS. Geochem. Geophy. Geosys. 5, 2004GC000721.

Wang, Y.F., 2000. Preliminary researching on the volcanic rock of Dahongkou For-
mation, Luanchuan Group. Henan Geol. 18, 181-189 (in Chinese with English
Abstract).

Wang, T., Wang, X.X., Zhang, G.W., Pei, X.Z., Zhang, C.L., 2003. Remnants of a Neopro-
terozoic collisional orogenic belt in the core of the Phanerozoic Qinling orogenic
belt (China). Gondwana Res. 6, 699-710.

Wang, X.L., Zhou, ].C., Qiu, ].S., Gao, J.F., 2004. Comment on “Neoproterozoic grani-
toids in South China: crustal melting above a mantle plume at ca 825Ma?” by
Xian-Hua Li et al. (PR 122, 45-83, 2003). Precamb. Res. 132, 401-403.

Wang, X.L., Zhou, J.C., Qiy, J.S., Zhang, W.L,, Liu, X.M., Zhang, G.L., 2006. LA-ICP-MS
U-Pb zircon geochronology of the Neoproterozoic igneous rocks from North-
ern Guangxi, South China: implications for petrogenesis and tectonic evolution.
Precamb. Res. 145 (1-2), 111-130.

Wang, X.L,, Zhou, ].C,, Griffin, W.L,, Wang, R.C,, Qiu, J.S., O'Reilly, S.Y., Xu, X.S., Liu,
X.M,, Zhang, G.L., 2007. Detrital zircon geochronology of Precambrian basement
sequences in the Jiangnan orog dating the assembly of the Yangtze Cathaysia
blocks. Precamb Res. 159 (1-2), 117-131.

Wang, X.C,, Li, X.H,, Li, W.X,, Li, ZX,, Liu, Y., Yang, Y.H,, Liang, X.R., Tu, X.L., 2008a.
The Bikou basalts in the northwestern Yangtze block South China: remnants of
820-810 Ma continental flood basalts? GSA Bull. 120, 1478-1492.

Wang, X.L., Zhou, ].C,, Qiy, J.S., Jiang, S.Y., Shi, Y.-R., 2008b. Geochronology and geo-
chemistry of Neoproterozoic mafic rocks from western Hunan South China:
implications for petrogenesis and post-orogenic extension. Geol. Mag. 145,
215-233.

Wang, Z.Q., Yan, Q.R, Yan, Z., Wang, T, Jiang, C.F.,, Gao, L.D., Li, Q.G., Chen, J.L., Zhang,
Y.L, Liu, P., Xie, C.L., Xiang, Z.]., 2009. New division of the main tectonic units of
the Qinling orogenic belt, central China. Acta Geol. Sin. 83 (11), 1527-1546 (in
Chinese with English Abstract).

Wang, X.L,, Jiang, S.-Y., Dai, B.-Z., 2010. Melting of enriched Archean subcontinental
lithospheric mantle: Evidence from the ca 1760 Ma volcanic rocks of the Xiong’er
Group, southern margin of the North China Craton. Precamb. Res. 182, 126-204.

Wang, H., Wuy, Y.B,, Gao, S., Liu, X.C.,, Gong, HJ., Li, Q.L., Li, X.H., Yuan, H.L.,, 2011.
Eclogite origin and timings in the North Qinling terrane, and their bearing
on the amalgamation of the South and North China blocks. J. Metamor. Geol.,
doi:10.1111/§.1525-1314.2011.00955.x.

Weis, D., Kieffer, B., Maerschalk, C., Barling, J., de Jong, J., Williams, G.A., Hanano, D.,
Pretorius, W., Mattielli, N., Scoates, ].S., Goolaerts, A., Friedman, R.M., 2006. High-
precision isotopic characterization of USGS reference materials by TIMS and
MC-ICP-MS. Geochem. Geophys. Geosyst. 7 (8), doi:10.1029/2006GC001283.

Wendlandt, R.F., Mysen, B.0O., 1980. Melting phase relations of nature peri-
dotite +CO; as a function of degree of partial melting at 15 and 30 kbar. Am.
Mineral. 65, 37-44.

Wilde, S.A., Zhao, G.C., 2005. Archean to Paleoproterozoic evolution of the North
China Craton. J. Asian Earth Sci. 24, 519-522.

Williams, LS., Buick, LS., Cartwright, 1., 1996. An extended episode of early Meso-
proterozoic metamorphic fluid flow in the Reynolds Range, central Australia. J.
Metamorphic Geol. 14, 29-47.

Winchester, J.A., Floyd, P.A., 1977. Geochemical discrimination of different magma
series and their differentiation products. Chem. Geol. 20, 325-343.

Wood, D.A., 1980. The application of a Th-Hf-Ta diagram to problems of tectomag-
matic classification and to establishing the nature of crustal contamination of

basaltic lavas of the British Tertiary volcanic province. Earth Planet. Sci. Lett. 50,
11-30.

Wu, FY., Yang, Y.H., Xie, LW.,, Yang, ].H., Xu, P., 2006. Hf isotopic compositions of
the standard zircons and baddeleyites used in U-Pb geochronology. Chem. Geol.
234, 105-126.

Wu, Y.B., Hanchar, J.M.,, Gao, S., Sylvester, PJ., Tubrett, M., Qiu, H.N., Wijbrans, J.R.,
Brouwer, F.M,, Yang, S.H,, Yang, QJ., Liu, Y.S., Yuan, H.L.,, 2009. Age and nature of
eclogites in the Huwan shear zone, and the multi-stage evolution. Earth Planet.
Sci. Lett. 277, 345-354.

Wyllie, P.J., Huang, W., 1976. Carbonation and melting reactions in the system
Ca0-Mg0-Si0,-CO, at mantle pressures with geophysical and petrological
applications. Contrib. Mineral. Petrol. 54, 79-107.

Wyman, D.A., Kerrich, R., Polat, A., 2002. Assembly of Archean cratonic man-
tle lithosphere and crust: plume-arc interaction in the Abitibi-Wawa
subduction-accretion complex. Precamb. Res. 115, 37-62.

Xiao, L., Zhang, H.-F., Ni, P.-Z,, Xiang, H., Liu, X.-M., 2007. LA-ICP-MS U-Pb zircon
geochronology of early Neoproterozoic mafic-intermediat intrusions from NW
margin of the Yangtze Block, South China: implication for tectonic evolution.
Precamb. Res. 154, 221-235.

Xu, X., Griffin, W.L,, Ma, X,, O'Reilly, S.Y., He, Z.Y., Zhang, C.L., 2009. The Taihua
group on the southern margin of the North China craton: further insights
from U-Pb ages and Hf isotope compositions of zircons. Mineral. Petrol.,
doi:10.1007/s00710-009-0062-65.

Xu, Y., Chung, S.-L., Jahn, B.-M., Wu, G., 2001. Petrologic and geochemical constraints
on the petrogenesis of Permian-Triassic Emeishan flood basalts in southwestern
China. Lithos 58, 145-168.

Yan, Q.R,, Wang, Z.Q., Yan, Z., Wang, T., Zhang, H.Y., Xiang, ZJ., Jiang, C.F.,, Gao, L.D.,
2009. Timing of the transformation from seafloor spreading on the southern
margin of the North China Block to subduction within the North Qinling Orogenic
belt. Acta Geol. Sin. 83 (11), 1565-1583 (in Chinese with English Abstract).

Yang, J.H., Wy, E.Y., Wilde, S.A., Belousova, E., Griffin, W.L., 2008. Mesozoic decra-
tonization of the North China block. Geology 36, 467-470.

Yu, J.H., O'Reilly, S.Y., Wang, L., Griffin, W.L., Zhang, M., Wang, R.C,, Jiang, S.Y., Shu,
L.S.,2008. Where was South China in the Rodinia supercontinent? Evidence from
U-Pb geochronology and Hf isotopes of detrital zircons. Precamb. Res. 164 (1-2),
1-15.

Yuan, H.L, Gao, S., Dai, M.N,, Zong, C.L., Giinther, D., Fontaine, G.H., Liu, X.-M.,
Diwu, C.R., 2008. Simultaneous determinations of U-Pb age, Hf isotopes and
trace element compositions of zircon by excimer laser-ablation quadrupole and
multiple-collector ICP-MS. Chem. Geol. 247, 100-118.

Zeng, G., Chen, LH.,, Xu, X.S,, Jiang, S.Y., Hofmann, A.W., 2010. Carbonated mantle
sources for Cenozoic intra-plate alkaline basalts in Shandong. North China 273,
35-45.

Zhang, Z2.Q,, Liu, D.Y., Fu, G.M,, 1991. Age of the Qinling Group, Kuanping Group
and Taowan Group: Researching progresses in the geochronology and tectonic
significance. In: Ye, L. (Ed.), Selected papers of the Symposium on the Qinling
orogenic belt. Northwest Univ. Publ. House, Xian, pp. 214-228 (in Chinese with
English Abstract).

Zhang, G.W., Yu, Z.P.,, Dong, Y.P., Yao, A.P., 2000. On Precambrian framework and
evolution of the Qinling belt. Acta Petrol. Sin. 16 (1), 11-21 (in Chinese with
English Abstract).

Zhang, C.L,, Liu, L., Zhang, G.W., Wang, T., Chen, D.L., Yuan, H.L,, Liu, X.M,, Yan, Y.X.,
2004. Determination of Neoproterozoic post-collisional granites in the north
Qinling mountains and its tectonic significance. Earth Sci. Frontiers (Chin. Univ.
Geosci., Beijing) 11 (3), 33-42 (in Chinese with English Abstract).

Zhang, ]., Zhao, G.C,, Sun, M., Wilde, S.A., Li, S.Z., Liu, SSW., 2006. High-pressure
mafic granulites in the Trans-North China Orogen: tectonic significance and age.
Gondwana Res. 9, 349-362.

Zhao, G.C., Wilde, S.A., Cawood, P.A., Sun, M., 2001. Archean blocks and their bound-
aries in the North China Craton: lithological, geochemical, structural and P-T
path constraints and tectonic evolution. Precamb. Res. 107, 45-73.

Zhao, G., Cawood, P.A., Wilde, S.A., Sun, M., 2002. Review of global 2.1-1.8 Ga oro-
gens: implications for a pre-Rodinia supercontinent. Earth Sci. Rev. 59, 125-162.

Zhao, G.C., Sun, M., Wilde, S.A,, Li, S.Z., 2005. Late Archean to Paleoproterozoic
evolution of the North China Craton: key issues revisited. Precamb. Res. 136,
177-202.

Zhao, G.C., He, Y.H., Sun, M., 2009. The Xiong’er volcanic belt at the southern mar-
gin of the North China Craton: Petrographic and geochemical evidence for
its outboard position in the Paleo-Mesoproterozoic Columbia Supercontinent.
Gondwana Res. 16, 170-181.

Zhao, J.H., Zhou, M.F., 2009a. Secular evolution of the Neoproterozoic lithospheric
mantle underneath the northern margin of the Yangtze Block, South China.
Lithos 107, 152-168.

Zhao, J.H., Zhou, M.F., 2009b. Melting of newly formed mafic crust for the formation
of Neoproterozoic I-type granite in the Hannan region, South China. J. Geol. 117,
54-70.

Zhao, T.P., Zhai, M.G., Xia, B., Li, H.M., Zhang, Y.X., Wan, Y.S., 2004. Zircon U-Pb
SHRIMP dating for the volcanic rocks of the Xiong’er Group: constrains on the
initial formation age of the cover of the North China Craton. Chin. Sci. Bull. 49,
2495-2502.

Zhao, J.H., Zhou, M.F,, Yan, D.P., Yang, Y.H., Sun, M., 2008. Zircon Lu-Hf isotopic con-
straints on Neoproterozoic subduction-related crustal growth along the western
margin of the Yangtze Block, South China. Precamb. Res. 163, 189-209.

Zhao, ].H., Zhou, M.F., Zheng, ].P., 2010. Metasomatic mantle source and crustal con-
tamination for the formation of the Neoproterozoic mafic dike swarm in the
northern Yangtze Block, South China. Lithos 115, 177-189.



X.-L. Wang et al. / Precambrian Research 190 (2011) 35-47 47

Zhao, X.X., Coe, R.S., 1987. Palaeomagnetic constraints on the collision and rotation
of North and South China. Nature 327, 141-144.

Zheng, Y.F., Wu, Y.B,, Chen, F.K,, Gong, B., Li, L., Zhao, Z.F., 2004. Zircon U-Pb and
oxygen isotope evidence for a large-scale 180 depletion event in igneous rocks
during the Neoproterozoic. Geochim. Cosmochim. Acta 68, 4145-4165.

Zheng, Y.F., Wu, RX,, Wuy, Y.B,, Zhang, S.B., Yuan, H.L.,, Wu, F.Y., 2008. Rift melting
of juvenile arc-derived crust: Geochemical evidence from Neoproterozoic vol-
canic and granitic rocks in the Jiangnan Orogen, South China. Precamb. Res. 163,
351-383.

Zhou, M.F,, Yan, D.P., Kennedy, A.K,, Li, Y.Q., Ding, J., 2002a. SHRIMP U-Pb zircon
geochronological and geochemical evidence for Neoproterozoic arc-magmatism
along the western margin of the Yangtze Block, South China. Earth Planet. Sci.
Lett. 196, 51-67.

Zhou, M.F., Kennedy, A.K., Sun, M., Malpas, J., Lesher, C.M., 2002b. Neoproterozoic
arc-related mafic intrusions along the northern margin of South China: impli-
cations for the accretion of Rodinia. J. Geol. 110, 611-618.

Zhou, J.C., Wang, X.L,, Qiu, J.S., Gao, J.F.,, 2004. Geochemistry of Meso- and Neopro-
terozoic mafic-ultramafic rocks from northern Guangxi, China: arc or plume
magmatism? Geochem. J. 38, 139-152.

Zhou, M.F,, Yan, D.P., Wang, C.L,, Qi, L., Kennedy, A., 2006. Subduction-related origin
of the 750 Ma Xuelongbao adakitic complex (Sichuan Province China): impli-
cations for the tectonic setting of the giant Neoproterozoic magmatic event in
South China. Earth Planet. Sci. Lett. 248, 286-300.

Zhou, M.F,, Zhao, J.H., Xia, X., Sun, W.H., Yan, D.P., 2007. Comment on “Revisiting the
“Yanbian Terrane”: implications for Neoproterozoic tectonic evolution of the
western Yangtze Block South China”. Precam. Res. 155, 313-317.

Zhou, J.C., Wang, X.L., Qiu, J.S., 2009. Geochronology of Neoproterozoic mafic rocks
and sandstones from northeastern Guizhou, South China: coeval arc magmatism
and sedimentation. Precamb. Res. 170, 27-42.

Zou, H.B., Zindler, A., Xu, X.S., Qi, Q., 2000. Major, trace element, and Nd, Sr and
Pb isotope studies of Cenozoic basalts in SE China: mantle sources, regional
variations, and tectonic significance. Chem. Geol. 171, 33-47.



	Age, geochemistry and tectonic setting of the Neoproterozoic (ca 830Ma) gabbros on the southern margin of the North China ...
	1 Introduction
	2 Geological setting
	3 Analytical methods
	4 Dating results
	5 Geochemistry
	6 Discussion
	6.1 Petrogenesis
	6.2 Tectonic setting
	6.3 Implications for the tectonic evolution of the southern margin of the NCC
	6.4 Further implications for episodic reactivation of tectonic margins

	7 Concluding remarks
	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data


