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A B S T R A C T

The Jiangnan Fold Belt was formed through the collision of the Yangtze and Cathaysia Blocks during the Neopro-
terozoic. The ca. 820 Ma mafic-ultramafic rocks from the Fanjingshan region in the western Jiangnan Fold Belt, South
China, are composed mainly of olivine pyroxenite, clinopyroxenite, and gabbros with minor wehrlite. Olivine py-
roxenites have low and constant K2O (!1 wt%) and Na2O (!0.17 wt%) and a narrow range of �Nd(t) (�3.2 to �1.6) and
207Pb/204Pb (15.65–15.89), suggesting insignificant crustal contamination. They have high Os (0.182–1.70 ppb), low Re/
Os (0.29–2.24) and gOs (�1.9 to �20.3), indicating their origination from a heterogeneous mantle source. By contrast,
two gabbros have gOs values ranging from 179 to 243, which may have resulted from later addition of Re and minor
crustal contamination. Olivine pyroxenites and calculated parental magmas show similar primitive mantle–normal-
ized trace element patterns with variable depletion of high field strength elements (e.g., Nb, Ta Zr, Hf, and Ti) and
enrichment of large-ion lithophiles (e.g., Th, U, Rb, and Pb). Their Sr-Nd-Pb isotopic compositions are also similar
to those of enriched mantle II–type mantle. These features are consistent with magma derived from a mantle wedge
that was previously metasomatized by slab-derived fluids and melts. The mafic-ultramafic rocks from Fanjingshan
have bulk rock and mineral compositions similar to those of Alaskan-type intrusions, suggesting that they were
formed in a subduction-related environment just before amalgamation of the Yangtze and Cathaysia Blocks.

Online enhancements: supplementary tables.

Introduction

The Jiangnan Fold Belt, formed by the amalgamation
of the Yangtze and Cathaysia Blocks during the Neo-
proterozoic, is important for the understanding of
Precambrian crustal accretion and tectonic evolu-
tion of South China and its link with the supercon-
tinent Rodinia (Zhou et al. 2002, 2008; Li et al.
2008c, 2009; Zhao and Cawood 2012; Zheng et al.
2013). Igneous rocks are widely distributed in the
Jiangnan Fold Belt and are characterized by granit-
oids, volcanic rocks, and minor mafic-ultramafic in-
trusions with ages ranging from 830 to 750 Ma (Li
et al. 1999; Ge et al. 2001; Wang et al. 2008; Zhou

Manuscript received August 13, 2013; accepted March 13,
2014; electronically published June 19, 2014.

* Author for correspondence; e-mail: jhzhao@cug.edu.cn.

et al. 2009; Zhang et al. 2012a; Zhao and Zhou 2013).
Mafic-ultramafic rocks in the Jiangnan Fold Belt are
crucial in constraining the formation and evolution
of the Jiangnan Fold Belt as well as its correlation
with the assembly and breakup of Rodinia, but their
origin has been a matter of debate for decades (Zhou
et al. 2008, 2009; Xue et al. 2012). Their tectonic
affinity is explained by either mantle plume, arc sub-
duction, or plate rift (Li et al. 2003a, 2008a, 2008b;
Wang et al. 2006b; Wu et al. 2006; Zheng et al. 2008;
Zhao and Zhou 2013), but the nature of their mantle
source region and petrogenesis are still poorly
constrained.

Osmium is highly compatible and rhenium is
moderately incompatible during partial melting of
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mantle. Substantial fractionation occurs between
Re and Os during crustal accretion and hence dis-
criminative Os isotopic compositions between
mantle and crust are generated through time (Shi-
rey and Walker 1998). Therefore, the Re-Os system
is a long-lived radiogenic isotope system sensitive
to the nature of mantle source and crustal assim-
ilation of mantle-derived magmas (Shirey and
Walker 1998).

Mafic-ultramafic rocks may contain clinopyrox-
ene that can be used to investigate the evolution
and petrogenetic processes of mantle-derived mag-
mas (Johnson et al. 1990; Rampone et al. 1993; Ross
and Elthon 1993; Bizimis et al. 2000; Rivalenti et
al. 1996). Large-ion lithophile elements (LILEs) and
high field-strength elements (HFSEs) are incom-
patible in clinopyroxene but less so than these el-
ements are in olivine and spinel (Stosch and Seck
1980; Green 1994). Thus, clinopyroxene is the main
carrier of these trace elements and can be used to
examine the nature of mantle-derived magmas
(Johnson et al. 1990; Rampone et al. 1993; Ross and
Elthon 1993; Rivalenti et al. 1996; Bizimis et al.
2000). Chemical compositions of primary clino-
pyroxene can provide reliable information about
the processes of mantle melting, metasomatism,
and subsolidus reequilibration (Johnson et al. 1990;
Suhr et al. 1998).

We chose mafic-ultramafic rocks from Fanjing-
shan, the western Jiangnan Fold Belt for detailed
study. New Sr-Nd-Pb-Os isotopic data are inte-
grated with trace element compositions of clino-
pyroxene in order to investigate the nature of man-
tle source of the rocks and further to constrain the
tectonic affinity of these rocks.

Geological Background

The Jiangnan Fold Belt records a series of complex
tectonic events from ca. 970 to ca.750 Ma (Li et al.
2003a, 2003b; Wang et al. 2006b, 2013; Zheng et
al. 2008, 2013; Zhao et al. 2011; Wang and Zhou
2012; Zhang et al. 2012b; Zhao and Cawood 2012;
Zhao and Zhou 2013). Tectonically, the Fanjing-
shan region in northeastern Guizhou Province is
the western segment of the Jiangnan Fold Belt (fig.
1a). The Neoproterozoic Fanjingshan Group crops
out over an area of ∼270 km2, with thicknesses
ranging from 7,500 to 11,620 m (fig. 1b; Wang and
Li 2003; Wang et al. 2010a; GRGST 1974).

The Fanjingshan Group is divided into upper and
lower parts based on lithologic variations. The lower
part consists of sandstone, siltstone, tuff, sericite
phyllite, and slate with abundant pillow lavas, rep-
resenting a shallow marine volcanic–sedimentary

system (GRGST 1974; BGMRGZ 1987). Individual
pillows of pillow lava are 25–60 cm long and 12–35
cm wide and exhibit vesicular and amygdaloidal tex-
tures. These rocks are highly altered and many are
mapped as spilites based on their very high Na2O
contents (GRGST 1974; BGMRGZ 1987). The upper
part is characterized by terrigenous turbidite with
flysch structures and consists of sandstone, silt-
stone, and phyllite (GRGST 1974; BGMRGZ 1987).
The Fanjingshan Group and its equivalents, the Le-
ngjiaxi, Sibao, Shuangqiaoshan, and Xikou Groups,
throughout the Jiangnan Fold Belt were recently
dated at 830–815 Ma (Gao et al. 2008, 2010; Wang
et al. 2010b, 2012a, 2012b, 2013; Zhao et al. 2011).
Overlying the Fanjingshan Group is the late Neo-
proterozoic Xiajiang Group and Nanhua-Sinian sys-
tem, which are covered by strongly deformed Paleo-
zoic to Lower Mesozoic, shallow marine deposits
(Yan et al. 2003; Chu et al. 2012a, 2012b).

Field Relations and Petrography

Mafic-ultramafic bodies from the Fanjingshan re-
gion are distributed in NE-trending belt and occur
mainly along stratification planes of the Fanjing-
shan Group (fig. 1c). They are approximately 10 m
thick and 10∼20 km long. In spite of strong defor-
mation, intrusive contacts of some intrusions with
their country rocks were preserved (BGMRGZ
1987; Zhang et al. 2008). These rocks consist of
wehrlite, olivine pyroxenite, clinopyroxenite, and
gabbro (Zhang et al. 2008). Most of the rocks are
hydrothermally altered to different degrees, and
their primary minerals are partially to completely
replaced by serpentine, tremolite, chlorite, epidote,
and sericite (GRGST 1974; BGMRGZ 1987).

Wehrlite consists of clinopyroxene and olivine,
which is largely replaced by serpentine. Accessory
minerals include chromite, magnetite, and sul-
phide. Associated olivine pyroxenites are composed
of up to 75% clinopyroxene with less abundant ol-
ivine (5%∼25%) and biotite (1̃%) associated with
minor chromite and sulfide. Most of these rocks
have poikilitic textures with rounded olivine grains
enclosed in clinopyroxene (fig. 2). Primary clino-
pyroxene grains in olivine pyroxenites are euhedral
to subhedral, 1–2 mm across (fig. 2a–2c), whereas
secondary clinopyroxenes are smaller (0.4–0.8 mm)
and show subhedral to anhedral morphologies (fig.
2d, 2e). Magnetite occurs mainly as inclusions in
clinopyroxene. Small (0.08–0.1 mm), euhedral mag-
netite grains are sporadically distributed in inter-
stices between clinopyroxene and olivine. Other
minerals include plagioclase, chromite, ilmenite,
and pentlandite (fig. 2). Gabbro has poikilitic and
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Figure 1. Sketch geological map of the studied area. a, Framework of South China containing the Yangtze Block in
the northwest and the Cathaysia Block in the southeast (modified after Zhao et al. 2011). Primary Precambrian
geological units including sedimentary sequences, mafic to felsic igneous plutons, and major faults are highlighted
in the Yangtze Block. b, Geological map of the Fanjingshan area (FJS) showing the distribution of mafic-ultramafic
rocks (modified after GRGST 1974). c, General cross section involving major units of the Fanjingshan area (modified
after GRGST 1974). A color version of this figure is available online.
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Figure 2. Photomicrographs of rocks from Fanjingshan. Serp p serpentine; Cr-sp p Cr-spinel; Cpx p clinopyroxene;
Mt p magnetite; Ol p olivine; Tr p tremolite; and Chl p chlorite. A color version of this figure is available online.

ophitic textures and consists chiefly of plagioclase
and pyroxene with minor quartz and titanite.

Analytical Methods

Laser Ablation (LA)-ICP-MS U-Pb Dating of Zircon.
U-Pb isotope analysis of zircon was carried out by
LA-ICP-MS at the State Key Laboratory of Ore De-
posit Geochemistry, Institute of Geochemistry,

Chinese Academy of Sciences (CAS), Guiyang. A
combination of a GeoLasPro laser ablation system
and an Agilent 7700x ICP-MS was used for the anal-
yses. The 193-nm ArF excimer laser, homogenized
by a set of beam delivery systems, was focused on
the zircon surface with a fluence of 10 J/cm2. The
ablation protocol employed a spot diameter of 32
mm at a 5-Hz repetition rate for 45 s. Helium was
employed as a carrier gas to allow efficient trans-
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Figure 3. Concordia plots of laser ablation ICP-MS U-Pb dating of zircons separated from sample FJS1183.

port of aerosol to the ICP-MS. Raw data reduction
was performed offline by ICPMSDataCal (Liu et al.
2010). Data were processed using the ISOPLOT pro-
gram (Ludwig 2003).

Bulk Rock Major and Trace Elements. Major ele-
ment abundances were obtained using X-ray fluo-
rescence (XRF) on fused glass beads at the Univer-
sity of Hong Kong. Trace elements were analyzed
on a Quadrupole ICP-MS at the State Key Labo-
ratory of Ore Deposit Geochemistry, Institute of
Geochemistry, CAS, Guiyang.

Closed beakers in high-pressure bombs with 1
mL HF and 1 mL HNO3 were used to ensure com-
plete digestion. This analytical procedure is partic-
ularly suitable for analyzing Zr and Hf because zir-
con is completely dissolved with a recovery of
nearly 100%. Pure elemental standards for external
calibration, and OU-1 and AMH-1 were used as ref-
erence materials. Accuracies of the XRF analyses
are estimated to be 2% for most major elements
and 1% for SiO2. Details are given in (Qi et al. 2000).
ICP-MS analyses for trace elements have accuracies
better than 5% for all investigated trace elements.

Bulk-Rock Isotopes Analyses. Rb-Sr and Sm-Nd
isotopic analyses were carried out using a Finnigan
MAT-262 mass spectrometer, located at the CAS
Key Laboratory of Crust-Mantle Material and En-
vironment, University of Science and Technology

of China. Our analytical procedure is similar to that
of Chen et al. (2002, 2007). Sample powders were
spiked with mixed isotope tracers, dissolved in Tef-
lon capsules with HF�HNO3, and separated by con-
ventional cation-exchange techniques. Strontium
and rare earth elements (REEs) were separated and
purified on quartz columns by conventional ion-
exchange chromatography with a 5-mL resin bed
of AG 50W-X12 (200–400 mesh) after sample de-
composition. Nd and Sm were further separated
from other REEs on quartz columns using 1.7-mL
Teflon powder coated with HDEHP, di(2-ethyl-
hexyl)orthophosphoric acid, as cation exchange
medium. Pb was separated using anion exchange
techniques with diluted HBr as an eluant. Mea-
sured 87Sr/88Sr and 143Nd/144Nd ratios were corrected
for mass fractionation relative to 86Sr/88Sr p 0.1194
and 146Nd/144Nd p 0.7219, respectively. Total pro-
cedural blanks were !200 pg for Sr, !50 pg for Nd,
and !200 pg for Pb. Analytical precisions of isotope
compositions are given as 2j standard errors, and
errors of initial isotopic ratios are quoted at the 2j

level.
For Re-Os isotope analyses, 2–3 g sample powders

were accurately weighted and dissolved using an
improved Carius tube technique described by Qi et
al. 2010, in the State Key Lab of Ore Deposit Geo-
chemistry, Institute of Geochemistry (SKLODG),
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Figure 4. Major oxides and trace elements versus MgO variation diagrams for bulk-rock geochemistry of mafic-
ultramafic rocks from Fanjingshan.

CAS, Guiyang. Immersed in an ice-water bath, the
Carius tube was added in approximate amounts of
185Re and 190Os spikes with 10 mL purified concen-
trated HNO3 and 2 mL purified concentrated HCl.
The Carius tubes were kept at ∼240�C in an oven
for 48–72 h. After that, Os was distilled as OsO4

from the matrix using in situ distillation equip-

ment. Re was separated from the matrix and pu-
rified by anion exchange resin (Biorad AG 1 # 8,
200–400 mesh). Os isotopic ratios were measured
on a Thermo-Finnigan Triton mass spectrometer
with negative ion detection mode and equipped
with an oxygen gas leak valve and an ion-counting
multiplier in Guangzhou Institute of Geochemis-
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Figure 5. Chondrite-normalized rare earth element patterns and primitive mantle-normalized trace element spider
diagrams for bulk-rock compositions of mafic-ultramafic rocks from Fanjingshan. Normalized values are from Sun
and McDonough (1989). Symbols are the same as in figure 4.

try, CAS. Re isotopes were measured using a PE
ELAN DRC-e ICP-MS in SKLODG. Total proce-
dural blanks of Re and Os were 6.4 and 2.0 pg.

Electron Microprobe and In Situ Trace Element
Analysis. Major element compositions of clino-
pyroxene were obtained with a JEOL JXA8100 elec-
tron microprobe at the Guangzhou Institute of Geo-
chemistry, China. The standards used were olivine
for Mg and Si, garnet for Al, diopside for Ca, om-
phacite for Na, ilmenite for Ti, chromite for Cr,
fayalite for Fe, and niccolite for Ni. Peak and back-
ground counting times were set at 20 s and 10 s,
respectively. Samples were analyzed with a focused
beam in spot mode at an accelerating voltage of 15
kV and a beam current of 20 nA.

Trace element concentrations of clinopyroxene
were determined by a Resonetic M50 193-nm ex-
cimer laser coupled to a Thermo PQ Excell LA-ICP-
MS at the Department of Earth Sciences, Univer-
sity of Hong Kong. Each analysis was performed by
ablating spots with 40 mm diameter at 6 Hz with
energy of ∼100 mJ per pulse. Helium was employed
as the carrier gas. USGS standards BHVO-2G, BCR-
2G, and BIR-1G were used as external standards,
and GSE-1G was analyzed as an unknown sample

for quality control. The sum of all element con-
centrations expressed as oxides (according to their
oxidation states present in the silicates) are con-
sidered to be 100% m/m for a given anhydrous sil-
icate mineral (Liu et al. 2008; Chen et al. 2011).
NIST610 was used as an internal standard. The off-
line data processing was performed by
ICPMSDataCal (Liu et al. 2010).

Analytical Results

Zircon U-Pb Dating. Euhedral zircon grains from
a gabbroic sample (FJS1183) have uniform to oscil-
latory-zoned internal structures and high Th/U ra-
tios (0.35–3.19), typical features of magmatic zir-
con. Among 14 grains analyzed (table S1; tables S1–
S5 available online), 9 analyzed grains have con-
cordant 206Pb/238U ages of 808 Ma to 833 Ma, with
a weighted mean age of 820 � 8 Ma (MSWD p
1.4), which is considered as the emplacement age
of the gabbro (table S1; fig. 3).

Whole-Rock Chemical Compositions. Representa-
tive whole-rock major and trace element compo-
sitions of olivine pyroxenites and gabbros are given
in table S2. Olivine pyroxenites have narrow ranges
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Figure 6. a, Plots of initial 87Sr/88Sr versus �Nd(t) values
for mafic-ultramafic rocks from Fanjingshan. Midocean
ridge basalt (MORB), mantle array, and enriched mantle
(EM)I and EMII trends are after Zindler and Hart (1986).
Ocean island basalt (OIB) data are from Wilson (1989).
Data for Kongling dioritic-tonalitic-trondhjemitic-grano-
dioritic (DTTG) rocks are from Gao et al. (1999) and
Zhang (2008). b, Plots of 206Pb/204Pb versus 207Pb/204Pb for
mafic-ultramafic rocks from Fanjingshan. The fields of
high-m mantle (HIMU), depleted MORB mantle (DMM),
EMl, and EMll are from Weaver (1991) and Zindler and
Hart (1986). Northern Hemisphere Reference Line
(NHRL) is from Hart (1984). Symbols are the same as in
figure 4.

of SiO2 (40.5–45.3 wt%), TiO2 (0.27–0.62 wt%),
Al2O3 (5.3–8.2 wt%), MgO (21.7–28.4 wt%), and
FeO(T) (10.9–14.4 wt%). Similarly, gabbros have gen-
erally uniform SiO2 (49.1–53.0 wt%), TiO2 (0.56–
1.21 wt%), and Al2O3 (13.6–14.9 wt%) but variable
MgO (4.5–10.0 wt%) and FeO(T) (9.2–12.9 wt%). In
all the rocks, SiO2, TiO2, and Al2O3 correlated neg-
atively, and FeO(T) correlated positively with MgO
(fig. 4).

Olivine pyroxenites exhibit chondrite-normal-
ized REE patterns with slight enrichment of LREE

(La/YbN p 1.76–3.96), flat HREE (Gd/YbN p 0.99–
1.39) and mostly variable negative Eu anomalies
( p0.22–1.03). Gabbros have relatively uni-∗Eu/Eu
form chondrite-normalized REE patterns with
slight enrichment of LREE (La/YbN p 2.69–3.71),
flat HREE (Gd/YbN p 1.14–1.39) and slightly neg-
ative Eu anomalies ( p 0.83–0.86). In the∗Eu/Eu
primitive mantle–normalized trace element spider
diagram, the olivine pyroxenites are characterized
by strong depletion of Ba and Sr, slight depletion
of Nb and Ta, moderate enrichment of Th and U,
and strong enrichment of Pb (fig. 5). In contrast,
gabbros are significantly depleted in Nb, Ta, P, and
Ti but enriched in Th, U, La, and Pb.

Sr, Nd, and Pb Isotopes. Sr-Nd-Pb isotopic com-
positions are presented in table S3. Gabbros have
relatively constant �Nd(t) (�3.2 to �2.1), and variable
87Rb/86Sr (0.250 to 1.023) and 87Sr/86Sr ratios
(0.711287 to 0.723042). By contrast, olivine pyrox-
enites have slightly more depleted Nd isotopes
with �Nd(t) ranging from �3.0 to �1.7. One olivine
pyroxenite has 87Rb/86Sr of 1.025 and 87Sr/86Sr of
0.719827.

Two olivine pyroxenites (FJS1189 and FJS1190)
have high 206Pb/204Pb (19.196–19.331), 207Pb/204Pb
(15.793–15.890) and 208Pb/204Pb (40.332–40.386); the
other samples have similarly low 206Pb/204Pb
(18.364–18.865), 207Pb/204Pb (15.653–15.761), and
208Pb/204Pb (38.737–39.501). All samples plot above
the Northern Hemisphere Reference Line (NHRL)
and nearby to the enriched mantle (EM)II end-mem-
ber (fig. 6b).

Re-Os Isotopes. Re-Os isotopic data are presented
in table S4 and plotted on the isochron diagram in
figure 7. Errors of 187Os/188Os ratios are estimated
on the basis of replicate analyses of laboratory ref-
erence samples and includes uncertainties in mass-
spectrometry, both in run precision and in frac-
tionation correction by normalization.

Whole-rock Re concentrations for all samples
from Fanjingshan are variable, from 0.111 to 0.975
ppb. Olivine pyroxenites have Re (0.297–0.605 ppb)
higher than the gabbros (0.111–0.233 ppb), but one
gabbro has the highest Re of 0.975 ppb. Olivine
pyroxenites have common Os concentrations
(0.182–1.701 ppb) higher than those of the gabbros
(0.006–0.083 ppb). Olivine pyroxenites have vari-
able 187Os/188Osi (calculated back to 820 Ma) ratios
between 0.1197 and 0.1468, whereas two gabbros
(FJS1168 and FJS1183) have highly radiogenic 187Os/
188Osi ratios of 0.3402 and 0.4191, while the other
two gabbros (FJS1101 and FJS1115) have unreason-
ably low 187Os/188Osi ratios of 0.0691 and –1.9896.

Compositions of Clinopyroxene. Clinopyroxenes
have diopsidic to augitic compositions (fig. 8). They
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Figure 7. Re-Os isochron of mafic-ultramafic rocks from Fanjingshan. The errors of 187Re/188Os and 187Os/188Os are
estimated to be 3% and 2%, respectively. A color version of this figure is available online.

have low Al2O3 (0.40–2.98 wt%) and Na2O (0.15–
0.83%) and high FeO(T) (4.72–9.42 wt%), Cr2O3 (0–
0.95 wt%), and TiO2 (0.04–0.80 wt%) (table S5).
There are positive correlations between of Mg# ver-
sus TiO2 and SiO2 versus Al2O3. Clinopyroxenes of
olivine pyroxenites have higher Mg# values (81.4–
86.0) than those in gabbros (75.9–84.0).

Clinopyroxenes have generally flat chondrite-
normalized REE patterns with distinct depletion of
LREE (La/YbN p 0.32–0.65) and slightly positive Eu
anomalies ( p 0.77–1.31; fig. 9a, table S5).∗Eu/Eu
They show primitive normalized-trace element
patterns with negative Sr, Zr, and Ti anomalies (fig.
9b).

Discussion

Alteration and Metamorphism. Mafic-ultramafic
rocks from the Fanjingshan region may have un-
dergone low-temperature hydrothermal alteration,
greenschist facies metamorphism, and strong tec-
tonic deformation along with their country rocks
(GRGST 1974). During these processes, their chem-
ical compositions may have been partially modi-
fied. Nevertheless, immobile elements, such as

HFSEs and REEs, are resistant to these secondary
processes and can be used to constrain the petro-
genesis of altered mafic-ultramafic rocks (Wang et
al. 2006a; Zhao and Zhou 2007). Although K and
Rb are suspected to be mobile during alteration
(Zhao and Zhou 2007), K2O/Rb ratios for most ol-
ivine pyroxenites (95–251) and all gabbros (213–
448) are relatively constant, suggesting these ele-
ments were not affected by alteration. In addition,
the mafic and ultramafic rocks have similar REE
patterns with constant La/YbN (1.76–3.96) and Gd/
YbN (0.99–1.39) values, indicating immobility of
REE during alteration.

Hydrothermal alteration of Re has been reported
for a number of layered mafic-ultramafic intrusions
(Hart and Kinloch 1989; Lambert et al. 1994; Marc-
antonio et al. 1994). Slight variation of Re/Os ratios
would significantly change initial Os isotopic com-
positions corrected back to the time of emplace-
ment (ca. 820 Ma). One olivine pyroxenite with
high 187Re/188Os ratio of 10.8 has 187Os/188Osi similar
to other olivine pyroxenites which have relatively
low 187Re/188Os ratios (1.4–2.3), indicating Re-Os
isotopic system remained close after magma em-
placement. By contrast, two gabbro samples have
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Figure 8. Clinopyroxene compositions of olivine pyroxenite from Fanjingshan. The gray field with dashed line
boundary corresponds to the compositions of clinopyroxene in Alaskan-type complexes (Himmelberg and Loney 1995;
Irvine 1974; Helmy and El Mahallawi 2003).

low Os concentrations and strong negative gOs val-
ues (–43 and –1731), suggesting disturbance of the
Re-Os isotope system in these samples.

Magmatic Differentiation and Crustal Contamina-
tion. Magmatic differentiation is considered as a
major process controlling the compositional vari-
ations of mafic-ultramafic rocks from the Fanjing-
shan region (fig. 4). The negative correlation be-
tween MgO and Cu/Ni ratios suggests that olivine
and orthopyroxene played an important role in the
magma evolution. Olivine pyroxenites have a neg-
ative correlation between SiO2 and MgO and a pos-
itive correlation between Ni and MgO. They also
have CaO and CaO/Al2O3 ratios negatively corre-
lated with MgO, indicating olivine accumulation
(fig. 4). However, gabbros that experienced olivine
fractionation display a positive correlation between
CaO and MgO, reflecting fractionation of clino-
pyroxene (fig. 4). Negative correlations of TiO2 and
V with MgO imply that magnetite did not crystal-
lize during the magma evolution. The strongly neg-
ative Sr and Eu anomalies of olivine pyroxenites
may reflect plagioclase fractionation.

Although they show positive Th and U anoma-
lies and negative Nb and Ta anomalies in the prim-
itive mantle–normalized diagram (fig. 5b), olivine
pyroxenites have low and constant K2O and Na2O
and lack positive Zr-Hf anomalies, inconsistent
with significant crustal contamination. Depletion
of Zr and Hf in clinopyroxene from the olivine py-
roxenites (fig. 9b, 9d) further demonstrate that their
parental magmas were not significantly modified
by crustal contamination. Olivine pyroxenites have

slightly variable �Nd(t) and 207Pb/204Pb ratios that are
irrelevant to MgO content (fig. 10), indicating that
the discrepant isotopic compositions were more
likely inherited from heterogeneous parental mag-
mas. Gabbros have �Nd(t) values and 207Pb/204Pb ratios
similar to those of olivine pyroxenites, both defin-
ing fractional crystallization trend and indicating
limited crustal contamination.

Osmium isotopic compositions of olivine pyrox-
enites also argue for insignificant crustal contam-
ination. Because crustal materials usually have
higher Re/Os and 187Os/188Os ratios but lower Os
concentrations relative to mantle-derived magmas
(Shirey and Walker 1998), of the magma187 188Os/ Osi

experienced crustal contamination is supposed to
be negatively correlated with Os concentration but
positively correlated with 187Re/188Os, which is op-
posite to the relationship exhibited by olivine py-
roxenites (fig. 11). Therefore, the heterogeneity of
initial Os isotopic compositions (0.1197 and
0.1468) of olivine pyroxenites more likely indicate
replenishing magma in an open-system magma
chamber.

On the other hand, two gabbro samples have high
gOs values (179 to 243) that are negatively correlated
with Mg#, implying significant crustal assimilation
during the magma emplacement. This phenome-
non could be explained by the compatible features
of Os during magma fractional crystallization,
which dramatically decrease Os concentration in
the evolved magma. Thus, low Os contents in the
evolved magma makes Os isotope system much
more sensitive to crustal contamination relative to
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Figure 9. Chondrite-normalized rare earth element (REE) patterns (a) and primitive mantle-normalized trace element
spider diagrams (b) for the clinopyroxene from olivine pyroxenites. Chondrite-normalized REE patterns (c) and prim-
itive mantle-normalized trace element spider diagrams (d) for geochemical compositions of the parental magma in
equilibrium with clinopyroxene from the olivine pyroxenites. Clinopyroxene/liquid partition coefficient used for
calculation are from Bédard (2001). Normalized values are from Sun and McDonough (1989). Shaded areas in c and
d are the compositions of clinopyroxene. Also shown in the REE-normalized diagram (a) is fractional melting modeling
of residual clinopyroxene after extraction of melt from spinel stability field mantle. MORB p midocean ridge basalt.
A color version of this figure is available online.

Nd and Pb ones. On the other hand, the decoupling
of Os from Sr-Nd isotopic systems was also ob-
served in the evolution of some basaltic magmas,
evidencing interaction with sulfide-rich crustal
materials and leading the assimilation of Os than
Sr-Nd was assimilated into the silicate magma due
to the chalcophile nature of Os (cf. Yang et al. 2012).
Therefore, selective contamination of Os isotopes
could be the possible mechanism to explain the
highly radiogenic Os isotopic composition of gab-
bros in Fanjingshan.

Subduction-Related Enrichment of Mantle Source.
Mafic and ultramafic rocks from the Fanjingshan
region have low �Nd(t) values, and high and variable
87Sr/88Sr ratios, as well as high Pb isotopic ratios,
which are similar to those of EMII-type mantle
source (fig. 6a, 6b). Olivine pyroxenites have sub-
chondritic to slightly radiogenic gOs values (�1.9 to
�20.3), indicating a heterogeneous mantle source.

The least radiogenic sample has of187 188Os/ Osi

0.1197, similar to that of subcontinental litho-
spheric mantle ( ;187 188Os/ Os p 0.1155–0.1193820Ma

Zheng et al. 2009), indicating involvement of lith-
ospheric mantle in their parental magma. On the
other hand, the radiogenic samples with high gOs

values could be derived from an enriched mantle
source because crustal contamination has been ex-
cluded (see above).

Addition of slab-derived radiogenic Os can sub-
stantially change the Os isotopic signatures of su-
prasubduction lithospheric mantle (Brandon et al.
1996, 1999; Widom et al. 2003; Saha et al. 2005).
This mechanism is very appealing to explain the
highly radiogenic Os nature as well as the wide
range of Os isotopic compositions of the mantle
source of mafic-ultramafic rocks from the Fanjing-
shan region. The positive correlation between

ratios and La/Sm and Rb/Y indicate ad-187 188Os/ Osi
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Figure 10. Plots of �Nd(t) and 207Pb/204Pb versus MgO
(wt%) for mafic and ultramafic rocks from Fanjingshan.
Mentioned in the text are FC (fractional crystallization)
and AFC (assimilation fractional crystallization). Sym-
bols are the same as in figure 4.

Figure 11. Plots of 187Os/188Osi versus common Os and
187Re/188Os of mafic-ultramafic rocks from Fanjingshan.

dition of radiogenic Os into the suprasubduction
mantle through circulation of hydrous fluids. These
ratios are thought to be sensitive to the slab-derived
fluids modification (Maury et al. 1992). The con-
tinuous influx of radiogenic Os into the mantle
wedge would also generate highly radiogenic gOs

values of �20 even though the slab-fluids have Os
concentration much lower than that of the mantle
wedge (cf. Widom et al. 2003).

Mafic-ultramafic rocks from the Fanjingshan re-
gion have high Th and U concentrations, implying
high-temperature fluid fluxing in the mantle source
(Hermann et al. 2006). Their elevated Rb/Y and Th/
Zr ratios relative to constant Nb/Y and Nb/Zr ra-
tios (fig. 12a, 12b) suggest addition of Rb and Th
to the mantle wedge by hydrous fluids (Maury et
al. 1992). Slab-derived fluids have low and constant
K/Rb ratios, whereas slab-derived melts have high
K/Rb ratios but low K and Rb abundances (Kogiso
et al. 1997; Zhao and Zhou 2007). The rocks from
Fanjingshan have relatively low K/Rb ratios (fig.

12c), further confirming metasomatism of their
mantle source region by hydrous fluids. Hydrous
fluids are able to transport Nd more effectively than
Hf, so the decoupling of Hf-Nd isotopic signatures
of gabbro from Fanjingshan (Zhou et al. 2009) is
also indicative of fluid metasomatism.

Compositions of clinopyroxene can be used to
estimate elemental concentrations of their parental
magmas. The calculated compositions of the pa-
rental magma are rich in light REEs (LREEs) relative
to heavy REEs (HREEs) with slightly negative Eu
anomalies (fig. 9c, 9d). The melt has arc-like prim-
itive mantle-normalized trace elemental patterns
with enrichment of LILEs (e.g. Rb, Ba, and Th) and
strong depletion of HFSEs (e.g., Nb, Ta, Zr, and Hf;
fig. 9d). However, Nb and Ta abundances are much
lower than the experimentally estimated solubility
of these elements in clinopyroxene in equilibrium
with a slab-derived aqueous fluid (Baier et al. 2008),
probably due to occurrence of Ti-bearing minerals
during dehydration of downgoing slab (Xiong et al.
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Figure 12. Binary diagrams illustrating the different metasomatic trend of rocks imposed by slab-released fluids or
slab-derived melts. The values of primitive mantle (PM) and ocean island basalt (OIB) are from Sun and McDonough
(1989). The values of upper crust are from Rudnick and Gao (2003). Fields of Valovayam and Tymlat, South Koryak
Volcanic Field, Golovin/Belaya, Eastern and Behind Volcanic Front, and Nb-enriched basalt are from Kepezhinskas
et al. (1997) for comparison. Symbols are the same as in figure 4.

2005). Ta is generally depleted relative to Nb in
clinopyroxene and therefore in the parental magma
in equilibrium with clinopyroxene (fig. 9d), perhaps
reflecting fluid-related metasomatism because Ta
has lower solubility in fluids than Nb and a cli-
nopyroxene-fluid partition coefficient lower than
that of Nb (Baier et al. 2008). The low concentra-
tions of Zr, Hf, and Ti indicate no addition of these
elements by slab-melt metasomatism (Grégoire et
al. 2001; McInnes et al. 2001).

Partial Melting of the Mantle Wedge. Mafic-ultra-
mafic rocks from Fanjingshan display moderate
REE fractionation (La/Ybn p 1.76–3.96) and flat
HREE patterns (Gd/Ybn p 0.99–1.39), indicating
that they were derived from garnet-free mantle
sources (Green 1994), probably from a spinel lherz-
olite mantle source.

Clinopyroxene that crystallized in the magma
chamber is assumed to have the same trace element
compositions as those of the residual clinopyroxene
from the mantle source, if near-fractional melts
separated in equilibrium with the mantle source
and suffered no chemical modification en route to
the crust and if the clinopyroxene/melt partition
coefficients are constant (Suhr et al. 1998). The im-
mobile trace elements (such as HREEs, Ti, and Zr)
in clinopyroxene therefore can be used to estimate
the degree of partial melting that the mantle source
suffered (Jean et al. 2010). Calculations reveal that
mainly 5%–10% fractional melting of spinel lherz-
olite could produce HREE compositions similar to
those of clinopyroxene from olivine pyroxenites
(fig. 9c). The LREE enrichment of these clinopy-
roxene probably reflects modification by slab-
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Figure 13. Geochemical modeling of the partial melting
process in the mantle source. Ti versus Dy concentra-
tions in clinopyroxene after Bizimis et al. (2000). Dry
melting: residual clinopyroxene compositions during dry
melting; hydrous melting: suggested refertilization-
hydrous melting model; amphibole melting: melting of
a midocean ridge basalt (MORB) source in the presence
of amphibole (Bizimis et al. 2000). Fields for clinopyrox-
ene in the suprasubduction zone (SSZ; Batanova and So-
bolev 2000; Bizimis et al. 2000) and in abyssal peridotites
(Johnson et al. 1990) are cited for comparison.

derived fluids, similar to refertilized clinopyroxene
in residual peridotites from Happo-O’ne, central Ja-
pan (Khedr et al. 2010). A reverse modeling using
Ti and Dy also indicates that 5%–10% melting of
spinel lherzolite can produce residual clinopyrox-
ene with HREE signatures similar to those of cli-
nopyroxene of olivine pyroxenites from Fanjing-
shan (fig. 13). Nevertheless, it should be noted that
the composition of accumulated clinopyroxene
may be changed during its reequilibration of crystal
with a residual liquid and in that case its trace el-
ement content (e.g., REE) tends to be slightly higher
than the original composition (Godel et al. 2011).
Consequently, the calculated degree of partial
melting could be underestimated or a minimum
value.

Implications for the Tectonic Setting. The negative
correlations of Mg# versus TiO2 and Al2O3 of cli-
nopyroxene (fig. 14a, 14b) are indicative of differ-
entiation of hydrous subduction-related magmas
(Conrad and Kay 1984; DeBari and Coleman 1989;
Loucks 1990). Clinopyroxene from studied mafic-
ultramafic rocks have low Al2O3 and high SiO2 (fig.
14c), similar to typical Alaskan-type intrusions,
such as the Tulameen Complex in British Colom-
bia (Rublee 1994), also suggesting crystallization
from hydrous magmas. It is also characterized by

low TiO2 contents and low Al in tetrahedral sites
(fig. 14d), typical of clinopyroxene from arc cu-
mulative rocks (Loucks 1990). The calculated pa-
rental magma of olivine pyroxenites resembles
those with an arc-affinity (fig. 9), also suggestive of
an arc-related environment for the mafic-ultra-
mafic rocks from the Fanjingshan region. The man-
tle beneath a subduction zone is suggested to have
higher oxygen fugacity (Carmichael 1991). Vana-
dium (V) is very sensitive to the oxygen fugacity of
mantle source, and a trend of increasing incom-
patibility from V3� to V4� to V5� for all mineral
phases has been identified (Mallmann and O’Neill
2009). Therefore, mantle melting under higher ox-
ygen fugacity tend to generate magmas with high
V content. Clinopyroxene of olivine pyroxenites
from Fanjingshan have comparable or higher V con-
tent than some clinopyroxenes with similar Mg#
from the Gaositai intrusion from the northern
North China Craton, which is considered to have
derived from a subduction zone (Chen et al. 2009).
Accordingly, the high V values of clinopyroxene
from olivine pyroxenites from Fanjingshan are in-
dicative of a high oxygen fugacity environment,
such as a subduction setting, for the generation of
parental magmas.

The volcano-sedimentary sequence of the Fan-
jingshan Group can also provide constraints on the
tectonic affinity of the associated mafic-ultra-
mafic rocks (Zhou et al. 2009; Wang et al. 2010a;
Zhao et al. 2011). Sedimentation of the Fanjing-
shan Group, and its equivalents, including the Le-
ngjiaxi, Sibao, and Shuangqiaoshan Groups in the
Jiangnan Fold Belt, was likely continuous until
830–820 Ma. These rocks are interpreted as flysch
to molasse deposits accumulated in back-arc or
retro-arc foreland basins (Wang and Zhou 2013;
Wang et al. 2013). The ca. 820-Ma mafic-ultra-
mafic rocks from Fanjingshan are nearly coeval
with cessation of sedimentation of the Fanjing-
shan Group (Zhou et al. 2009; Wang et al. 2010a;
Zhao et al. 2011), suggesting that the intrusions
were related to subduction-related magmatism be-
fore amalgamation of the accreted terrane with the
Yangtze Block. This conclusion is consistent with
those derived from the studies of 825–829 Ma
high-Mg boninitic rocks in the central part (Zhang
et al. 2012b; Zhao and Zhou 2013) and of the ca.
824-Ma ophiolitic complex in the northeastern
part of the Jiangnan Fold Belt (Zhang et al. 2012a).
Taken together, the age and nature of these vari-
ous units are suggestive of an arc development,
back-arc extension and subsequent terrane accre-
tion or continental collision. Such a scenario
would be broadly analogous to the emplacement
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Figure 14. Clinopyroxene composition of rocks from Fanjingshan. The discrimination diagrams are after Le Bas
(1962) and Pettigrew and Hattori (2006), where Alz refers to the percentage of Al in the tetrahedral sites (Alz p

IVAl/2). The trend for arc cumulate rocks in d represents pyroxene formed in hydrous arc magmas (Loucks 1990).∗100
Data from a typical Alaska-type complex, the Tulameen Complex (Rublee 1994), are exhibited for comparison. The
term “nonalkaline” includes rocks with tholeiitic, high-alumina, and calc-alkaline affinity (Le Bas 1962).

of Alaskan-type intrusions, which commonly in-
trude during terrane accretion following subduc-
tion of oceanic crust and probably corresponds to
the final phase of accretion of arc terrenes to con-
tinents (Saleeby 1992; Foley et al. 1997; Ayarza et
al. 2000; Grenne et al. 2003).

Conclusions

The mafic-ultramafic rocks from the Fanjingshan
region, west Jiangnan Fold belt, South China,
formed at ca. 820 Ma. Parental magmas were likely
produced by 5%–10% fractional melting of a su-
prasubduction lithospheric mantle corresponding
to spinel peridotites equilibrated with the spinel
stability field. This mantle source has been previ-
ously enriched by slab-released fluids above a sub-
ducting zone. This metasomatized mantle was het-
erogeneous in terms of subchondritic to slightly
radiogenic Os isotopic compositions and supplied

multiple replenishing magmas to an open-system
magma chamber to form the Fanjingshan intru-
sions. Crustal contamination was insignificant dur-
ing the ascent and emplacement of the basaltic pa-
rental magmas, whereas crustal material played an
important role as evidenced by the Os isotopic
compositions during the formation of gabbros.
Mafic-ultramafic rocks have bulk rock and mineral
compositions similar to typical Alaskan-type in-
trusions. The formation of these rocks probably
represents the final phase of subduction-related
magmatism before the juxtaposition of the accreted
terrene to the Yangtze Block.

A C K N O W L E D G M E N T S

This study was financially supported by the Re-
search Grant Council of Hong Kong SAR, China
(707511P), the National Natural Science Founda-
tion of China (NSFC 41073026 and 41272212) and

This content downloaded from 23.235.32.0 on Wed, 4 Nov 2015 02:48:40 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


470 W . W A N G E T A L .

a Committee on Research and Conference Grants
award from Hong Kong University (201011159078).
We thank L. Chen and P. Liu for EMPA analyses,
J. Gao for clinopyroxene trace element analyses,

G. Wang and J. Li for Re-Os analyses, and P. Xiao
for Sr-Nd-Pb analyses. Thanks go to M. Grégoire
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