Precambrian Research 190 (2011) 35–47

Contents lists available at SciVerse ScienceDirect

Precambrian Research
journal homepage: www.elsevier.com/locate/precamres

Age, geochemistry and tectonic setting of the Neoproterozoic (ca 830 Ma)
gabbros on the southern margin of the North China Craton
Xiao-Lei Wang a,b,c,∗ , Shao-Yong Jiang a , Bao-Zhang Dai a , W.L. Grifﬁn c ,
Meng-Ning Dai d , Yue-Heng Yang e
a

State Key Laboratory for Mineral Deposits Research, Department of Earth Sciences, Nanjing University, Nanjing 210093, PR China
Beijing SHRIMP Center, Chinese Academy of Geological Sciences, Beijing 100026, PR China
c
ARC National Key Centre for Geochemical Evolution and Metallogeny of Continents, Department of Earth and Planetary Sciences, Macquarie University, Sydney, NSW 2109, Australia
d
State Key Laboratory of Continental Dynamics, Northwest University, Xi’an 710069, PR China
e
State Key Laboratory of Lithosphere Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029, PR China
b

a r t i c l e

i n f o

Article history:
Received 27 January 2011
Received in revised form 17 August 2011
Accepted 19 August 2011
Available online 26 August 2011
Keywords:
Zircon U–Pb age
Geochemistry
Tectonic setting
Neoproterozoic
North China
Tectonic margin

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) probably 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 Neoproterozoic 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.

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 understand 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 represents 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 Triassic assembly processes with the South China Block (SCB) (Mattauer
et al., 1985; Zhao and Coe, 1987; Li, 1994; Meng and Zhang, 1999;
Wu 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 evolution of the Qinling-Dabie orogenic belt leaves several unanswered
questions (e.g., Meng and Zhang, 1999): What was the Precambrian 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) during the Precambrian? Resolving these questions will improve our
understanding of the Neoproterozoic margin of the NCC, the evolution 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
et al., 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 magmatism 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 gabbros from the Luanchuan Group on the southern margin of the NCC,
and conclude that they have been generated in a within-plate rifting
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 amalgamation of the eastern and western blocks at ca 1.85 Ga (Zhao et al.,
2001, 2002, 2005; Wilde and Zhao, 2005; Kröner 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 formation 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 amalgamation 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 Qinling 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 represent 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 considered 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, intruding 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 plagioclase 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 zircon U–Pb dating. Zircons from two samples (07CTD-08 and
07CTD-09; N33◦ 50 34.1 , E111◦ 32 25.8 ) were dated by LA–ICPMS, 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 techniques, 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 University (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 – LuonanLuanchuan 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 carried out using a beam with a 30 m diameter and a repetition rate
of 5 Hz and 80% energy. U–Pb fractionation was corrected using
zircon standard GEMOC GJ-1 (207 Pb/206 Pb 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 ± 5 Ma; Black
and Gulson, 1978). Detailed analysed procedures and data acquisition 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 Geological Sciences. Detailed analysis processes are similar to those
described by Compston et al. (1992). A 3.2 nA primary beam, with
∼30 m 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 (206 Pb/238 U = 0.0928 corresponding
to 572 Ma, 238 ppm 238 U, 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. 204 Pb was analysed for the commonlead 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 precision 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 procedures are similar to those described by Pu et al. (2005), with
relative standard deviation (RSD) lower than 5 × 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 206 Pb/238 U ages; the Hf isotopic analyses are denoted by the broken circles with the εHf (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 86 Sr/88 Sr = 0.1194. The long-term
87 Sr/86 Sr analysis of the international standard NIST SRM987
is 0.710252 ± 0.000016 (2, n = 65), consistent with the results
(0.710252 ± 0.000013) of Weis et al. (2006). Mass fractionation
of Nd isotopes was corrected assuming 146 Nd/144 Nd = 0.7219.
The long-term 143 Nd/144 Nd analysis of the international standard JNdi-1 is 0.512121 ± 0.000016 (2, n = 67), identical to the
value (0.512115 ± 0.000007) of Tanaka et al. (2000). The εNd (t)
values were calculated based on the Nd isotopic compositions of
143 Nd/144 Nd (CHUR) = 0.512638 and 147 Sm/144 Nd (CHUR) = 0.1967.
Zircon Lu–Hf analyses reported here were carried out in situ
using a Geolas CQ 193 nm 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 system attached to a Nu Plasma HR multi-collector ICP-MS at the
State Key Laboratory of Continental Dynamics, Northwest University, Xi’an. Both He and Ar carrier gases were used to transport
the ablated sample from the laser-ablation cell via a mixing chamber 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 m
diameter and a 4 Hz repetition rate. A new TIMS-determined value
of 0.5887 for 176 Yb/172 Yb was applied for correction of mass bias
(Vervoort et al., 2004). Zircon 91500 was used as the reference

standard. The decay constant for 176 Lu of 1.865 × 10−11 year−1 proposed by Scherer et al. (2001) was adopted in this work. εHf values
were calculated according to the chondritic values of BlichertToft et al., 1997. Single-stage model ages (TDM1 ) were calculated
referred to the depleted mantle with a present-day 176 Hf/177 Hf
ratio of 0.28325, similar to that of the average MORB (Nowell
et al., 1998) and 176 Lu/177 Hf 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
(176 Lu/177 Hf = 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 206 Pb/238 U age of
830 ± 6 Ma (95% conf., MSWD = 0.52, n = 12). Two concordant anal-
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yses, 15 spots fall in a concordant group, yielding a weighted
mean 206 Pb/238 U age of 830 ± 7 Ma (95% conf., MSWD = 0.08,
n = 15). The age could represent the crystallization age of the sample.
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 intercept 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 206 Pb/238 U age of 828 ± 4.5 Ma (95% conf.,
MSWD = 0.29, n = 29). Collectively, these new results strongly suggest 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 07CTD09 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 meaningless. 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 isotopic system may have been affected by later alteration, producing
younger concordant ages such as two ca 62 Ma analyses of 07CTD08.
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5. Geochemistry
The gabbros of the Luanchuan Group have SiO2 contents ranging from 44.8 to 50.1 wt% (Supplementary Table 2), and plot in the
alkali-basalt ﬁeld on the Zr/TiO2 –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 TiO2 contents are
high, ranging from 2.21–4.45 wt%. The TiO2 , P2 O5 and Ba concentrations generally increase as Mg# values decrease (Fig. 4), following
typical magmatic-fractionation trends. SiO2 and Al2 O3 show a limited 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, Na2 O, K2 O 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 relative to heavy-REEs [(La/Yb)N = 9.54–7.71]. Middle-REEs are weakly
enriched relative to heavy-REEs, with (Gd/Yb)N 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 gabbros do not have the positive Pb and Sr anomalies typical of arc

basalts from subduction zones (Fig. 5b). Moreover, negative Nb–Ta
anomalies relative to Th–U, K and LREEs are absent in the spider diagrams. In fact, two samples (07CTD-16 and 07CTD-18) show clear
enrichments of Nb–Ta relative to U (Fig. 5b). These geochemical features 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. However, 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 87 Sr/86 Sr ratios of 0.7069–0.7040 (Supplementary Table 3).
Sample 07CTD-09 has a relatively high Rb/Sr ratio of 0.55, signiﬁcantly different from the other samples (0.01–0.17). If this sample is
excluded, the initial 87 Sr/86 Sr 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 isotopes 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 distribution 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 metasomatism 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

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

20

a

4% Gt

3%
7% Gt

2% Gt
2%

(La/Yb)N

1%

3%
2%

10

3%
10%

2% Sp
1%

10%

2%
10%
10%
0

0

2

4

6

(Eu/Yb) N
10
7% Gt

b
2%
8

(Sm/Yb)N

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). However, 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 (Kd ) 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, indicating 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 approximately 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 et al., 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 continental arc basalts (Kelemen and Hanghøj, 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 εNd (t)
with MgO, Nb/Nb*, SiO2 or 1/Nd, suggesting that crustal contamination 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 intracontinental 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 geochemical features of the gabbros.
Possible mechanisms for the generation of the gabbroic magmas
include the partial melting of asthenospheric mantle, metasomatized 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 continental provinces (LIPs), such as the Paraná (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)N vs (La/Sm)N for the gabbros and non-modal batch melting modeling 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 metasomatized 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 calculations 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)N vs (La/Sm)N diagram (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)N vs (Eu/Yb)N diagram (Fig. 7b). This could reﬂect the
accumulation of plagioclase which led to the elevated (Eu/Yb)N
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 conditions 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 sublithospheric 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 reconstruction 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
been reached 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 Hannan complex (Zhou et al., 2002b; Ling et al., 2003; Zhao and Zhou,
2009a), and the Yanbian Group (Li et al., 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 magmatism 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 represent 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 ± 13 Ma for the zircon cores, indicating 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 Neoproterozoic 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 subduction regime. As discussed by many workers (e.g., Zhou et al., 2002a,
2004, 2006; Wang et al., 2004, 2006; Zheng et al., 2008), the geological 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 latestage 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 supported 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 carbonates, 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 discrimination 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., decratonization; 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 boundary 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 the related paired metamorphic belts (e.g., Lu et al., 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 orogenesis 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 lateMesoproterozoic (1161 ± 60 to 1575 ± 49 Ma), suggest that their
parental mantle was affected by metasomatism (due to the subduction 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 northern adjacent area experienced strong deformation during its main
active period at ca 380–370 Ma. 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 Neoproterozoic 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 references 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 extensional 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 Jiningnian? 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, corresponding 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. 1c). 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 plutons 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,
2008b). 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 southeastern 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 southeastern 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, leading 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 margin 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 margin 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 metamorphic 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 rheology, 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 gabbros 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 southern 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 margin 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 extensionconvergence cycles, and the reactivation of such tectonic margins
may be more frequent than previously recognized.
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