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Summary

The metabasites in Tunchang area, East-central Hainan Island, South China generally
display strongly LREE-depleted patterns, extremely low HFSE concentrations and
relatively high LILE contents; a few boninite-like samples have a concave-up, slightly
LREE-enriched pattern. The low but variable Ti=V ratios between 6 and 20, and the
high mg-numbers and Cr, Co, Ni contents, are indicative of plume-influenced intra-
oceanic arc magmas. It accord with this model are moderately high "Nd(t) values ranging
from þ2.16 to þ6.75, and 87Sr=86Sri values ranging from 0.70239 to 0.70824. These
geochemical features imply that the protoliths for the Tunchang area metabasites are
relics of an intra-oceanic island arc and the parental melts of these rocks were generated
from a depleted, primitive mantle arc source rather than from a N-MORB source in
a supra-subduction zone-like setting. The minor geochemical differences between the
two identified groups of metabasites are due to a combined result of the variable degree
of partial melting and the crystal fractionation of clinoproxene � olivine � plagioclase.

The Tunchang area metabasites are distinctive in geochemical and isotopic compo-
sitions, and likely also in age from the Bangxi area metabasites in the northwestern part
of Hainan Island. We assume that the NE–SW trending Baisha Fault Zone likely marks
an early suture zone due to the collision of an Early Paleozoic intra-oceanic arc with the
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South China continent. In contrast, the Bangxi area metabasites more likely are formed in
an extensional back-arc basin due to subduction of the Paleo-Tethys beneath the South
China continental margin during the Late Paleozoic.

Introduction

Many geoscientists have recognized that ophiolites might have been derived from
different mantle provenances and formed in a variety of tectonic settings (e.g.,
spreading mid-ocean ridges, back-arc spreading centers, supra-subduction zones)
(Yumul, 2003 and references therein). Especially, supra-subduction zone-related
tectonic models (SSZ) provide alternative models for the genetic interpretation
of many ophiolites (e.g., Robertson, 2002). Ophiolites with SSZ-type geochemical
signature, such as the Troodos ophiolite from Cyprus (for a review see Coogan
et al., 2003), are distinguished from normal MORBs in major- and trace elements
as well as in isotopes.

Paleozoic metabasites widely crop out on Hainan Island, South China (Fig. 1).
Their origin and geotectonic significance have been controversial among Chinese
geoscientists. The geochemical and isotopic data seem to support an interpretation
of these rocks as relics of fragmented oceanic crust of the eastern part of the Paleo-
Tethys (Li et al., 2002). However, the results of previous studies are not compatible
with such an interpretation and the previously geological, petrographic and geo-
chemical data are in favor of an intercontinental rift related to lithosphere thinning

Fig. 1. Simplified geological map of Hainan Island showing the main tectono-stratigraphic
and tectono-magmatic units. The tectono-stratigraphic division of Hainan Island into the
Southeast and the Northwest Islands is according to Metcalfe et al. (1993)
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(Xia et al., 1991; Fang et al., 1992). Hence, further documentation of petrogenetic
scenario and tectonic settings responsible for these rocks is required. Based on new
petrographical, bulk rock geochemical and Sr-Nd isotopic data of the metabasites
in Tunchang area, East-central Hainan Island, this study attempts to determine
their possible provenance and genesis, and their representative tectonomagmatic
events.

Field geology and petrography

Hainan Island, separated from the Cathaysian Block of South China by Qiongzhou
Channel (Fig. 1a), is a continental-type island. Abundant metabasites, occurring as
small, isolated lensoid and=or stratiform bodies within the Paleozoic volcanioclas-
tic sedimentary sequences of marine to terrestrial facies origin, are present mainly
along both sides of the E–W trending Changjiang-Qionghai and the NE–SW trend-
ing Baisha Fault Zones on this Island (Fig. 1b).

The metabasites in Tunchang area, in the East-central Island, are situated
between Yashiyuan and Xichangyuan (longitude and latitude 109�5702200 to
109�5801500 and 19�2503000 to 19�2601500, respectively Fig. 2). Our field investiga-
tions indicate that this wedge-shaped body has a NE-trending axis and is about
3.0 km long and about 0.6 km wide. Its main foliation and associated (mineral)
lineation are NNE-NNW trending and are roughly dipping E at an angle of about
50–70� (Fig. 2a). The Carboniferous (?) host rocks comprise of a set of huge, thick,

Fig. 2. (a) Geological map showing the Tunchang area metabasites in the East-central
Hainan Island. (b) Schematic cross section through the possible ophiolitic unit. The me-
tabasites are generally fine-grained near the margins and become coarse-grained towards
the cores; they are crosscut by diabasic-gabbroic dykes indicating an incomplete, dismem-
bered ophiolitic suite
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low grade argillaceous, arenaceous and silicious sediments of middle-deep marine
facies origin. Two metamorphic zones, i.e. a sericite and the biotite zone, have
been identified in the studied area (Fig. 2a), based on the first appearance of the
index mineral biotite. The biotite zone only occurs locally in the western part of the
metabasite body and has a width of about 50–200 m. Up to meter-scale tight to
isoclinal folds and possible migmatisation are also observed in this zone (Fig. 3a).
The identical strike and dip to the metabasite body suggest occurrence of this zone
as an interlayer with the latter. The sericite zone occurs extensively in the studied
area and generally exhibits NE-trending planar fabrics, which are roughly dipping
W at an angle of 35–70�. A fault contact, respectively in the northwest and the
southeast, probably marks the boundary between the sericite zone and the meta-
basite body (Fig. 2a).

The rock assemblages of the Tunchang area metabasites comprise coarse-
grained, medium to fine-grained and massive amphibolites, and appear to be cross-
cut by medium to coarse-grained amphibolites (Fig. 2a). The coarse-grained
amphibolites are dark and dark-green in color, and contain radiating clusters of
green, prismatic amphibole with a length of 0.5–3 cm, and milky, porphyritic
plagioclases with a size of about 0.5–1 cm. These amphibolites often show after
a homogeneous, poikilitic texture and pseudomorphis of amphiboles pyroxenes
(Fig. 3b); thus their protoliths are proposed to have been gabbroic rocks. The
medium to fine-grained, massive=or fine-grained but more foliated texture amphi-
bolites of green-grey to green color are equigranular and have the same mineral
assemblage as their coarse-grained equivalents. Relics of pillowed structures have
been well preserved in these rocks (Fig. 3c). Rare metavolcanic tuff covers the
underlying meta-pillow lava.

The Tunchang area metabasites show variable degrees of metamorphism, alter-
ation and shear deformation. Magmatic minerals, such as pyroxene, olivine and=or
hornblende, are no longer preserved in these rocks. Abundant chlorites with a color
ranging from colorless to green occur as fibrous-radiating chlorite aggregates (Fig.
3d) and=or as chlorite-bearing veinlets. Ubiquitous plagioclase is altered to more
sodic plagioclase and prehnite. Ilmenite is very abundant and appears as xeno-
morphic or even skeletal grains, whereas minor rutile occurs in ilmenite (Fig.
3e). Minor muscovite and tourmaline occur as secondary minerals. Fine-grained
rocks have a perfect nematoblastic texture defined by oriented amphibole and=or
plagioclase along the schistosity (Fig. 3f). The amphibole from the coarse-grained
samples does not show such a well-expressed mineral orientation, but commonly

1
Fig. 3. Field photographs and thin-section photomicrographs for Tunchang area meta-
basites and their associated host rocks in the East-central Hainan Island. Pen and hammer
in field photographs (a) and (c) for scale. e BSE image, all others are photomicrographs
taken with crossed nicols. (a) biotite-bearing schist with migmitisation and isoclinal fold-
ing, (b) poikilitic texture shown by amphiboles, sample TC008-1 (upper-left inset for
sample TC006-1), (c) metapillowed structure, (d) fibrous, radiating chlorite aggregate,
sample YSY-06 (upper-left inset in plane-polarized light), (e) rutile inclusion within ilmenite,
sample TC001-1, (f) S-C fabrics, sample 12B-08, (g) fish-like amphibole, sample YSY-01
and (h) metagabbroic-metadiabasic texture, sample YSY04-2. Amp amphibole; Pl plagio-
clase; Chl chlorite; Ep epidote; To tourmaline; Ilm ilmenite and Rut rutile
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contains a mylonitic texture with amphibole porphyroclast showing undulose ex-
tinction and fish-like shape (Fig. 3g). Despite the intense metamorphism and alter-
ation, some medium to coarse-grained samples sometimes preserve gabbroic to
diabasic textures (Fig. 3h).

Collectively, the protoliths for the Tunchang area metabasites probably are
composed of coarse-grained gabbroic rocks, medium to fine-grained gabbroic
rocks and fine-grained and=or massive pillowed lava, which are crosscut by diaba-
sic to gabbroic dykes and in turn are covered by volcanioclastic sediments. We
therefore suggest that these rocks most likely represent the upper layers of an
unkown ophiolite or an incomplete, dismembered ophiolite body (Fig. 2b).

Data sources and analytical procedures

Twenty-three fresh surface samples were taken from the metabasite body in
Tunchang area, East-central Hainan Island. All samples were analyzed for major
elements nineteen samples for trace- and rare earth elements, and sixteen samples
for Sr-Nd isotopes. The analytical results are presented in Tables 1 and 2. Major
element abundances for 23 samples were determined at Institute of Geochemistry,
Chinese Academy of Sciences, using X-ray fluorescence (XRF) and wet chemical
methods. Trace element concentrations were measured using Inductively Coupled
Plasma-Atom Emission Spectrometry (ICP-AES) and Inductively Coupled Plasma-
Mass Spectrometry (ICP-MS). The analytical precision (in relative standard devia-
tion) is usually <3% for major elements except H2Oþ, <4% for REEs and Y, and
3–7% for other trace elements.

Sr and Nd isotopic analyses were carried out at the Isotopic Laboratory of the
Yichang Institute of Geology and Mineral Resources, following methods described
by Ma et al. (1998). All the isotopic determinations were performed on a Finnigan
MAT261 surface ionization mass spectrometer equipped with 7 Faraday cup col-
lectors. 87Rb=86Sr and 147Sm=144Nd ratios were determined to precisions of �0.7%
and �0.1%, respectively. Parameters used for calculations include: 143Nd=144Nd
ratio of CHUR at the present time¼ 0.512638, 147Sm=144Nd ratio of CHUR at the
present time¼ 0.1967. The DM values for Nd are (143Nd=144Nd)Today¼ 0.51315,
(147Sm=144Nd)Today¼ 0.2137. The decay constants used were: � (87Rb)¼
0.0142Ga�1 and � (147Sm)¼ 0.00654 Ga�1.

Results

Bulk rock geochemistry

Most of the Tunchang area metabasites have silica values (volatile-inclusive) typi-
cal of basaltic rocks (Table 1). The ratios of Nb=Y and Zr=TiO2 classify them as
dominant sub-alkaline basalts with minor andesitic compositions (Fig. 4a). The low
ratios of Ti=Y and Nb=Y are characteristic of tholeiitic basalts (Fig. 4b). Based on
the criteria of Ti=Y<410 and Zr=Y<6 (Erlank et al., 1988), these rocks are further
classified as low-Ti tholeiites. Several samples (i.e. TC001, TC002, TC003, TC004
and TC006) with higher SiO2 contents (55–57 wt.%), which might most appropri-
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ately be termed basaltic andesites, probably had been affected by post-magmatic
alteration and=or metamorphism.

The Tunchang area metabasites further can be classified into two groups, i.e.
Groups 1 and 2, based on Figs. 4c and 5. Group 1 contains basaltic rock-domi-
nated, basaltic and gabbroic rocks. These rocks range in mg-number (Mg#) from

Fig. 4. (a–c) Discrimination dia-
grams for the Tunchang area met-
abasites, indicating that they are
low-Ti tholeiites (a and b after
Winchester and Floyd, 1977; Erlank
et al., 1988), and can be interpreted
as cumulates (dominated by Group
2) and basalts (dominated by Group
1) (c based on Pearce, 1983). Some
data for Group 2 are from Li et al.
(2002)
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Fig. 5. Plots of selected major and trace elements vs. Zr for the Tunchang area metabasites.
Some data for Group 2 are from Li et al. (2002). These diagrams show that the metabasites
can be discriminated into two groups with limited overlap, i.e., low-Ti=P-type (Group 1)
and high-Ti=P-type (Group 2)



55 to 82, MgO from 5.0 to 15.6 wt.% (generally between 5.0 and 10 wt.%), SiO2

from 51.3 to 57.9 wt.%, TiO2 from 0.38 to 1.82 wt.%, FeO� (¼ FeOþ Fe2O3) from
4.36 to 8.68 wt.%, Al2O3 from 13.1 to 17.9 wt.%, and CaO from 9.0 to 14.4 wt.%
(Table 1, volatile free). K2O contents are low (0.10–0.56 wt.%), whereas P2O5 are
high (0.28–0.53 wt.%) in these rocks. Also, the Group 1 rocks are characterized
by relatively low Zr (10–24 ppm), Th (0.03–0.18 ppm) and U (0.02–0.11 ppm)
abundances as well as relatively high Sc (41–50 ppm), Cr (527–3055 ppm), V
(293–524 ppm) and Ni (105–514 ppm) concentrations. The high P2O5 content for
this Group probably is related to accumulation of apatite, whereas two samples
(YSY-02, YSY-06) with high TiO2=Gd ratios (>0.50) can be designated as ilmenite
cumulates (e.g., Coogan et al., 2001).

Group 2 contains gabbroic rock-dominated, gabbroic, diabasic and basaltic
rocks. Generally, these rocks have mg-numbers ranging from 69 to 78 with
MgO contents varying from 8.0 to 13.8 wt.% (Table 1, volatile free). Compared
to the Group 1 rocks, the Group 2 samples are lower in TiO2 (0.39–0.80 wt.%),
P2O5 (0.02–0.25 wt.%) and SiO2 (44.7–55.0 wt.%), but higher in K2O (generally
>0.20 wt.% and up to 0.93 wt.%) (Table 1, volatile free). These rocks, which
have more affinities to cumulates (Fig. 4c), also have higher Zr (27–36.5 ppm),
Th (0.02–5.9 ppm) and U (0.06–5.9 ppm) and lower Sc (24–39 ppm), Cr (536–

Fig. 6. Chondrite-normalized REE spectra for the Tunchang area metabasites. CI
Chondrite REE compositions, N- and E-MORB values are from Sun and McDonough
(1989), data in b are from Li et al. (2002)
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1192 ppm), V (143–260 ppm) and Ni (160–382 ppm) concentrations, in com-
parison with the Group 1 rocks. As a result, Group 2 shows higher Al2O3=TiO2

(17–36) and Zr=Y (1.53–2.64) ratios but lower Ti=Zr (88–133) ratio than Group 1
(8–18, 0.48–1.25 and 156–634, respectively). Because the poikilitic amphiboles
are generally low in K2O (<0.1 wt.%, Xu et al., 2006), the K-enrichment probably
is related to decreasing degree of partial melting with increasing depth in respond
to smaller amount of water released from the downgoing slab in subduction-related
settings (Faure, 2001).

Most of the studied rocks display extremely low REE concentrations (an over-
all enrichment of 5–12 times chondrite, Sun and McDonough, 1989) and strongly
LREE-depleted patterns (La=Ybcn¼ 0.14–0.53) (Table 1 and Fig. 6), being com-
parable to those of the Oman ophiolites (Kelemen et al., 1997) and the northwest-
ern Ontario LREE-depleted arc basalts (Hollings and Kerrich, 2004). Very similar
patterns to those of gabbroic cumulate rocks from various ophiolites (Benoit et al.,
1996) and the recent oceanic crust (Constantin, 1999) also have been reported.
Two samples (YSY05-1, YSY05-2) in Group 1 show larger positive Eu anom-
alies (Eu�=Eu¼ 1.20–1.27), indicating the presence of plagioclase accumulation.

Fig. 7. Primitive mantle-normalized multi-element plots for the Tunchang area meta-
basites. Primitive mantle normalization values, N- and E-MORB values are from Sun and
McDonough (1989), and data for samples CX1 to CX-6 in Group 2-A from Li et al.
(2002)
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However, three samples D91001, D91002 and TC006-1 in Group 2 (Fig. 6d),
which most likely represent medium to coarse-grained diabasic rocks, show con-
cave-up, slightly LREE-enriched patterns (La=Ybcn¼ 1.65–3.45) together with
slightly positive Eu anomalies, comparable to those of the E-MORBs (Sun and
McDonough, 1989).

The Primitive Mantle-normalized spidergrams (Fig. 7) reflect that most of the
studied rocks generally are enriched in LILEs such as Ba, Rb, Sr and U, and
strongly depleted in HFSEs such as Nb, Ti, Y, Zr, Hf and Th, relative to the N-
MORBs and Primitive Mantle (Sun and McDonough, 1989). Despite an overall
similarity in the Fig. 7, most of the Group 1 rocks are relatively enriched in Ti and
Y, and depleted in Zr and Hf, in comparison with most of the Group 2 samples.
Positive Ti anomalies displayed by the Group 1 samples are consistent with their
oxide-rich nature, whereas negative to positive Zr-Hf anomalies for the studied
rocks probably reflect a two-stage melting history in subarc mantle wedge (e.g.,
Manikyamba et al., 2004). The sample TC006-1 in Group 2 exhibits similarities to
E-MORBs (Fig. 7), but still can be discriminated from the latter by its remarkably
low concentrations of incompatible elements and its Th and U spikes.

Sr-Nd isotopes

We have also analyzed the Sr-Nd isotopic compositions of sixteen samples
(Table 2). The Tunchang area metabasites have 147Sm=144Nd ratios ranging from
0.2343 to 0.3167 and 87Sr=86Sri values ranging from 0.699332 to 0.708243 and
relatively low "Nd(t¼ 330 Ma) values ranging from þ2.16 to þ6.75, which are
comparable to those of island arc basalts (Faure, 2001).

Groups 1 and 2 metabasites are also distinct regarding their Sr-Nd isoto-
pic compositions. Compared to the Group 1 rocks (0.512830–0.513078), the
Group 2 samples have higher measured 143Nd=144Nd ratios (0.512925–0.513243)
(Table 2). The corresponding values of "Nd(t) and 87Sr=86Sr are þ 4.76 to þ6.75
and 0.70611 to 0.70875, respectively for the Group 2, and þ2.16 to þ6.75 and
0.70611 to 0.71456, respectively for the Group 1. These values likely indicate that
the magmatic source is geochemically heterogeneous, due to involvement of an
enriched component into the depleted mantle source, or contributions of small
amounts of old crustal materials and=or both subducted sediments and altered
oceanic crust. Alternatively, the source could have undergone variable degree of
partial melting and=or fractional crystallization (see below).

Discussion

Alteration and metamorphism

The Tunchang area metabasites probably had been affected to varying degrees by
sea-floor alteration, (regional=thermal) metamorphism and deformation, based on
the petrographical and mineralogical observations, and microstructures. These later
processes may have disturbed the original abundance of some elements. Hence,
before using the geochemical data to interpret the petrogenesis and tectonic setting,
we need to confirm whether all elements still reflect the original magmatic com-
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position, or whether they have been remobilized during the processes of alteration
and metamorphism.

Because of its relative immobility during alteration and metamorphism, the
incompatible element Zr has been frequently used as reference to infer the mobi-
lities of major-, trace- and rare earth-elements (Rolland et al., 2002 and refer-
ences therein). Based on the correlation of Zr with main- and trace elements (Fig.
5), we thus interpret the differences in geochemical composition between Groups
1 and 2 as being due to magmatic processes rather than to alteration processes.
The relatively low LOI values for Group 1 (2.35–4.09 wt.%) and Group 2 samples
(1.52–3.29 wt.%; Table 1) also indicate that hydrothermal alteration was not
intense. Several samples have extremely high abundances of Rb (>20 ppm) and
Cs (>4 ppm), probably indicating low-temperature alteration effects (e.g., Hart
and Staudigel, 1982).

In order to check whether hydrothermal alteration had any effects on the Nd
and Sr isotopic compositions, a representative sample (YSY04-1) characterized by
extremely high Sr and Zn, and high Ba, Rb and LOI contents (Table 1) has been
chosen. Its "Nd(t) ratio of þ5.54 is within the range of other samples (þ2.16 to
þ6.75, Table 2). Hence we conclude that neither metamorphism nor low tem-
perature alteration significantly affected the Nd isotopic system of the studied
rocks. The same sample also shows an 87Sr=86Sri value as high as 0.707049
(Table 2). These higher 87Sr=86Sri values could reflect the effect of seawater al-
teration, since the 87Sr=86Sri vs. "Nd(t) diagram (Fig. 8) clearly indicates that the
studied samples had been severely altered by seawater. However, an exceptional
sample is the sample YSY05-1 in Group 1, which not only has the lowest "Nd(t)
value (þ2.16), but also has the lowest 87Sr=87Sri ratio (0.699332) (Table 2). A de-
pleted mantle source modified by a relatively enriched component (e.g., a slab-
derived fluid and=or melt) could yield such a low "Nd(t) value (see discussion
below), whereas post-magmatic enrichment in Rb likely accounts for the extremely
low 87Sr=87Sri ratios (Brewer and Menuge, 1998). This interpretation is supported
by the following characteristics; the same sample has the highest content of MgO
(15.56 wt.%), moderately high contents of P2O5 (0.28 wt.%) and TiO2 (0.87 wt.%),

Fig. 8. Diagrams of "Nd(t¼
330 Ma) against 87Sr=86Sri after
Zimmer et al. (1995) for the
Tunchang area metabasites
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and a moderately high ratio of Rb=Sr (0.3, Table 1). The REE patterns of the
studied rocks (Fig. 6), which are not randomly spiky but yield relatively smooth
patterns, highlight the fact that alteration and=or metamorphism did not signifi-
cantly modify the REE characteristics.

Therefore, the general immobility of REEs, HFSEs and TEs (transition metals)
during alteration and=or metamorphism gives confidence to their use as petroge-
netic and geotectonic indicator elements for the studied rocks. Those samples (e.g.,
TC001, TC003 and TC004) that show rather high contents in SiO2 and Na2O
(Table 1) suggest that silicification and=or other types of alteration (e.g., sea-floor
alteration) remain important and probably led to redistribution of some mobile
elements. To avoid misinterpretations caused by such alteration effects, only the
most representative samples that show minor major and trace element variations
and deviation from the differentiation trend of the series have been selected for
isotopic analyses.

Crustal contamination

HFSE and REE concentrations in the studied rocks (Table 1) do not reflect crustal
contamination. The low Ce=Yb ratios (generally <2.2) support that crustal con-
tamination is negligible in petrogenesis of the studied rocks (e.g., Hawkesworth
et al., 1993). This can also be seen in the Yb vs. Ce plot (Fig. 9), where the studied
rocks define a similar trend as intra-oceanic arc basalts from the South Sandwich
Islands and Tonga-Kermadec arcs. The higher positive initial "Nd values further
imply the mantle-derived magmatism without significant contribution from old
continental crust in the generation processes of their protoliths, being consistent
with the presence of pillow basalts (Fig. 3c) indicative of an oceanic environment

Fig. 9. Plot of Ce vs. Yb for
the Tunchang area metabasites.
Fields for various intraoceanic
arcs are from Manikyamba et al.
(2004), some data for Group 2
are from Li et al. (2002)
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for their generation. Some similarities in trace elements and Sr-Nd isotopes to the
oceanic crust beneath Canary Islands (Hoernle, 1998) and from DSDP-ODP Sites
417=418 in the western Atlantic (Staudigel et al., 1995) reflect that the protoliths
for the studied rocks were derived primarily from mantle sources rather than crustal
assimilation. The weak correlation between 87Sr=86Sri and K2O, the lack of corre-
lation between 87Sr=86Sri and SiO2, and no correlations between "Nd(t) vs. P2O5

and K2O (Fig. 10) further imply that contamination of magma by crustal mate-
rials and later alteration by crustal or seawater-derived fluid are extremely minor
(Lu et al., 1997). Obviously, crustal contamination is highly unlikely to have
played a major role in generating magmas for the protoliths of the Tunchang area
metabasites.

Magmatic trend

The differences in the ratios of incompatible elements between Group 1 and 2
imply that they derived from different mantle sources or from a heterogeneous

Fig. 10. Plots of 87Sr=86Sri and "Nd(t) versus K2O, P2O5 and SiO2 contents of the
Tunchang area metabasites. Note the weak correlation between 87Sr=86Sri and K2O,
and no correlations between 87Sr=86Sri and SiO2, between "Nd(t) and K2O, and between
"Nd(t) and P2O5
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mantle source, and=or from various degrees of partial melting (e.g., Pearce and
Norry, 1979). The overall similarity in trace- and rare earth elements, and Sr-Nd
isotopes between Groups 1 and 2, however, does not support the presence of two
mantle sources. The restricted values of Tb=Yb (�0.21) and La=Yb (0.20–0.57),
and the plots of La vs. La=Zr and Ce vs. Ce=Yb (Fig. 11) are rather consistent with
variable degrees of partial melting of a common, heterogeneous mantle source,
which contained zero to very small amounts of residual garnet and had a primitive
mantle abundance of the REE (Sun and McDonough, 1989), might have played a
key role in generating protolith magmas of the studied metabasites. The extremely
low HFSE and REE contents, together with the strongly LREE-depleted patterns,
further reflect higher degrees of partial melting, e.g., up to 20%–30%, as proposed
by Cullers and Graf (1984), from the residue of a depleted primitive mantle that
had previously undergone extraction event of parental melts. Such high melting
rates most likely resulted from melting in a high temperature shallow fore-arc
mantle wedge and=or by decompression to shallower levels along a particular
adiabatic ascent path, which is common beneath young intraoceanic subduction-
related systems (e.g., Tatsumi and Eggins, 1995).

The good correlation within each single group, between Zr and many major and
trace elements (Fig. 5) still reveals fractional crystallization probably as an evolu-
tionary process for the studied rocks. A significant geochemical feature is that all
the studied samples have high concentrations of Cr and Ni (Table 1). Magganas
(1990) suggested that Cr-spinel and Cr-clinopyroxene do not have significant Ni
contents. Neither the petrographic observation nor the microprobe analysis (Xu
et al., 2006) shows the occurrence of chromite, spinel and garnet in the studied
rocks, indicating that Cr-bearing clinopyroxene and=or olivine were the early crys-
tallizing phases (Halkoaho et al., 2000). This inference is consistent with the data
array on the Al2O3=TiO2 vs. Ti plot (Fig. 12a), where the data define a line mainly
parallel to the clinopyroxene vector, pointing out the main influence of this phase

Fig. 11. Diagrams of La vs. La=Zr (a) and Ce vs. Ce=Yb (b) for the Tunchang area
metabasites, indicating that partial melting of variable degree might have played a key
role in generating magmas for the studied rocks; some data for Group 2 are from Li et al.
(2002)
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during fractional crystallization. However, the plot of Zr vs. Ti (Fig. 12b) that
identifies two trends respectively subparallel to the olivineþ clinopyroxene vec-
tors or the olivineþ clinopyroxene� plagioclase vectors, more likely reflects the
trends produced commonly by variable degree of partial melting and fractional
crystallization.

Summarizing, the parental melts to the Tunchang area metabasites were de-
rived from a heterogeneously depleted mantle source, which previously might have
undergone melt extraction events. The protoliths for these rocks most likely were
generated by variable degree of partial melting and late-stage crystal fractiona-
tion. The magmatic processes that formed the protoliths of the studied rocks are
very similar to those in the Troodos ophiolitie (for a review see Coogan et al.,
2003).

Source metasomatism and SZ components

It is now widely accepted that arc magmas generated by melting of the oceanic
upper mantle above a subducting slab has been previously modified by LILE-rich
fluids and=or melts originating from the sediments and=or the basaltic crust of the
subducted slab through metasomatism and reaction (Gill, 1981; Pearce and Peate,
1995; Tatsumi and Eggins, 1995). The restricted range of the observed initial Nd
isotope ratios, together with the strongly LREE-depleted patterns and the absence
of alkalic basalts, rules out subcontinental mantle as the source for protoliths of the
Tunchang area metabasites (e.g. La Fl�eeche et al., 1998). Hence, the enrichment of
LILEs in the studied rocks (Fig. 7) most likely can be attributed to dewatering or
melting of the subducting slab and metasomatism of the overlying, previously
depleted (MORB-like) mantle wedge (Hole et al., 1984). The plot of Zr=Y vs.
Ba=Y (Fig. 13a) also shows a shift towards pelagic sediment compositions for
some samples with higher Th=Ce ratios (0.58–1.19) and lower 134Nd=144Nd values
(Tables 1 and 2), which can be attributed to addition of subducted sediments to the

Fig. 12. Fractional crystallization trends for mineral phases shown in diagrams of Ti vs.
Al2O3=TiO2 (a) and Zr vs. Ti (b) for the Tunchang area metabasites. Opx orthopyroxene;
Plag plagioclase; Ol olivine; Cpx clinopyroxene; Mgt magnetite; some data for Group 2 are
drawn from Li et al. (2002)
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mantle wedge. However, incompatible element ratios (Nb=Yb vs. Zr=Yb in
Fig. 13b) clearly designate a few samples plotting within the MORB-OIB array,
which implies a contribution from an incompatible elements-enriched melt, as
observed in OIB-type mantle sources (e.g. Teklay et al., 2002). Considering the
petrographical, geochemical and isotopic features of the studied rocks, we attribute
the signature of OIB-type mantle sources to the interaction of a mantle plume with
the oceanic mantle wedge source prior to subduction (also see the discussion,
below). Moreover, it is possible that the enrichment processes were related to
the presence of a mantle plume leading to the breakup of Rodinia during late
Neoproterozoic (Li et al., 1999), because the protoliths for the studied rocks have
a minimum age of �450 Ma (Xu et al., 2007).

Petrogenesis

Origin of magma

Some trace element ratios, e.g. La=Sm, Nb=La, Nb=Th and Zr=Nb, appear to
characterize most of the Tunchang metabasites as typical N-MORBs (Sun and
McDonough, 1989). These studied rocks, however, show extremely low incompat-
ible element concentrations, relative to N-MORBs (Fig. 7). The relatively low
values of "Nd (330 Ma) (þ2.16 to þ6.75, Table 2) are also distinct from those
for average N-MORBs ("Nd(t)�þ13: Zindler et al., 1982). As a result, these "Nd

(330 Ma) values, which extend only to 4.6 "Nd units, are more comparable
to those for Proterozoic and modern oceanic arc volcanic rocks (Teklay et al.,

Fig. 13. Plots of Ba=Y vs. Zr=Y (a) (after Harry and Green, 1999) and Zr=Yb vs. Nb=Yb
(b) (after Teklay et al., 2002; Manikyamba et al., 2004) for the Tunchang area metabasites.
Average compositions of mid-oceanic ridge MORB and oceanic island OIB basalts in (a)
after Sun and McDonough (1989), N-MORB trend in (b) from Pearce and Peate (1995),
PAWMS (Pacific Authigenic Weighted Mean Sediment) from Hole et al. (1984), points LC,
MC and UC (Lower, middle and upper crust) from Rudnick and Fountain (1995). SVZ
Andean Southern Volcanic Zone, IAB Aleutian Island Arc Basalts, part of data for Group 2
from Li et al. (2002)
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2002), implying an intra-ocanic origin. In combination with the low LREE=HREE
ratio and the high LILE=HFSE ratio as well as the low Y content (<20 ppm) and
the low Ti=V ratio (between 6 and 20), we suggest that the studied rocks derived
from an N-MORB-like mantle source slightly enriched in LILEs during a metaso-
matic event in an oceanic-arc=supra-subduction zone setting. Hence, the shift to-
wards lower "Nd for some samples, in the absence of underlying crust, may be
interpreted as contributions from both subducted sediments and altered oceanic
crust (Faure, 2001).

Although most of the studied samples display the geochemical characteristics
typical of island arc basalts, they appear to have affinities to crustally contaminated
komatiitic rocks, and=or to boninitic rocks (Fig. 14). The lack of typical spinifex
textures and ultramafic rocks, together with the low MgO contents (generally
<16 wt.%), exclude that their protoliths were komatiites (e.g. Arndt and Nisbet,
1982). However, the studied rocks, which bear signature of an intraoceanic fore-arc
component, are obviously such a case. These rocks not only are very depleted in
immobile incompatible elements such as Zr and Y, but also extremely enriched in
transition metals such as Cr and Ni (Table 1). As a result, these geochemical
features are rather similar to those of boninitic rocks of various ages, elsewhere
(e.g. Leybourne et al., 1997; Polat et al., 2002; Yibas et al., 2003; Saccani and

Fig. 14. Al2O3=TiO2 vs. Zr=Smpm (a), Ti vs. Zr=Smpm (b), Ti vs. Zr (c) and Zr vs. Sm (d)
variation diagrams for the Tunchang area metabasites (after Polat et al., 2002). PM (Primi-
tive mantle) normalization value from Sun and McDonough (1989), N-MORB values from
Hofmann (1988), some data for Group 2 are from Li et al. (2002)
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Photiades, 2004). The sample TC006-1 in Group 2 with low TiO2 (0.44 wt.%) and
concave-up LREE-enriched pattern (Fig. 6) is also comparable to the Adola bonin-
itic rocks from Southern Ethiopia (Yibas et al., 2003). Boninites were generally
thought to originate as low-pressure partial melts of extremely depleted mantle-
wedges, further implying that the studied rocks originated in an intra-oceanic
subduction zone-like tectonic setting (e.g. B�eedard, 1999). However, the high mg-
number, and Cr, Co, Ni contents may be indicative of a plume-influenced mantle
wedge in the generation of magma for the studied rocks (e.g. Manikyamba et al.,
2004). If this is the case, the mechanism of infiltration of high Ni, Co, Cr komatiitic
liquids into the mantle wedge under intra-oceanic arc prior to arc magmatism
(Parman et al., 2003), could be used to explain why the studied rocks have greater
concentrations of Ni and Cr, in comparison with modern basalts from various
settings (e.g. MORBs and island arc basalts). Conclusively, the magma for the
studied rocks did not originate from asthenospheric melts that stand for N-
MORB composition, but from a plume-influenced mantle wedge in an intra-oce-
anic arc=suprasubduction zone tectonic setting.

Petrogenesis

In the Ti=Cr vs. Ni discrimination diagram (Fig. 15), the studied rocks plot in the
same field as the Late Cretaceous ophiolite from Baer-Bassit area, implying a
transition from MORB-like, ocean island arc basalts to boninite-like rocks (e.g.
Al-Riyami et al., 2002). Typically, such an evolution is commonly related to the
early stage island-arc formation (proto-forearc), and generally reflects progressive
melting of a mantle source becoming increasingly depleted (Saccani and
Photiades, 2004). The Group 1 samples appear to show back-arc tholeiite affinity
(BABB-type) and compositionally are comparable to basaltic rocks from the
Lau back-arc basin (Ewart et al., 1998). However, their low Ti=V ratios (<20) are

Fig. 15. Plots of Ni vs. Ti=Cr
for the Tunchang area metaba-
sites (after Beccaluva and Serri,
1988). The Baer-Bassit Ophio-
lite from Al-Riyami et al. (2002);
some data for the Group 2 are
from Li et al. (2002)
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consistent with arc tholeiites rather than back-arc basalts (Fig. 16), marking an im-
mature intra-oceanic arc rather than a mature (rifted) volcanic arc (Wang et al.,
2002). The ratio of Zr=Nb (6–73) also suggests that the studied rocks are not derived
from back-arc mantle source, which is characterized by Zr=Nb ratio close to that for
MORB, but from a primitive arc source (Zr=Nb¼ 9–87: Pearce and Peate, 1995).

Fig. 16. Plots of Zr vs. Zr=Y (a), V
vs. Ti=1000 (b) and Zr vs. Ti=1000
(c) for metabasites both from the
Tunchang and the Bangxi areas,
after Pearce and Norry (1979),
Shervais (1982) and Woodhead
et al. (1993). WPB Within Plate
Basalts, MORB Mid Ocean Ridge
Basalts, IAT Island Arc Basalts.
Field (a) for the Bangxi area meta-
basites from Xia et al. (1991), Fang
et al. (1992), Xu et al. (2001) and
Li et al. (2002), field (b) for the
Tunchang area metabasites from Li
et al. (2002) and this study, field (c)
in (a) from Al-Riyami et al. (2002)
and field (c) in b from Zhang et al.
(1994)
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We thus conclude that the studied rocks were produced during the initiation of a
primitive island arc and are associated with the initiation of subduction.

The emergence of the IAT and boninitic-like rocks in the studied area indicates
a combined result of a dispersed volatile component, decompressional melting of
mantle at fairly low pressures (fore-arc extension) and a depleted mantle source,
during the subduction of juvenile oceanic crust beneath a young, hot overriding
plate (e.g. Taylor et al., 1994). Hence, the source for the Tunchang metabasites
appears to have had at least three stages of petrogenetic history. Before the initia-
tion of subduction of a young ocean lithosphere, the depleted oceanic mantle
wedge after extraction of melts might have been infiltrated by a high Ni, Co, Cr
komatiitic liquid due to the activity of a pre-existing mantle plume (see the discus-
sion above). This stage probably had produced high concentrations of Cr and Ni,
and led the depleted mantle wedge source to be highly heterogenous. During the
initiation of subduction, partial melting of the depleted oceanic mantle wedge as
induced by release of metasomatic agents from the subducted oceanic lithosphere
would generate parental melts to the protolith for the studied rocks. The variable
degrees of partial melting, however, might have resulted in two primitive arc
magma types at different depth levels, which are responsible for formation of
the Group 1 and the Group 2 rocks, respectively. When these two magma types
rise and move to the fore-arc regime during a slightly late stage, fractional crys-
tallization of clinopyroxene� olivine� plagioclase might have occurred, which
eventually led to formation of the prolioths for the Tunchang area metabasites.

Tectonic implications

Previous studies (Xia et al., 1991; Fang et al., 1992) regarded the metabasites with-
in the Paleozoic volcanic-clastic sedimentary sequences in Hainan Island, South
China as of Late Paleozoic age, owing to the presence of Carboniferous-Permian
fossil fragments in the associated sedimentary rocks. Li et al. (2002) also obtained
a Sm-Nd whole rock isochron age of �330 Ma for metabasites both in the
Tunchang area (East-central Island) and the Bangxi area (northwestern part of
Hainan Island: Fig. 1). They further suggested that the metabasites the two sites
were derived from a similar mantle source and represent remnants of the Paleo-
Tethys; accordingly, they were named ‘‘Bangxi-Chenxing ophiolite’’. However, the
present study reveals that the metabasites in the Tunchang area are distinct in
bulk rock geochemistry and Sr-Nd isotopes from the metabasites in the Bangxi
area. Compositionally, the Bangxi area metabasites show low but variable SiO2

contents (40.7–54.3 wt.%), high but variable TiO2 (up to 2.5 wt.%) and Na2O
(up to 3.5 wt.%) contents, and high but variable Zr (50–250 ppm), Y (12.50–
43.50 ppm), Cr (285–1348 ppm) and Ni (48–1219 ppm) concentrations (c.f. Xia
et al., 1991; Fang et al., 1992; Xu et al., 2001; Li et al., 2002). These rocks also
have high but variable REE concentrations (24–120 ppm) and generally occupy
LREE-enriched distribution patterns with minor occurrence of LREE-depleted
type. The "Nd (330 Ma) values (�3.17 to þ7.80) (Fang et al., 1992; Li et al., 2002)
reflect a highly depleted to enriched mantle source. Thus the protoliths for the
Bangxi area metabasites most likely were formed during extension in a back-arc
basin or a marginal basin due to the activity of a mantle plume (e.g. Jahn, 1986).
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The extension of the basin probably was quick so that a small oceanic basin could
have been generated at that time, as can be inferred from the geochemical signature
(e.g. the occurrence of N-MORB-like compositions, Fang et al., 1992; Li et al.,
2002) and the geological observation (e.g. an extrusive feature of submarine facies
for these rocks, Xia et al., 1991).

Preliminary SHRIMP II U-Pb zircon dating also shows a minimum age of 450 Ma
for the protoliths of the Tunchang area metabasites whereas an age of 270 Ma for
those in the Bangxi area (Xu et al., 2007). Thus, magmatism both in the Tunchang and
the Bangxi areas more likely represents two different tectono-magmatic events.
Indeed, the Bangxi area metabasites are more comparable to the Shuanggou ophio-
lites in the Honghe-Ailaoshan suture zone (Figs. 1a and 16b), owing to the closure of
the Paleo-Tethys between the South China and the Indosinian Blocks. Moreover,
Zhang et al. (1994) suggested a small oceanic basin, likely responding to slow-spread-
ing ridge, responsible for the generation of the Shuanggou ophiolites. The Paleozoic
island arc-type basaltic rocks in the Chenxi area, Guangxi Province, South China,
which formed due to the subduction of the Paleo-Tethys under the South China
continental margin, have an extrusive age of 261 Ma (Zhang et al., 1997). On Hainan
Island, the typical calc-alkaline I-type granites formed in an active continental margin
in the Qiongzhong area also have a SHRIMP zircon U-Pb age of 267–262 Ma (Li
et al., 2006). We thus suggest that the subduction of the Paleo-Tethys beneath the
South China continental margin probably led to the opening of a back-arc basin and
subsequent formation of a small oceanic basin where the protoliths of the Bangxi area
metabasites were formed. The widespread Hercynian-Indosinian syncollisional S-
type granites (240 Ma , SHRIMP zircon U-Pb age, Li et al., 2005) more likely mark
the late Permain-earliest Triassic collision due to the closure of the Paleo-Tethys
along the Changjiang-Qionghai fault zone on Hainan Island (Fig. 1b).

Trilobite faunal occurrences and paleomagnetic data suggest that Hainan Island
when Gondwana was formed in the Early Cambrian likely was part of the northern
extension of the continental ribbon including Tasmania and South China Block
adjacent to the eastern Australia mainland (Li and Powell, 2001). If this was the
case, the westward subduction of the Paleo-Pacific plate along the eastern margin
of Australia-Antarctica during the Cambrian (see Fig. 7 in Li and Powell, 2001)
probably led to formation of an Early Paleozoic intraoceanic arc adjacent to the
active continental margin of South China Block. This suggestion can be supported
by that the metavolcanic rocks with continental arc signatures, which occur as
interlayers within the early Paleozoic felsic schists in the studied area, have a
zircon U-Pb age of 528� 48 Ma (Ding et al., 2002). If the metabasites in the
Qionghai and southern Ledong regions, southeast Hainan Island (Fig. 1b), show
the same geochemical components and ages as those in the Tunchang area, then the
NE-SW-trending Baisha Fault Zone (Fig. 1b) most likely marks the location of the
earliest suture due to the collision of the Early Paleozoic intraoceanic island arc
with the active continental margin of South China Block. This event probably is
recorded in the Pre-Carboniferous rocks in South China which were strongly de-
formed, and in the underlying early Paleozoic rocks, which generally have a high-
angular unconformity with the overlying Carboniferous rocks (Zhang et al., 1997).
Nevertheless, more precise dating of the Paleozoic metabasites in Hainan Island is
still needed.
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