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This paper reports on a rare magmatic suite of adakitic rocks and associated magnesian and potassium-rich
magmatic enclaves and dikes, which occur in the Tunchang–Fengmu area, Hainan Island (Southeast
China). LA-ICP‐MS zircon U–Pb age data show that they were generated in the late Early Cretaceous
(~107 Ma). The adakitic rocks, consisting mainly of granodiorites and biotite granites, are high-K calc-
alkaline and have low Mg# values (0.27–0.50). They are geochemically similar to slab-derived adakites,
e.g., with high SiO2, Al2O3, Sr, Sr/Y and La/Yb values, low Y and Yb contents, and negligible Eu and positive
Sr anomalies. They also have relatively uniform (87Sr/86Sr)i (0.7086–0.7096), (

206Pb/204Pb)i (18.50–18.61),
(207Pb/204Pb)i (15.56–15.64) and (208Pb/204Pb)i (38.17–38.44) isotope ratios, with slightly variable εNd(t)
(−3.85 to −6.55) and zircon in situ εHf(t) (−4.7 to +1.7) values. The mafic enclaves and dikes display dis-
equilibrium textures (e.g., multiple-zoned clinopyroxene with low-MgO rims in contact with perthite and
quartz microcrystals). They are high-K calc-alkaline and shoshonitic, and all but one sample have high Mg#

(0.63–0.72) values. These mafic rocks are characterized by light rare earth element enrichment and heavy
rare earth element (REE) depletion, negligible Eu and Sr and positive Pb anomalies, and Nb and Ta depletion.
They have slightly more variable initial 87Sr/86Sr isotope ratios (0.7064–0.7086), εNd(t) (−5.1 to +0.1) values,
and (206Pb/204Pb)i (18.35–18.50), (207Pb/204Pb)i (15.45–15.59) and (208Pb/204Pb)i (38.18–38.70) ratios. One
mafic dike sample has zircon in situ εHf(t) values (−4.94 to −2.42) similar to those of adakitic rocks (−4.7 to
+1.7) in the area. We suggest that the adakitic rocks were most likely generated by partial melting of newly
underplated basaltic lower crust with arc-like geochemical characteristics, and the primitive compositions of
the mafic enclaves and dikes likely originated from lithospheric+asthenospheric mantle sources meta-
somatized by subducted oceanic sediments or a relatively juvenile lithospheric mantle source. Mantle-derived
primitive magmas likely underwent mixing at depth with minor crustally-derived felsic magmas before being
injected into the adakiticmagma chamber. Such injectionsmay have broken up themagma into discrete globules
and convective motion distributed the enclaves through the adakitic host. Asthenosphere upwelling due to the
roll-back of the subducted Paleo-Pacific plate likely triggered the coeval late Early Cretaceous crust- and
mantle-derived magmatism, resulting in the magma hybridization observed on Hainan Island.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Mafic enclaves often occur in calc-alkaline, alkaline and even
peralkaline granitoids, and have attracted wide interests due to their
important role in understanding the origin of the host granitoids,
rights reserved.
deep crustal composition and geodynamic processes (e.g., Didier,
1973; Vernon, 1984; Holden et al., 1987; Eberz et al., 1990; Bonin,
1991; Didier and Barbarin, 1991; Wiebe et al., 1997; Barbarin, 2005;
Schonenberger et al., 2006; Yang et al., 2006, 2007; Chen et al., 2009;
Shellnutt et al., 2010; Sun et al., 2010). Four main models have been
proposed for the formation of the enclaves. First, they may be foreign
xenoliths (usually country rocks) incorporated in their solid state
during emplacement and/or crystallization of the host magma (e.g.,
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Vernon, 1983; Bacon, 1986; Xu et al., 2006). Second, they may be rec-
rystallized, refractory and residual phase assemblages, derived from
the sources of the granitoid, which did not reach a criticalmelt fraction
during differentiation (e.g., Chappell et al., 1987; Chappell and White,
1991). Third, they may be partly chilled materials or accumulations of
early formed genetically related crystals that were trapped in their
own residual liquid, usually referred to as “autoliths” (e.g., Tindle
and Pearce, 1983; Bonin, 1991; Schonenberger et al., 2006; Shellnutt
et al., 2010). Fourth, they may be derived by mixing or mingling be-
tween unequal proportions of mafic and felsic magmas, a model
supported by both field and petrography observations and by geo-
chemical data from plutonic and volcanic environments (e.g., Holden
et al., 1987; Wiebe et al., 1997; Barbarin, 2005; Browne et al., 2006;
Yang et al., 2006, 2007; Chen et al., 2009; Kent et al., 2010; Sun et al.,
2010). To date, the fourth scenario is more widely applied to the for-
mation of enclaves and even the host granitoids themselves. However,
sources of the mafic and felsic magmas involved in the mixing or min-
gling process remain unclear. For example, the felsic magmas have
been attributed to both supracrustal or lower crustal materials
(Koyaguchi and Kaneko, 1999; Bonin, 2004; Guo et al., 2007; Streck
et al., 2007) and the mafic magmas have been interpreted as originat-
ing directly from themantle or frommafic lower crust (e.g., Silva et al.,
2000; Bonin, 2004; Chen et al., 2009; Zhang et al., 2010). These issues
are also directly related to uncertainties concerning the source mate-
rials and formation mechanisms of the host granitoids.

South China consists of the Yangtze Block in the northwest and the
Cathaysia Block in the southeast (Fig. 1a). In recent years, many
Jurassic–Cretaceous adakitic intrusive rocks (intermediate-acidic rocks
characterized by a depletion of Y and heavy rare earth elements
(HREEs), and high Sr/Y and La/Yb ratios) have been documented in
the eastern Yangtze Block (e.g., Xu et al., 2002a; Wang et al., 2004a, b,
Fig. 1. (a) Distributions of principal continental blocks of Southeast Asia and the Indosinian
Hainan Island. Modified after Wang et al. (1991) and Li et al. (2002a, 2006a).
2006a, b; Huang et al., 2008; Xie et al., 2008; Li et al., 2009; Ling et al.,
2009; Liu et al., 2010a; Sun et al., 2011). Only very minor occurrences
of adakitic rocks have been reported in the central part of the Cathaysia
Block, (e.g., Xiong et al., 2003), however, despite the widespread occur-
rence of Mesozoic intrusive rocks in the region. In addition, few mafic
enclaves have been reported from adakitic plutons in the eastern Yang-
tze and central Cathaysia Block. During this study, we identified late
Early Cretaceous adakitic rocks closely associated with coeval magne-
sian and potassium-rich mafic magmatic enclaves and dikes in the
Tunchang–Fengmu area of the southern Cathaysia Block. We present
herefield relationships, age data,major and trace element composition-
al and textural disequilibrium features of some minerals (e.g., cli-
nopyroxene (cpx)), whole-rock chemical and Nd–Sr–Pb isotope data,
and in situ zircon Hf isotopic analyses of the mafic enclaves, dikes and
host rocks in order to delineate their respective source characteristics
and petrogenesis, and their genetic relationships to deep geodynamic
processes.

2. Geological background

Mesozoic magmatic rocks are widespread in central and south-
eastern South China (e.g., Chen and Jahn, 1998; Xu et al., 1999a; Li,
2000; Zhou and Li, 2000; Zhou et al., 2006a; Li and Li, 2007). Hainan
Island is generally considered to have been a part of the Cathaysia
Block (e.g., Li et al., 2002a, b, 2006a, 2008; Li and Li, 2007) and mainly
consists of large-scale Late Permian–Cretaceous granitoids and minor
Cretaceous mafic dikes (e.g., Wang et al., 1991; Ge, 2003; Ge et al.,
2003; Yun and Xie, 2003; Xie et al., 2005, 2006; Yun et al., 2005; Li
et al., 2006a; Li and Li, 2007; Chen et al., 2011; Zhang et al., 2011;
Zhao et al., 2012). Exposed metamorphic basement rocks on the island
consist of Mesoproterozoic (~1400 Ma) metavolcanic–intrusive–
Fold Belt in South China (After Li et al. (2006a)); (b) A simplified geological map of the
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sedimentary rocks in the Baoban area (Fig. 1b) (e.g., Li et al., 2008).
Phanerozoic (Cambrian–Silurian and Carboniferous–Cretaceous) strata
(e.g., Wang et al., 1991; Li et al., 2002a, b; Xu et al., 2007, 2008; Zhang
et al., 2011), and Cenozoic basalts (e.g., Wang et al., 1991), also crop
out on the island.

The Tunchang–Fengmu area is located near central Hainan Island
(Fig. 1b). Intrusive rocks in this area consist of gneissic granodiorites
and massive intrusive rocks (Fig. 2). The gneissic granodiorites in this
study are referred to as “the Huogedun gneissic granodiorites”
(Fig. 2). Non-deformed (massive) granodiorites and biotite granites
intrude the Huogedun gneissic granodiorite pluton (Fig. 2). The
gneissic granodiorites, and the massive granodiorites and biotite
granites, were considered to have been generated in the Permian–
Triassic and the Cretaceous, respectively (e.g., Wang et al., 1991;
Yun and Xie, 2003), but precise age constraints were lacking. The
massive Tunchang granodiorite pluton in the Tunchang–Fengmu
area is the largest of the Cretaceous massive granodiorite and biotite
granite plutons in Hainan, and is distinctly elongate in an approxi-
mately NS direction (Fig. 2). Some small biotite granite plutons and
mafic and granite dikes occur in, or close to, the pluton, mainly in
the Niubiling, Bailing, Gaotongling, Huangzhuling and Machangyuan
areas (Fig. 2). The Bailing and Gaotongling biotite granite plutons
are associated with Mo mineralization. The Tunchang granodiorite
pluton contains sporadic mafic enclaves, which are ellipsoidal,
spindle-shaped, or elongate. The biotite granite plutons (e.g., the
Niubiling, Gaotongling and Bailing plutons) contain no mafic en-
claves. However, mafic dikes intrude both the Tunchang granodiorite
and the Gaotongling biotite granite plutons (Fig. 2).
Fig. 2. Geological map of the Tuncha
3. Analytical methods

All clinopyroxene mineral analyses and back-scattered-electron
imaging were carried out at the State Key Laboratory of Isotope
Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy
of Sciences (SKLIG GIG-CAS) with a JEOL JXA-8100 Superprobe. The
operating conditions were as the follows: 15 kV accelerating voltage,
20 nA beam current, 1–2 μm beam diameter, 10 s counting time and
ZAF correction procedure for data reduction. The analytical procedures
were described in detail in Huang et al. (2007).

In situ trace element analysis of clinopyroxene and hornblende
was carried out using the laser-ablation (LA)-ICP-MS technique
(using an Agilent 7500a ICP-MS system coupled with a GeoLas193
nm ArF-excimer laser sampler) in the SKLIG GIG-CAS. A spot size of
60 μm and a repetition rate of 8 Hz were applied during analysis.
Calibration was carried out externally using NIST SRM 610 with Ca
as an internal standard to correct for drift if any. Repeated analyses
of the USGS rock standards (BHVO-2G and BCR-2G) indicate precision
and accuracy both better than 4% for most elements analyzed. The
relative standard deviations (RSDs) of rare earth elements (REE), Y,
Zr, Hf, Sr, Pb, Sc, Ti and V are better than 6%, and those of Cr, Co, Ni,
Ba, Th and U are 3–15%. RSDs of Nb, Ta, Rb and Cs range from 3% to
20%, and from 20% to 50% for low-concentration samples. Analytical
details are the same as in Liu et al. (2008, 2010b).

Zirconswere separated using conventional heavy liquid andmagnet-
ic separation techniques. Zircon grainswere handpicked andmounted in
an epoxy resin disk, and then polished and coated with gold. Their
internal morphology was examined using cathodoluminescence at the
ng–Fengmu area, Hainan Island.

image of Fig.�2
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SKLIG GIG-CAS with a JEOL JXA-8100 Superprobe prior to U–Pb isotopic
analysis. The U–Pb isotopic analyses were performed using a LA-ICP-MS
at the Institute of Geology and Geophysics, Chinese Academy of Sciences
Fig. 3. Photomicrographs of the Tunchang–Fengmu intrusive rocks and associated encl
granodiorite (sample 07HN08); (c) the Niubiling biotite granites (sample 07HN004); (d
07HN17); (f) diabasic enclaves (sample 07HN21); (g) dioritic enclaves (sample 07HN23); (h
Chl—chlorite; CM—cryptocrystalline materials; Cpx—clinopyroxene; Kf—feldspar; Mt—magn
using a Neptune MC-ICP‐MS with an ArF excimer laser ablation system.
Detailed descriptions of the instrumentation and analytical procedure
for the LA-ICP-MS zircon U–Pb technique can be found in Wu et al.
aves and dikes. (a) The gneissic granodiorite (sample 07HN32); (b) the Tunchang
) the Gaotongling biotite granite (sample 07HN003); (e) gabbroic enclave (sample
) diorite porphyry dike (07HN31). Am—amphibole; Ab—albite; Bi—biotite; Cc—calcite;
etite; Pl—plagioclase; Q—quartz; Sp—sphene.

image of Fig.�3
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(2006a) and Yang et al. (2006, 2007). The time-resolved spectra were
processed off-line using the ICP‐MSDATA software (version 3.4; Liu
et al. (2008, 2010b)) using zircon 91500 as the external standard. NIST
SRM 610 was used as the reference material and 29Si was used as an
internal calibrant. Common Pb was corrected using ComPbCorr#3 151
(Andersen, 2002) for those with common 206Pb>1%. Uncertainties in
the ages are cited as 1σ, and the weighted mean ages are quoted at the
95% confidence level.

Rock samples were examined under optical microscopy, and
unaltered or least-altered samples were selected for geochemical
analyses. Major element oxides were determined using the standard
X-ray fluorescence (XRF) method (Li et al., 2006b). Trace elements
were analyzed using the inductively coupled plasma mass spectrom-
etry (ICP-MS) method on a Perkin-Elmer Sciex ELAN 6000 instrument
at SKLIG GIG-CAS. Analytical procedures are the same as those
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Sr and Nd isotopic analyses were performed on a Micromass Iso-
probe multi-collector ICP‐MS at the SKLIG GIG-CAS, following analyt-
ical procedures described by Li et al. (2006b). Sr and REE were
separated using cation columns, and Nd fractions were further sepa-
rated by HDEHP-coated Kef columns. Measured 87Sr/86Sr and 143Nd/
144Nd ratios were normalized to 86Sr/88Sr=0.1194 and 146Nd/
144Nd=0.7219, respectively. The reported 87Sr/86Sr and 143Nd/
144Nd ratios were respectively adjusted to the NBS SRM 987 stan-
dard 87Sr/86Sr=0.71025 and the Shin Etsu JNdi-1 standard 143Nd/
144Nd=0.512115.

For Pb isotopic determination, about 100 mg powder per sample
was weighed into the Teflon beaker, then spiked and dissolved in
concentrated HF at 180 °C for 7 h. Lead was separated and purified
0 1
2

3

Eastonite Siderophyllite

etinnAetipogolhP Fe/(Fe+Mg)

l
A

VI

(b)

Granodiorite
Granite
Mafic dikes
Mafic enclaves

Late Permian rocks

Late Early
Cretaceous

nAbA

Or

S
an

id
in

e

Anorthoclase

Ab Ol And La By An

Ferrosilite

10

20

30

40

50

80 90 FeSiO3

(Fs)

rgite

ite

Ferrohedenbergite

b

d

Core of phenocryst

Pyroxene of mafic enclaves

Rim of phenocryst

Matrix

b) Ab–Or–An diagram for feldspar. Ab—albite; Or—potassium feldspar; An—anorthite;
iotite with fields from Nachit et al. (1985). (d) AlIV vs. Fe/(Fe+Mg) diagram for biotite.
l., 1988).

image of Fig.�4


Fig. 5. Disequilibrium features in gabbroic and diabasic enclaves and dikes. (a) Multiple zones in large clinopyroxene crystals (sample 07HN18); (b) MgO contents of multiply zoned
clinopyroxene crystals (sample 07HN18); (c) multiply zoned clinopyroxene crystals (sample 07HN21); (d) MgO contents of multiply zoned clinopyroxene granular (sample
07HN21); (e–f) disequilibrium textures between clinopyroxenes and perthites (sample 07HN17); (g) small clinopyroxene crystals (sample 07HN 21); (h) cryptocrystalline
materials mainly consisting of perthites+quartz microcrystals in the matrices of diabasic enclaves (sample 07HN21). Ab—albite; Bi—biotite; Cc—calcite; Cpx—clinopyroxene;
Kf—feldspar; Mt—magnetite Pt—perthite; Q—quartz. Small circles in Fig. f and g are the analyzed spots for mineral composition, and the numbers (e.g., 9.41) near these circles
represent MgO contents (wt.%) of minerals.
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by the conventional cation-exchange technique (AG1× 8, 200–400
resin) with diluted HBr as an eluant. Total procedural blanks were
less than 50 pg Pb. Isotopic ratios were measured using a VG-354
mass-spectrometer at the GIGCAS following procedures described
by Zhu et al. (2001). Repeated analyses of SRM 981 yielded average
values of 206Pb/204Pb=16.900±4(2σ), 207Pb/204Pb=15.498±4(2σ)
and 208Pb/204Pb=36.728±9(2σ).

In situ zircon Hf isotopic analyses were carried out at the Institute
of Geology and Geophysics, Chinese Academy of Sciences using a
Neptune MC-ICP‐MS with an ArF excimer laser ablation system. Dur-
ing analyses, the spot sizes of 32 and 63 μm and a laser repetition rate
of 10 Hz with 100 mJ were used. Details of the technique can be found
inWu et al. (2006a) and Yang et al. (2006, 2007). During analyses, the
176Hf/177Hf ratio of standard zircon (91500) was 0.282300±30 (2σ,
n=23), similar to the recommended 176Hf/177Hf ratio of ~0.282305
(Wu et al., 2006a).

4. Petrography and mineral compositions

Sample names, localities, coordinates, petrography and mineral
major element compositions of samples from the Tunchang–Fengmu
area are listed in Appendices 1–2. The gneissic granodiorites in the
Huogedun area have fine-medium granular texture, and consist of
amphibole, biotite, plagioclase, alkaline feldspar, quartz, and accesso-
ry minerals (zircon, magnetite and apatite) (Appendix 1). Aggregates
of small and xenomorphic amphibole and biotite crystals are com-
monly distributed around coarser subautomorphic plagioclase, alka-
line feldspar and quartz crystals, but are virtually absent within
these minerals (Fig. 3a). The alkaline feldspars consist of K‐feldspar
and anorthoclase; plagioclase has an andesine composition (Fig. 4a;
Appendix 2). The biotites plot in the biotite field of sub-alkaline
magmatic rocks and exhibit high Fe/(Fe+Mg) ratios (Fig. 4c–d;
Appendix 2). Based on the nomenclature of Leake et al. (1997), am-
phiboles in the gneissic granodiorites are hornblendes (Appendix 2).

The Tunchang granodiorites exhibit a medium granular texture
(Fig. 3b), and consist of automorphic–subautomorphic hornblende,
biotite, plagioclase, K-feldspar, quartz and minor anorthoclase
(Appendices 1–2; Fig. 4a). Their plagioclases consist of andesine and
minor oligoclase (Fig. 4a). Their biotites also plot in the biotite field
of sub-alkaline magmatic rocks but exhibit lower Fe/(Fe+Mg) ratios
than those of the gneissic granodiorites (Fig. 4c–d; Appendix 2). Their
accessory minerals include zircon+sphene+ilmenite+magnetite+
apatite+epidote+calcite (Appendices 1–2). Ilmenite is commonly in
contact with sphene.

The Niubiling andGaotongling biotite granites havemedium to fine-
medium granular textures, respectively (Appendix 1). The Niubiling bi-
otite granite mainly consists of automorphic–subautomorphic biotite,
plagioclase, K-feldspar, and quartz (Figs. 3c and 4a), and has accessory
minerals (zircon+sphene+ilmenite+magnetite+apatite+calcite)
similar to those of the Tunchang granodiorites. Their plagioclases
consist of oligoclase and minor andesine (Fig. 4a; Appendix 2). Their
biotites also plot in the biotite field of sub-alkaline magmatic rocks
and exhibit lower Fe/(Fe+Mg) ratios than those of the Huogedun
gneissic granodiorites and the Tunchang granodiorites (Fig. 4c–d;
Appendix 2). The Gaotongling biotite granite is composed of plagio-
clase, K-feldspar, quartz and minor biotite (Fig. 3d). Most of the biotite
has been altered into chlorite or sericite. Their plagioclases mainly
consist of oligoclase (Appendix 2). They contain accessory minerals
(zircon+magnetite+apatite+sphene+clinozoisite), but lack ilmen-
ite (Appendix 2).

Gabbroic, diabasic and dioritic mafic enclaves occur in the Tunchang
granodiorites (Appendix 1). The gabbroic enclaves exhibit a fine granu-
lar texture and consist of clinopyroxene, biotite, K-feldspar or perthite,
albite, magnetite, and calcite (Fig. 3e and Appendix 2). Some biotite
granules have been altered to chlorite. The diabasic enclaves have
porphyrytic textures; phenocrysts consist of clinopyroxene, biotite
and minor K-feldspar and Quartz (Fig. 3f), and their matrices are com-
posed of small clinopyroxene grains, cryptocrystalline materials and
minor titaniferous magnetite and calcite. The dioritic enclaves have
medium-fine granular textures (Fig. 3g), and consist of hornblende,
plagioclase, K-feldspar, albite, epidote, zircon, magnetite, sphene and
calcite (Appendices 1–2). Feldspars in the enclaves are mainly
K-feldspar, albite and minor oligoclase (Fig. 4b); no andesine and
anorthoclase were found in this study. Their biotites also plot in the
biotite field of sub-alkaline magmatic rocks and exhibit the lowest Fe/
(Fe+Mg) ratios (Fig. 4c–d; Appendix 2).

Mafic dikes include diabases and diorites, both of which exhibit
porphyry textures. The diabase dikes consist of fine-grained plagio-
clase and albite phenocrysts with lengths of 200–500 μm and matri-
ces, which are composed of smaller clinopyroxene granules (some
of which have been altered to chlorite) and cryptocrystalline mate-
rials. The diorite porphyries contain amphibole, plagioclase, albite,

image of Fig.�6
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K-feldspar, zircon and magnetite. Their phenocrysts mainly consist of
hornblende, oligoclase, albite and K-feldspar (Figs. 3h and 4b and
Appendices 1–2), but no andesine or anorthoclase was found in this
study.

There are some disequilibrium textures in the gabbroic and diaba-
sic enclaves and dikes: (1) some larger clinopyroxene phenocrysts ex-
hibit multiple zones (Fig. 5a, c); (2) many clinopyroxene phenocrysts
have low MgO (9.02–13.61 wt.%) and Cr2O3 (0–1.09 wt.%) and high
FeO (4.18–6.61 wt.%) rims and high MgO (14.80–17.14 wt.%) and
Cr2O3 (0–0.08 wt.%) and low FeO (7.51–13.57 wt.%) cores (Fig. 5a–d;
Appendix 2). Low MgO clinopyroxene rims are mainly in contact
with perthites (Fig. 5e–f, Appendix 2); (3) some small matrix
clinopyroxenes have only low MgO (8.06–11.75 wt.%) and high FeO
(10.74–13.17 wt.%) contents (Figs. 5g and 6a–b; Appendix 2); (4)
clinopyroxene phenocryst cores exhibit diopside compositions but
their rims and small matrix clinopyroxenesmainly have salite compo-
sitions (Fig. 4e); (5) all clinopyroxene crystals, including matrix
clinopyroxenes and clinopyroxene phenocryst cores and rims, exhibit
flat or slightly depleted light rare earth element (LREE) and slightly
depleted heavy rare earth element patterns and Nb–Ta depletions
(Fig. 7a–b; Appendix 3) but clinopyroxene phenocryst cores generally
have more depleted LREE patterns than matrix clinopyroxenes and
clinopyroxene phenocryst rims (Fig. 7a; Appendix 3); (6) some
clinopyroxene phenocryst cores have high Cr (2659–5963 ppm) and
low La (2.75–9.29 ppm), whereas matrix clinopyroxenes and cli-
nopyroxene phenocryst rims have relatively low Cr (b2300 ppm)
and variable La (4.33–46.8 ppm) (Fig. 7c); (7) in thematrices of diaba-
sic enclaves, cryptocrystalline materials mainly consist of perthites
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Fig. 7. (a) Chondrite-normalized rare earth element (REE) patterns for clinopyroxene
clinopyroxenes of mafic enclaves; (c) chondrite-normalized patterns for calculated REE con
normalized patterns for calculated trace element contents of melts equilibrated with clinop
izing values are from Sun and McDonough (1989). REE and trace element data are from Ap
(Pt)+quartz (Q) microcrystals and are usually in contact with low
MgO rims of large or small clinopyroxene crystals (Fig. 5g–h).
5. Geochronology and whole rock geochemistry

5.1. Geochronology

To determine the emplacement ages of the intrusive rocks and
dikes in the Tunchang–Fengmu area, five representative samples
were chosen for LA-ICP‐MS zircon U–Pb dating, one each from the
Huogedun gneissic granodiorite, Tunchang granodiorite, Niubiling
biotite granite, Gaotongling biotite granite, and one granodiorite por-
phyry dike to the south of Tunchang town (Fig. 2; Appendix 1). Most
zircon crystals fall in the size range of 30 μm (width)×100 μm
(length) to 150 μm×300 μm. Cathodoluminescence images of zircon
grains used for LA-ICP-MS analysis show micro-scale oscillatory zon-
ing (Fig. 8). These zircon grains also exhibit high Th/U ratios
(0.14–1.83), suggesting a magmatic origin (Belousova et al., 2002).
U–Pb concordia diagrams of analyzed zircons are shown in Fig. 8,
and the U–Pb age data are given in Appendix 4.

Twelve zircon analyses from the dominant country rock, gneissic
granodiorite (07HN35), give a weighted mean 206Pb/238U age of
257±3 Ma (2σ) (mean square weighted deviation (MSWD)=1.05)
(Appendix 4; Fig. 8a). This age is interpreted to be the best estimate
of the crystallization age of the Huogedun gneissic granodiorites.
The remaining one analysis gives a 206Pb/238U age of 516±8 Ma
(Fig. 8a), interpreted as the age of inherited zircons.
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Fifteen analyses of zircons from one sample (07HN19) of the
Tunchang granodiorite yield a weighted mean 206Pb/238U age of
107.2±1.3 Ma (2σ) (MSWD=0.71) (Appendix 4; Jia et al., 2010).
This age is interpreted to be the best estimate of the crystallization
age of the granodiorite. Five other zircon grains have concordant
ages of 819±20, 562±9, 252±6, 247±7 and 160±7 Ma, respec-
tively (Appendix 4; Jia et al., 2010). These old (819–160 Ma) zircons
were likely inherited from the source rocks or entrained from the
wall rocks during the emplacement of the granodiorite.

Thirteen analyses of zircons from one sample (07HN04) of the
Niubiling biotite granite result in a weighted mean 206Pb/238U age
of 107.3±2.4 Ma (2σ) (MSWD=2.7) (Appendix 4; Jia et al., 2010).
This age is interpreted to be the best estimate of the crystallization
age of the biotite granite. Three other zircon grains have concordant
ages of 244±4, 212±8, 123±4 Ma, respectively (Appendix 4; Jia
et al., 2010). These older (244–123 Ma) zircons were likely inherited
from the source rocks or entrained from the wall rocks during the
granite pluton emplacement.

Twenty analyses of zircons from one sample (07HN11) of the
Gaotongling biotite granite give a weighted mean 206Pb/238U age of
108.1±1.7 Ma (2σ) (MSWD=3.5) (Appendix 4; Jia et al., 2010).
This age is interpreted to be the best estimate of the crystallization
age of the Gaotongling biotite granite.

Thirteen analyses of zircons from one sample (07HN31) of the dio-
rite porphyry dikes yield a weighted mean 206Pb/238U age of 107.6±
1.5 Ma (2σ) (MSWD=1.2) (Appendix 4; Fig. 8b). This age is inter-
preted to be the best estimate of the crystallization age of the dikes in
the Tunchang area. The remaining five analyses, giving 206Pb/238U
ages of 346±5, 168±3 (two analyses), 122±2, and 119±4Ma,
respectively, also plot on or near the U–Pb Concordia curve (Fig. 8b;
Appendix 4). These older (346–119 Ma) zircons were likely inherited
from the source rocks or entrained from the wall rocks during diorite
porphyry emplacement.

5.2. Major and trace elements

Major and trace element data for the intrusive rocks, enclaves and
dikes in the Tunchang area are listed in Appendix 5. The Late Early
Cretaceous granodiorites and biotite granites, and the Late Permian
gneissic granodiorites have clearly lower LOI (loss on ignition) contents
(0.47–1.71 wt.%) than the mafic enclaves and dikes (2.14–8.51 wt.%),
indicating that the mafic rocks may have undergone alteration and
their mobile element (e.g., Rb and Sr) contentsmay have beenmodified
(e.g., Chung et al., 2001; Wang et al., 2006a). The granodiorites and
biotite granites exhibit high SiO2 (65–74 wt.%) and Al2O3 (14.61–
16.34 wt.%) and low MgO (0.29–2.05 wt.%) or Mg# (Mg/(Fetotal+
Fig. 8. LA-ICP-MS zircon U–Pb concordia diagram with zircon cathodoluminesce
Mg)) (0.27–0.50) values, whereas the mafic samples have distinctly
lower SiO2 (48.33–54.63 wt.%), variable Al2O3 (11.89–17.66 wt.%) and
high MgO (6.0–11.34 wt.%) or Mg# (0.63–0.72) values, except for one
enclave sample with relatively low MgO (4.22 wt.%) and Mg# (0.47)
(Appendix 5).

There is a distinct compositional gap (about 10 wt.% between 56
and 65 wt.%) between the granodiorite–biotite granite and mafic en-
clave–dike samples (Fig. 9, Appendix 5). On SiO2 versus K2O+Na2O
and K2O diagrams (Fig. 9a, b), the late Early Cretaceous granodiorites
and biotite granites, Late Permian gneissic granodiorites and three
mafic dike samples plot in the fields of subalkaline and high-K calc-
alkaline magmatic rocks, respectively. The mafic enclave samples
and the one remaining dike sample plot in the fields of alkaline and
shoshonitic magmatic rocks, respectively (Fig. 9a, b). Moreover, en-
claves and dike samples with the highest MgO (8.50–11.34 wt.%)
and Mg# (0.66–0.72) values exhibit high K2O/Na2O ratios (1.46–
2.62) (Appendix 5, Fig. 9c), similar to those of ultrapotassic rocks de-
scribed by Foley et al. (1987). The most obvious differences between
the high-SiO2 acid and low-SiO2 samples are that their major oxides
(e.g., K2O and Al2O3), trace elements (e.g., Ba) and ratios (e.g., Nb/
Ta) exhibit very distinct trends with increasing SiO2 contents
(Fig. 9d–f).

The Late Permian Huogedun granodiorites exhibit rare earth ele-
ment (REE) and trace element patterns similar to those of the Late
Permian–Triassic Wuzishan gneissic granitoids (e.g., Li et al., 2006a)
on Hainan Island, such as their enrichment in light REEs (LREEs),
depletion in heavy REEs (HREEs), negligible Eu and Sr anomalies,
Nb and Ta depletion, and strongly positive Sr and Pb anomalies
(Fig. 10a, b). The Huogedun gneissic granodiorite samples do not plot
in the field of adakites due to their relatively high Y (19.2–31.5 ppm)
and Yb (1.96–2.11 ppm) contents (Fig. 11a). The late Early Cretaceous
Tunchang granodiorites and theNiubiling andGaotongling biotite gran-
ites also exhibit enrichment in LREEs, depletion in HREEs, Nb and Ta de-
pletion, and strongly positive Pb anomalies, similar to those of the
Hainan Island Late Permian–Triassic granitoids (Fig. 10a, b). However,
they have more depleted HREE patterns, negligible Eu anomalies, and
positive Sr anomalies (Fig. 10a, b). Moreover, they are characterized
by high Sr (396–898 ppm), Sr/Y (54–162) and La/Yb (31–92) values,
and low Y (2.95–11.1 ppm) and Yb (0.29–1.19 ppm) contents, and
plot in the field of adakites (Fig. 11a). The Niubiling and Gaotongling bi-
otite granites also displaymore depletedmiddle REE andHREE (Gd–Lu)
patterns than those of the Tunchang granodiorite (Fig. 10a–b).

The mafic enclaves and dikes exhibit similar REE and trace ele-
ment patterns, e.g., LREE enrichment and HREE depletion, negligible
Eu and Sr and positive Pb anomalies, and Nb and Ta depletion
(Fig. 10a, b). However, they have relatively high HREE (e.g., Yb=
nce image for the intrusive rocks and dikes in the Tunchang–Fengmu area.
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1.21–1.85 ppm) and Y (12.5–20.2 ppm) contents compared to either
the Tunchang granodiorite or the Niubiling and Gaotongling biotite
granites (Figs. 10c–d and 11a).

5.3. Nd–Sr–Pb–Hf isotope compositions

Nd–Sr–Pb isotope data for the intrusive rocks, enclaves and dikes in
the Tunchang–Fengmu area are listed in Appendix 6. All of these rocks
have Nd–Sr isotope compositions that differ from those of the Tunchang
Paleozoic metamorphic rocks and Baoban Mesoproterozoic basement
metamorphic rocks on Hainan Island (Fig. 12a). The Late Permian
Huogedun gneissic granodiorites exhibit the lowest εNd(t) values
(−10.94) and highest initial87Sr/86Sr isotopic ratios (0.7112–0.7152)
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positional data for 136–81 Ma mafic dikes in the central Hainan Island are from Ge (2003)
among the Late Permian–Early Cretaceous rocks in the Tunchang–
Fengmu area, and are comparable to those of Permian–Triassic
granitoids on Hainan Island (Appendix 6, Fig. 12a). The Tunchang
adakitic granodiorites have initial 87Sr/86Sr isotopic ratios (0.7086–
0.7091) and εNd(t) values (−3.85 to −5.47), which differ somewhat
from those of the Niubiling and Gaotongling adakitic granites
(0.7090–0.7096, −5.07 to −6.55) (Appendix 6, Fig. 12a–b). The en-
clave and dike samples exhibit similar εNd(t) values (−4.61to −5.10)
and initial87Sr/86Sr isotopic ratios (0.7080–0.7086) (Appendix 6,
Fig. 12a–b). The one exception is enclave sample (07HN018), which
has the highest MgO (11.34 wt.%) andMg# (0.72) alongwith a distinct-
ly higher εNd(t) value (0.13) and lower initial 87Sr/86Sr isotopic ratio
(0.7064).
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Enclave sample 07HN18 also has a Pb isotope composition that is
distinct from all other samples in that it has lowest (206Pb/204Pb)i
(18.347), (207Pb/204Pb)i (15.453) and (208Pb/204Pb)i (37.700) ratios
and plots in the field of Pacific and N-Atlantic MORB (Appendix 6,
Fig. 12c–d). All other samples have similar (206Pb/204Pb)i ratios
(18.480–18.667) (Appendix 6, Fig. 12c–d). However, they have slightly
different (207Pb/204Pb)i and (208Pb/204Pb)i ratios: 15.624 and 38.177–
38.288 for the Huogedun gneissic granodiorites, 15.594–15.640 and
38.331–38.441 for the Tunchang adakitic granodiorites, 15.559–
15.638 and 38.168–38.342 for the Niubiling and Gaotongling adakitic
Fig. 11. (a) Sr/Y versus Y diagrams (after Defant et al. (2002)); (b) SiO2 versus Mg#. The fi

references (Sen and Dunn, 1994; Rapp and Watson, 1995; Springer and Seck, 1997; Rapp e
granites, and 15.569–15.590 and 38.064–38.183 for othermafic enclave
and dike samples, respectively (Appendix 6, Fig. 12a–c).

In situ zircon Hf isotope data for the intrusive rocks and dikes in
the Tunchang–Fengmu area are listed in Appendix 7. The ~107 Ma
zircons from the Tunchang (07HN19) adakitic granodiorite and the
Niubiling (07HN04) and Gaotongling (07HN11) adakitic granite
samples have similar Hf isotope compositions with εHf(t) values rang-
ing from −4.7 to 1.72 (weighted average: −1.6±0.4) and TDM2

values ranging from 1.12 to 1.54 Ga (average 1.34 Ga) (Fig. 13a–c,
Appendix 7). The old (119–819 Ma) zircons from these adakitic
eld of metabasaltic and eclogite experimental melts (1–4.0 GPa) is from the following
t al., 1999; Skjerlie and Patiño Douce, 2002, and references therein).



Fig. 12. (a–b) Nd–Sr isotope composition and (c–d) Pb isotope composition diagrams for the intrusive rocks in the Tunchang–Fengmu area. The data for the Baoban
Mesoproterozoic metamorphic rocks in the Hainan Island are from (Xu et al., 2000; Li et al., 2008, and references therein). The data for the Paleozoic metamorphic rocks in the
Tunchang–Fengmu area are from Xu et al. (2007, 2008). The data for Cretaceous (136–81 Ma) mafic dikes in the central Hainan Island are from Ge (2003) and Ge et al. (2003).
The data for Permian–Triassic granitoids in the Hannan Island are from Yun et al. (2005) and Li et al. (2006a). The data for 115–112 Ma lower crustal mafic granulite xenoliths
from Cenozoic basalts in the coast of southeast China are after Xu et al. (1996, 1999b) and Yu et al. (2003). The data for Middle Jurassic (~175–170 Ma) mafic rocks derived
from an asthenospheric mantle source (Group 1) and Jurassic–Cretaceous (175–145 Ma) mafic rocks derived from enriched subcontinental lithospheric and asthenospheric mantle
source (Group 2) in central South China are after from Wang et al. (2008c). The Pb isotope fields for Indian MORB and Pacific and N-Atlantic MORB after Xu et al. (2002b). The data
for marine sediments are from Plank and Langmuir (1998). The field for Miocene NE Aegean shoshonites is after Pe-Piper et al. (2009).

233Q. Wang et al. / Chemical Geology 328 (2012) 222–243
rocks have variable εHf(t) (−26.3–0.74) and TDM2 (1.2–2.9 Ga) values
(Appendix 7). The ~107 Ma zircons from the mafic dike sample
(07HN031) have εHf(t) values ranging from−4.94 to−2.42 (weight-
ed average −3.7±0.4) and TDM2 values range from 1.38 to 1.55 Ga
(average: 1.47 Ga) (Fig. 13d, Appendix 7), which are similar to
those of the adakitic rocks (Fig. 13a–c). They also have older
(119–346 Ma) zircons with variable εHf(t) (−15.18 to −0.84) and
TDM2 (1.3–2.2) values (Appendix 7). The ~257 Ma zircons from the
Huogedun granodiorite sample (07HN35) have εHf(t) (−8.65 to
−2.30, weighted average: −6.1±1.0) and TDM2 (1.32–1.72 Ga,
average 1.55 Ga) values (Fig. 13e), which are distinct from those of
the ~107 Ma zircons from the adakitic rocks and dike sample
(Fig. 13a–d). This sample also contains one old (516 Ma) zircon
with εHf(t) (−11.92) and TDM2 (1.93 Ma) values. In addition, the elder
(819–119 Ma) zircon crystals from the adakitic rock and dike samples
and one old (516 Ma) zircon from the ~257 Ma Huogedun granodiorite
samplemay be subdivided into three groups based on their ages and Hf
isotope compositions: 212–819 Ma zirconswith low and negative εHf(t)
values (−26.39 to −5.44) (Fig. 13f); 160–168 Ma zircons with a
narrow range of εHf(t) values (−2.96–0.74) except for one granular zir-
con with a negative εHf(t) value (−12.72) (Fig. 13g); and 119–127 Ma
zircons with εHf(t) values (−3.91 to−0.84, weighted average−2.0±
1.5) (Fig. 13h).
6. Discussion

6.1. Petrogenesis

6.1.1. Adakitic rocks via partial melting of newly underplated lower crust
Adakitic rocks may be generated by several processes, including

(a) melting of subducted young and hot oceanic crust (Mechanism
A; Defant and Drummond, 1990; Kay et al., 1993; Stern and Kilian,
1996; Martin et al., 2005; Zhou et al., 2006b; Wang et al., 2007a,
2008a; Tang et al., 2010); (b) partial melting of delaminated lower
crust (Mechanism B; Kay and Kay, 1993; Rudnick, 1995; Xu et al.,
2002a; Gao et al., 2004; Wang et al., 2006a, b, 2007b; Huang et al.,
2008; Zhang et al., 2010); (c) partial melting of subducting continen-
tal crust (Mechanism C; Wang et al., 2008b); (d) assimilation and
fractional crystallization (AFC) or fractional crystallization (FC) from
parental basaltic magmas (Mechanism D; Castillo et al., 1999;
Macpherson et al., 2006; Richards and Kerrich, 2007; Li et al., 2009);
(e) magma mixing between felsic and basaltic magmas (Mechanism
E; Guo et al., 2007; Streck et al., 2007); (f) partial melting of thickened
basaltic lower crust (Mechanism F; Atherton and Petford, 1993;
Rudnick, 1995; Petford and Atherton, 1996; Chung et al., 2003;
Wang et al., 2005a, 2007c). Based on petrologic and geo-
chemical observations, we suggest that the first five models are
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Fig. 13. Histogram of initial Hf isotope ratios for the intrusive rocks and dikes in the Tunchang–Fengmu area.
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unlikely explanations for the petrogenesis of the Tunchang–
Fengmu adakitic intrusive rocks, whereas the last model seems more
plausible.
6.1.1.1. Mechanisms A–E. In general, adakitic rocks generated bymech-
anisms A–C have high Mg# values (>0.50) or are similar to high-Mg
andesites because their MgO or Mg# values are increased by the
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interaction between magmas derived from subducted oceanic crust,
subducted continental crust or delaminated lower crust and mantle
peridotites during magma ascent (Fig. 11b) (e.g., Kay et al., 1993;
Stern and Kilian, 1996; Rapp et al., 1999; Xu et al., 2002a; Gao et al.,
2004; Wang et al., 2006a, b, 2007a, b, 2008a, b; Huang et al., 2008;
Tang et al., 2010; Zhang et al., 2010). However, the Tunchang–Fengmu
adakitic granodiorites and granites have lowMgO (0.29–2.05 wt.%) or
Mg# (0.27–0.50) values (Appendix 5), indicating that interaction be-
tween felsic magmas and mantle peridotites was unlikely (Fig. 11b).

Magmatic rocks generated by FC processes generally exhibit con-
tinuous compositional trends from basaltic rocks derived frommantle
to felsic rocks derived from residual magmas (e.g., Castillo et al.,
1999; Macpherson et al., 2006; Li et al., 2009). However, the
Tunchang–Fengmu adakitic granodiorites and granites exhibit differ-
ent compositional trends compared to those of the mafic enclaves and
dikes in the area and other Cretaceous (136–81 Ma) mafic dikes on
Hainan Island (Fig. 9) (Ge, 2003; Ge et al., 2003). Moreover, they
have a compositional trend that is inconsistent with fractional crys-
tallization trends of plagioclase, garnet and amphibole (Fig. 14). In
addition, petrographic observations and mineral analyses demon-
strate that the mafic enclaves and dikes in the Tungchang–Fengmu
area contain K-feldspar, albite, clinopyroxene, biotite, minor oligo-
clase, hornblende and quartz, but no andesine, anorthoclase or garnet
(Appendix 1; Fig. 4a). Given that albite and clinopyroxene are absent
in the adakitic biotite granites and granodiorites (Appendix 1;
Fig. 4a), it might be suggested that fractional crystallization of these
minerals from mafic magmas with compositions similar to the mafic
enclaves and dikes could produce the adakitic granites and granodio-
rites of the Tunchang–Fengmu area. The flat or slightly LREE-depleted
patterns for mafic enclave clinopyroxenes (Fig. 7a) indicate, however,
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that any magmas resulting from the fractional crystallization of cli-
nopyroxene from mafic magmas should exhibit higher LREE contents
than their parent magmas. In contrast, the adakitic granites and
granodiorites have LREE contents that are similar to or lower than
mafic enclaves and dikes in the Tunchang–Fengmu area (Fig. 10a
and c), thereby ruling out the clinopyroxene fractional crystallization
model. Given that the fractional crystallization of albite from mafic
magmas will cause an increase of K2O in residual magmas, the fact
that Tunchang–Fengmu adakitic rocks exhibit much lower K2O con-
tents than some mafic enclave and dike samples (Fig. 9b) indicates
that they were not generated by fractional crystallization of albite.

Crustal assimilation or magma mixing mechanisms usually re-
quire a crustally-derived end-member magma, or at least a crustal
end-member component (Castillo et al., 1999; Li et al., 2009; Guo
et al., 2007; Streck et al., 2007). If the Tunchang–Fengmu adakitic
granodiorites and granites were generated by crustal assimilation,
then a crustal end-member component is needed with low Y
and εNd(t) values and high Sr/Y and initial 87Sr/86Sr ratios
(Fig. 15a–d). However, no such end-member is present among the
Mesoproterozoic–Triassic metamorphic and magmatic rocks on
Hainan Island (Fig. 15a–d). Although it initially appears plausible
that the Tunchang adakitic granodiorites were generated by mixing
between mantle-derived magmas similar to mafic enclaves and
dikes and crust-derived granitic magmas similar to the Niubiling
and Gaotongling adakitic granites (Fig. 15a–d), several factors
indicate that this was not the case. First, the adakitic granodiorites
dominate among late Early Cretaceous magmatic rocks in the
Tunchang–Fengmu area while the volumes of the contemporary
adakitic granites and mafic rocks are much smaller, and few interme-
diate diorites exist (Figs. 2 and 9). Moreover, the Tunchang adakitic
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granodiorites are mainly acidic (SiO2=65–68 wt.%) and low in MgO
or Mg# values (Appendix 5 and Figs. 11b and 15e–f), and there is a
distinct compositional gap (in SiO2 and Mg#) between them and the
mafic enclaves and dikes in the area (Figs. 9, 11b and 15e–f). The
adakitic granodiorites and biotite granites also exhibit compositional
trends that are inconsistent with crustal assimilation and magma
mixing on εNd(t) vs. Mg# and SiO2 diagrams. The granite sample
with the highest εNd(t) and Mg# values (Fig. 15e) exhibits the
highest SiO2 contents (Fig. 15f). Moreover, εNd(t) values for the
granites slightly increase with increasing SiO2 contents (Fig. 15f).
This indicates that magma mixing did not play an important role in
their formation because magma mixing usually forms intermediate
and high Mg (e.g., adakitic high-Mg andesites) rather than acidic
adakitic rocks (e.g., Guo et al., 2007; Streck et al., 2007). In
addition, the Tunchang adakitic granodiorites have εHf (t), 208Pb/
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204Pb and 207Pb/204Pb values close to or slightly higher than those
of the mafic dikes, but similar to those of the adakitic granites
(Figs. 13a–d and 12c–d), strongly indicating that direct contributions
of mantle-derived magmas were very limited in their formation.
Therefore, we suggest that the Tungchang–Fengmu adakitic granodi-
orites and granites could not have been generated by Mechanism D
either.

6.1.1.2. Mechanism F. The Tungchang–Fengmu adakitic granodiorites
and granites were most probably generated by partial melting of a
thickened eclogitic lower crust, based on the following geochemical
evidence. First, the adakitic granodiorites and granites have high
Sr/Y and low Y values, similar to those of experimental melts of meta-
basaltic rocks in equilibrium with eclogitic residues (Fig. 11b). Sec-
ond, they have low Mg# values similar to those of experimental
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metabasaltic and eclogite melts at high pressures of 1.0–4.0 GPa
(Fig. 11b), or adakitic rocks derived from thickened lower crust
(e.g., Atherton and Petford, 1993; Wang et al., 2005a, 2007c).

The typically arc-like trace element patterns (Fig. 10b), the nega-
tive εNd(t) (−3.9 to −6.5) and the relatively old Nd model ages
(1.31–1.06 Ga) (Appendix 6) of the Tungchang–Fengmu adakitic
rocks all suggest that they originated from old (Neoproterozoic or
Mesoproterozoic) arc-type crustal rocks (Zhou et al., 2002, 2006b;
Wu et al., 2006b; Zheng et al., 2008). The Hainan region is part of
Cathaysia Block, which contains well-documented Mesoproterozoic
(~1400 Ma) metavolcanic–intrusive–sedimentary rocks (Fig. 1b) (e.g.,
Li et al., 2008) but lacks any known record of Neoproterozoic metamor-
phic rocks. The Nd–Sr isotopic compositions of the Tungchang–Fengmu
adakitic rocks, however, differ from those of any Proterozoic–Triassic
rocks on Hainan Island, including the Mesoproterozoic rocks (Fig. 12a).
The εHf(t) values of their ~107 Ma zircons are also distinctly higher
than those of 212–819 Ma xenocrystic zircons in Late Permian–
late Early Cretaceous intrusive rocks from Tunchang–Fengmu or the
~257 Ma zircons in the Late Permian Huogedun granodiorites
(Fig. 12a–f). These observations suggest that the adakitic suite could
not have been derived by partial melting of old crustal rocks despite
their arc-like trace element characteristics and old Nd model ages.

On the other hand, the adakitic suite exhibits Nd–Sr isotopic
compositions that are similar to those of Cretaceous mafic dikes on
Hainan Island (Ge, 2003; Ge et al., 2003) (Fig. 12a–b), and the
εHf(t) values of their respective ~107 Ma and 119–168 Ma zircons
are also similar (Fig. 13a–c, g–h). Such similarities are consistent
with the adakitic suite being sourced from Jurassic–Early Cretaceous
(168–119 Ma) underplated mafic rocks in the lower curst. For
Fig. 16. (a–c) Petrological variations of mafic (Mg#>0.60) potassic rocks; (d) Nb versus Nb/T
in Italy are after Peccerillo (1999). The fields for fertile and depleted peridotite melts an
Tsaolingshan high-Mg potassic Lavas in Taiwan are after Chung et al. (2001) and reference
reservoir are from Barth et al. (2000) and references therein. The data for Cretaceous (136–8
example, lower crustal mafic granulite xenoliths from Cenozoic ba-
salts on the southeast China coast have Early Cretaceous crystalliza-
tion ages (115–112 Ma), arc-like trace element characteristics and
variable εNd(t) (−9.5 to +7.0) and (87Sr/86Sr)i (7030–0.7107)
(Fig. 12a), which indicates that they were derived by the under-
plating of continental arc-type basaltic magmas near the crust–
mantle boundary (Xu et al., 1996, 1999b; Yu et al., 2003). Notably,
these mafic granulite xenoliths include examples with Nd–Sr
isotope compositions that are similar to the Hainan Island Cretaceous
mafic rocks and the Tungchang–Fengmu adakitic suite (Fig. 12a–b).
Thus, we suggest that the adakitic rocks were most likely gene-
rated by partial melting of this newly underplated basaltic lower
crust.

As noted above, the Niubiling and Gaotongling adakitic granites
exhibit more depleted middle REE and HREE (Gd–Lu) patterns than
the Tunchang adakitic granodiorites (Fig. 10a–b), suggesting that
their source contained residual amphibole in addition to garnet
(Gromet and Silver, 1987). Therefore, the Tunchang adakitic granodi-
orites were most plausibly produced by partial melting of basaltic
lower crust in the garnet stability field whereas the Niubiling and
Gaotongling adakitic granites were likely derived by partial melting
of basaltic lower crust in the stability field of garnet+amphibole.

The high K2O contents and K2O/Na2O ratios of the Tunchang–
Fengmu suite differ from those of adakites derived from subducted
oceanic crust (e.g., Defant and Drummond, 1990) but are similar to
potassium-rich adakitic rocks generated in the lower crust (see
detailed discussion in Wang et al. (2007c)). In such occurrences,
the high K2O contents are mainly attributed to high-pressure
(1.0–4.0 GPa) and dehydration melting of high K2O basaltic source
a. The fields for Cenozoic KAM-, LAM- and ROM-type mafic (Mg#>0.60) potassic rocks
d subducted fluid-metasomatized harzburgitic source (lithospheric mantle)-derived
s therein. The field for primitive and depleted mantles, chondrite and missing silicate
1 Ma) mafic dikes in the central Hainan Island are from Ge (2003) and Ge et al. (2003).
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rocks (Wang et al., 2007c). We suggest that similar factors were re-
sponsible for the high K2O contents of the Tunchang–Fengmu adakitic
rocks. First, their source (i.e., newly underplated basaltic lower crust)
is likely to have been potassium-rich, given that Cretaceous mafic
dikes in central Hainan Island have Nd–Sr isotope compositions
similar to the adakitic rocks (Fig. 12a–b), and are shoshonitic or
high-K calc-alkaline (Fig. 9b–c) (Ge, 2003; Ge et al., 2003). Second,
the high K2O contents and K2O/Na2O ratios of the adakitic rocks are
similar to those of experimental melts generated by high-pressure
(1–4.0 GPa) dehydration melting of metabasaltic and eclogite
(Fig. 9a–c), rather than by low-pressure (b1.0 GPa) dehydration
melting of metabasaltic rocks (Fig. 9a–c).

6.1.2. Evidence of magmatic mixing in magnesian- and K-rich mafic en-
claves and dikes

Genetic models for mafic enclaves include origins as foreign
xenoliths (usually country rocks) (e.g., Vernon, 1983; Bacon, 1986;
Xu et al., 2006), refractory and residual phase assemblages derived
from granitoid sources (e.g., Chappell et al., 1987; Chappell and
White, 1991), chilled material or accumulations of early-formed
co-genetic crystals (e.g., Tindle and Pearce, 1983; Bonin, 1991;
Schonenberger et al., 2006; Shellnutt et al., 2010), and the products
of mixing between distinct mafic and felsic magmas (e.g., Holden
et al., 1987; Wiebe et al., 1997; Barbarin, 2005; Browne et al., 2006;
Yang et al., 2006, 2007; Chen et al., 2009; Kent et al., 2010; Sun
et al., 2010). The mafic enclaves in the Tunchang granodiorites are el-
lipsoidal, spindle-shaped, or elongate, and exhibit typical magmatic
texture (Figs. 3e–g and 5a, c, e–g). Moreover, they are clearly different
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The data for Cretaceous (136–81 Ma) mafic dikes in the central Hainan Island are from Ge
from the host country rocks (the Late Permian gneissic granodiorites)
in terms of structure, texture (Fig. 3a, e–g), mineral compositions
(Fig. 4) and geochemical composition (Fig. 9), and are therefore not
xenoliths. In addition, if garnet was the main residual mineral in the
source of the Tunchang adakitic granodiorites as suggested above,
then these garnet-free mafic enclaves do not correspond to the refrac-
tory and residual phase assemblage of the adakitic granodiorite
sources. Finally, the compositional gap between the mafic enclaves
and Tunchang adakitic granodiorites (Fig. 9) indicates that the latter
could not have been derived by fractional crystallization of mafic
magmas, and the mafic enclaves cannot represent chilled material
or accumulations of early formed genetically related crystals. There-
fore, it is unlikely that any of the first three models explain the petro-
genesis of the Tunchang mafic enclaves, although the mafic magmas
might have undergone minor fractional crystallization of plagioclase
(Fig. 14a–b).

We suggest that the mafic enclaves in the Tunchang granodiorites
reflect hybridization between mantle-derived mafic and crust-
derived felsic magmas based on the following evidence. Apart from
one sample with the highest MgO contents and distinct Nd–Sr–Pb
isotope compositions, the mafic enclaves are geochemically similar
to mafic dikes in the Tunchang–Fengmu area and Cretaceous mafic
dikes on central Hainan Island (Figs. 4 and 9–12), indicating that
they likely have a similar petrogenesis. It is probable that mafic
magmas were injected as dikes into the liquid interior of a felsic
magma chamber where the magma was rapidly disaggregated and
distributed by convection throughout the felsic magma (e.g.,
Pitcher, 1991; Wiebe et al., 1997; Chen et al., 2009). Some enclaves
210
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would retain chemical and isotopic compositions similar to the
injected magma (i.e., dikes), if they were large enough and rapidly
quenched (Wiebe et al., 1997). This scenario suggests that the mafic
enclaves and host rocks (the Tunchang granodiorites) represent two
co-existing, compositionally distinct magmas (e.g., Chen et al.,
2009). As noted above, however, disequilibrium features also occur
in the mafic enclaves and dikes, including multiple zones (Fig. 5a–
d) or distinctly low-MgO rims on high-MgO clinopyroxene pheno-
cryst cores (Figs. 5e–f and 6), distinct compositional gaps in the
Cr2O3 contents of clinopyroxene phenocryst cores and rims or matrix
clinopyroxene grains (Fig. 6a), and close contact relationships be-
tween low-MgO rims of coarse clinopyroxene phenocrysts or small
low-MgOmatrix clinopyroxene grains and perthites+quartz or cryp-
tocrystalline materials consisting of perthite (Pt)+quartz (Q) micro-
crystals (Fig. 5g, h). Moreover, feldspars of mafic enclaves and dikes
in the Tungchang–Fengmu area consist of K-feldspar, albite and
oligoclase (Fig. 4b), which is inconsistent with the low SiO2

(48.33–54.63 wt.%) contents of their host rocks. Such a disequilibrium
feature is inconsistent with simple crystallization processes. Rather, it
indicates magma mixing (e.g., Troll and Schmincke, 2002). This raises
the question of when and where the mixing occurred.

Evidence suggests that much of the mixing must have occurred
prior to dike emplacement and enclave formation. (1) The mafic en-
clave sample with the highest MgO (11.34 wt.%) or Mg# (0.72) values
has the highest εNd(t) and lowest initial 87Sr/86Sr, 207Pb/208Pb and
208Pb/208Pb ratios among all magmatic rocks in the Tunchang–
Fengmu area, including the mafic dikes (Fig. 12), and may represent
the most primitive magma composition in the area. However, this
sample also contains disequilibrium features (Fig. 5a). Provided that
the high-Mg mafic dikes (Appendix 5) correspond to the injected
mafic magmas, but did not mix with the host felsic magmas (e.g.,
Wiebe et al., 1997; Chen et al., 2009), then the dikes and the most
primitive enclaves must have undergone mixing before being
injected. (2) As suggested above, the host granodiorite does not ap-
pear to have undergone extensive mixing with mafic magmas. (3)
In order to calculate the parental melt compositions of the mafic
enclaves and dikes, and the possible crustal end-member component
involved in magma mixing, the melt compositions in equilibrium
with clinopyroxene phenocryst cores (Cr>2500 ppm) (early crystal-
lization) and rims and matrix clinopyroxene grains (relatively late
crystallization) are calculated in terms of their trace element contents
using the method of Tiepolo and Tribuzio (2008) (Fig. 7c–d and
Appendix 3). Except for some mobile large ion lithophile elements
(e.g., Rb, B and Pb), most calculated element contents for melts equil-
ibrated with clinopyroxene phenocryst cores are similar to those of
mafic enclaves and dikes in the Tungchang–Fengmu area (Fig. 7c–d).
However, the melts calculated to have been in equilibrium with cli-
nopyroxene phenocryst rims and matrix clinopyroxene grains exhibit
distinctly higher REE (LREE+HREE) contents than the adakitic intru-
sive rocks (Figs. 7c–d and 10), indicating that the adakitic magmas did
not participate in magmamixing as a crustal end-member during dike
emplacement and enclave formation. Therefore, it is possible that the
mafic magmas injected into the adakitic magma chamber as dikes
underwent mixing with felsic crustal melts at depth before being
injected. In this case, the injected magma was broken up into discrete
enclaves by convectivemotion of the adakitic magma (e.g., Chen et al.,
2009) but rarely underwent further extensive mixing.

6.1.3. Mantle source of magnesian and K-rich mafic enclaves and dikes
The enclaves and dikes exhibit high-potassium characteristics, and

some samples with high MgO and Mg# values (Fig. 15e–f; Appendix
5) are actually similar to ultrapotassic rocks. However, their high-
potassium characteristics could not have been generated by mixing
of low K2O basaltic magmas and relatively high K2O crustal felsic
magmas because the two enclave and dike samples with ultrapotassic
characteristics have much higher K2O contents than those of the Late
Permian granodiorites and late Early Cretaceous adakitic rocks (Fig. 9b).
As these ultrapotassic samples have high Cr (288–519 ppm) and
Mg# (0.66–0.72) values similar to primitive magmas (Tatsumi and
Ishizaka, 1981), their compositions could not have beenmarkedlymod-
ified by felsic crustal melts and the sample with the highest Mg# (0.72)
likely approximates the composition of the mantle-derived primitive
magma. In fact, most trace element concentrations calculated for
melts in equilibrium with clinopyroxene phenocryst cores are similar
to those of the mafic enclaves and dikes in the Tungchang–Fengmu
area (Fig. 7c–d), further supporting the above conclusions.

The magnesian (Mg#=0.63–0.72) and potassium-rich mafic en-
claves and dikes in the Tunchang–Fengmu area, as well as the Creta-
ceous mafic (Mg#=0.60–0.65) dikes in central Hainan Island, exhibit
relatively high Na2O, CaO and Al2O3 contents, which are different from
Cenozoic lamprotitic (LMP)- and kamafugitic (KAM)-type potassic
mafic (Mg#>0.60) lavas in Italy (Peccerillo, 1999) (Fig. 16a–b). Their
compositional fields do, however, overlap those of Cenozoic Roman
(ROM)-type potassic mafic lavas (Fig. 16a), or plot between those of
the lamproitic (LMP)- and ROM-type potassic mafic lavas (Fig. 16b).
The LMP-, KAM-, and ROM-type potassic mafic rocks are considered
to have been derived from a restitic lithosperic mantle and fertile
asthenospheric sourcesmetasomatized by the introduction of a compo-
nent similar to the deeply subducted upper crustal material, respective-
ly (Peccerillo, 1999). In addition, on a Fe2O3 vs. TiO2 diagram (Fig. 16c),
the compositional field of the mafic enclaves and dikes are located be-
tween the fields of fertile and depleted peridotite melts. On a Nb vs.
Nb/Ta diagram (Fig. 16d), they exhibit variable Nb/Ta ratios ranging
from 15.2 to 22.6 (Appendix 5; Ge, 2003; Ge et al., 2003) similar to or
slightly higher than those (15.5–17.4) of primitive mantle, chondrite
or depleted mantle (Barth et al., 2000). Stolz et al. (1996) attributed
the high Nb/Ta ratios (>17.0) of potassic mafic arc volcanics to modifi-
cation of the subarc mantle source by silicic melts derived from the al-
tered oceanic crust or subducted pelagic or terrigenous sediment,
resulting in a phlogopite-bearing harzburgite/lherzolite or phlogopite
orthopyroxenite/websterite. Therefore, these geochemical characteris-
tics (Figs. 9a–c and 16) suggest that the Tunchang–Fengmu mafic and
potassium-rich (high-K calc-alkaline and shoshonitic) enclaves and
dikes contain components from both metasomatized asthenospheric
and lithosperic mantle sources. They exhibit variable εNd(t) values
(−5.1 to +0.1) that are clearly different from those of Middle Jurassic
(~175–170 Ma) mafic rocks in central South China that were derived
from an asthenospheric mantle source (Group 1) (Wang et al., 2008c),
but are similar to those of Jurassic–Cretaceous (175–145 Ma) mafic
rocks in the same area (Group 2) (Wang et al., 2008c). Their εNd(t)
are also similar to those of Miocene NE Aegean shoshonites, which
contain components from both enriched subcontinental lithospheric
and asthenospheric mantle sources (Pe-Piper et al., 2009) (Fig. 12a–
b), further supporting the above conclusions. In detail, the εNd(t) values
of three of our mafic samples are essentially identical (enclave
07HN021 and dike samples 07HN012 and 016): εNd(t)=−4.6 to
−4.8 over SiO2=50.0 to 54.6 wt.% and Al2O3/TiO2 between 10 and 15
(Appendices 5 and 6), which implies that these magmas acquired
their isotopic signature in their subduction-modified source rather
than through crustal AFC processes. Among all Late Permian–Creta-
ceous magmatic samples from the Tungchang–Fengmu area, enclave
sample 07HN18 has the highest εNd(t) (+0.13) and Mg# (0.72) and
lowest SiO2 (48.33 wt.%), and plots in the field of Pacific and
N-Atlantic MORB on the Pb isotope composition diagram (Fig. 12c–d),
suggesting that it did not undergo obvious crustal contamination and
likely contains a higher proportion of metasomatized asthenospheric
or relatively juvenile lithosphericmantle than othermafic rock samples.

Major elements (Na2O, CaO and Al2O3) and Nb/Ta ratios (Fig. 16a–b
andd) suggest that themantle sources of the Tungchang–Fengmumafic
enclaves and dikes were metasomatized by silicic melts derived from
subducted oceanic crust or sediments (Stolz et al., 1996; Peccerillo,
1999). The parental melts calculated to be in equilibrium with
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clinopyroxene phenocryst cores exhibit clear Nb–Ta depletions similar
to the Tungchang–Fengmumafic enclaves and dikes (Fig. 7c–d), further
indicating that their mantle source was modified by subducted fluid or
sediments (Tatsumi, 1989; Hawkesworth et al., 1997). On La/Yb vs.
Th/Ta and Nb/Th vs. Zr/Nb diagrams (Fig. 17a–b), these mafic enclave
and dike samples plot in the field of subduction zone basalts (SZB) rath-
er than oceanic plateau andmid-oceanic ridge basalts (OPB andMORB),
and are close to the endmember components of upper continental crust
(UC) and enriched mantle (EN) rather than depleted mantle (DEP) or
recycled slab (REC) (Condie et al., 2002). Their relatively low U/Th
and Sm/La ratios and high Th and Th/La values (Fig. 17c–d; Ge, 2003;
Ge et al., 2003) further suggest that their asthenospheric and lithosperic
mantle source was metasomatized by subducted oceanic sediments
(Hawkesworth et al., 1997; Plank, 2005).

6.2. Geodynamic processes

There are several different models for the evolution of South China
during the Middle Permian–Triassic. For example, Li and Li (2007)
proposed that subduction of Paleo-Pacific Oceanic Plate was initiated
in the Mid-Permian and flat subduction of an oceanic plateau oc-
curred between ca. 250 Ma and ca. 190 Ma. In this scenario, the
260–272 Ma Wuzhishan gneissic calc-alkaline I-type granites in cen-
tral Hainan Island (Figs. 10 and 12; Li et al., 2006a; Zhang et al., 2011)
were generated in a continental arc environment related to the initial
subduction of the Paleo-Pacific oceanic plate beneath South China (Li
et al., 2006a; Li and Li, 2007). However, Wang et al. (2007d) and
Zhang et al. (2011) suggest that the Middle Permian–Triassic evolu-
tion of South China was related to the amalgamation of the Indochina
and South China Blocks as the result of Paleotethys oceanic plate sub-
duction and subsequent continental collision. Irrespective of these
different viewpoints on the Middle Permian–Triassic evolution of
South China, there has been a consensus that subduction of the
Paleo-Pacific Plate and associated geodynamic processes (slab foun-
dering or roll back or back-arc extension) played an important role
in the Jurassic–Cretaceous evolution of the area (e.g., Xu et al.,
1999a; Zhou and Li, 2000; Wang et al., 2005b; Zhou et al., 2006a; Li
et al., 2006a; Li et al., 2007; Li and Li, 2007; Jiang et al., 2009, 2011;
He et al., 2010; Zhao et al., 2012). These events can readily account
for the combination of asthenospheric and lithosperic mantle wedge
peridodite sources for the Tungchang–Fengmu intrusive suite and
for their metasomatism by subducted oceanic sediments. The occur-
rence of 168–119 Ma magmatic zircons in these rocks, however, has
important implications for Jurassic–Cretaceous geodynamic processes
on Hainan Island.

Jurassic: Th ~107 Ma Tunchang–Fengmu intrusive rocks contain
168–160 Ma magmatic zircons, which are consistent with the wide-
spread occurrence of 165–155 Ma I- and A-type granites and syenites
following the initiation of intraplate basaltic and/or bimodal igneous
magmatism at 190–170 Ma in central South China (e.g., Zhao et al.,
1998, 2001; Chen et al., 2002; Li et al., 2003, 2004a, b, 2007; Wang et
al., 2003, 2008c; He et al., 2010; Zhu et al., 2010) and Jurassic gabbros
in theHainan area (e.g., Liu, 1991). These Jurassic igneous rocks are con-
sidered to represent amajor anorogenicmagmatic event linked to foun-
dering of an early Mesozoic subducted flat-slab beneath the SE China
continent (Li and Li, 2007; Li et al., 2007) or lithospheric or back-arc
extension induced by Jurassic subduction of the Paleo-Pacific Plate
(e.g., Zhou et al., 2006a; He et al., 2010; Zhao et al., 2012). One
168–160 Ma inherited zircon crystal from the ~107 Ma intrusive suite
exhibits positive εHf(f) values (Fig. 13g) that are different from those
(b−2.0) of older zircons in ~257 Ma gneissic granodiorites and
~107 Ma intrusive rocks in the Tunchang–Fengmu area (Fig. 13e–f), in-
dicating that underplating of mantle-derivedmagmas beneath the con-
tinental crust may have begun in the Jurassic (e.g., Zhou and Li, 2000).

Cretaceous: the ~107 Ma Tunchang–Fengmu suite contains 119–
127 Ma magmatic zircons, which are consistent with the widespread
presence of ~122–129 Ma A-type granites in the interior of South
China (e.g., Wang et al., 2005b) and lithospheric extension that may
have resulted from the roll-back of subducted Paleo-Pacific plate
(e.g., Wong et al., 2009; Jiang et al., 2011). In this scenario, the
resulting continuous upwelling of unmetasomatized asthenospheric
mantle would have triggered partial melting of overlying subducted
oceanic sediment-metasomatized asthenospheric and lithospheric
mantle or relatively juvenile lithospheric mantle (e.g., Pe-Piper et
al., 2009; Jiang et al., 2011) or interactions between melts derived
from metasomatized asthenospheric mantle and lithospheric mantle
(e.g., Chung et al., 1994; Xu et al., 2005). Basaltic magmas generated
by these processes would have underplated, thickened and reworked
the existing lower crust to form a new lower crust that itself was sub-
ject to melting as a result of continued basaltic magma underplating
(Annen et al., 2006). Equilibration pressures and temperature calcula-
tions for 115–112 Ma lower crustal mafic granulite xenoliths in Ceno-
zoic basalts from the southeast China coast show that they were
generated at high temperatures (979–1224 °C) and pressures
(0.85–1.6 GPa, corresponding to 28–53 km) (Xu et al., 1996, 1999b,
Yu et al., 2003). This indicates that mafic magmatism and under-
plating in the lower crust may not only have caused the formation
of a thickened lower crust, but also provided the thermal energy to
produce approximately contemporaneous felsic magmatism in the
region (e.g., Yu et al., 2003). Thus, partial melting of such a thickened
new lower crust produced ~107 Ma adakitic magmas, which subse-
quently ascended to magma chambers at relatively shallow crustal
depths. Synchronously, mantle-derived basaltic magmas, possibly
mixed with minor felsic magmas of crustal origin, ascended and
were injected into the adakitic magma chamber to form enclaves or
dikes. We suggest that the proposed continuous upwelling of
unmetasomatized asthenosphere as a result of subduction roll-back
best accounts for the triggering of ~107 Ma crust- and mantle-
derived magmatism and associated magma hybridization observed
on Hainan Island.

7. Conclusions

In the Tunchang–Fengmu area, Hainan Island (South China), late
Early Cretaceous (~107 Ma) granodiorites and biotite granites are as-
sociated with mafic enclaves and dikes. The granodiorites and biotite
granites are geochemically similar to slab-derived adakites, e.g., high
SiO2, Al2O3, Sr, Sr/Y and La/Yb values, low Y and Yb contents, and neg-
ligible Eu and positive Sr anomalies. Major and trace element compo-
sitions, zircon ages and Nd–Sr–Pb–Hf isotope data suggest that they
were most likely generated by partial melting of newly underplated
basaltic lower crust. The mafic enclaves and dikes are high-K calc-
alkaline and shoshonitic and most have high Mg# (0.63–0.72) values.
Petrographic textures and mineral compositions, along with geo-
chemical and Nd–Sr–Pb–Hf isotope data for the most primitive exam-
ples, show that the magmas likely originated from asthenospheric+
lithosperic mantle sources that had been metasomatized by sub-
ducted oceanic sediments, and subsequently underwent mixing
with minor felsic magmas of crustal origin at depth. Late Early Creta-
ceous unmetasomatized asthenosphere upwelling due to the roll-
back of subducted Paleo-Pacific plate may have triggered the crust-
and mantle-derived magmatism and associated magma hybridization
observed on the Hainan Island.
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